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High Efficiency Metasurface Holography

Thomas Zentgraf1, Holger Mühlenbernd1, Guoxing Zheng2, 3,
Mitchell Kenney2, Guixin Li4, and Shuang Zhang2

1Department of Physics, University of Paderborn, Paderborn 33098, Germany
2School of Physics & Astronomy, University of Birmingham, Birmingham, B15 2TT, UK

3School of Electronic Information, Wuhan University, Wuhan 430072, China
4Department of Physics, Hong Kong Baptist University, Hong Kong, China

Abstract— Plasmonic metasurfaces combine strong light-matter-interaction with high design
flexibility and functionality. Here, we demonstrate the potential of ultrathin metasurfaces for
use with high efficiency, high resolution holography and beam shaping. The concept is based on
a topological phase change of light passing through the metasurfaces. In such a way broadband
phase masks with efficiencies surpassing 80% in the visible range can be obtained.
One of the great benefits of metamaterials arises from the flexibility in engineering their optical
responses to achieve control over the propagation of light to an unprecedented level. Plasmonic
metasurfaces that consist only of a monolayer of planar metallic structures, have shown great
promise for leveraging full control of light and low fabrication cost as they do not require com-
plicated three-dimensional nano-fabrication techniques. One of the interesting features of meta-
surfaces is the capability of generating abrupt interfacial phase changes across the interface, and
therefore provide a unique way of controlling the wave front locally at the subwavelength scale.
Shaping the spatial phase and intensity distribution is very important for all applications that re-
quire a propagation of light, like focusing, beam shaping, and 3D image reconstruction. Recently
metamaterials were used to demonstrate wave plates for generating vortex beams, ultrathin met-
alenses and 2D holography. However, none of these techniques has achieved a more complex
functionality like reconfigurable focusing or 3D image reconstruction in the visible range. Fur-
thermore, the achieved efficiencies at visible wavelengths were rather low, preventing the usability
in many applications.
Here we will demonstrate that geometric phase metasurfaces consisting of plasmonic nanorods
with spatially varying orientations are capable of generating continuous phase profiles in the
subwavelength scale and therefore facilitate new perspectives in designing complicated phase-
only Computer Generated Holograms for 3D image reconstruction. The design that is presented
exhibits high quality holographic images with very high fidelity and a broad bandwidth of opera-
tion between 630 nm and 1050 nm. Importantly, the overall efficiency, defined as the ratio of light
intensity forming the holographic image to that of the incident light, reaches 80%, greatly sur-
passing previously demonstrated metasurface based holograms. The metasurface holograms with
their accurate phase modulation, high efficiency, and simple fabrication procedure compared to
conventional multi-step phase holograms, are highly promising for various practical applications
ranging from laser holographic projection to data storage and beam shaping.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 15

Nanoantennas from the Visible to the Mid-infrared: Materials
Considerations and Applications

Stefan A. Maier
Imperial College London, London, SW7 2AZ, UK

Abstract— The light harvesting properties of nanoantennas composed of different materials
such as metals, semiconductors, and polar dielectrics are evaluated. A particular focus lies on
applications in surface enhanced spectroscopies and optoelectronics, for frequencies spanning
from the visible to the mid-infrared.
Optical nanoantennas based on metallic nanostructures enable the controlled focusing of light
from the far field to highly confined volumes below the diffraction limit, and have spurred a
renewed interest in the field of plasmonics [1]. Here, we present an overview over plasmonic
antenna designs operating in the visible part of the spectrum, and investigate how a change in
materials to hybrid structures [2], semiconductors [3], polar dielectrics [4], and anisotropic van der
Waals crystals [5] enables us to overcome the disadvantages of plasmonics for certain application
areas, mainly related to the associated optical losses.
Firstly, hybrid nanoantennas composed of both metallic and in this case transition metal oxides
are shown to be a viable and highly efficient platform for higher harmonic generation [2]. Specif-
ically, dipolar Au antennas with a 20 nm ITO disc in the feedback exhibit an enhancement of
third harmonic generation by about six orders of magnitude.
Dielectric nanoantennas composed out of semiconductors instead of metals also enable controlled
near-field localization, without heating losses and the possibility to also manipulate the magnetic
field distribution in a controlled manner. We evaluate this behaviour in terms of applications
in surface enhanced spectroscopies [3], and show that GaP dimers are a promising platform for
low-loss, zero-heat surface enhanced Raman spectroscopy in the visible part of the spectrum.
Finally, we turn our attention to the mid-infrared part of the electromagnetic spectrum, where
polar dielectrics enable nanofocusing due to the excitation of surface phonon polaritons. Specif-
ically, nano forests composed out silicon carbide nanopillars show Purcell factors up to 107 due
to the combination of low-loss phonon modes and ultra-small mode volumes. Going one step
further, the combination of polar behaviour with anisotropy due to van der Waals interactions
in adjacent crystal planes allows the occurrence of hyperbolicity in natural materials such as
hBN [5]. This enables truly three-dimensional nanophotonic confinement (Figure), with a high
promise for applications in the mid-infrared.

Figure 1: Comparison of field distributions in hyperbolic (top row) and isotropic conical nanoresonators [5].
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Gap-plasmon Based Amplitude and Phase-gradient Metasurfaces

Sergey I. Bozhevolnyi
Department of Technology and Innovation

University of Southern Denmark, DK-5230 Odense, Denmark

Abstract— Plasmonic metasurfaces, i.e., nm-thin surface metal nanostructures with subwave-
length-sized lattice units, have recently attracted considerable attention due to their abilities to
efficiently control both phase and amplitude of transmitted and reflected radiation. We have
recently shown that metal nanostructures, in which the top layer consists of a periodic array of
nanobricks, thus supporting gap surface plasmon (GSP) resonances, offer improved control of the
phase of the reflected light. At the same time, by choosing a subwavelength periodicity and weak
coupling between the nanobricks and the metal underlay one can adjust the level of absorption,
which is typically strong and can also be advantageously used for efficient and broadband sup-
pression of light reflection for solar energy harvesting applications. The understanding of light
reflection by arrays of GSP resonators led us to a number of potentially application-relevant de-
velopments, including the design of highly efficient and background-free (i.e., no diffraction and
no scattering into other polarizations) plasmonic metasurfaces providing strong phase gradients
in the reflected optical fields at the same polarization as that of the incident one. Moreover, we
demonstrated also phase-gradient metasurfaces that diffract different polarizations into different
directions that can be adjusted independently and exploited this approach for realization of effi-
cient polarization-controlled coupling to surface plasmon polariton modes. Currently, following
up on the recent theoretical proposal for mathematics with gradient metasurfaces [1], we develop
a design strategy for independent control of phase and amplitude of the reflected radiation that is
applied to realize Fourier optics based analog computing, including differentiation and integration
of optical fields. Further results obtained in this direction will be presented at the conference.
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Multiple Wavefront Shaping by Spinoptical Gradient Metasurface

Erez Hasman
Micro and Nanooptics Laboratory, Faculty of Mechanical Engineering

Russell Berrie Nanotechnology Institute, Technion-Israel Institute of Technology, Haifa 32000, Israel

Abstract— Photonic gradient metasurfaces are ultrathin electromagnetic wave-molding meta-
materials that provide a route for realizing flat optics. Recently, we reported on a novel class of
metasurfaces — spinoptical metamaterials — which gives rise to a spin-controlled dispersion due
to the optical Rashba effect. The optical spin as an additional degree of freedom offers controlled
manipulation of spontaneous emission, absorption, scattering, and surface-wave excitation. Spin-
symmetry breaking in nanoscale structures caused by spin-orbit interaction, leading to a new
branch in optics — spinoptics is presented. The spin-based effects offer an unprecedented ability
to control light and its polarization state in nanometer-scale optical devices, thereby facilitating
a variety of applications related to nano-photonics. However, the up-to-date metasurface design,
manifested by imprinting the required phase profile for a single, on-demand light manipulation
functionality, is not compatible with the desired goal of multifunctional flat optics. Here, we
report on a generic concept to control multifunctional optics by disordered (random) gradient
metasurfaces with a custom-tailored geometric phase. This approach combines the peculiar ability
of random patterns to support extraordinary information capacity, and the polarization helicity
control in the geometric phase mechanism, simply implemented in a two-dimensional structured
matter by imprinting optical antenna patterns. By manipulating the local orientations of the
nanoantennas, we generate multiple wavefronts with different functionalities via mixed random
antenna groups, where each group controls a different phase function. Disordered gradient meta-
surfaces broaden the applicability of flat optics as they offer all-optical manipulation by multitask
wavefront shaping via a single ultrathin nanoscale photonic device.
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Wavevector Selective Metasurfaces and Tunnel Vision Filters

V. A. Fedotov1, J. Wallauer2, M. Walther2, M. Perino1, 3,
N. Papasimakis1, and N. I. Zheludev1, 4

1Optoelectronics Research Centre and Centre for Photonic Metamaterials
University of Southampton, SO17 1BJ, UK

2Department of Molecular and Optical Physics, University of Freiburg, Freiburg 79104, Germany
3Department of Information Engineering, University of Padova, Italy

4Centre for Disruptive Photonic Technologies, Nanyang Technological University, 637371, Singapore

Abstract— The recent demonstration of anomalous reflection and refraction of light in op-
tically thin two-dimensional arrays of sub-wavelength metallic scatterers (planar metamaterials
or metasurfaces) has opened a new exciting chapter in photonics. Planar metamaterials can be
readily fabricated using existing planar technologies and offer unprecedented flexibility in the
design and control of light propagation, replacing bulk optical components and exhibiting exotic
effects of asymmetric transmission and optical activity without chirality.
Here we demonstrate for the first time both computationally and experimentally that a coherent
metasurface can act as a wavevector selective surface: It discriminates incident waves by the
wavevector and is transparent in a very narrow range of light propagation directions thus oper-
ating as a tunnel vision filter. The filtering results in an arbitrary-shaped wavefront appearing
planar as it traverses the plane of the metasurface in the absence of any active/passive spatial
phase modulation or adaptive feedback.
We demonstrated the effect of wavevector filtering computationally, by simulating the propagation
of spherical wavefronts through a finite-sized coherent metamaterial. It was modelled by a planar
array of 14 × 14 identical sub-wavelength metallic resonators shaped as an asymmetrically split
ring (ASR). Such a metasurface was designed to operate with no diffraction in the lower part
of the terahertz spectrum, at frequencies below 0.3THz. The spherical waves were produced by
an electromagnetic point source placed close to the metasurface, at the distance equal to just
one period of the ASR-array. Our findings have been fully confirmed experimentally using a
metamaterial sample fabricated as the exact copy of the modelled metasurface. The transmitted
wavefronts were mapped using a state-of-the-art THz-field imaging technique, which enabled
accurate spatial mapping of electric-field component of the transmitted waves with the spatial
resolution of 160µm. The obtained wavefront patterns, as well as their spatial-frequency spectra,
showed a very good agreement with the results of our simulations demonstrating robustness of
the predicted wavevector filtering effect.
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Novel Topological States in Photonics

Marin Soljacic
Department of Physics, Massachusetts Institute of Technology

Cambridge, Massachusetts 02139, USA

Abstract— Topologically non-trivial states have been raising a substantial interest in the elec-
tronics community because of their novel and unique properties. Similarly, topological states
in photonics display an equally diverse range of novel and surprising phenomena. Some of our
recent results in this area will be presented.
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Nonlocality in Discrete Metamaterials

M. A. Gorlach1, 2 and P. A. Belov1

1ITMO University, Russia
2Belarusian State University, Belarus

Abstract— We discuss spatial dispersion effects in three-dimensional discrete metamaterials.
In the present work, we consider two examples of discrete metamaterials whose behavior can
not be adequately described by means of the effective medium model and where the nonlocality
is important. These examples are (i) the discrete structure consisting of the uniaxial dipoles
operating in the vicinity of transition from elliptic to the hyperbolic dispersion regime and (ii) the
structure built from isotropic particles where anisotropy arises due to the spatial dispersion effects.
Strong spatial dispersion effects do not occur in natural materials. However, there exists a class
of metamaterials where effects of spatial dispersion play an extremely important role. Therefore,
it is of interest to find out what new physical effects may arise due to the nonlocality. It turns
out that the use of the dyadic Green’s function formalism and the discrete dipole approximation
in the investigation of periodic metamaterials allows one to describe spatial dispersion effects in
a rigorous and self-consistent way. We consider two examples of the discrete structures operation
that can not be described properly by means of the effective medium model. The transition
between elliptic and hyperbolic dispersion regime in the structure consisting of the uniaxial
electric scatterers occurs when the effective permittivity calculated according to the Clausius-
Mossotti formula approaches either zero or infinity. Following our recent work [1], we discuss the
existence of the regime which is the transitional from elliptic to the hyperbolic dispersion (Fig. 1)
and investigate the properties of the mixed dispersion regime in more detail. Moreover, possible
experimental verification of the mixed dispersion regime existence is proposed.
We also discuss the anisotropy in the cubic lattice of isotropic particles that arises due to the
second-order spatial dispersion effects. This feature can be easily detected plotting the system of
the isofrequency contours. In the conventional isotropic medium two eigenmodes with transverse
polarization correspond to the coinciding isofrequency contours. In the case of the discrete
structure this degeneracy is removed and there exists a considerable difference between two
transverse eigenmodes in the certain frequency range. Moreover, a longitudinal mode arises.
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Figure 1: Different dispersion regimes in the discrete dipole structure composed of the uniaxial electric
scatterers shown on “frequency-polarizability” diagram. The isofrequency contours typical for the given
regime are sketched. (a) The vicinity of high ε mixed regime. (b) The vicinity of low ε mixed regime.
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Pure Electric and Magnetic Hotspots by Dielectric Cylindrical
Dimers

Ali Mirzaei and Andrey Miroshnichenko
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Abstract— Clusters of nanoparticles have been actively studied for controlling of light [1].
Near-field enhancement of electromagnetic fields by dimers with both spherical and cylindrical
geometries have also been reported [2]. These studies are mostly concentrated on plasmonic
materials to achieve high field-enhancement, however plasmonic structures are associated with
strong losses in metallic components, even in nonresonance regimes. In this work, we analyze
dimers made of a pair of dielectric nanowires in visible wavelength range and compare them with
those for similar metallic dimer nanowires, using experimental data to describe the materials.
We demonstrate the enhancement of both electric and magnetic near-fields, and show that it is
possible to achieve hotspots by dielectric nanowires comparable with plasmonic structures in TE
polarization (magnetic field parallel to the axis of nanowires). We also show the possibility to
achieving hotspots in TM polarization with dielectrics, which is not possible by using plasmonic
nanowires. We demonstrate that the hotspots are not exactly in the middle of the dimers’
gap. These displacements for electric and magnetic hotspots are opposite in plasmonic and
dielectric dimers and lead to have both pure magnetic and pure electric hot spots close together
simultaneously with dielectric nanowires [3]. Figure 1 summarizes our major results and the
formation of hotspots in two polarizations.

(a)

(b)

(c)

(d)

Figure 1: Dimers made by silicon nanowires, optimized for (a) electric hotspot in TE polarization and (b)
magnetic hotspot in TM polarization in λ = 614 nm, using a genetic alghorithm. (c) and (d) demonstrate
that the hotspots are not exactly in the centre of dimer’s gap, causing two pure magnetic and electric hotspots
(related to structure in Fig. 1(a)).
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Abstract— We demonstrated the existence of surface electromagnetic states localized in the
structure of the cholesteric liquid crystal (CLC) — the phase plate — the layer of silver [1].
These states are similar to optical Tamm states (OTC). Spectral properties of such a system can
be efficiently controlled due to high sensitivity of CLC structural parameters to external factors.
Unlike the case with OTS observed at a photonic crystal (PC) — metal interface, it is doubtful to
obtain a surface state at a CLC — metal interface under normal incidence of light. The difficulty
is that Bragg reflection exists not for every arbitrary polarization. For light localization between
CLC and metal to occur, we need to change the phase of the wave. To this end, between CLC
and metal we introduce an anisotropic quarter-wave plate cut parallel to the optical axis and
shifting the wave phase by π/2. Cholesteric molecules at the CLC — phase plate interface align
along the optical axis. Fig. 1 shows individual transmission spectra of the CLC, silver film and
the structure.
Light of any polarization will be localized near metal with the field intensity maximizing at the
phase plate — metal layer interface. However, different degrees of ellipticity of transmitted waves
and their polarization properties result in different transmission coefficients for each polarization.
A possibility to control the passband position by varying the thickness of the phase plate or the
CLC pitch by external fields has been demonstrated.
It was established that the transmission spectra of the propagation of light in the forward and
inverse directions are different (Fig. 2). This property is inherent only in chiral environments,
which include the CLC. On the basis we proposed design of the polarization optical diode based
on surface photon modes. Note also that creating direct contact of the CLC with the metal is not
possible. This requires the use of orientant which aligns layers of anisotropic material. Therefore
orientant can simultaneously be a quarter phase plate, picking up the thickness of which it is
possible to implement a localized state.

Figure 1: Transmission versus wavelength with light
incidence normal to CLC (dashed line), to the silver
film (dash-dotted line) and to the ‘CLC — phase
plate — metal’ structure (solid line).

Figure 2: The transmission spectrum of the struc-
ture: 1 and 1′ for the right and left polarizations for
light incident on the CLC; 2 and 2′, for the left and
right polarizations of light incident on the metal.
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An Efficient and Innovative Modelisation for Nanolasers
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Abstract— The current technological advances on the nanoscale have allowed for remarkable
progress in the fabrication of ever smaller lasers. High promise is expected from these unusual de-
vices, whose potential application range from on-chip integration, fast and compact data handling,
inclusion on non-invasive probes, etc.. However, satisfactory modeling of the optical properties
of these devices has so far proven to be quite elusive, in particular concerning their threshold and
optical coherence.
Modeling approaches range from the standard rate equations, proven to present intrinsic diffi-
culties in the characterization of threshold [1], to quantum mechanical models [2], to innovative
approaches based on quantum-optical models showing non-classical statistics for few emitters [3].
Recently, we have introduced a new way of modeling lasers using a Stochastic Simulator [4] which
operates on the (semiclassical) description of the physical processes which take place when lasing
occurs.
We apply our model to explore the more elusive optical features of nanolasers to characterize
their threshold, to infer the transition towards coherence and to predict their dynamics in the
threshold region, as a function of the cavity size (quantified by the β-parameter — spontaneous
emission fraction coupled into the lasing mode).
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Electromagnetic Metamaterials for Terahertz Devices

W. J. Padilla
Department of Electrical and Computer Engineering, Duke University, Durham, NC, USA

Abstract— Electromagnetic metamaterials provide unprecedented control over light matter
interactions and are viable candidates for realization of devices in the terahertz frequency regime.
The ability to dynamically control novel responses exhibited by electromagnetic metamaterials
is a key enabling feature and further bolsters this quest. We overview our work in terahertz
metamaterials and present examples of metamaterial-based systems.
The interaction of electromagnetic waves with natural materials forms the basis of many modern
opto-electronic devices. At microwave and lower frequencies electrons form the basis for a myriad
of devices, while at optical and infrared wavelengths, photons are the key fundamental particle
utilized. However, the effectiveness of both the electron and photon is not distributed equally
across the electromagnetic spectrum and both realize a diminished utility reaching a collective
minimum at terahertz frequencies. Although significant effort has been exerted by scientists and
engineers in search of suitable terahertz materials, all terahertz devices pale in comparison to the
performance of microwave or optical components.
We present electrically controlled metamaterial modulators using both liquid crystals and semi-
conducting epi-layers. Our metamaterial modulators are pixelated and function as real-time
tunable, spectrally sensitive spatial light modulators. We implement a terahertz optical imaging
system with our metamaterial spatial light modulator and demonstrate single pixel imaging. Uti-
lization of a technique from communication theory — called binary phase shift keying — enables
complex valued masks to be displayed on our metamaterial spatial light modulator. Images are
encoded with both the coefficients of the Hadamard matrix and the closely related S-matrix and
both are decoded with their respective inverse matrices. The demonstrated single pixel imag-
ing systems verify the usefulness of metamaterials and establishes a new path forward for the
terahertz regime.
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Abstract— Teraherz (THz) waves have played an important role in both fundamental research
and practical applications; however, arbitrary control of THz waves remains a significant chal-
lenge. In order to take full advantage of THz waves, there is an urgent need in developing
functional THz materials to construct various kinds of THz devices and components. Metamate-
rials have emerged during the past few years that provide new opportunities due to the realization
of tailored interactions with THz waves, which are often unavailable or very difficult to obtain
from natural materials. Combining the resonant response originating from the planar metama-
terial structures and tunable refractive index or conductivity of integrated functional materials,
hybrid metamaterials have been developed during the past few years where the metamaterial
resonances can be switched or tunable through the application of photoexcitation, temperature
change, and/or voltage bias [1, 2]. Of particular interest for THz modulation are planar meta-
materials that can be electrically switched [3, 4], which provides a mechanism for high-speed
modulation of THz radiation relevant to practical applications, a result that is otherwise difficult
to achieve. Furthermore, the metamaterial can be pixelated to enable independent control of
individual pixels, forming the so-called THz spatial light modulator [5].
So far state-of-the-art demonstrations still exhibit a relatively low on/off ratio less than 10 dB [4],
which may limit their applicability. In all previous works the THz modulation is attributed to
the change of the direct transmission beam and, therefore, the modulation depth is limited by
the transmission values of the device’s ON and OFF states. In this work we present the design
and experimental demonstration of an electrically switchable metamaterial diffraction grating
for background-free THz modulation. We take advantage of metamaterial pixilation to form
columns of electrically switchable metamaterials that are independent each other. The active
metamaterial grating is created by applying the voltage bias to alternating columns, resulting in
a contrast of transmission property and diffraction of the incident THz beam. The diffraction
behavior disappears without the voltage bias or when a uniform voltage bias is applied to all
of these columns. As such, we have created a background-free metamaterial diffraction THz
modulator [6]. Experimentally, we observe that the device can function as a relatively high
speed, wide-bandwidth, high-contrast THz off-axis diffraction modulator, with more than 20 dB
of dynamic range.
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Full-range Gate-controlled Terahertz Phase Modulation with
Graphene Metasurfaces
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Abstract— Phase modulation of electromagnetic (EM) waves plays a central role in photonics
research. The ability to control the local EM phase underpins important applications such as
holographic imaging, polarization manipulations, and wave-front controls [1–3]. Such phase mod-
ulation was conventionally achieved via modulating the refractive index of bulk materials. The
dimension of such systems is typically on the order of wavelength, and therefore too bulky for opti-
cal integrations. Metasurfaces, ultra-thin MTMs composed of planar sub-wavelength units, were
utilized to achieve phase changes covering full range of 360 degrees. However, the metasurfaces-
based phase modulators currently available are mostly passive elements which cannot be tuned
externally.
Here we experimentally demonstrate full-range gate-tunable THz phase modulation, realized by
an ultra-thin meta-system integrating graphene and a specially designed metasurface [4]. We
show that a gate bias applied on graphene through ion liquid tunes its optical conductivity,
turns the coupled system from an under-damped resonator to an over-damped one, and induces
drastic modulation on the phase of the reflected wave. This is in stark contrast to the two-port
resonator (with both reflection and transmission channels) commonly used in previous studies,
where only a small phase modulation was possible. Our findings represent a significant advance
over previous attempts on photonic devices with tunable responses, and our method points to
new design strategies for future active phase modulators.

(a) (b)

(c) (d)

(e)

(f)

Figure 1: Experimentally measured reflectance and phase modulation and designed meta-system. (a)–
(d) Dramatic phase modulation realized upon increasing the carrier concentration through gating, accom-
panied with a drastic change on reflection amplitude. (e) Schematics of our metasystem, a gate-controlled
graphene on a reflective metasurface. (f) Macroscopic photo of our sample.
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Abstract— The versatile nature of semiconductors with a permittivity that can be controlled by
the amount of free carriers, makes them excellent candidates for active metamaterials and meta-
surfaces. Structures made out of semiconductors can give rise to the localized resonances at THz
frequencies that define the behavior of the metamaterial. The precise behavior of these structures
depends on their geometry and permittivity; parameters that can be actively tuned [1, 2]. Sub-
wavelength local field enhancements are the most relevant characteristic of localized resonances.
These enhancements have triggered the interest for resonant metallic structures in sensing and
spectroscopic applications.
In this contribution, we demonstrate the THz near-field enhancement in the proximity of silicon
and gold resonant structures. These near fields are measured in a broadband THz time-domain
near-field microscope with micro-structured photo-conductive antennas that enable the indepen-
dent measurement of the two in-plane field components. The measurements clearly show the
resonant response of the structures and the concomitant subwavelength field enhancement. In
order to achieve a full optical control of local THz resonances, we demonstrate the feasibility
of the photo-generation of resonant structures on semiconductors by shaping an optical pump
beam incident on a flat GaAs layer [3]. This beam shaping has been realized with a spatial light
modulator that structures the optical beam with the form of the structures. The incidence of
the shaped beam on the semiconductor locally induces a metallic behaviour on the illuminated
areas, with photo-excited free charges that are resonantly driven by the THz electric field. This
approach provides an unprecedented flexibility in designing the far-field properties of the THz
field, such as extinction and beaming [4], as well as the near field at the surface of the semicon-
ductor. The photo-generation of metallic structures in semiconductors can be also extended to
create THz waveguides [5].

REFERENCES

1. Giannini, V., et al., “Scattering efficiency and near field enhancement of active semiconductor
plasmonic antennas at terahertz frequencies,” Opt. Express, Vol. 18, 2797, 2010.

2. Berrier, A., et al., “Ultrafast active control of localized surface plasmon resonances in Si bowtie
antennas,” Opt. Express, Vol. 20, 5052, 2012.

3. Georgiou, G., et al., “Photo-generated THz antennas,” Sci. Rep., Vol. 4, 3584, 2014.
4. Steinbusch, T., et al., “Active terahertz beam steering by photo-generated graded index grat-

ings in thin semiconductor films,” Opt. Express, Vol. 22, 26559, 2014.
5. Tyagi, H., et al., “Photo-generated THz plasmonic waveguides,” J. Opt., Vol. 16, 094011, 2104.



32 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015
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Abstract— A perfect absorber, which fully absorbs the incoming electromagnetic (EM) wave
and transfers it into other forms of energy, is intensively studied for its wide applications in energy
harvesting, military defense, EM wave modulation and communications, etc.. The metamaterial,
an artificial material consisting of subwavelength meta-atoms, has been designed for perfect
absorption by utilizing the impedance matched meta-atoms. Although successfully demonstrated,
they are usually limited in a narrow working bandwidth. The rigid structure of the design also
hampersits real life applications that require all-directional absorption.
In this talk, a soft metamaterial is proposed to realize the perfect absorption in microwave regime,
which can be easily deformed to face to different directions. The polymer polydimethylsiloxane
(PDMS) is used as the soft substrate, which is filled with the most common material in nature, i.e.,
water. Due to the extremely high dielectric constant and high absorption by its polar molecules in
microwave regime, water is a perfect candidate for perfect absorption. By properly patterning the
PDMS channels, which are filled with water, the microwave across a wide band is well confined
and fully absorbed. The perfect absorption is further manipulated in two aspects: first, the
absorption band is shifted by deforming the water pattern under different inlet water pressures
applied in the PDMS channel. Second, the absorption coefficient of the soft metamaterial can be
effectively controlled by mixing water with other organic solvent, such as ethanol in this work.
By controlling the volume ratio of the water and ethanol, the tunability from zero absorption
to full absorption is realized. With the wideband and tunable capability, the proposed perfect
metamaterial absorber gives a promising applications in energy harvesting, stealth system and
microwave communications.
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Abstract— Terahertz Science and Technology has been one of the promising and active re-
search fields, especially in military, state security and communications. From the view of current
situations and tendency of terahertz science and technology, there are three major significant
aspects: fundamental research, advanced technology and terahertz market. It is expected that a
rapid progress will be achieved in information science, physics, astronomy, medical science, biol-
ogy, and so on. The key components for terahertz include the transmitter, receiver and devices.
Here we will present the recent achievements on the terahertz devices based on metamaterials,
especially by using the near field technology. Although over the last decade, optical near-field
technology has become an intense area of research, in the terahertz regime, this is not to be
outdone. In this talk, we will give a brief discussion on the terahertz near field measurement of
metamaterials based on a metal tip-terahertz system [1–3].
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Heterogeneous 3D Construction of Metamaterials and Metadevices
by Modular Transfer Printing

Bumki Min
Department of Mechanical Engineering, KAIST

291 Daehak-ro, Yuseong-gu, Daejeon 305-751, Republic of Korea

Abstract— Metamaterials make possible exotic control of the flow of electromagnetic waves
that is ultimately impossible to achieve with naturally occurring materials. Over the past decade,
the fabrication of metadevices synergistically benefitting from enhanced light-matter interaction
through combining metamaterials and active functional natural materials has shown immense
potential to develop highly efficient photonic devices. However, complex and heterogeneous ar-
chitectures enabling diverse functionalities of metamaterials and metadevices have been challeng-
ing to realize due to the limited manufacturing capabilities of conventional fabrication methods.
In this work, we report three-dimensional (3D) modular assembly based on transfer printing
to construct metamaterials and metadevices with complex structural architectures for achiev-
ing on-demand photonic properties. Transfer printing-based 3D assembly provides access to the
integration of dissimilar, active materials regardless of roughness and surface chemistry which
is quite attractive to employ for the fabrication of metadevices exhibiting unprecedented device
fidelity. The minimum repetitive process steps and rapid construction are the additional advan-
tages of the transfer printing-based 3D modular assembly. The method presented here suggests a
fascinating route to generate 2D/3D metamaterials and metadevices with heterogeneous material
combination, complex device architectures, and effective functionalities for future practical use
for advanced photonic applications.
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Active Modulation of Terahertz Wavefront

Y. Zhang1, X. K. Wang1, and Z. W. Xie2
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Abstract— Terahertz (THz) radiation has attracted a lot of attentions due to its fascinating
potential applications. Wavefront modulation of the THz radiation will benefit the applications
of THz imaging and communication. We propose a novel approach to actively modulate the wave-
front of the THz radiation based on the THz hologram formed with photon-generated carriers.
The diffracted THz beam will come into special amplitude and phase distribution. Experiment
results demonstrate the validity of this new method.

Introduction: Terahertz (THz) imaging is one of most important applications of the THz
radiation. Modulation of THz wavefront will profit the applications of THz imaging and com-
munication. Active modulation of wavefront can help us to reduce the size of the focal point, to
improve the resolution, and to achieve compressed imaging, which will greatly enhance the appli-
cation of the THz technology. We adopt the photon-generated carriers to form THz holograms
on the surface of a semiconductor surface, which can diffract the THz to generate the desired
amplitude and phase distribution.

Basic Idea: Under the illumination of a strong light, the semiconductor will generate free carriers
on its surface. These free carriers can effectively block the transmission of the THz radiation. The
diffusion range of the photon-generated carriers is just few micrometers, which is much less than
the wavelength of the THz radiation. Therefore, we can project a computer generated hologram
(CGH) pattern on the surface of the semiconductor to generate a photo-generated carriers based
THz hologram. The diffracted beam will from the special amplitude and phase distribution.

In the experiment, 100 femtosecond pulses with a 800 nm central wavelength from a Ti: sapphire
regenerator amplifier are split into three beams. The control beam is utilized to construct holo-
grams on a 500mm thick silicon wafer, the pump beam to generate the THz radiation using a
ZnTe crystal and the probe beam to detect the two-dimensional THz information. A spatial light
modulator (Holoeye LC2002, resolution 800 × 600, pixel size 32 µm) is inserted into the control
beam to excite the carrier distribution of the designed THz CGHs. In order to achieve better
results, an off-line holography configuration is adopted. The THz radiation is reflected onto the
silicon wafer with an incident angle of 37 degrees. Three letters C, N and U are required to be
shown on the plane which is 2 cm away from the silicon wafer. The size of each letter is about
4mm × 6mm. The calculated CGHs are displayed on the optical SLM and projected onto the
surface of the silicon wafer, respectively. The complex amplitude distribution of the THz beam
on the observation plane is captured with the THz focal plane imaging system. The three letters
C, N and U are clearly reconstructed. The experimental results meet the theoretical expectations
quite well.

This technology can also be combined with a sub-wavelength grating to generate an arbitrary
THz vector beam. The circularly polarized THz beam illuminates to a sub-wavelength ring metal
grating fabricated on the high-resistance silicon substrate. Meanwhile, the projected visible light
generates a photo-generated carrier THz vortex hologram on the surface of the silicon wafer.
The first-order diffraction of the THz beam will form a radially polarized beam. A good match
between the experiment and simulation results has been found. Furthermore, this method can
work well for a broad THz band.

Conclusions: In conclusion, a scheme for generating arbitrary THz beams is exhibited. A
sub-wavelength metal grating is utilized to adjust the polarization of the THz radiation. The
amplitude and phase distribution of the THz beam are dynamically regulated by the THz CGH
pattern formed with the photo-generated carriers. The experimental results, which correspond
to the theoretical expectations well, demonstrated the effectiveness and validity of the proposed
method. The proposed method may benefit to the THz sensing, THz imaging, and THz commu-
nication.
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Metasurfaces for Terahertz Waves Polarization Control

A. V. Lavrinenko1, R. Malureanu1, M. Zalkovskij1, S. Zhukovsky1, A. Andryieuski1,
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Abstract— Metamaterials as the design concept and umbrella name have demonstrated a
broad range of useful properties in different ranges of frequencies. The main advantage of the
metamaterial-based devices is the possibility to broaden both passive and active photonic com-
ponent functionalities. While in the visible, near infrared or microwave regimes these issues in
principle have strong alternatives via a conventional optics or electromagnetic approaches, at ter-
ahertz (THz) frequencies metamaterials are often considered as being the unique solution for the
encountered problems. Several approaches involving metamaterials-based THz components have
been proposed and show good potential for applications [1, 2]. Especially fruitful appears to be
two-dimensional metamaterials or metasurfaces due to fabrication simplifications and practically
the same as bulk metamaterials functionalities.
In the talk we will focus on employment of THz metasurfaces as polarizers and polarization
converters, absorbers and conducting layers with enhanced transmittance, dichroic and chiral
reconfigurable systems, waveplates and broadband filters.
As the unified approach we employ the transmission line theory providing a needed level of the
generalization. We demonstrate its applicability in optical problems by analyzing the theoretical
limits of a metasurface converter with orthogonal linear eigenpolarizations that allows for linear-
to-elliptical polarization transformation with any desired ellipticity and ellipse orientation. Our
analysis reveals that the maximal conversion efficiency with a single metamaterial surface is 50%
in transmission and up to 90% in reflection. However, a double layer transmission converter
and a single layer with a metallic mirror can have 100% polarization conversion efficiency. We
tested our conclusions numerically reaching the designated limits of efficiency using a simple
metamaterial design and checking them against the numbers reported in literature.
The metasurfaces performance was characterized by exemplifying them with free-standing mem-
branes patterned with a grid of air slits perforated in a uniform large area (up to several cm2)
2 µm-thick Ni film. Depending on arrangement of both slits and their sizes different optical prop-
erties of such metasurface can be acquired. We demonstrate linear polarization filtering with
the parallel slits dimmers, and more complex chiral behaviour of dimers, when non-equal slits
are non-parallel. In particular, strong optical activity and circular polarization conversion are
reported.
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Dynamic Control of Terahertz Wave with Graphene-based
Metamaterial Structures

Yin Zhang, Junming Zhao, Bo Zhu, and Yijun Feng
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Abstract— Graphene, a two-dimension material consisting of one monolayer of carbon atoms,
has been recently applied in electronic and photonic devices due to its exotic properties, such
as optical transparency, flexibility, high electron mobility. In addition, its sheet conductivity
can be continuously tuned in a broad frequency range by shifting the electronic Fermi level via
chemical or electronic doping, which enables fast electrical modulation and on-chip integration.
This makes the continuous or structured graphene sheet a promising candidate for designing
tunable THz metamaterial.
In this presentation, we combine the metamaterials having different unit cells of metallic resonator
with the double layer graphene wires to realize several terahertz devices that could manipulate
the wave propagation. Firstly, a graphene based tunable metamaterial absorber with polariza-
tion independence has been designed and analyzed. The absorption performance with a peak
frequency tuning range of 15% and almost perfect peak absorption has been demonstrated by
controlling the Fermi energy of the graphene that can be conveniently achieved by adjusting the
bias voltage on the graphene double layers. The mechanism of the proposed absorber has been
explored by a transmission line model and the tuning is explained by the variation of the effective
inductance of the graphene wires under gate voltage biasing. Secondly, we propose a polariza-
tion modulation scheme of terahertz wave by applying similar polarization dependent absorbers.
Through the proposed polarization modulator, it is able to electrically control the reflected wave
with a linear polarization of continuously tunable azimuth angle of the major axis from 0◦ to
90◦ at the working frequency. Finally, we explore a broadband terahertz wave plate that can
dynamically switch the transmission wave among left-handed circular polarization, right-handed
circular polarization or linear polarization by electrically controlling the Fermi energy of graphene
gratings. These design approaches enable us to electrically control the absorption spectrum and
the polarization state of terahertz waves more flexibly.
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Reflective Terahertz Metamaterial Wave-plates with Ultra-wide
Bandwidths
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Abstract— Full control of the polarization of Electromagnetic wave is highly desired due to
a wide range of applications, like quarter wave plate or polarization convertor. Conventional
methods with dichroic crystals or birefringent materials suffer the energy loss or require thick
system. Recently, polarization conversion using Metamaterial has attracted much attention.
Although, the wide-band reflective wave-plates based on metamaterials have been demonstrated
in GHz [1], THz [2] and infrared [3] regime, the general designing principle of the polarization
conversion effect is not well reported yet.
In this work [4], we firstly show a general designing principle of the meta-surface to perfectly
realize the polarization conversion derived based on the Jones Matrix analysis, which lead to
two type of meta-surface with different symmetry properties. Such a principle is applicable at
any frequency, here we design and fabricate two terahertz samples and perform experiments
to demonstrate that both can realize the half wave-plate functionality with > 90% conversion
efficiency on an ultra-broad frequency interval (0.4–1.05THz, equivalent to ∼1000% relative
bandwidth). Finally, based on similar idea, we demonstrate experimentally high efficient and
ultra-board band linear-circular polarization conversion with carefully designed meta-surface.

(a) (c) (e)

(b) (d) (f)

Figure 1: (a) Schematics of the high-efficient polarization conversion realized at our reflective Metasurface.
(b) Geometry of the meta-actom. (c) Measured and simulated reflection coefficients and (e) phase spectra
for x and y polarization. (d) Measured and (f) simulated PCR with 0◦, 20◦ and 40◦ incidence.
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THz Twist Polarizer Based on Supramolecular Fermat’s Spiral
Chiral Metamaterial
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Abstract— A THz twist polarizer formed by supramolecular Fermat’s spiral chiral metamate-
rial (SFSCMM) is reported. Twist polarizers (TPs) are the 90◦ polarization rotators, in which
transverse magnetic linear polarization is converted into transverse electric linear polarization
and vice versa. The proposed SFSCMM consists of twisted bilayered supramolecular Fermat’s
spiral patterns, in which each layer is chiral in nature. The design is implemented in polyimide
substrate using silver as a metal. Full-wave simulations demonstrated its function of TP, where
the SFSCMM shows the zero-point ellipticity with the polarization rotation angle of 89.49◦ at
7.765THz. The proposed SFSCMM has a dimension of λ/1.38×λ/1.38×λ/10.3 at the operating
wavelength and can be fabricated through standard layer-by-layer method for the realization of
optical logic gates and THz switches.
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A Mixed Boundary through Wall Imaging Problem

Xiuzhu Ye
Beihang University, Beijing 100191, China

Abstract— The study of through wall imaging problem is of great interest in the field of
security check and the anti-terrorism. In most literatures, the wall and the unknown scatterers
are both assumed to be dielectric implicitly, while the problem of mixture of PEC and dielectric
is not often addressed yet, which is a more commonly encountered case. Therefore, in this article,
we mainly discuss the reconstruction algorithm of PEC and dielectric scatterers together under
the circumstance of through wall imaging.
The T -matrix method is chosen as the modelling scheme. According to a recently published paper
by the author, it is able to distinguish the PEC and dielectric scatterer simultaneously when the
two kinds of scatterers coexist in the domain of interest. The optimization scheme is developed
based on the subspace based optimization method, where the wall (obstacle) is considered as a
known scatterer rather than part of the inhomogeneous background. Numerical results are given
to show the effectiveness of the proposed algorithm.
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The Lidar Sounding of the Atmosphere in St. Petersburg
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Abstract— The first results of vertical profiling aerosol particles and wind parameters above
the central part of St. Petersburg in day and night time are presented. Results include profiles
of the extinction and backscattering coefficients, particle size distribution, depolarization rate,
particle concentration and real and imagine parts of refractive index at different heights. The
wind characteristics are compared with radiosounding results. Lidar sensing in the center of
St. Petersburg in the daytime and nighttime and the resulting vertical profiles of variations of
the atmospheric parameters of the solid dust and soot particles in the pollution header over the
city accomplished to study atmospheric pollution. The analysis of the influence of profiles of
wind, temperature and humidity in the atmosphere on the properties and dynamics of solids
is implemented. The areas and the speed of propagation of the atmospheric contaminants on
the Vasilevsky Island in St. Petersburg at different altitudes are identified. Special attention is
given to space and time variations of parameters. Atmospheric pollution in the atmosphere of
a big city in case of St. Petersburg is revealed. It is shown that the meteorological parameters
of the atmosphere and time of day affect the dynamics of changes hats pollution over the city.
Measurements of the vertical profile of velocity and wind direction in the Observatory of ecological
safety, Research Park, St. Petersburg University in the center of St. Petersburg was held within
a few months of 2014, the height of laser sounding of wind characteristics of up to 12 km. The
results are compared with the data of radiosounding measurements of Hydrometeorological service
in St. Petersburg suburb Voeikovo. The distance between the sites of measurement is 25 km.
Comparison is based on the assumption of homogeneity of the wind field in this scale. In most
cases showed a good coincidence of the vertical profiles of wind, obtained by both methods.
However, we should identify a few measurements when the results differ sharply or at high
altitudes, or, on the contrary, in the surface layer. The results of the comparison and possible
explanations for differences of measured data are presented.
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Cloud Optical Parameters Retrieved from Airborne Observations
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Abstract— Optical parameters of the extended cloudiness are retrieved from airborne obser-
vations of different kinds. Optical thickness, single scattering albedo, scattering and absorption
coefficients are obtained for all available spectral channels from measurements over, under and
within cloud.
Results of retrieving optical parameters of cloud atmosphere from airborne data are compared.
Two airborne experiments are taken in Goddard Space Flight Center. Measurement of the diffuse
solar radiance in eight spectral channels (0.340; 0.381; 0.472; 0.682; 0.870; 1.035; 1.219; 1.273 µm)
at viewing zenith angles from 0◦ till 180◦ in 1◦ interval are accomplished above the Atlantic Ocean
close to West-South Africa coast. The approach and algorithms of NASA data processing has
been presented earlier.
Spectral semispherical solar irradiance in the spectral diapason 0.35–0.96 µm in 0.002 µm interval
has been measured in the end of the last century in different geographical sites in ranges of
international complex programs: GATE (tropical latitudes), CAENEX (mid-latitudes), POLEX
(polar latitudes).
Results of solving the inverse problem of cloud optics (retrieving optical parameters of extended
clouds from different observations) shows the single scattering albedo is not variable at different
latitudes, but volume scattering and absorption coefficients are significantly changeable from
Polar regions to Tropics. Obtained parameters (the ground albedo, optical thickness, single
scattering albedo, volume scattering and absorption coefficients) provide the cloud optical model
for estimation radiative divergence, heating rate and water content.
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An Experimental Method for Estimating the Bistatic Diffuse
Scatter from Anechoic Chamber RAM

S. J. Berry and F. C. Smith
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Abstract— Characterisation of the specular reflection coefficient of a radar absorbing material
(RAM) at microwave frequencies in free space is a comparatively routine measurement, although
the measurement is frequently subject to high uncertainty due to edge diffraction and/or non-
plane-wave illumination by the source antenna. Less well reported is the measurement of diffuse
backscatter from RAM [1, 2]. For this measurement problem the use of a bistatic antenna ar-
rangement is preferred [3]; however, at low frequencies the method may become inaccurate due
to the size of the antennas relative to the test piece and the coupling that ensues.
In this contribution, a method is described and investigated which can be used to estimate the
magnitude and direction of diffuse scatter from a RAM. The method is an extension to early
work in [4] and is, in principle, similar to the optically modulated scatterer method (OMS)
(e.g., [5]), except that specialist equipment is not required to implement the approach. A small
subwavelength metal filament held by a 50 µm dielectric cord is scanned close to the RAM test
piece using a 2D planar scanning system. The total complex electric field is recorded by examining
the perturbation in the signal at the port of the launching antenna; these data are then used to
reconstruct the propagating angular spectrum scattered from the RAM, which contains grating
lobe and diffuse scatter data. The scanning system has been combined with a Quasi-Optical
(QO) antenna system which is used to create a beam of microwave radiation with planar phase
fronts and an approximately 2D Gaussian intensity profile in the constant phase planes. The gain
provided by the QO system in part mitigates the low dynamic range normally encountered with
passive scanning systems, which occurs due to the 2-way scattering process (rather than 1-way
with an active probe). A dynamic range of up to 60 dB can be achieved using the QOs and a
standard bench-top vector network analyser (VNA). The QO system also alleviates the need for
a high quality anechoic environment for data collection.
Verification of the technique has been performed by measuring the grating lobes scattered from
an array of parallel metal rods, where good agreement is shown with theoretical data. A typical
anechoic chamber RAM is then used as a test piece and the grating lobes caused by the structure
have been characterised for a range of angles of incidence and frequencies. The diffuse scatter from
the anechoic chamber RAM is shown to be low for high angles of incidence until the geometry of
the RAM produces direct specular reflection. Unsurprisingly, the direct specular reflection occurs
at an angle where the facets of the pyramidal structure are normal to the incident microwave
radiation.
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A 16-Element Wideband Microwave Applicator for Breast Cancer
Detection Using Thermoacoustic Imaging

Hao Nan1, Shiyu Liu2, Nemat Dolatsha1, and Amin Arbabian1

1Department of Electrical Engineering, Stanford University, USA
2Department of Electronic Engineering, Tsinghua University, China

Abstract— Microwave-induced thermoacoustic (TA) imaging is a hybrid technique that com-
bines the high contrast of microwave imaging, which is based on dielectric properties of different
materials, with the high resolution of ultrasound detection. When tissue absorbs the incident
microwave energy, stress waves are generated due to minute thermal expansions. An ultrasound
transducer array is used to detect this signal and reconstruct the target image. This technique
can achieve a penetration depth in excess of 5 cm, even in dispersive tissue. Unlike CT or mam-
mography, TA imaging has no ionization radiation hazard and can be used more frequently to
detect aggressive cancer types that progress in short time spans. With all these advantages, this
technique is suitable for breast cancer screening, which needs a resolution of millimeter and high
contrast between cancer and benign tissues.
The conventional and the most popular way to excite the tissue sample is to employ a waveguide,
which is limited in bandwidth and is usually not well matched to target for TA imaging. We
design the RF applicator with a compact size and high bandwidth in the optimal frequency
range for breast cancer detection. The applicator is well matched to the target with a selected
matching layer. The applicator can excite tissue efficiently in the near and quasi-near field. The
high bandwidth of the applicator enables the flexibility of tuning exciting microwave frequency.
A 16-element phased array based on the proposed applicator is designed to help focus the input
microwave energy and to control the location of high specific absorption rate (SAR) region for
TA imaging. This phased array applicator system can increase local SAR by conformal focusing
of the microwave energy to a local area, which directly results in a higher SNR than a uniform
excitation. Tuning the phase of each element can control the location of the high SAR region.
Full 3D E&M simulations demonstrate the ability to control the high SAR region across the
target and over the operation bandwidth.
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Figure 1: (a) Simulated S11 of the applicator. (b) Setup of the 16-element phased array applicator system.
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High Resolution Range Imaging via Model-based Compressed
Sensing

V. Adler1, J. Moll2, M. Kuhnt2, B. Hils2, V. Krozer2, and K. Hoffmann1

1Department of Electromagnetic Field, Faculty of Electrical Engineering, CTU in Prague, Czech Republic
2Department of Physics, Goethe University Frankfurt am Main, Frankfurt am Main, Germany

Abstract— This paper proposes a method for high resolution range imaging at millimeter wave
frequencies (85 GHz to 100 GHz) based on model-based compressed sensing (CS). Besides a de-
tailed description of the radar sensor, depicted in Figs. 1(a)–(b), and the theory of the underlying
compressed sensing framework, the experimental setup is presented along with experimental re-
sults for one-dimensional range imaging. The measurement system is characterized by motorized
reference measurements that form the dictionary matrix for the subsequent CS-processing, as
well as measurements from a glass fiber reinforced polymer (GFRP) component. It is demon-
strated that the proposed CS-method improves the range-resolution capabilities of conventional
monostatic-radar systems that are usually based on FFT or matched filter processing. Resolu-
tion of these conventional radar systems is proportional to the inverse of its bandwidth and in
our case (BW = 15 GHz) is approx. one centimeter. Compressed sensing results are shown in
Fig. 1(c) and provide much better range resolution in the order of few micrometers, depending on
the spacing of the motorized measurements, and significantly smaller sidelobes than conventional
radar systems as shown in Figs. 1(d)–(e). This approach can be useful for a variety of radar
applications, e.g., non-destructive material testing and precise time-of- ight measurements.
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Figure 1: (a) Schematic of the radar sensor, (b) reconstructed high resolution range profiles, (c) photo of
the experimental setup, (d) conventional Fourier transform to create the range profiles.
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Fast Level Set Based Method for High Contrast Microwave Imaging

Pratik Shah and Mahta Moghaddam
Department of Electrical Engineering, University of Southern California, California, USA

Abstract— Microwave imaging has applications in through-the-wall imaging, non destructive
testing, and medical imaging. The imaging problem is usually performed by formulating it using
the volume integral equation. The integral equation represents the relationship between complex
permittivitty and the electric field inside and outside of the inhomogeneous imaged domain.
The equation is non-linear in general and common practice is to linearize by iteratively solving
for the unknown complex permittivity and the field. Many numerical and experimental studies
on microwave imaging have been performed, with common impediments being the inability to
recover high dielectric contrasts and slow speed of computation.
For some applications, we have knowledge on what type of objects are present in the domain and
their electrical properties. Although it is understood that the prior knowledge about contrasts
in the imaged domain may not be very accurate or easily available, we will make the assumption
that it is known to within some uncertainty. Having priors about contrasts, the microwave
imaging problem essentially becomes locating the object and estimating the shape of the object.
We consider an approach based on the level set method. The level set based shape recovery
approaches for microwave imaging are very slow in general. The main computational burden is
to estimate the adjoint field at each iteration. The adjoint operation for a linear system can be
derived analytically so we explore a method, which is not based on the adjoint field evaluation.
Hence, it can be very fast. The cost function is based on the variational level set functional, which
regularizes the level set evolution without reinitializing it at each ‘timestep’. Each iteration of the
method comprises one forward solver and many iterations of the level set method. The desired
results are obtained within 15 iterations of the method.
The applicability of the method is tested on synthetically generated data for a two-dimensional
(2D) scenario. The data includes both lossy and lossless permittivity. The reconstructed images
indicate that the method can produce accurate object localization and shape identification even
for high contrast objects.
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On the Connection between Jones Matrix and Sinclair Matrix

T. Dallmann and D. Heberling
Institute of High Frequency Technology, RWTH Aachen University, Germany

Abstract— The polarimetric behavior of scattering of radar targets can be described with two
different 2 × 2 matrices: The Sinclair matrix which specifies the backscattering of a target and
which is commonly used by polarimetric monostatic radar systems, and the Jones matrix which
characterizes the forward scattering of a target and originates from optics [1].
Especially the decomposition of the Sinclair matrix into Huynen-Euler parameters has gained
attention in some recent publications since it allows to characterize the system with so-called
canonical scatterers [2, 3]. These primitives not only determine the polarization of the scatterered
wave but also influence in which directions and at which frequencies the scattering occurs. Thus
the Huynen-Euler parameters together with the canonical scatterers give a physical interpretation
to the radar-cross section signatures of radar targets.
Unfortunately the extraction of Huynen-Euler parameters from the Sinclair matrix requires a
coneigenvalue decomposition. Up to now, little research has been conducted in the field of con-
similarity transformations and coneigenvalues. Some of the implications of these decompositions
are therefore still unknown [5]. In contrast the Jones matrix can be decomposed with an eigen-
value decomposition. The mathematics of eigenvalues and similarity transformations are known
and well understood [6].
In [4] a misleading, but simple connection between the Jones matrix J and the Sinclair matrix
S was established:

S = AJ =
[ −1 0

0 1

]
J (1)

This equation was derived for linear polarizations only. Unfortunately in some publications this
connection is mistakenly emphasized as being generally valid [1]. If this would be the case, the
decomposition of Sinclair matrices could be extremely simplified by transforming them to Jones
matrices and performing an eigenvalue decomposition afterwards.
In this paper the following will be proved:

1. There does not exist a polarization basis-independent matrix A which allows to transform
consimilar matrices Si to similar matrices Ji for arbitrary polarization bases. This means
that the transformation can generate Jones matrices with different eigenvalues even if the
Sinclair matrices have the same coneigenvalues. Thus a decomposition utilizing the trans-
formation matrix A can deliver diverging Huynen-Euler parameters in some cases.

2. If A is polarization basis-dependent then the transformation of consimilar Sinclair matrices
will produce similar Jones matrices. However this means that the basis transformation
connecting the Sinclair matrices must be known. In this case the transformation to Jones
matrices using A is not beneficial any more.

Hence a simplification of the decomposition of Sinclair matrices as mentioned above is not pos-
sible. This emphasizes the relevance of coneigenvalue decompositions for radar polarimetry.
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Detection of Breast Tumors by Applying FDTD Modelling of
Holographic Radar

I. L. Alborova and L. N. Anishchenko
Biomedical Engineering Department, Bauman Moscow State Technical University

5, 2d Baumanskaya str., Moscow 105005, Russia

Abstract— This paper presents the results of mathematical simulation carried out to confirm
the ability of holographic radar to detect breast tumors. The simulation software used the Finite-
Difference Time-Domain Method. The simulations were performed for three different scenarios:
in the first model the inclusion depth under the surface was varied; for the second model two
inclusions were used; while the dielectric properties of malignant tissue were modified in the
third model. The model is a 3D block with dimensions 200 × 200 × 100mm, which mimicked
normal breast tissue, with one or two spherical inclusion — malignant neoplasm of breast tissue.
Frequency dispersion of normal and malignant tissues dielectric properties (conductivity and
permittivity) was taken into account.
The results showed that differences in the dielectric properties allow to use of the radiolocation
method for detecting inclusion (diameter 4mm) on a depth up to 5 mm. The results proved that
the greatest impact on the detection of inclusion has a ratio of conductivity values of normal and
malignant tissues. Also the proposed method makes possible to distinguish two different objects
at the distance between them of 16 mm or more, otherwise they will be identified as one inclusion.
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Characterization of the Electromagnetic Propagation through
Building Rubble by Means of Numerical Random Models

I. Lucresi, E. Di Giampaolo, and P. Tognolatti
Department of Industrial and Information Engineering and Economics, University of L’Aquila, Italy

Abstract— The rescue of victims buried in building rubble because of earthquakes, landslides,
explosions in industrial plants or terrorist attacks, can take advantage from real-time measure-
ments employing wireless communications devices.
Rising technologies like rescue robots, allow rubble exploration and victims localization exploiting
radio signal transmissions. Moreover, radio detection of vital signs or detection of radio signals
emitted by personal RF devices (e.g., cell-phone, radios, RFID, etc.) that may be close to
the owner (especially in case of rescuers involved in subsequent collapses) can be very useful
in post emergency operations since immediacy of action may lead to a considerable reduction
in the number of victims. For these reasons communications plays a big role in this kind of
systems. These operations efficacy however, is strictly related to the characteristics of propagation
channel in the disaster scenario. Attenuation, multipath and noise make the radio-link weak
and untrustworthy, in spite of this adequate systems can be designed if a sufficiently accurate
knowledge of the features of the propagation channel is available.
This work has been developed after the earthquakes which stroked the Italian territory in the last
years. The considered scenarios are then composed by rubble and debris of collapsed buildings,
that is a very complex environment because of different materials, morphologies of urban fabric
involved and physical characteristics of rubble and debris (i.e., shape, dimensions, humidity and
level of compression), for which no general channel model exists.
In this work, in a completely new way compared to the literature, we simulate different models
of rubble to evaluate phenomena of attenuation and propagation of radio signal through an
extremely heterogeneous transmission medium structured in a not predictable manner.
The aim of the work is the development of a random model of the rubble that would reflect a
wide range of environments, for this reason random rubble scenarios were generated and simulated
through an electromagnetic tool where the transmission source is represented by a dipole antenna
buried into rubble. The model involves typical materials, in established and plausible proportions,
of both modern buildings (concrete, bricks and iron) and ancient ones (stones and bricks). A
number of parameters characterize the model of the rubble: the degree of compression (defined
as the ratio between the empty and filled spaces), the graininess (i.e., the size of the blocks
of homogeneous material), the number of different materials, the dielectric properties of each
material, the moisture, the thickness of the layers (one or more layers are considered). A large
number of simulations have been performed for different frequencies: at 13 MHz, 432MHz and
900MHz. These frequencies have been chosen because they mainly concern rescue devices and
are near the frequency bands of many communication services in Italy and European Countries.
The study is focused on the analysis of Path Loss at different heights from the ground and for
various angles of incidence of the electromagnetic wave. A statistical analysis of data are also
carried out by calculating mean, standard deviation and minimum value of Path Loss for a large
number of simulations.
The proposed model takes cue from a measurement campaign carried out in a number of buildings
collapsed or partially destroyed in L’Aquila territory that was stroked by a severe earthquake in
2009 [1, 2].
Comparison between model results and measurement data allow us the tuning of the model
parameters and is under development.
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Combined Breast Microwave Imaging and Diagnosis System
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Abstract— Several Computer-Aided Detection and Diagnosis (CAD) systems have been pro-
posed in recent years for various breast imaging modalities, such as X-Ray Mammography, which
generally involve pre-processing and segmentation of images followed by diagnosis. In the context
of breast Microwave Imaging (MWI), the development of a dedicated CAD system combining
features both from microwave images and recorded signals would greatly contribute to the per-
formance of the technique in terms of specificity. In this submission, the authors focus on an
improved method for automated diagnosis of breast cancer based on recorded backscattered sig-
nals.
MWI is based on the contrast between the dielectric properties of different types of breast tissue at
microwave frequencies. The majority of existing studies which considered MWI of the breast have
focused primarily on tumour detection, with automated tumour diagnosis seen as a secondary
concern. A small number of studies have considered the use of the Radar Target Signatures (RTS)
to identify tumours as benign or malignant, but it is unclear whether the performance of these
algorithms can provide sufficient information in anatomically and dielectrically heterogeneous
scenarios. Therefore, alternative methods need to be considered.
To address this problem, a combined breast microwave imaging and diagnosis system is proposed,
where the breast images obtained using Microwave Tomography (MT) allow for the isolation of
the RTS of the tumour in the recorded backscattered signals. A time-domain MT algorithm,
known as Forward-Backward Time-Stepping (FBTS), is used to reconstruct the dielectric profile
of the human breast, which in turn provides the location and extent of any tumour. Based on
this information, a time-gating algorithm is applied to window the tumour RTS based on the
average dielectric values of the breast tissues, and the round-trip distance between the antennas
and the detected tumour. The estimated tumour signature is windowed from the backscattered
signal with an approximate window length equal to twice the pulse width. Next, a sophisticated
tumour-grading algorithm is applied to the windowed signals, which distinguishes tumours based
on their level of malignancy. Since the tumour-grading algorithm processes isolated tumour sig-
natures, rather than reflections from multiple scatterers within the breast, it can make improved
judgements on the malignancy or benignancy of tumours.
The efficacy of the proposed combined breast microwave imaging and diagnosis system is bench-
marked against previous studies which examined standard un-windowed microwave signals, by
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Figure 1: (a) FDTD model of a class 1 breast, with a tumour placed on the lower-outer quadrant (as
identified by the cross-section of the white lines). (b) Reconstructed permittivity profile using FBTS: the
tumour location is identified by thresholding the permittivity map based on dielectric properties of the
tumour. (c) Backscattered signal from one of the recorded channels. The windowed tumour signature is
highlighted in red.
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simulating anatomically-accurate Finite Difference Time Domain (FDTD) breast and tumour
models. By way of example, Fig. 1 shows a reconstructed breast image and the corresponding
microwave signal, where the relevant tumour response is highlighted. Preliminary results — which
will be presented in the final version of this paper — reveal an improvement in the performance
of the automated diagnosis when the proposed windowing is applied to the backscattered signals,
compared to the un-windowed approach. These results demonstrate the potential of windowed
signatures to accurately diagnose tumour responses in high-clutter scenarios. Future work in this
project includes combining the windowed tumour signatures with features extracted from the
MT breast images for enhanced automated diagnosis.
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Pulsed Laser Modification of Transparent Dielectrics: Dynamics of
Energy Absorption and Post-excitation Evolution

N. M. Bulgakova1, 2, V. P. Zhukov3, 4, Yu. P. Meshcheryakov5, and T. Mocek1

1HiLASE Project, Institute of Physics ASCR, Na Slovance 2, Prague 18221, Czech Republic
2Institute of Thermophysics SB RAS, 1 Lavrentyev Ave., Novosibirsk 630090, Russia

3Institute of Computational Technologies SB RAS, 6 Lavrentyev Ave., Novosibirsk 630090, Russia
4Novosibirsk State Technical University, 20 Karl Marx Ave., Novosibirsk 630073, Russia

5Design and Technology Branch of Lavrentyev Institute of Hydrodynamics SB RAS
Tereshkovoi Street 29, Novosibirsk 630090, Russia

Abstract— We will present a comprehensive model to follow the details of spatiotemporal
dynamics of ultrashort-laser-induced modification of a bulk glass (fused silica as an example).
The model is based on two sub-models, one of which solves Maxwell’s equations supplemented
with the equations describing electron plasma formation and the laser-induced electric current
and another one utilizes the equations of thermoelastoplastics. Spatiotemporal dynamics of laser
beam propagation through the focal zone with generation of free electron plasma is analyzed for
the regimes typical for nanograting formation and for creation of micro/nanobubbles. A con-
troversial question on free electron density generated inside transparent dielectrics by ultrashort
laser pulses is discussed based on the laser energy balance. The map of absorbed laser energy
is used as an input for modeling the spatiotemporal dynamics of excited matter relocation and
determining the final density-modulated structure that conditions refractive index change. Con-
clusions on the different routes of material evolution at different excitation conditions (laser beam
energy, NA, pulse duration) will be made. The geometry of laser energy absorption is studied as
a function of pulse duration, laser energy, and numerical aperture. The double pulse irradiation
has been modeled to get insight into “exciton-seeded multiphoton ionization” [1]. Furthermore,
several consecutive laser pulses have been modeled to gain a better understanding of a qualita-
tive tendency of memory effects related to defect accumulation. Such features of laser energy
coupling into the bulk glass have been revealed as asymmetry of absorption for the cylindrically-
symmetric linearly-polarized beam and formation of a defect shield developing in multipulse
irradiation regimes. Modeling allows foreseeing and predicting the routes of material evolution
at different excitation conditions.
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Self-consistent Modeling of Photoionization for Nonlinear
Ultrashort Pulse Propagation in Solids

Jeremy R. Gulley and Thomas E. Lanier
Department of Physics, Kennesaw State University, Kennesaw, GA 30144, USA

Abstract— Simulations coupling ultrashort pulse propagation with laser material interactions
have traditionally contained some oversimplifications. One notable inconsistency is that propaga-
tion models, such as modified nonlinear Schrödinger equations, account for the multi-chromatic
nature of ultrashort laser pulses while the ionization models they are coupled to are intrinsically
monochromatic. As such, the influence of nonlinear optical behaviors such as super-continuum
generation and high harmonic generation on ionization and laser-induced modifications is not well
understood. Another inconsistency is the use of simplified material models (such as the Keldysh
photoionization formula) that are based on physical assumptions that are not well justified in
many situations. Among these are assumptions of a parabolic or Kane-type band structure, as
well as effective masses and collision times chosen to fit numerical data to a particular experi-
ment. In this work we present simulations solving the quantum semiconductor Bloch equations in
a 3D quasi-momentum space and couple this model to ultrashort pulse propagation in dielectric
solids. This approach self-consistently provides a quantum calculation of the photoionization
yield, the photoionization current, the current from free-carriers, the generation of field harmon-
ics, the traditional Kerr effect, and any high-order Kerr-effects without resort to a perturbative
description. The material band structure is taken in the tight binding limit and is periodic in the
crystal momentum space, thus ensuring a realistic treatment of Bragg reflection. The required
input values for the material model include a measure of the known lattice dimensions, a band
gap, and the reduced electron-hole mass at zero momentum (this value being selected to produce
the known linear index of refraction in the low field limit). As the model makes no assumption
about the pulse spectrum, we examine the laser-material interaction of strongly chirped pulses
and multi-color multi-pulse schemes of laser-induced material modification. We then examine
how a reduced laser-material model, based on this approach, may be used for multi-dimensional
pulse propagation simulations.
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Nonlinear Energy Deposition into Aqueous Media by Tightly
Focused Laser Pulses: Tracking of Free-electron Density,

Temperature Evolution, and Hydrodynamic Phenomena in a
Large Range of Laser Pulse Durations and Wavelengths

Alfred Vogel, Xiao-Xuan Liang, Sebastian Freidank, and Norbert Linz
Institute of Biomedical Optics, University of Lübeck, Germany

Abstract— To date, optical breakdown modeling has mostly focused on tracking the evolution
of free electron density and predicting breakdown thresholds defined by a critical free electron
density. Such thresholds cannot easily be linked to experimental observations of breakdown
events, which commonly rely on the detection of plasma luminescence, phase changes (leading to
transient bubbles in water or permanent cavities in solids), or shock wave emission. We developed
modeling tools for optical breakdown events in water, which span various phases reaching from
breakdown initiation via solvated electron generation, through laser induced-plasma formation
and temperature evolution in the focal spot to the later phases of cavitation bubble dynamics
and shock wave emission.
The rate equation model considers the interplay of photoionization, avalanche ionization and
recom-bination, traces thermalization and temperature evolution during the laser pulse, and
portrays the role of thermal ionization that becomes relevant for T > 3000K. Modeling of free-
electron generation includes recent insights on breakdown initiation in water via solvated electron
generation that were obtained by bubble threshold spectroscopy of IR nanosecond breakdown.
The wavelength dependence of the breakdown threshold indicates that avalanche ionization is
initiated via multiphoton excitation of valence band electrons into a solvated state at E = 6.6 eV
followed by up-conversion into the conduction band level that is located at 9.5 eV [1].
The ability of tracing the temperature evolution in the focal volume allows for a comparison with
experimental data on bubble thresholds and bubble size. The model of laser-induced plasma
formation is linked to a hydrodynamic model of plasma-induced pressure evolution and phase
transitions that enables to trace bubble generation and dynamics as well as shock wave emission.
This way, the amount of nonlinear energy deposition in transparent dielectrics and the resulting
material modifications can be assessed as a function of incident laser energy. The unified model of
plasma formation and bubble dynamics yields an excellent agreement with experimental results
over a large range of pulse durations and wavelengths, as shown in Fig. 1.
Future challenges are to include spatio-temporal aspects of optical breakdown associated with
nonlinear light propagation and with the plasma growth during the laser pulse.
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Figure 1: Maximum cavitation bubble radius in water as a function of laser pulse energy for different pulse
durations and wavelengths; NA = 0.8. The colors denote the wavelengths: blue = 347 nm for fs pulses, and
355 nm for ns pulses; green = 520 nm and 532 nm, red = 1040 nm and 1064 nm. (a) Experimental data, (b)
modeling results.
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Multiphoton Absorption-induced Delocalization of fs Laser Pulse
Energy in Si Bulk

Evgeny V. Zavedeev1, 2, Vitaly V. Kononenko1, 2, and Vitaly I. Konov1, 2

1Prokhorov General Physics Institute, RAS
Vavilov Str. 38, Moscow 119991, Russian Federation

2National Research Nuclear University MEPhI
Kashirskoye shosse 31, Moscow 115409, Russian Federation

Abstract— Modification of bulk of various transparent materials by means of writing by focused
fs laser beam is well known technique nowadays. Recently, a number of experimental attempts
to apply this approach to crystalline silicon were done. To our knowledge, all experiments with
ultrashort pulses failed to modify deep silicon bulk. Most of them were carried out at wavelengths
at which two photon absorption (2PA) occurs (∼ 1120–2250 nm). Strong prefocal losses of laser
energy, attributed to 2PA, and, as result, limitation of laser-induced free carrier plasma density to
∼ 1019 cm−3 were demonstrated [1, 2]. So the question arises: could this limitation be overcome
by switching to longer wavelengths at which the number of absorbed photons increases?
The number of experiments in this field is rather poor up to now. This stimulated us to perform
simulation of propagation of mid-IR fs pulse through Si bulk. We solved numerically nonlinear
Schrödinger equation (NLSE) in paraxial approximation. The wavelength range in the calcula-
tions was 1200–4400 nm. The nonlinear absorption coefficients and nonlinear refractive indexes
were taken from experimental works. The solutions of NLSE revealed that the prefocal deple-
tion of the beam energy at high initial pulse energies remains strong even in 3- and 4-photon
absorption cases.
Additionally, the strength of free-carrier plasma defocusing and diffraction increases with growth
of wavelength, so maximum plasma density in the focus decreases. Density of absorbed energy
is 2–3 orders of magnitude less then needed for melting of silicon. Thus, internal modification
of c-Si structure by mid-IR fs pulses is most probably unfeasible at least at wavelengths shorter
than 4400 nm.
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Nonlinear Mechanisms of Light Absorption in the Laser Processing
of Transparent Materials

Irina N. Zavestovskaya1, 2
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Abstract— The nonlinear mechanism of optical power consumption has been considered. This
mechanism occurs in the transparency region of the solid under irradiation with ultrashort laser
pulses of high-intensity.
Laser ablation under exposure to ultrashort laser pulses was shown to be a promising technique
for processing and machining of transparent materials such as nitride semiconductors, sapphire,
and other hard and inert materials. The clean treatment of the surface was demonstrated in
contrast to the ablation with longer pulses. The typical range of treatment parameters is within
the power densities of 30–50 TW/cm2 at pulse width of ∼ 135 fs and wavelength of 400 nm for
the process of laser ablation in GaN.
Clean pits were obtained in all experimental results under a single-shot irradiation. No signs
of melting, no debris of re-deposition was found. There was no collateral damage of the not-
irradiated regions as well. The results obtained testify that the femtosecond laser ablation of
transparent materials keeps the chemical properties of the ablated surface unchanged.
The critical pulse energy can be compared with that in highly transparent fused silica and some
other optical materials. The dependence of the laser-induced damage threshold on the energy
band gap Eg was shown for several transparent materials tested under the same experimental
conditions. A power function corresponds to the dependence of E3.1

g .
The optical power consumption process leading to the laser ablation is considered theoretically.
The goal is to determine the laser-induced damage threshold as a function of the material prop-
erties and laser parameters.
The effective absorption under this irradiation is estimated as ∼ 2.5× 104 cm−1, which is 20–100
times greater than the background linear absorption in GaN. This means that there is an efficient
nonlinear mechanism of absorption of powerful radiation in the transparent frequency region for
power densities of several TW/cm2.
The tunneling absorption mechanism has been found to be the most efficient one for wide gap
semiconductors and dielectrics processed with multi-TW/cm2 and femtosecond laser pulses. The
laser-induced damage threshold has been determined. The correlation of the threshold with the
band gap is demonstrated. The threshold increases as nearly the third power of the band gap in
satisfactory agreement with the experimental results.
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Numerical Realizations of the Problem of Focused Laser Beam
Propagation in Transparent Materials Based on Nonlinear

Maxwell’s Equations

V. P. Zhukov1, 2, N. M. Bulgakova3, 4, and M. P. Fedoruk5

1Institute of Computational Technologies SB RAS, 6 Lavrentyev Ave., Novosibirsk 630090, Russia
2Novosibirsk State Technical University, 20 Karl Marx Ave., Novosibirsk 630073, Russia
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Abstract— We present the model describing propagation of femtosecond laser beams in trans-
parent solids based on nonlinear Maxwell’s equations supplemented by the hydrodynamics-type
equations for laser-generated free electron plasma. The model takes into account linear disper-
sion, nonlinear Kerr effect, multiphoton and impact ionization, multiphoton light absorption.
Numerically the model is realized based on Yee’s FDTD scheme with the use of implicit ap-
proximation to ensure numerical stability. The scheme has been adapted for solving the specific
problems under consideration and allows making sufficiently complicated simulations to be fast
and accurate. Computer solution of a typical 2D problem requires around 20 hours on a usual PC
without parallelization. The codes for simulations of 2D cylindrical and slab geometries as well as
of 3D case for cylindrically-symmetric incoming beams have been developed. The last-mentioned
code enables us to study axial symmetry violation upon laser beam propagation. The codes for
cylindrical geometry require application of a specific grid to avoid the problems encountered in
the calculations on the axis. This and other peculiarities will be discussed in the report.
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Zeroth and First-order Bessel Beam Formation of Nanostructures
on Thin-film Type Surfaces

Ramazan Sahin1, Tansu Ersoy1, Ergun Simsek2, and Selcuk Akturk1

1Department of Physics, Istanbul Technical University, Istanbul 34469, Turkey
2George Washington University, Washington DC, 20052, USA

Abstract— We will present our recent experimental works on generation of nanometer-scale
structures on various thin-film structures, using femtosecond laser beams shaped to zeroth and
first order Bessel beams. The advantages of ultrashort laser pulses in materials processing and
also their ability to form sub-diffraction-limit structures through nonlinear-optical processes are
broadly investigated by many researchers. On the other side, the so-called diffraction-free beams
also receive increasing attention due to their exotic physical behaviors such as extremely long
depths of foci and self-reconstruction. Bessel beams are the most commonly used type of such
beams. We show that diffraction-free beams provide significant advantages for processing of thin-
layer materials, especially when high resolutions (small structures) are needed. These advantages
include relaxed alignment constraints, reduced aberrations and easier scalability to shorter wave-
lengths. We demonstrate nanometer-scale fabrication of gold thin films and generate structures
which exhibit plasmonic excitation effect. We also show that single-layer graphene can be ablated
via a similar approach, although greater care is needed to avoid substrate damage. Finally, we
will present ablation properties of vortex-type first order Bessel beams, on metal thin films.
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Laser Energy Deposition in Glasses with Bessel Beams

A. Couairon1, V. Jukna1, S. Minardi2, O. Jedrkiewicz3, M. Selva4, M. Lamperti4,
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Abstract— I will present recent theoretical and experimental investigations on the propagation
dynamics of ultrashort laser pulses focused with an axicon lens in glass, forming Bessel beams,
filaments and plasma strings in the bulk of transparent solids. Numerous potential applications
of bulk laser-induced plasma string range from laser micromachining to controlled temporary
refractive index change or permanent damage in glasses. Recently, high angle Bessel beams
delivered by femtosecond laser have been used for extremely high aspect ratio nanochannels
generation and microstructuring in glass with a single laser shot. I will focus on fundamental
light-matter interaction studies, devoted to the understanding of laser energy deposition in bulk
glasses, with picosecond and femtosecond pulses.
I will present experiments and simulations highlighting the plasma generation dynamics and
absorption when a Bessel beam of picosecond duration propagates in glass. We performed trans-
mission measurements in the angular and wavelength domains allowing us to retrieve clear in-
dications of the formation of the plasma in the material with a single chirped pulse playing the
role of pump and probe simultaneously thanks to the spectral-temporal correspondence in the
measured signal. Results showing the plasma non linear absorption effect on the trailing part of
the pulse will be discussed and compared to the results of numerical simulations.
Laser propagation was modeled by a unidirectional propagation equation. Two different models
were used for the matter response: (i) A classical model relies on rate equations for the generation
electrons in the conduction band of the dielectric and a phenomenological Drude model for
the permittivity. (ii) A computationally more expensive model but more realistic relies on
a quantum- kinetic approach based on a system of Boltzmann transport equations describing
electron and phonon distributions.
In the femtosecond pulse regime, we investigated numerically the propagation properties of large
cone angle Bessel beams in the bulk of transparent solids and associated light-matter interaction.
We compared the results to experimental results, in particular for multiple shot measurements of
transmission as a function of pulse energy. Results from the classical model show that high angle
Bessel beams allow the generation of a plasma channel with sub-micrometric diameter, tens of mi-
crometers length and densities higher than the critical plasma density value. The Bessel filamen-
tation dynamics is explained by the strong plasma absorption and is quasi-stationary. Agreement
with measurements requires fine tuning of the parameters. We show that the quantum-kinetic
approach is in quantitative agreement with the transmission measurements without the need for
fine-tuning phenomenological parameters.
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Time-resolved Modeling of Ultrafast Laser-excited Semiconductors
and Dielectrics

B. Rethfeld, A. Rämer, K. Huthmacher, and N. Brouwer
Department of Physics, OPTIMAS Research Center, Technical University of Kaiserslautern, Germany

Abstract— Exciting transparent matter with an ultrashort laser pulse induces a number of
processes on a broad range of timescales. We apply several different methods to describe the
material’s response from the initial laser absorption to the final material modification. Kinetic
approaches like Boltzmann collision integrals [1] or Monte Carlo simulations of electron traces [2]
are capable of following the initial excitation and the nonequilibrium electronic energy distribu-
tion. A reduction to an effective model like the multiple rate equation is possible [3]. The initial
excitation and ultrafast thermalization occur on a subpicosecond timescale. The further energy
dissipation can be followed by temperature-based models, which allow for additionally including
the transport of particles [4]. A description of material’s response with this so-called density-
dependent two temperature model (nTTM) is possible up to the picosecond range [5, 6]. For the
atomic movements occurring on a pico- to nanosecond range, molecular dynamic simulations are
appropriate [7].
Here, we show exemplary results of these methods. In particular, we study how such processes
influence each other and the further course of energy dissipation up to material modification:
Electron-electron as well as electron-phonon collisions quickly lead to an isotropic momentum
distribution. The particular energy distribution of the electrons might influence the propagation
of the laser pulse [8]. The thermalization of laser-excited carriers to separate electron and hole
temperatures occurs faster than the equilibration of the subsystem’s chemical potentials. These
kinetic results justify a number of assumptions made by the nTTM. However, the description of
optical parameters, especially reflectivity and energy absorption, appears to be crucial for the
final damage thresholds [5, 6]. The kinetics of the melting process is influenced in turn by the
dependence of melting temperature on pressure known from static measurements [7].
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Energy and Particle Propagation and Relaxation in Laser-excited
Silicon

A. Rämer and B. Rethfeld
Department of Physics, OPTIMAS Research Center, Technical University of Kaiserslautern, Germany

Abstract— When studying the excitation of semiconductors with an ultrashort laser pulse,
the evolution of the free carrier density and the subsequent transport of energy and carriers has
to be treated explicitly. To that end, we apply a density-dependent two temperature description
(nTTM) similar to Ref. [1] and study the influence of different modeling assumptions on the
numerical result.
An 800 nm-laser pulse is absorbed in silicon via single photon and multiple photon absorption
processes. Free electrons are allowed to excite further electrons-hole pairs via collisional excitation
and to recombine with holes in the valence band via Auger recombination. In addition to heat
transport, particle transport is considered as an ambipolar process, thus electrons and holes are
assumed to move together as electrons-hole pairs. A Drude model is implemented to account
for the highly transient optical parameters. The melting thresholds calculated with our model
compare well with experimentally determined ones for a wide range of laser pulse durations.
Here, we study the importance of optical parameters, degeneracy and transport effects on these
calculated damage thresholds. We report that the choice of the Drude collision frequency strongly
influences the resulting lattice temperature and thus measurable quantities like damage thresh-
olds [2]. Moreover, we show that it does not suffice to assume a constant carrier collision frequency
at least when treating a wide range of pulse durations. In this case, a transient carrier collision
frequency considering both, electron-hole and carrier-phonon collisions, has to be applied to best
reproduce experimental data.
We also plan to examine the influence of laser-induced nonequilibrium in this context. The
extended multiple rate equation [3] allows to study the electronic relaxation processes in laser-
excited semiconductors in a simplified way. First estimations show that electron degeneracy
influences the energy transfer to the lattice. These findings may have impact on the description
of energy relaxation and transport in silicon.
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Internal Photoeffect under the Action of Ultrashort Electromagnetic
Pulses: Dependence of Pulse Duration
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Abstract— The presentation is devoted to theoretical analysis of internal photoeffect induced
by ultrashort electromagnetic pulses (USP). We calculated the total probability (during all time
of USP action) of photo-excitation of impurity state into energy band in semiconductor matrix.
The calculation based on the expression for probability of photo-induced processes derived in
paper [1] in the frame of perturbation theory:

W =
c

(2π)2

∞∫

0

σ(ω′)
|E(ω′)|
~ω′

dω′. (1)

here σ(ω′) is cross-section of the impurity-band photoexcitation, E(ω′) is Fourier transform of
electric field strength in the pulse, c is light velocity.
In the contrast of paper [2] where only carrier distribution function in valence band was considered
in the present work main attention is given to the dependence of excitation probability (W ) on
the pulse duration τ for various values of pulse carrier frequency (ω).
It is shown that for frequency ω smaller that the excitation threshold (Ith) dependence W (τ)
looks as a curve with maximum and W (τ → ∞) → 0. On the contrary for ~ω > Ith excita-
tion probability rises with the increase of pulse duration and goes to the linear dependence at
sufficiently large parameter τ .
Calculations were made in the frame of continuum model and isotropic effective mass of charge
carrier with the use of cross section formula obtained in papers [3, 4].
Several types of USP are considered, namely, traditional and corrected Gaussian pulses [5], pulses
with frequency chirp and also wavelet pulses with different parities.
We also calculated the spectral probability of total photo-excitation for various pulse durations
and analyzed obtained spectra.
It is established that internal photoeffect induced by USP has specific features which differ from
characteristics of this phenomenon under the action of long electromagnetic pulses.
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High Definition Multimedia Interface in the Process of
Electromagnetic Infiltration

Rafal Przesmycki
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Gen. S. Kaliskiego 2 str., Warsaw 00-908, Poland

Abstract— The protection of information against the penetration of electromagnetic devices
and electronic systems (information technology) is very important. This problem increases with
ever greater use of IT equipment for the processing and transmission of information, which should
not fall into the wrong hands. This is due to the fact that every electronic device is a source of
undesirable (secondary) emission of electromagnetic energy induced in the surrounding area, any
electrical wiring and metal structures.
When the emission undesirable signals are correlated with the non-confidential information, they
can be used to reproduce the information by intelligence services. The phenomenon of the
emission undesirable is called disclosing emission. The use of disclosing emission by intelligence
services we call penetration or electromagnetic infiltration. Projects designed to blocking identi-
fying systems based on disclosing emissions we call information protection against the penetration
of electromagnetic emissions or safety emissions.
The article concerns problems of electromagnetic compatibility and compromising emission that
is the information security. The article describes the electromagnetic channels of penetration
information, and then focuses on High Definition Multimedia Interface for which shows signals
of extortion used during of disclosing emission measurements. The article presents the results
of compromising emissions measurements derived from High Definition Multimedia Interface. In
addition, the article discusses the laboratory stand for measuring disclosing emissions.
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Analze the Impact of Discretization on the Structure of the
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Abstract— The demands of modern radio systems forced to look for new solutions in antenna.
This requires designers conduct many tests and measurements.
Researches of antennas are a complex, time consuming and relatively expensive. In the laboratory,
often we don’t have possibilities to investigate the effect of the relationship between physical
parameters of the antenna and its electrical parameters and radiation pattern.
The basic methods of solving complex antenna structures in the frequency domain are the method
of moments and FDTD. The main condition for the correct calculation results in these numerical
methods is a step structure on cell division — discretization. In the paper shows influence of
discretization structure on the simulation results — VSWR, radiation patterns and impedance.
The paper shows how shape of radiation patterns in discretization functions depends. It lets you
see how important problem is the discrediting give correct structure.
Another equally important concern is the duration of the simulation. Simulation time depends
on the degree of discretization structure. For a simple antenna structure simulation time are not
too long and it does not pay to increase the size of the cell.
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Directed Energy Applications to the Destruction of Informatic
Devices

Rafal Przesmycki
Faculty of Electronics, Military University of Technology

Gen. S. Kaliskiego 2 str., Warsaw 00-908, Poland

Abstract— Relatively new threats for military and civil systems in the high power electromag-
netic environment (HPEM) are high power microwave (HPM) sources. An attack with this kind
of source is typically defined as intentional electromagnetic interference (EMI). Radiated HPEM
environments which are malicious in nature can also occur at frequencies down to a few tens of
MHz.
Generate an high power electromagnetic pulse in the direction of the electronic system makes
electronic circuits accumulates very high voltage. This phenomenon causes damage to the circuit
elements which makes the device unfit for further operation. In the case of intentional impact
pulse is very important in terms of its effectiveness to generate sufficiently a strong impulse for a
given frequency. The article presents an example of system for generating HPM pulse for which
it can be seen that the maximum pulse is present at a frequency about 350 MHz.
The article concerns the problems of high energy electromagnetic environment. The article
describes an high power electromagnetic pulse and discusses the laboratory stand for generate
HPM pulses. In addition, the paper presents an analysis of possibilities of shaping the pulses
spectrum generated for the destruction of IT devices, and presents the results of measurements.
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Measurement of the Pulses Generated by the High Power
Electromagnetic Pulse Generator

Leszek Nowosielski
Faculty of Electronics, Military University of Technology, Gen. S. Kaliskiego 2 str., Warsaw 00-908, Poland

Abstract— In the article the measurement methodology of the pulses parameters generated
by the high power electromagnetic pulse generator HPEM-RF DS110 is presented. The block
diagram of the meter of the pulses generated by the high power electromagnetic pulse generator
is presented too. The meter of the pulses consists of: operating computer, oscilloscope with RF
attenuators and sensor (AD-70D or AD-80D) with matching block. Display of data collected
from sensor in the time domain occurs in the oscilloscope. Installed software of the operating
computer allows, on the basis of high power pulse recorded in the time domain, to determine the
frequency spectrum with the use of FFT.
In order to conduct validation of the meter of the pulses equipped with electric field sensor
AD-70D and AD-80D the measuring results acquired with the use AD-70D and AD-80D are
compared.
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Theoretical and Experimental Analysis of the Impact of Conformal
Surface on Parameters of Microstrip Antennas

JarosÃlaw Bugaj and Marek Bugaj
Faculty of Electronics, Military University of Technology

Gen. S. Kaliskiego 2 str., Warsaw 00-908, Poland

Abstract— The article presents analysis of the impact of conformal antennas radius of curva-
ture on their basic parameters and characteristics of radiation. In order to verify the numerical
results there were built models of practically analyzed conformal antennas, their measurements
were taken in anechoic chamber and compared to those of planar antennas. Numerical anal-
ysis has been carried out (for basic shapes: cylinder, sphere, toroid) using CST Studio Suite
software. Analysed antennas worked within frequency range between 2200–2300MHz and 5031–
5090,6MHz. Both ranges are used in aviation, the first one in telemetry systems, another one in
Microwave Landing System (MLS).
The main reason for intensive development of conformal microstrip antennas is the fact that it is
relatively easy to integrate them with the shape of the surface on which they are installed. Mainly
this applies to aircraft, spacecraft, high-speed trains, rockets and missiles in which each projecting
element affects adversely aerodynamics, fuel consumption, etc., while conformal antenna can be
in a simple way mounted on the aircraft wings or on the outer surface of the hull.
In order to verify if numerical analysis carried out in previous chapters are correct some models
of antennas were built practically and their basic parameters were measured. As part of research
the following antennas were built: planar and three cylindrical antennas with radius of curvature
R = λ, 2λ, 4λ.
As results from presented analysis the radius of curvature of the surface on which microstrip
antenna was placed clearly affects the performance of this antenna for low values of R < λ0.
For large values of the radius of surface curvature the impact is negligibly low, for the transition
areas it stays at several or ten-odd percent.
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Analysis of Distinctive Features and Database Conception for
Hardware Interface of It Devices in the Process of Their

Identification Based on Radiated Emission

Rafal Przesmycki and Marian Wnuk
Faculty of Electronics, Military University of Technology

Gen. S. Kaliskiego 2 str., Warsaw 00-908, Poland

Abstract— Modern information technology devices emit strong disturbances, which is caused
by the fact that used in casing cheap plastic does not perform the function of electromagnetic
shield. Because of that the concept of electromagnetic effluents from an IT device becomes
significant. Based on the analyzes and measurements we can be concluded that it is possible to
identify the computer’s hardware interfaces based on radiated emissions. Distinctive feature of
the work of the individual interfaces is therefore the working frequency and the level of emission
allowing to identification of the hardware interface.
In the article distinctive feature for modern IT equipment present on the European Union market
have been presented. The collected measurement results of radiated emission generated by partic-
ular components of IT devices allowed it to build data base which could be used for identification
of components characterized by too high level of radiated emission.
This paper describes the concept of building a database for IT devices in the process of identifica-
tion based on radiated emissions. In addition, the article presents a similarity measure radiated
emissions for each hardware interfaces of PC computer.
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The Analysis of the Radius Impact on the Properties of Cylindrical
Antenna with Coaxial Feed

JarosÃlaw Bugaj and Marek Bugaj
Faculty of Electronics, Military University of Technology

Gen. S. Kaliskiego 2 str., Warsaw 00-908, Poland

Abstract— The article presents analysis of conformal multilayer antenna and array antenna
with coaxial feed. The antenna has the shape of the cylinder with a radius R. It was examined
an effect of change radius R on the basic operating parameters of the antenna.
Methods for modeling conformal antennas are currently developed to the extent which is sufficient
to undertake a theoretical analysis of many cases of practical applications. An important direction
in the development of methods for conformal antennas modeling was the extension of numerical
techniques developed previously for the purposes of flat structures.
For the selected frequency range there was designed planar and cylindrical microstrip antenna
with coaxial feed For conformal surface radius length was varied in the range 0.2–50λ0. The
full-wave analysis of antennas numerical parameters was carried out in CST Studio Suite.
The analysis of the tested antenna has been focused on the determination of the impact of the
R-radius of the side surface of the cylinder, on which the conformal antenna have been installed,
on the basic operating parameters of the antenna.
The analysis of structures of conformal antennas is a complex and complicated process. Presented
analysis shows how many factors affect the final result.
Characteristics of radiation, as well as of the working bandwidth, are closely related to the value
of R-radius measured on the side surface of the cylinder on which the analyzed antenna is installed
(especially for low values of R < λ0). Along with the increase in curvature of the antenna radiator
(reduction in the R-radius), the radiation beam is widened, and the working bandwidth of the
antenna narrows.
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Implementation of Universal RF-shielded Enclosure for IT
Equipment Protection

Leszek Nowosielski and Marain Wnuk
Faculty of Electronics, Military University of Technology

Gen. S. Kaliskiego 2 str., Warsaw 00-908, Poland

Abstract— In order to decrease the level of radiated emissions from information technology
(IT) equipment and in order to protect the IT equipment in high level of electric field strength
environment the RF shielded enclosures are needed. In the paper the implementation of universal
RF shielded enclosure is presented. The description and the block diagram of the RF-shielded
enclosure is presented. In the article the shielding efficiency (SE) of real RF-shielded enclosure
is presented. The presented results of shielding efficiency measurements show that the level of
SE is above 50 dB for radiated emissions in the frequency range from 80MHz to 2.5 GHz. The
attenuation of conducted emission is above 60 dB. The characteristics of shielding efficiency and
power supply filters attenuation in frequency axis are presented too.
Furthermore the paper presents the methodology and block diagram of laboratory stand for SE
measurements conducted in anechoic chamber.
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The Exposure Level of High Power Microwave Pulses

Roman Kubacki and Salim Lamari
Faculty of Electronics, Military University of Technology, Warsaw, Poland

Abstract— To protect against electromagnetic radiation in the human exposure the permis-
sive exposure limits have been recommended by the International Commission of Nonionizing
Radiation Protection (ICNIRP) and Institute of Electrical and Electronics Engineers (IEEE).
The maximum permissible exposure (MPE) can be based on the highest rms or peak electric or
magnetic field strengths or the plane-wave equivalent power densities associated with these fields.
The most authoritative exposure guidelines recommends also specific absorption rate (SAR) as
a basic restrictions. The SAR is the time derivative of the incremental energy absorbed by an
incremental mass contained in a volume element of given density.
Additionally, for pulsed exposures in the frequency range 0.3 to 10 GHz and for localized exposure
of the head, in order to limit or avoid auditory effects caused by thermoelastic expansion, the
threshold level of specific absorption (SA) is recommended.
Electromagnetic pulse-radiation emitted from High Power Microwaves (HPM) generators can
also be treated as ultra-wideband (UWB) signals. The UWB signals have different forms of
interaction with biological structures comparing with continuous signals because the frequency
spectrum of harmonics of such radiation sometimes exceeds 500 MHz. Taking into account that
the electrical properties (complex permittivity) of biological tissues change the values over such
frequency range the new attempt of the permissive exposure levels should be redefined.
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Electromagnetic Compatibility Studies of Selected Components for
Present Day Cars

Leszek Nowosielski and Marian Wnuk
Faculty of Electronics, Military University of Technology

Gen. S. Kaliskiego 2 str., Warsaw 00-908, Poland

Abstract— A contemporary car incorporates more and more electronics. Today, each car is
stuffed with integrated circuits. Some of them are responsible for correct operation of the engine,
the others watchful over the security, and others yet control the equipment making travelling
comfort better. The central lock, ABS, on-board computer or glasses opened electrically do
not wonder anybody because today thanks to the electronics cars turn the lights and wipers
themselves on, keep the driving path properly, park, and even apply brakes, when the driver will
gape himself.
Although from one hand the electronics in cars yields enormous benefit, from the other hand
however it is a reason for problems. From time to time they are small and irritating (glasses will
not shut or ticking wipers) and another time they are so serious that immobilize the car. These
statements were the basis for making emissivity measurements of one of fitting components of
a modern car. Measuring circuits and positions as well as measurement results of disturbances
emissions radiated and conducted from wiper motors vs. frequency were presented in the article.
Measurements of electromagnetic interference radiated emission levels of the tested motor No. 1
and motor No. 2 were done within the frequency range of 2 MHz to 1GHz.
The metrological certification of the measurement path between the antenna and equipment for
measurement data recording was done before making the measurements of radiated disturbances.
In order to do so the EMC32 software application was used. The EMC32 application is used for
calculating the intensity of electromagnetic field according to the dependence:

E = Uwej + T + K,

where:
E — electric field strength in the site of measurement antenna installation [dB(µV/m)],
Uwej — level of signal at the measurement receiver output [dBµV],
T — attenuation of the HF path connecting the measurement antenna with the measurement
receiver input [dB],
K — antenna coefficient of measurement antenna used that takes the effective surface of the
antenna into account [dB].
The results of measurements done together with their discussion will be presented in the article.
At the same time, basing on the model used for determining the signal attenuation inside the
vehicle, calculations of interfering signal attenuation were done in order to check the possibility
to interfere other components of the equipment.
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Bandwidth Enhancement of a Microstrip Patch Antenna Using the
Metamaterial Planar Periodic Structure

Salim Lamari, Roman Kubacki, and Miroslaw Czyżewski
Faculty of Electronics, Military University of Technology, Warsaw, Poland

Abstract— Today’s wireless communications systems are mostly characterized by wide band-
width, small size and profile, low cost, . . . etc..
The arrival of metamaterials has injected a new breath in the design of microstrip antennas.
Thanks to them, the microstrip antennas will still have good times ahead because they can
improve their characteristic such as impedance bandwidth, the radiation direction, the gain,
etc.. In this paper we present a wideband microstrip antenna based on the planar metamaterial
concept. This later was applied to an ordinary microstrip patch antenna aiming to enhance its
bandwidth. This concept consists of embedding the patch and the ground plane of an ordinary
microstrip antenna with repetitive pattern, forming thus a periodic structure. The unit cell of the
structure was used to model the metamaterial. Once the metamaterial property was verified by
means of the dispersion diagram, the periodic structure was built upon this unit cell and applied
to an ordinary rectangular microstrip patch antenna, which was designed and simulated using the
CST Microwave Studio Software. To attest this approach, the design was experimentally verified
by fabricating the antenna on the Rogers RT5880 substrate (εr = 2.2 and h = 0.787mm). After
measurements the antenna presented a −10 dB impedance bandwidth more than 10 GHz and
exceeding thus 100% fractional bandwidth. The proposed antenna can easily integer a recent
wireless communication system with the above mentioned characteristics.
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Stored Energy and Convex Optimization

Mats Gustafsson
Department Electrical and Information Technology, Lund University, Box 118, SE-221 00 Lund, Sweden

Abstract— Convex optimization can be used to formulate and solve several fundamental prob-
lems regarding the optimal performance for small antennas [5]. The approach is based on re-
formulations of the antenna design problem as an easier convex optimization problem for the
antenna currents, where it is used that the radiated power, stored energy, dissipated power, and
radiated field are convex functions in the current density for many cases. This leads to a system-
atic and computational effective formulation for analysis of optimal currents and physical bounds
on, e.g., G = Q, Q for superdirective antennas, Q for prescribed radiation patterns, antennas
embedded in devices, and antennas with near field constraints [3, 5].
Accurate and efficient evaluation of the stored energy is essential for the optimization approach.
The classical derivation of the stored energy is based in subtraction of the energy density related
to the radiated power from the energy density [1]. This stored energy can be rewritten as a
quadratic form in the current density for some antennas in free space [4, 7]. There are however
cases with coordinate dependent stored energy and negative stored energy [2, 4, 8]. It is also very
hard to generalize the methodology to antennas embedded in lossy media and dielectrics. Here,
an alternative approach based on a state space representation is presented [6]. The state space
model is constructed from a internal symmetric state space model derived from a positive real
input impedance. Numerical results for antennas embedded in temporally dispersive media are
presented.
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Frozen and Slow Light Scattering in Photonic Crystals within a
Transparency Window: A Fundamental Theorem

Aaron Welters
Florida Institute of Technology, USA

Abstract— In this talk we discuss a new theorem which has been shown to play a fundamental
role in the analysis of certain electrodynamical scattering problems involving frozen and slow-
light in one-dimensional photonic crystals consisting of periodic stratified layers of homogeneous
passive linear media (such as anisotropic, bianistropic, or dispersive media) for frequencies in a
transparency window. This theorem, related to the Bloch-Floquet theory, says that the local
band structure near a stationary point of the dispersion relation (wavenumber vs. frequency) is
completely determined at just the stationary point by the Jordan form of the unit cell transfer
matrix and the sign characteristics with respect to the energy ux across the layers. We will
elaborate on this theorem and it’s proof which uses perturbation theory, linear algebra of indef-
inite inner product spaces, Floquet theory for periodic ordinary differential equations, complex
analysis, and Herglotz function theory. A key to the result as we will show is the fact that due
to the passivity and the transparency window the energy density is positive. Applications to the
study of scattering in the slow light regime are emphasized.
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Passive Approximation and Optimization

S. Nordebo1, M. Gustafsson2, and D. Sjöberg2

1Department of Physics and Electrical Engineering, Linnæus University, Sweden
2Department of Electrical and Information Technology, Lund University, Sweden

Abstract— An approximation problem is formulated where it is required to approximate a
general “well-behaved” function on an interval of the real axis based on the set of symmetric
Herglotz functions. Applications are e.g., with the optimal realizations of passive structures
presented in [4].
A Herglotz function h(ω) is an analytic function with the property Imh(ω) ≥ 0 for ω ∈ C+ =
{ω ∈ C|Imω > 0}. It can be shown that h(ω) is a Herglotz function if and only if it can be
represented as

h(ω) = b1ω + α +
∫

R

(
1

ξ − ω
− ξ

1 + ξ2

)
dβ(ξ), (1)

where b1 ≥ 0, α ∈ R and where dβ(ξ) is a positive Borel measure with
∫
R dβ(ξ)/(1 + ξ2) < ∞,

see, e.g., [1, 3, 5]. It is common to interpret the measure as dβ(ξ) = β′(ξ)dξ = 1
π Imh(ξ + i0)dξ in

a distributional sense. Symmetric Herglotz functions have an even measure with dβ(−ξ) = dβ(ξ)
and h(ω) = −h∗(−ω∗).
We consider general approximation problems, such as e.g.,

minimize sup
ξ∈Ω

|h(ξ)− f(ξ)|

subject to f(ξ) continuous on Ω

h(ξ) def= h(ξ + i0)∃ continuous on Ω

(2)

where the approximation is with respect to the set of symmetric Herglotz functions h(ω) satisfying
the constraints above. Here, Ω is a closed and bounded subset of R.
It can be readily shown that (2) may have non-trivial solutions. Suppose for example that
f(ω) = −h0(ω) is the negative of a Herglotz function h0(ω) which is analytic in a neighbourhood
of C+ ∪ Ω and where h0(ω) = b0

1ω + o(ω) as ω→̂∞. It can then be shown that the following a
priori lower bound holds: supξ∈Ω|h(ξ)− f(ξ)| ≥ b0

1
1
2 |Ω|, see also [2].

Existence and convergence issues will be discussed regarding the approximation problem (2)
and numerical examples will be presented based on convex optimization [4]. A suitable “test-
problem” is to identify the Herglotz function f(ω) = tan(−1/ω) based on the partial knowledge
f(ξ) = tan(−1/ξ) on Ω and where f(ω) is regular in a neighbourhood of Ω ⊂ R. It is noted that
tan(−1/ω) is meromorphic in C\{0} and has a sequence of poles at 1/π(n− 1

2 ) accumulating at
0 and with residues −1/π2(n− 1

2 )2 where n ∈ Z. Mathematically, this approximation problem
is trivial by analytic continuation. However, as is well known, analytic continuation may be a
non-trivial task to execute numerically. Here, the example function above is considered to be as
“diffcult as possible” to be represented by using a “blind” automated numerical scheme based on
convex optimization.
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Convex Optimization for Approximations of Positive Real Functions

D. Sjöberg1 and S. Nordebo2

1Department Electrical and Information Technology, Lund University, Sweden
2Department Physics and Electrical Engineering, Linnaeus University, Sweden

Abstract— Passive systems are intimately connected to positive real functions. These are an-
alytical functions P (s) that map the right half complex plane s ∈ C+ to itself with the symmetry
condition P (s∗)∗ = P (s), and can be identified with Herglotz functions, which map the upper
half complex plane to itself. There is a representation theorem for these functions, stating that

P (s) = sC +
1
π

∫ ∞

−∞

sRe{P (jξ)}
ξ2 + s2

dξ

On the frequency axis s = jω, this can be used to represent the imaginary part of an arbi-
trary positive real function in terms of the Hilbert transform of the real part (and vice versa),
ImP (jω) = jωC + 1

jπ

∫∞
−∞

Re{P (jξ)}
ω−ξ dξ. Allowing a pole at ω = 0, and taking the symmetry of

the positive real function into account, an admittance function Y (ω) = P (jω) = G(ω) + jB(ω)
can be discretized as

G(ω) = G0 +
N∑

x=0

xn{p(ω/∆ω − n) + p(ω/∆ω + n)}

B(ω) = Cω − 1
Lω

−
N∑

n=0

xn{[Hp](ω/∆ω − n) + [Hp](ω/∆ω + n)}

where G0, {xn}N
n=0, C, and L−1 are real parameters describing the admittance function, p is a

suitable basis function used for discretizing the real part G(ω), and Hp is the Hilbert transform
of this basis function. A large collection of explicit Hilbert transform pairs can be found in [1].
Using this representation, we can consider any desired target system response Yt(ω), and study
how well this can be approximated by a physical admittance Y (ω; x) represented as above, where
x = (G0, {xn}N

n=0, C, L−1) are the free parameters. This can be done by formulating the convex
optimization problem “minimize ‖Y (ω; x)−Yt(ω)‖”, under suitable restrictions on the parameters
x. For instance, a passive system is characterized by all parameters x being non-negative, and
some parameters can often be restricted by known asymptotic properties of the physical situation,
such as the static values of the refractive index or similar.
The linearity of the representation formula implies the optimization problem is convex, and
hence is easy to solve using convex optimization [2]. Adding linear or convex constraints does not
change this property. Examples where this can be applied can be found in the study of optimal
absorbers, high impedance surfaces, negative refractive index, and many other circumstances [3].

REFERENCES

1. King, F. W., Hilbert Transforms, Vol. 2, Cambridge University Press, 2009.
2. Boyd, S. P. and L. Vandenberghe, Convex Optimization, Cambridge University Press, 2004.
3. Nordebo, S., M. Gustafsson, B. Nilsson, and D. Sjöberg, “Optimal realizations of passive
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Physical Bounds of Patch Antennas

Doruk Tayli and Mats Gustafsson
Department of Electrical and Information Technology, Lund University, Lund, Sweden

Abstract— Patch antennas are widely used since their first emergence in the 70’s [1, 2]. Al-
though there is a significant amount of literature on the subject, accurate physical bounds for
patch antennas do not exist. The main reason for this is the complexity of deriving the physical
bounds for horizontal currents over a ground plane.
Current optimization [3] is a technique that allows the calculation of physical bounds for antennas
of any geometry. Using the method of moments to compute stored electromagnetic energy ma-
trices [3, 4] convex optimization is applied to quadratic forms of the energies to find the optimal
G/Q ratio, which is the minimal Q-factor for a specified radiation pattern. It is simple to extend
this technique to antennas above infinite PEC ground planes by adding the mirror currents to
the Green’s function.
Here we show the G/Q bound for different patch antennas above an infinite PEC ground plane.
The computed physical bounds are then verified with numerical simulations using the commercial
electromagnetic software FEKO [5].
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Sum Rules and Physical Bounds on Frequency Selective Structures

Andreas Ericsson and Daniel Sjöberg
Department of Electrical and Information Technology, Lund University, Box 118, Lund 221 00, Sweden

Abstract—
Introduction: A frequency selective structure is an artificial electromagnetic structure that
possesses selectivity with respect to incident signals of different polarization, frequency or an-
gle of incidence. Classical frequency selective surfaces (FSS) are commonly represented as two
dimensional periodic structures of conductive elements, and the design of which is thoroughly
described in [1]. There it is concluded that a smaller element size leads to an improved stability
with respect to the angle of incidence. Much work has been presented the last few years where
the FSS elements have an extent in the direction of propagation of the incident signal, these
structures are referred to as 3D frequency selective structures [2]. It is commonly stated that
the three dimensional character of these structures implies an improved stability with respect to
the angle of incidence, and a better agreement between the FSS performance for TE and TM
illumination.
Physical Bound on the All Spectrum Transmission: In [3] it is proven that the all spectrum
transmission blockage (transmission lower than a reference level T0) of a periodic structure is
bounded by the static electric and magnetic polarizabilities γe, γm, which in turn are bounded
by the variational expressions in [4]. If a signal is incident in the xz-plane and the polarizability
dyadics have vanishing off-diagonal terms, such that γe = x̂x̂γexx + ŷŷγeyy + ẑẑγezz, γm =
x̂x̂γmxx + ŷŷγmyy + ẑẑγmzz, the total polarizability γ(θ) can be introduced as

γ(θ) =
{

γexx cos2 θ + γezz sin2 θ + γmyy, TM
γeyy + γmxx cos2 θ + γmzz sin2 θ, TE.

(1)

This contributes to the maximum bandwidth of the transmission blockage of the FSS through
the relation

B ln
(

1
T0

)
≤ π2γ(θ)

2Aλ0 cos θ
−

(√
n2∞ − sin2 θ − cos θ

)
π2d

λ0
, (2)

where λ0 is the center wavelength, B = (λ2− λ1)/λ0 is the fractional bandwidth, n∞ is the high
frequency limit refractive index and A is the unit cell area of the FSS.
Application to 3D Frequency Selective Structures: The physical bound defined in (2)
has been applied to a band stop FSS design. A comparison is made between the performance
of the structure as a function of the angle of incidence for TE and TM illumination, with and
without vias in the direction of propagation in each element. The outcome of this type of analysis
is to prove the statement that when γezz is increased, i.e., the FSS elements have an extent in
the direction of propagation, the performance of the structure is improved for oblique angles of
incidence, especially with respect to TM illumination.
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On Multidimensional Passivity in Electrodymanics

B. L. G. Jonsson
Electromagnetic Engineering Lab, School of Electrical Engineering

KTH Royal Institute of Technology, Stockholm, Sweden

Abstract— Passivity of a system in a time variable is a key ingredient in the recent deriva-
tion of several interesting bandwidth limitations results. Passivity together with linearity and
time-invariance ensure that the time-Laplace transform of the system response, of the underlying
physical system, is a Herglotz function. These Herglotz functions have several attractive proper-
ties working towards the goal of finding a bandwidth limitation. They include a representation
theorem and certain sum-rules. Explicit examples are given in the talk. These properties have
been utilized to obtain bandwidth performance bounds. In electromagnetic theory we note that
the Gustafsson bound [1] for small antennas is derived this way, similarly we have Rozanovs
bound [2] on absorbers and the array figure of merit [3] for array antennas over a ground plane.
The concept of passivity carry over to multi-dimensional systems in the sense of Vladimirov [4],
where it is shown that equations and systems with a kernel with support in a time-like cone,
e.g., the light cone, have similar attractive properties. That is the multidimensional Laplace-
transform over the cone is an analytic function in a tubular neighborhood of the dual of the
cone. Representation theorems for this kind of functions are also known, however with weaker
properties than in the one-dimensional case.
The goal of the presentation is to compare similarities and differences between the time-passivity
and the corresponding multi-dimensional passivity. We discuss here how passivity carry over
to multidimensional systems and if these properties are sufficient to obtain physical bounds on
multidimensional electromagnetic systems. We investigate possible candidates that might have
such a physical bound, and investigate what such bounds could limit. If time permit we will also
discuss matrix and operator valued convolution systems.
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Investigation and Comparison between Radiation Center and Phase
Center for Canonical Antennas

Casimir Ehrenborg1, Jonas Fridén2, and Gerhard Kristensson1

1Department Electrical and Information Technology
Lund University, Box 118, SE-221 00 Lund, Sweden

2Ericsson Research, Ericsson AB, Gothenburg, Sweden

Abstract— The radiation center was introduced by Fridén and Kristensson in [1]. The need
to define this parameter arose from the ambiguity of the phase center definition. The phase
center is traditionally calculated by manually selecting a region in the main lobe of the radiation
pattern, and minimizing the phase of the co-polarized field component. The choice of angular
region to use is not obvious, and automatic calculation of beam width is hard to implement as a
robust numerical algorithm. In contrast, the radiation center algorithm presented in [1] provides
a unique point corresponding to the minimum of the squared angular momentum of the field.
This presentation investigates results from radiation center and phase center calculations for
canonical antennas with frequencies varying inside their operational bands. The two methods
are compared and evaluated against the expected phase center positions and the radiation center
is investigated as a replacement parameter to the phase center. In [1] the radiation center was
calculated using measured data with unknown errors in the absolute position of the antenna
in the coordinate system. Therefore, in this study the concept is applied to simulated far-field
patterns wherein the position of the antenna is known.
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Null Space Elimination for Double-curl Operator Using Generalized
Gauge Technique with Compatible Finite Element Discretization

Yan Lin Li1, Sheng Sun1, and Weng Cho Chew2

1Department of Electrical and Electronic Engineering, The University of Hong Kong, Hong Kong, China
2Department of Electrical and Computer Engineering

University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

Abstract— Recently, electromagnetics related multiphysics, such as quantum and thermal
electromagnetics, have gained more and more attention in academy as well as industry. The
interaction between Maxwell’s equations and other equations should be considered in a consis-
tent way. In this case, a general purpose differential electromagnetic solver is highly demanded.
However, the null space of the double-curl operator has been a bottleneck in solving Maxwell’s
equations for magnetostatic, quasistatic, and eigenvalue problems. Based on the vector calcu-
lus language, various gauge conditions and spectral shift methods have been proposed. From
the viewpoint of differential forms, these gauge/shift techniques can be unified under the same
framework. Then, a compatible finite element discretization of the governing equation can be
obtained in a straightforward manner.
In this work, we apply a generalized gauge condition to the variable of interest, e.g., the magnetic
vector potential A or the electric field intensity E. Hence, a penalty term is enforced as a
counterpart of the double-curl term. As the null space of the double-curl term belongs to the
range of the penalty term, a unique solution and better convergence can be achieved. Different
from the previous gauge/shift techniques, the proposed gauge condition is in a generalized form.
More importantly, the penalty term can be interpreted using the concept of differential forms,
which inspires compatible expansions of the primary and intermediate variables in terms of edge
and nodal Whitney elements, respectively. To reduce the computational cost brought by the
inverse of a mass matrix, which is involved to remove the intermediate unknowns, a nearly
diagonal inverse can be constructed due to the strong localization property of the mass matrix.
Finally, the condition of the matrix system is significantly improved and the sparse nature of
finite element method is greatly preserved. Numerical results successfully demonstrate the stable
and efficient performance of the proposed method in solving magnetostatic problems and low-
frequency circuit problems.
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Computing the Electric and Magnetic Green’s Functions in General
Gyrotropic Media

V. G. Yakhno1 and B. Çiçek2

1Electrical and Electronics Engineering Department, Dokuz Eylul University, Turkey
2Graduate School of Natural and Applied Sciences, Dokuz Eylul University, Turkey

Abstract— The study of the electromagnetic fields in gyrotropic materials is an important
issue of the recent electromagnetic theory [1, 2]. The electric and magnetic fluxes D and B in
general gyrotropic materials have the following form

D = ε0 ¯̄εE, B = µ0 ¯̄µH,

where E and H are the electric and magnetic fields, respectively; positive constants ε0 and
µ0 are defined as the permittivity and permeability of free space; the relative permittivity and
permeability matrices ¯̄ε and ¯̄µ have the following form (see, for example, [1]):

¯̄ε =

(
ε11 ε12 + ig3 ε13 − ig2

ε12 − ig3 ε22 ε23 + ig1

ε13 + ig2 ε23 − ig1 ε33

)
, ¯̄µ =

(
µ11 µ12 + ih3 µ13 − ih2

µ12 − ih3 µ22 µ23 + ih1

µ13 + ih2 µ23 − ih1 µ33

)
.

The main objects of our paper are the electric and magnetic Green’s functions for Maxwell’s
partial differential equations in the general gyrotropic media. Green’s functions for equations of
mathematical physics can be considered as a useful tool for different methods in the presentation
of acoustic, electromagnetic, elastic and other fields, in particular, for the method of moments and
boundary element method. The dyadic Green’s functions for an electrically gyrotropic medium
with particular form of ¯̄ε and ¯̄µ have been derived by matrix method with dyadic decomposition
in [3–5]. The time-harmonic Green’s dyadics have been constructed in closed form for a partic-
ular case of homogeneous gyrotropic materials by Fourier transform approach in [6]. However,
the numerical computation of the Green’s functions (fundamental solutions) of Maxwell’s equa-
tions in general gyro-electric materials is not known. Moreover the numerical methods for the
space of tempered distributions are not developed till now. In our paper we suggest a method
of an approximate (regularized) computation of the infinite-body Green’s functions for the time-
harmonic Maxwell’s equations in the general gyrotropic media. This method is based on the
Fourier transform meta-approach where the Fourier image of the Green’s function is computed
by some matrix transformations and symbolic computations in MATLAB. After that the inverse
Fourier transform is computed in an regularized (approximate) form. The parameters of the reg-
ularization have been chosen by the comparison of the regularized Green’s function with Green’s
function obtained by the explicit formula for the isotropic case. The approximate computation
of the inverse Fourier transform has been implemented by MATLAB tools. The computational
experiments are presented in the paper and confirm the robustness of the method.
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Diverging and Converging Beam Diffraction by a Wedge. Part I:
The Multipole Expansion Approach

Michael Katsav1, Ehud Heyman1, and Ludger Klinkenbusch2

1School of Electrical Engineering, Tel Aviv University, Tel Aviv 69978, Israel
2Institute of Electrical and Information Engineering

Christian-Albrechts-Universität zu Kiel, Kaiserstr. 2, D-24143 Kiel, Germany

Abstract— The complex source (CS) method provides a canonical setting for the rigorous study
of beam diffraction phenomena [1, 2]. In that approach one substitutes CS coordinates into the
conventional real-source Green function solution of a specific environment, thereby converting the
response of that environment to a spherical wave excitation into the response due to a collimated
beam-wave excitation. Physically, the extension of the real source to the CS case implies that
the field in the CS case is generated by an extended source distribution in real space (a disk or a
line in the 3D or 2D configurations, respectively), and that the wave-field emerges outside (i.e.,
causally) with respect to this source distribution [4, 5]. This implies that the field emerging from
the source is diverging.
In a recent paper [3], we have used this approach for the analysis of two dimensional (2D) beam
diffraction by a perfect conducting wedge as a function of the beam parameters: collimation,
direction and displacement from the edge. In that paper we have compared three analytic tech-
niques: (i) complex multipole expansion, (ii) complex Sommerfeld integral, and (iii) complex ray
analysis augmented by uniform theory for complex ray diffraction. In all these solutions we used
the analytical continuation of the conventional real-source Green function to CS case. However,
as follows from the discussion in the previous paragraph, the field is emerging from the source
distribution toward the wedge, so that the beam is diverging as it hits the wedge.
We note that in this case the incident beam converges to a complex “sink” which is located in
the shadow zone of the wedge, hence a straightforward extension of the Green’s function solution
to CS case is not applicable. However, it has been shown recently that the complex multipole
expansion can describe converging beam diffraction but only if the complex source coordinates
are defined in a particular way [6]. Our goal in the present two-part paper is to explore the
application of the complex multipole expansion in the cases where the incident beam is diverging
or converging as it hits the wedge, and in particular find the proper definition of the complex
source coordinates for the diverging or converging beam cases that yield physically meaningful
solutions. In the second part of this two-part paper [7] we shall examine the validity of these
solutions by comparing them to the plane wave spectrum and complex ray solutions.

REFERENCES

1. Heyman, E. and L. B. Felsen, “Gaussian beam and pulsed beam dynamics: Complex source
and spectrum formulations within and beyond paraxial asymptotics,” J. Opt. Soc. Am. A,
Vol. 18, 1588–1611, 2001.

2. Green, A. C., H. L. Bertoni, and L. B. Felsen, “Properties of the shadow case by a half-screen
when illuminated by a Gaussian Beam,” J. Opt. Soc. Am., Vol. 69, 1503–1508, 1979.

3. Katsav, M., E. Heyman, and L. Klinkenbusch, “Complex-source beam diffraction by a wedge:
Exact and complex rays solutions,” IEEE Trans. Antennas Propagat., Vol. 62, 3731–3741, July
2014.

4. Heyman, E. and L. B. Felsen, “Complex source pulsed beam fields,” J. Opt. Soc. Am. A,
Vol. 6, 806–817, June 1989.

5. Heyman, E., V. Lomakin, and G. Kaiser, “Physical source realization of complex source pulsed
beams,” J. Acoust. Soc. Am, Vol. 107, 1880–1891, April 2000.

6. Klinkenbusch, L. and H. Bruns, “Diffraction of a uniform complex source beam by a circular
cone,” International Conference on Electromagnetics in Advanced Applications (ICEAA), 470–
472, 2014.

7. Katsav, M., E. Heyman, and L. Klinkenbusch, “Diverging and converging beam diffraction
by a wedge. Part II: Plane wave spectral solutions and complex ray solutions,” Progress In
Electromagnetics Research Symposium, Prague, Czech Republic, July 6–9, 2015.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 95

On the Theory of Transition Radiation in the Anisotropic Magneto
Dielectric Plate in a Waveguide

Eduard A. Gevorkyan
Moscow State University of Economics, Statistics and Informatics

7, Nezhinskaya Str., Moscow 119501, Russia

Abstract— The transition radiation of charged particle in a regular waveguide of arbitrary
cross section filled with anisotropic magneto dielectric plate of finite length is considered. It is
assumed that the charged particle crosses the plate perpendicular to the waveguide axis. The
wave equations and the analytical expressions for the transverse-electric (TE) field in various
regions in the waveguide are obtained. Taking into account the obtained analytical expressions
for TE field and using the Poynting vector the energy of transition radiation of moving particle is
calculated. The case of rectangular waveguide is considered and the energy of transition radiation
is analyzed in this case. The analytical expression of the transition radiation of charged particle
for the case of thin plate in the waveguide (the wavelength in the plate is much grater than
the length of the plate) is found. The possibility of appearance of Vavilov-Cerenkov radiation is
analyzed. The conditions under which it occurs the Cerenkov radiation are found. The frequency
of Cerenkov radiation is determined too.
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Optical Soliton Perturbation with Semi-inverse Variational Principle

Anjan Biswas
Department of Mathematical Sciences, Delaware State University, Dover, DE 19901-2277, USA

Abstract— This talk will be on perturbed nonlinear Schrodinger’s equation that models the
propagation of solitons through optical fibers. The semi-inverse variational principle is employed
to obtain analytical bright soliton solution in presence of several perturbation terms. This dis-
cussion will be carried out with five forms of nonlinear media. They are Kerr law, power law,
parabolic law, dual-power law and log law nonlinearity. The constraint conditions (integrability
criteria) will emerge for the soliton solutions to exist.
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Scattering of an Obliquely Incident Electromagnetic Plane Wave by
an Array of Magnetized Plasma Cylinders

V. A. Es’kin, A. V. Ivoninsky, and A. V. Kudrin
University of Nizhny Novgorod, Russia

Abstract— In recent years, the problem of electromagnetic wave scattering by arrays of gy-
rotropic elements has attracted increased interest. This interest is stimulated by numerous appli-
cations of the corresponding structures in, e.g., lithography, near-field microscopy, wave diagnos-
tics of media, information processing and transmission, etc. [1–3]. Despite a significant progress
in the studies of electromagnetic wave scattering by arrays of nongyrotropic elements [1], the
recently obtained results for arrays of gyrotropic scatterers have revealed a variety of new inter-
esting features [2, 3]. In particular, it has been found that the presence of gyrotropic properties
in photonic crystals can significantly influence the reflection and transmission of electromagnetic
waves [2]. For example, nonreciprocal properties of such crystals can be used for creating ma-
terials with one-path transmission of electromagnetic energy, as well as slow-wave systems and
wideband isolators in the optical band. Moreover, it can be expected that the joint contribution
of the individual and collective resonance scattering mechanisms to the diffracted field of an ar-
ray containing frequency-dependent resonance elements can lead to some interesting phenomena
which are yet to be determined.
It is the purpose of the present work to study the resonance scattering of an obliquely inci-
dent, linearly polarized electromagnetic plane wave by an equidistant array of parallel gyrotropic
cylinders. The problem is analyzed using the scattering matrix method. As a gyrotropic medium
filling the scattering elements of the array, we consider a cold collisionless magnetoplasma. The
solution for the scattered field in the case of incidence at an arbitrary angle to the axes of the
cylinders has been obtained. It is demonstrated that in this case, the scattered field is hybrid,
i.e., the longitudinal (cylinder-aligned) components of both the electric and magnetic fields are
nonzero. Analysis of the frequency dependences of the scattering coefficients of the electric-
and magnetic-field components shows that near the resonant frequencies of the array, frequency
ranges exist in which the absolute values of these coefficients are much smaller than the field am-
plitude in the incident wave. Moreover, at the resonant frequencies of the array, these coefficients
vanish. Thus, the interaction of the individual and collective scattering mechanisms can lead
to a significant weakening and even suppression of the scattered field. In the opposite case, the
interaction of the individual and collective scattering mechanisms can lead to enhancement of the
scattered field compared with the case of a single cylinder. It is shown that in the case of oblique
incidence of the H-polarized wave on the array, the longitudinal component of the electric field
can have, under certain conditions, a layered structure, whereas the longitudinal component of
the magnetic field has a 2D-periodic chessboard-type structure.
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Abstract— The zeros of Kummer confluent hypergeometric function Φ(a, c;x) with a = c/2−jk
— complex, c — real, (c 6= l, l = 0, −1, −2, −3, . . .), k — real, x = jz, z — real, positive and
n = 1, 2, 3, . . .) are of special interest in the theory of anisotropic waveguides [1–6]. Until now
the attention has been the focused mainly on the positive purely imaginary zeros ζ

(c)
k,n of Φ(a, c; x)

with respect to its independent variable z [2–6]. It has been established that for them it holds:
lim

k+→+∞
ζ
(c)
k+,n = +∞ and lim

k−→−∞
ζ
(c)
k−,n = 0, where the subscripts “+” (“−”) label quantities,

corresponding to positive (negative) sign of k (k+ > 0 and k− < 0) [2]. The numerical analysis has
shown that if c 6= l the sequences {K−(c, n, k−)} and {M−(c, n, k−)} (K−(c, n, k−) = |k−|ζ(c)

k−,n

and M−(c, n, k−) = |a−|ζ(c)
k−,n) are convergent provided k− → −∞, though the multiples in the

products |k−|ζ(c)
k−,n and |a−|ζ(c)

k−,n become infinitesimal, resp. unrestricted. They tend to finite
real positive limits, called L1(c, n) numbers (denoted by L(c, n), too) [2, 6–9]. The definition of
the latter has been extended for c = l, as well. Later on a similar property of the positive purely
imaginary zeros in z of certain functions, incorporating several complex confluent and possibly
also a few real cylindrical functions of specially chosen parameters has been found out. The
discussion has been performed in the real case, too [8–11].

Recently, an investigation of the positive purely imaginary zeros κ
(c)
z,n in k of the Kummer function

of the parameters, pointed out above has been made, assuming z as parameter. It has been
observed that on condition that z diminishes, κ

(c)
z,n grow monotonously. This hinted that the

quantities κ
(c)
z,n might possess features, resembling the ones of the zeros ζ

(c)
k,n (new families of

numbers may be determined, connected with κ
(c)
z,n) [12].

In this paper the theorem for existence and for the basic properties of the G1(c, n) numbers (new
real positive numbers, connected with the zeros κ

(c)
z,n of Φ(a, c; x) in which a, c and x take the

values, indicated above, is formulated and proved numerically. Its statement is accepted as a
general definition of the latter. The theorem is composed of three lemmas. Lemmas 1 and 2
demonstrate the existence of quantities and determine them in case c 6= l and c = l (in which
Φ(a, c;x) is not defined) as the limit of the infinite sequence of real positive numbers {R(c, n, z)},
(R(c, n, z) = zκ

(c)
z,n) for z → 0, and {G1(l − ε, n)} and {G1(l + ε, n + 1)}, (ε — infinitesimal real

positive number) for ε → 0, resp. Lemma 3 reveals the main features of the numbers (recurrence
relation, formula for symmetry and link of some of them with the Ludolphian number). Detailed
Tables and graphs illustrate the influence of parameters c and n on G1(c, n). The application of
numbers in the theory of azimuthally magnetized circular ferrite waveguides, propagating normal
TE0n modes is demonstrated.
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Diffraction Radiation Phenomena: New Methods for Physical and
Engineering Analysis
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Abstract— Advances in electrodynamic theory of gratings play an important role in the devel-
opment of topical areas of science and technology. Nowadays, optics and spectroscopy, physics
and engineering of millimeter and submillimeter waves, high-power electronics, quantum radio
physics and solid state physics, acoustics and resonance quasioptics benefit from methods, mod-
els and results of the grating theory both in frequency and time domains. Gratings’ abilities to
change their transparency over maximal limits and to transfer energy between waves propagating
in different directions in a controlled manner allows much room for utilizing them as polariza-
tion and frequency filters, anti-reflection and scattering coatings, screens of various types and
purposes, selective mirrors for dispersive open resonators, pattern-forming planar and cylindrical
structures. One major field of application for diffraction gratings is antenna equipment, in partic-
ular, antennas operating on the effect of diffraction radiation aka diffraction antennas. When this
effect occurs, an exponentially decreasing surface eigenwave of any open guiding structure (or an
eigenfield of charged-particle beam in diffraction electronics) is transformed by a nearby periodic
structure into a radiation field, which characteristics (directivity, energy efficiency, frequency
range, scanning sector, etc.) are optimized to suit practical requirements.
In this communication, we consider in details the diffraction radiation effect, and new methods
for analysis and model synthesis of diffraction antenna components and units. We presented the
models making possible more detailed observations of the processes associated with near-field to
far-field conversion by infinite and finite periodic structures. For the first time all these problems
were considered using rigorous models exploiting exact absorbing conditions. The theoretical
results have been obtained in 2-D for planar and axially-symmetrical objects. Analysis of these
objects (finite and infinite gratings, planar and circular dielectric waveguides, etc.) is based on
solutions of open initial boundary value problems, which computational space is truncated by
exact absorbing conditions.
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Inverse Spectral Theory and Kramers-Kronig Relations

G. F. Crosta
University of Milan Bicocca, Milan, Lombardy, Italy

Abstract— Inverse problems aimed at locating cracks and voids inside a dielectric medium
by means of electromagnetic waves involve knowledge of transmission eigenvalues. The subject
has been actively investigated by many Authors for some years and results have been presented
in articles and books. Unfortunately, the frequency dependence of dielectric permittivity and
magnetic permeability of the material has not been taken into account. A theorem which provides
existence and asymptotic properties of real transmission eigenvalues is shown to be physically
inconsistent, because it ignores the Kramers-Kronig relations.
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Algebraic Regularization of Universal Functions in EM via
Self-induced Hadamard Finite Parts

A. R. Baghai-Wadji
University of Cape Town, South Africa

Abstract— In boundary element method applications there are contradicting requirements
which need to be accommodated skillfully in order to achieve high accuracy and high speed at
the same time. Regarding acceleration of computations, it is desirable, besides parallelization and
other conventional measures, to extract costly “universal” features from the computations which
are common to a certain class of problems. If successful the resulting Universal Functions (UFs)
can be pre-calculated and stored and referred to whenever necessary. As can be shown the intro-
duction of UFs, however, requires additive factorization of terms, leading to high-order algebraic
singularity in infrared region in spectral domain (zero and small values of the wavenumbers).
Thereby, the algebraic order of the additional singularity depends on the degree of smoothness
of the basis- and testing functions employed — the smoother the basis and testing functions the
higher the order of singularity at the origin of the coordinate system in the spectral domain.
On the other hand smooth basis- and weighting functions improve the convergence of the in-
volved Fourier-type integrals algebraically in ultraviolet region (large values of the wavenumber
in spectral domain). The main result in this contribution is the fact that all the aforementioned
seemingly contradicting requirements can be reconciled naturally. The magic is done by recog-
nizing that Hadamard finite parts appear in the introduced Universal Functions automatically,
with one additional pleasant surprise: Ordinarily Hadamard finite parts technique, as the name
implies, considers finite parts of infinite integrals, thus throwing away the infinities in the cal-
culations. In the proposed procedure the infinities add up to zero exactly. Finally it should be
pointed out that the Hadamard finite parts in the UFs are induced by the basis- and testing
functions, thus, justifying the “self-induced” property in the title.
In an accompanying paper a second renormalization technique has been proposed which ensures
exponential decay of dyadic Green’s functions in ultraviolet region in spectral domain. The
exponential regularization has its genesis in the construction of problem-specific Dirac delta
functions, and it tempers the divergent behavior of Green’s functions. In contrast the algebraic
regularization, proposed in this contribution, has its origin in the smoothness properties of the
chosen basis- and weighting functions. Consequently, the next logical question is whether or not
the two regularization techniques, exponential and algebraic, can be combined to even further
enhance the quality of our computations. The answer is unconditionally affirmative. Thus the
combined exponential and algebraic regularization techniques enable ultra precise calculations
of the near-fields in EM simulations while permitting the construction of Universal Functions.
Furthermore, it is worth emphasizing that both regularizations techniques apply to closed-form
Green’s functions as well Green’s functions which can be calculated only numerically. The latter
property is crucially important: it enables the simulation of nanoscale devices involving complex
media.
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On the Accuracy of Method of Moments for Solution of Full 3D
Vectorial Electromagnetic Forward Scattering Problem

O. Güren1, M. N. Akıncı2, and M. Çayören2

1Electromagnetic Research Lab., Istanbul Technical University, Turkey
2Department of Electronics and Communication Engineering, Istanbul Technical University, Turkey

Abstract— In this communication, an analysis on the accuracy of the method of moments
solution of full 3D vectorial electromagnetic forward scattering problem is presented. Although
different mathematical techniques are developed for determination of the error rate of method of
moments [1–6], this paper presents a numerical approach to this problem. In contrast to weak
formulations of method of moments as in [7], we use a dyadic Green function based approach.
We adopted the pulse functions as basis functions and obtained equations are weighted by the
dirac-delta functions. In fact such a choice obliges us to calculate the hypersingular integrals of
the components of the well known dyadic Green function. We utilize from [8] for the Cauchy
principal value of these singular integrals. If the scatterer is divided into N many cells and a direct
Gauss-Jordan inversion scheme is employed for the solution, then the resultant equation system
requires a memory allocation of on the order of O(N2) and has a computational complexity of
on the order of O(N3). To be able to decrease memory requirement to on the order of O(N)
and computational complexity to on the order of O(N log(N)), bi-conjugate gradient method is
applied instead of direct Gauss-Jordan inversion. Furthermore, the matrix multiplications are
converted to spatial convolutions, which can be evaluated by the fast Fourier transform procedure.
An accuracy analysis is made by comparing the simulated fields with the analytical expressions
of the scattering field from a dielectric sphere. In particular, the accuracy analysis includes the
following parts:

• Accuracy rate vs. the dielectric contrast between sphere and medium (Here the frequency
of illumination and the size of the sphere are constant).

• Accuracy rate vs. the frequency of illumination (Here the dielectric contrast between sphere
and medium and the size of the sphere are constant).

• Accuracy rate vs. the size of the sphere (Here the dielectric contrast between sphere and
medium, the frequency of illumination are constant).

The results show that such an dyadic Green function based implementation of the method of
moments works sufficiently well for a wide range of various parameters.
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Abstract— Modeling an electromagnetic (EM) structure with curved boundaries using a con-
formal finite-difference time-domain (CFDTD) method retains a second order accuracy while
using a staircased FDTD one only gives a first order accuracy. Although the frequencies and EM
fields residing inside the spatial domain determined in the CFDTD simulation are very accurate,
the calculation of surface electric fields is performed by interpolation methods, and therefore
usually gives unsatisfied results. In this work, a new algorithm possibly being able to accurately
determine surface electric fields near a curved surface has been developed and tested. The pre-
liminary benchmark results show a convergence that the surface electric fields can be calculated
as accurately as higher than 99% using a medium size grid in 2D. A more rigorous benchmark
is used for the validation of this approach and an extension to 3D counterpart is under consider-
ation. Accurate determination of surface electric fields in CFDTD simulations is important for
a lot of research studies such as surface breakdown, field emission, plasma wall interaction and
ohmic heating, etc.. Detailed algorithm and benchmark results will be presented.
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Fast Model Order Reduction Approach to Uncertainty
Quantification in Electrokinetics

Lorenzo Codecasa and Luca Di Rienzo
Politecnico di Milano, Milan, Italy

Abstract— Electromagnetic computations rely on the perfect knowledge of material parame-
ters. However, for a wide range of examples in electrical engineering, some uncertainty should
be associated with that knowledge in the modeling process. In order to quantify the uncertainty
of the output quantities of interest coming from the lack of knowledge of the input material pa-
rameters, the spectral stochastic finite element method, based on Polynomial Chaos Expansion
(PCE), can be applied. This method, in both the intrusive and non-intrusive forms [1], allows
to dramatically reduce computational time with respect to Monte Carlo (MC) method, in many
electromagnetic problems. Nevertheless, in many situations, computational complexity can still
be prohibitively large.
In this paper, uncertainty quantification problems due to random material parameters are con-
sidered in electrokinetics. For such problems a novel approach based on Model Order Reduction
(MOR) is proposed. The starting point is an nonintrusive PCE method, in which the PCEs
of variables are estimated from the solutions to the deterministic electrokinetic problems for all
values of the random material parameters in a sparse grid. The main idea of the proposed algo-
rithm is that of reducing the number of solutions of such deterministic electrokinetic problems
by constructing a parametric reduced order model, which is used to approximate the solution
to the deterministic electrokinetic problems. Such parametric reduced order model is tailored
to approximating with chosen accuracy the deterministic elecrokinetics problems for the values
of the random material parameters in the chosen sparse grid. The parametric reduced order
model is generated in an efficient way by solving a reduced number of deterministic elecrokinetics
problems with respect to that in the nonintrusive PCE approach. Moreover the computational
cost for the solutions to the deterministic elecrokinetics problems required for constructing the
parametric reduced order model is optimized by exploiting the relatedness among the solutions to
the deterministic electrokinetics problems for different values of the random material parameters.
The proposed MOR approach has been validated by modeling a simplified geometry of a typical
system for resistance welding [2]. In this situation the proposed MOR approach allowed to reduce
the compuational time by about two orders of magnitutude with respect to that of standard non-
intrusive PCE approach, maintaining the same level of accuracy. The storage requirement of the
proposed approach is comparable to that for a single deterministic electrokinetics problem. The
proposed approach thus seems a novel promising candidate for uncertainty quantification analysis
in electrokinetics. The extension of the proposed approach to more general electromagnetic
problems seems feasable and is currently under investigation.
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Reduced Basis Model Reduction for Maxwell’s Equations in
Dispersive Media with Stochastic Coefficients

Martin Hess and Peter Benner
Max Planck Institute for Dynamics of Complex Technical Systems, Germany

Abstract— The simulation of the propagation of an electromagnetic pulse through linear,
temporally dispersive media (like water) or systems (like a dielectric waveguide) is a typical
problem of electromagnetics.
Consider the Maxwell-Debye model formulated in second-order form in the electric field E

1
µ0
∇×∇× E + ε0ε∞∂2

t E = f − ∂2
t P,

∂tP +
1
τ

P =
ε0 (εs − ε∞)

τ
E,

with polarization P , relaxation time τ , relative permittivity at low-frequency limit εs and relative
permittivity at high-frequency limit ε∞, and a broadband input source f , which is modeled as a
Gaussian pulse [1]. The equations are discretized with Nédélec finite elements of first order over
a 2D unit square. Dirichlet zero boundary conditions (i.e., PEC, perfectly electric conducting)
are imposed on all boundaries.
The model is parametrized by τ and ∆ε = εs− ε∞, defining the 2-dimensional parameter domain
D. Using a greedy sampling driven by an error indicator, we seek to generate a reduced model
which accurately captures the dynamics in the parameter domain D [2]. We compare different
greedy strategies and projection spaces to achieve an accurate low order model. Typically, the
reduced basis model reduction reduces the model order by a factor of more than 100, while main-
taining an approximation error of less than 1%. The error indicator evaluates the residual over
all timesteps and finds the maximum over the parameter domain D. The maximum parameter
location is then used to iteratively enrich the reduced basis space.
As an extension, we consider the parameters as random variables with an underlying distribution.
We use stochastic collocation and Monte Carlo simulations to estimate the statistics of the system.
This computationally expensive procedure becomes feasible by employing accurate reduced order
models [3]. The statistical analysis will enable to simulate the behaviour of the electromagnetic
system under uncertainties.
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Uncertainty Quantification for Complex RF-structures Using the
State-space Concatenation Approach
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Abstract— In various applications of computational engineering and accelerator physics, the
computation of the electromagnetic behavior of a structure is of crucial importance for the design
and operation. The electromagnetic properties of the structure depend on its geometry, which,
for real-life radio-frequency (RF) structures, generally deviates from their design values due to
fabrication tolerances and operation. To make assessments about the effects of such deviations
as well as to employ robust optimizations, a so-called uncertainty quantification (UQ) is ap-
plied. For large and complex structures such computations are heavily demanding and cannot be
carried out using standard brute-force approaches. In this paper, we propose a combination of
established techniques to perform UQ for long and complex structures, where the uncertainty is
located only in parts of the structure. As exemplary structure, we investigate the third-harmonic
cavity, which is being used at the FLASH accelerator at DESY, assuming an uncertain geometry
of the left higher-order mode coupler. The investigation is carried out using the so-called poly-
nomial chaos expansion (gPC). For that, the repeated numerical solution of Maxwell’s equations
is necessary. Usually, such investigations are carried out on supercomputers or small computer
clusters with heavily parallelized code. Due to the fact that maximum-performance computa-
tional infrastructure is scarce and expensive, the electromagnetic properties are being computed
on standard workstation computers using a newly proposed non-overlapping domain decomposi-
tion scheme named State-Space Concatenation (SSC) which is based on model-order reduction
of the decomposed segments. Using the SSC scheme has the most important advantage that
only the uncertain part of the structure, in our case the left coupler, needs to be recomputed
when using a non-intrusive scheme like gPC. In comparison to the huge computational demand
of a straightforward simulation, the combination of uncertainty quantification and model-order
reduction allows for a reasonable improvement of the computational efficiency. Both schemes can
be separately applied to structures related to accelerator physics. Yet, just their combination will
enable the investigation of long and complex structures beyond the scope of standard approaches.
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Efficient Uncertainty Quantification of Electro-thermal Circuit

Models
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Abstract— Electro-thermal analysis is crucial in designing systems such as power-MOS de-
vices used in energy harvesting and RF-circuitry in wireless communication. To design systems
robust to device variations due to the fabrication process, uncertainty quantification plays an
important role to quantify the uncertainties of the system output propagated from the process
variations. However, simulation analysis of electro-thermal systems is already computationally
demanding because the mathematical model is derived from a fine 3D mesh of a multi-layered
structure consisting of dielectric, vias, contacts, and metal interconnection. The computational
cost of uncertainty quantification is even higher since it requires simulating the model at many
parameter samples, or simulating a coupled system with a much higher dimension. To reduce the
high computational cost, we use parametric model order reduction techniques, which proves to
be efficient in many application fields such as circuit simulation, acoustics, and structural vibra-
tions. A parametric model order reduction method builds a reduced model that can capture the
system dynamics regardless of parameter changes within a certain range. In this work, we use a
Krylov-type parametric model reduction method, whose goal is to match the (cross-)moments of
the state vector, because of its modest requirements on system properties and low computational
complexity. For our test case, which is a nonlinear electro-thermal system with one-way coupling
from the electrical part to the thermal part, a parametric reduced model of a low order exhibits
high accuracy over a very large parameter range in approximating the original high-order model.
We use the parametric reduced model to accelerate two methods for uncertainty quantification,
namely a Latin hypercube sampling method and a stochastic collocation method. Numerical
results show that for both methods, uncertainty quantification based on a reduced model re-
produces the results of that based on the original model, while leading to significant speedup
compared to the latter.
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Meshing Technique for Efficient Macromodel Cloning in FEM
Analysis of 3D Structures

G. Fotyga, J. Grzybek, W. Dembinski, P. Bielski, and K. Nyka
Faculty of Electronics, Telecommunications and Informatics, Gdansk University of Technology, Poland

Abstract— The finite element method (FEM) is regarded as one of the most powerful and
flexible numerical techniques in computational electromagnetics. However, it becomes time and
memory consuming, while analyzing complex multiscale problems. We present a novel method
of mesh generation, which is dedicated to analysis of microwave and photonic structures, that
contain many identical elements (in terms of the geometry and the electric properties), such as:
vias in SIW circuits, holes in PBG structures, tuning elements in waveguide filters, etc.. The
influence of each of these elements on the electromagnetic field in the entire domain (structure)
can be represented by means of the small dense FEM matrices, called macromodels (macroele-
ments), which are obtained using the model order reduction (MOR). The proposed approach
takes advantage of the fact that in the structures which contain many identical elements, one
macromodel can be used to capture the electromagnetic behavior of many identical subregions.
This operation is called a macromodel cloning. It requires creating an algorithm that allows for
embedding one macromodel in multiple locations within the structure. The difficulty is associated
with potentially nonconforming 2-D meshes on the boundaries of subregions, in which the clone
of the macromodel is embedded. To overcome this problem, we developed a special tetrahedral
meshing procedure, which allows one to establish an identical surface mesh on the boundaries of
selected subdomains. The combination of these three techniques (3D-FEM, MOR with cloning,
meshing technique) reduces the computation time and memory requirements significantly and
makes it a promising method to incorporate into a CAD optimization tool.
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Circuit Understanding for Electromagnetics via the Reduced-basis
Method

Valent́ın de la Rubia
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Abstract— Finite Element Methods (FEM) have proven to be robust in solving the time-
harmonic Maxwell’s equations for the analysis of microwave filters and diplexers. Nowadays,
microwave engineering relies on full-wave analysis not only to accurately predict the electrical
behaviour prior to construction of microwave circuits, but also to actually design their electrical
response. However, still we have little knowledge on how electromagnetics actually behaves, and
only rather experienced microwave engineers are able to develop high-demanding specification
designs. If only a link between electromagnetic phenomena and circuit behaviour were established,
all our expertise in circuit theory could be used for electromagnetics. This is how microwave
engineering is working nowadays, but this link is only based on approximations.
In this work, the electromagnetic behaviour in microwave filters and diplexers is described in
terms of circuit theory. A transversal coupling matrix gathering all electromagnetic phenomena
within a frequency band is found. As a result, further insight from the microwave point of view
arises. A Finite Element Method approach is carried out for the electromagnetic analysis and
a reliable reduced-order model for fast frequency sweep is proposed. The ingredients of this
methodology are: 1) the use of field solutions at given frequencies as basis functions to reduce
the original system, 2) adaptively choosing the field solution frequency samples, 3) evaluation of
the residual error of the reduced field solution to determine the convergence of the reduced-order
model in the frequency band of interest and 4) change of basis in the reduced-order model to get
a transversal coupling matrix description of electromagnetics.
Once the reduced-order model is obtained, which is a reliable surrogate of the original Maxwell
problem in the frequency band of interest, further manipulations are carried out to get further
insight in the Maxwell problem. It is known that output ports in microwave filters and diplexers
do not see individual resonators in the microwave circuit, but global eigenresonances. For the sake
of circuit understanding, it is then important to force this global eigenresonance representation
of the Maxwell problem.
Several microwave filters and diplexers, made up of dieletric resonators or dual-mode resonances,
will illustrate the capabilities of this approach.
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Abstract— Bending and focusing magnets are among the most important and expensive equip-
ment used in particle accelerators. Particle beam dynamics rely on a very high field homogeneity,
that can be critically affected by uncertainties in both material and geometry. We discuss shape
optimization to achieve a high field homogeneity, insensitive to stochastic influences.
In many cases the underlying field distribution can be accurately described using a magnetostatic
formulation. Incorporating uncertainties results in a stochastic partial differential equation. Us-
ing the magnetic vector potential ~A, the formulation reads as

∇×
(
¯̄ν(ω, ~x)∇× ~A(ω, ~x)

)
= ~J(~x)−∇× ~Hc(ω, ~x), in D, (1)

~n× ~A(ω, ~x) = 0, on ∂D. (2)

In (1), modeling linearization, we allow for a tensor valued reluctivity ¯̄ν and for a coercitive
magnetic field strength ~Hc. Also ~J refers to the source current density, ~n to the outer unit normal
and ω ∈ Ω to a random outcome. Geometric uncertainty refers to randomness in the shape of
the iron-air interface. It is taken into account through the spatial dependency of the material.
Using a truncated Karhunen-Loève or polynomial chaos expansion we obtain a finite dimensional
noise representation. More precisely, for the reluctivity, we have ¯̄ν(ω, ~x) ≈ ¯̄νM (~Y (ω), ~x), where
~Y ∈ Γ refers to an M -dimensional random vector.
The physical quantity of interest is given by the harmonic distortion factor [1]

Q =
K∑

i=1,i6=N

a2
i + b2

i , (3)

where ai and bi refer to the skew and normal multipole coefficients, respectively, and N denotes
the pole-pair number of the magnet. The multipole coefficients in turn can be seen as linear
functionals of the solution.
Let ~c denote a set of shape parameters, e.g., the control points in a spline representation of the
interface. The robust optimization problem reads

~c∗ = argmin
~c

max
~y∈u

Q(~c, ~y), (4)

where u refers to a convex uncertainty set as given, e.g., in [2]. Solving (4) numerically can
be very challenging. However, the complexity can be reduced using perturbation techniques as
well as polynomial surrogate and reduced models in the stochastic and deterministic variable,
respectively. These issues will be discussed and illustrated by means of numerical examples.
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Analysis of Inhomogeneous Plane Wave Scattering from Periodic
Metamaterials
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Abstract— The spectral domain analysis of periodic open metamaterial unit cells is performed
by inhomogeneous plane wave excitation. The hybrid finite element boundary integral method
is employed to compute the scattered field, the reflection and the transmission coefficients from
unit cells. Discrete surface and complex leaky modes of the unit cells are computed from the
singularities of the scattered field. The robustness of the method is demonstrated by comparing
the computed results with the results from other methods.
For Sturm-Liouville problems, the Green’s functions can be expanded based on constructing dis-
crete and continuum modes [1]. Depending on the excitation methods, several procedures can be
introduced to compute the eigenmodes and corresponding eigenvalues. Most of the conventional
approaches are employing the singular value decomposition (SVD) of a system matrix, which is
obtained from the discretization of the system operator. In open problems, usually the system
matrix has a non-linear dependence on the eigenvalues. Therefore, utilizing SVD methods is not
practical and non-linear optimization procedures have to be assessed. An alternative to obtain
the eigenvalues and eigenmodes are excitation based methods. These methods, mathematically
model the physical response of the system for excitation over a spectrum [2].
In the current paper, the method of excitation of eigensolutions in periodic structures by plane
waves is investigated. Some new properties of periodic media, such as impedance boundary
conditions, absorption and near-field imaging are explored based on the modal behavior of the
constructing unit cells.
Green’s functions of layered media are combinations of reflected and transmitted plane waves
in different layers. The generalized reflection and transmission coefficients can, therefore, be
considered as the desired Green’s functions of these media. In periodic stratified media, while
the operation frequency is enough below the cutoff of the higher order Floquet modes, the medium
can be approximated as a homogeneous layered medium. However, the scattering of the field must
still be computed by expansion of the scattered field based on Floquet modes. The coefficients
of the fundamental Floquet mode over the open boundaries can be considered as the describing
parameters of the physical properties [3].
On the one hand, complex leaky modes can be either in the fast or in the slow wave region. On
the other hand, in loss less structures, complex eigenvalues exist always in conjugate pairs. In
the slow wave region, all the computed eigenvalues are proper while in the fast wave region one
of the poles is improper. By consideration of the radiation condition, the undesired pole can be
removed from the response [4].
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Broadband Analysis Including Beam Steering of Phased Array
Antennas by Order Reduction
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Abstract— In applications such as radar, phased antenna arrays are to be characterized over
broad frequency bands and wide ranges of steering and look angles. When numerical methods,
specifically the finite-element (FE) method, are used, the determination of the far-fields tends
to be very time-consuming, for the following reasons: Typical antenna arrays are electrically
large and consist of high numbers of radiators. Hence the resulting FE systems are of very
large dimension. Furthermore, broad variations in frequency (f) and steering angles (θs, φs)
requires the FE solution for large numbers of operating points (f , θs, φs), each of which has to
be computed by solving the large-scale FE system. When direct solvers are no longer applicable
because of their high computational complexity, one must resort to iterative techniques. In this
regard, the availability of efficient preconditioners is of utmost importance. For electrically large
structures, domain decomposition (DD) methods have proven to be highly effective. However,
even with the aid of these techniques, solving the large-scale FE system remains a time-consuming
procedure. Finally, wide variations in look angles (θ, φ) call for large numbers of sampling points
(θ, φ). Each of them requires a separate near-field-to-far-field (NF-FF) transformation, for each
considered operating point (f , θs, φs).
To reduce computational efforts, we here propose a two-step model order reduction (MOR)
approach, similarly to [1, 2], but with the focus on electrically large structures: We fist construct
a reduced-order model (ROM) for the near fields of the phased antenna array which is very cheap
to solve at any value of the parameter triple (f , θs, φs). For this purpose, a multi-point MOR
method with self-adaptive expansion point selection [1, 2] is employed. The second step utilizes
the empirical interpolation method (EIM) [3] to construct an affine approximation to the NF-FF
operator as a function of frequency and look angles. Since the EIM-based NF-FF operator is
also fast to evaluate at any value of the parameter triple (f , θ, φ), the combination of both
methods results in a highly efficient numerical model for computing the far-fields as a function
of the five parameters (f , θs, φs, θ, φ). The accuracy and efficiency of the suggested two-step
MOR approach is demonstrated by means of an electrically large real-world example.
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Spherical-multipole Based Near-to-near and Near-to-far Field
Transformations

L. Klinkenbusch
Kiel University, Germany

Abstract— Spherical-multipole expansions have been employed in the context of near-to-far
field transformations from antenna near-field measurements in the frequency domain [1] and
(less often) in the time domain [2]. Since these approaches (among others) exploit the orthog-
onality of the spherical modes the scanning process has to be performed on a spherical surface.
Spherical-multipole expansions can also be used for conveniently describing the electromagnetic
field outside of the solution domain for numerical methods via a spherical-multipole interface [3].
In that case the radiating structure is replaced by a certain number of elementary (Hertz and
Fitzgerald) dipoles located on a Huygens surface which completely encloses all radiating elements
but otherwise can have an arbitrary form. The multipole expansion of the field of a dipole is
known analytically in the frequency domain, and a linear superposition (summation) leads to
the total frequency-domain spherical-multipole expansion of the electromagnetic field valid out-
side of a minimum sphere containing all sources. By means of the analytically known Fourier
Transform of the spherical Bessel function of the first kind,the far-field approximation of that
spherical-multipole expansion can be transformed into the time domain [4]. Furthermore a finite
expansion of the spherical Hankel function yields the opportunity to recursively derive the time-
domain spherical-multipole expansion in the near-field from that one valid in the far field, and
hence to perform a systematic time-domain near-to-near field transformation [5]. Finally, the
field information is non-redundantly stored in a discrete set of time-domain spherical-multipole
amplitudes and ready for an arbitrary post-processing.
Besides a brief review of these methods and corresponding new numerical results the paper focuses
on the validity of the reconstructed electromagnetic fields in the near of the Huygens surface.

REFERENCES

1. Hansen, J. E., Spherical Near-field Antenna Measurements, Peter Peregrinus Ltd., London,
1988.

2. Hansen, T. B., “Formulation of spherical near-field scanning for electromagnetic fields in the
time domain,” IEEE Trans. on Antennas and Propagation, Vol. 45, No. 4, 620–630, 1997.

3. Klinkenbusch, L., “A spherical-multipole interface for numerical methods in electromagnetic
field theory,” Proc. of the Latsis Symposium on Computational Electromagnetics, 242–247,
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Abstract— During the last years, different methods for improving the quality of the antenna
measurements results have been developed, in particular for echo reduction. This paper is a
common research work between Universidad Politécnica de Madrid and Microwave Vision Group
whose objective is the comparison of different echo reduction techniques in order to be able to
explore the advantages of each one in antenna measurements applications. In particular, these
techniques are specially important for outdoor antenna measurement systems, for systems as the
StarLab (where the measurement equipment is placed without full coverage of absorbing material)
or for measurements at lower frequencies where the performance of the absorbing material is
not good enough. These techniques are based on spatial filtering, modal filtering and time
gating techniques. The paper analyzes different approaches: in particular for spatial filtering,
holographic techniques [1] and source reconstruction based on integral equations [2] are analyzed.
In the first case, the field is back propagated to a large planar surface containing the antenna
under test, and the fields out of the antenna area are filtered out. The main advantage is the very
small time required for the transformation, while the disadvantages are focused on the specific
applications for planar antennas and the need of geometrical information to improve the results.
The second algorithm, based on source reconstruction using integral equation (in particular the
authors analyzed MVG INSIGHT© algorithm). The main disadvantage is the time consumption,
although the results are better accurate than the previous one. In the case of modal filtering, there
are different approaches, with similar theoretical basis. This paper uses the approach included in
MV-Echo© [3] for the cancellation of the echos based on the spherical modes decomposition of
the radiated field. The last group of algorithms are based on time filtering. In particular FFT [4],
Matrix Pencil method [5] and non uniform DFT are used. In all the cases, the results are similar.
The first algortihm requires uniformly frequency spaced samples (not always available) but it
is faster. In these three cases, the main disadvantage is the number of frequencies (and step)
required for having a good echo reduction. The different algorithms have been applied to the
measurement of a dipole antenna (SD1900) in the MVI StarLab System. Results show that
depending on the angular range of the pattern the improvements are better or worst using any
of the methods. Results will be shown in the final paper or presentation.
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Abstract— Electromagnetic field transformations are of increasing importance for achieving
improved insight into field measurements and into simulations. Spectral field representations
utilizing propagating plane wave expansions on the Ewald sphere provide for extremely flexi-
ble field transformations without compromising the efficiency of a fast transformation approach.
The transformations can be set up with various equivalent sources representations and for arbi-
trary measurement locations, where the measurements can be collected with arbitrary measure-
ment probes. The paper presents an overview of hierarchical propagating plane wave based field
transformations and discusses various transformation results from the fields of near-field far-field
transformations for antennas, antenna diagnostics and imaging as well as from the solution of
nonlinear inverse problems.
Electromagnetic field transformations have been developed to high sophistication in the field of
near-field antenna measurements [1], where focus is, however, mostly on the common measure-
ment configurations (spherical, planar, cylindrical) with regular sampling. Inspired from the
new possibilities achieved in the numerical solution of integral equations, a series of propagating
plane wave based field transformation algorithms have been designed and realized over the past
years [2, 3], which provide for excellent flexibility without compromising the efficiency known
from so-called fast algorithms. With this flexibility, there is also a chance to establish novel mea-
surement approaches and it will become possible to seamlessly merge simulated and measured
field data in a common framework. The hierarchical propagating plane wave based algorithms
have become very mature over the past years and many of their properties have been investi-
gated [4–7]. In this contribution, we review important properties of the hierarchical propagating
plane wave based algorithms and we will discuss novel achievements and applications in the fields
of near-field far-field transformations, antenna diagnostics and broadband imaging, as well as of
the solution of nonlinear inverse problems, e.g., nonlinear inverse medium problems or phaseless
near-field far-field transformations.
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6. Kılıç, E. and T. F. Eibert, “An inverse scattering technique based on finite element — Bound-
ary integral method,” Progress In Electromagnetics Research Symposium Abstracts, 777, Stock-
holm, Sweden, Aug. 12–15, 2013.

7. Qureshi, M. A., C. H. Schmidt, and T. F. Eibert, “Near-field error analysis for arbitrary
scanning grids using fast irregular antenna field transformation algorithm,” Progress In Elec-
tromagnetics Research B, Vol. 48, 197–220, 2013.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 119

Full-sphere Radiation Pattern Measurement of 3D Antennas Using
a Compact Planar Very-near-field Scanner

Kasra Payandehjoo and Ruska Patton
EMSCAN Corp., Calgary, AB, Canada

Abstract— Far-field test facilities for antenna pattern measurements are often very large,
costly, and slow. An alternative to direct far-field measurement exists based on near-field scanning
and near-field to far-field transformations. The compact size of these near-field measurement
systems allows for integration of measurement probes in planar [1], circular [2], and other array
configurations to reduce the required movements of the antenna-under-test (AUT) and hence the
measurement time. Planar very-near-field scanning has already been successfully commercialized
for small antennas with an array of 1600 H-field probes printed on a 45 cm by 45 cm printed
circuit board [1]. Radiation pattern in a hemisphere is predicted in a matter of a few seconds using
plane wave spectrum expansions. The accuracy of these far-field patterns however, degrades as
the “apparent antenna dimension”-to-“scanner aperture” ratio increases. Hence, a single planar
scan fails to accurately predict the pattern of 3D antennas that have high profiles relative to
the dimensions of the scanner. Alternatively, multiple planar scans that close the measurement
surface around the antenna can improve pattern accuracy [3]. As suggested in [3], a cubic
measurement surface composed of 6 planar scans is considered herein. Phase coherence between
the six measurements is crucial and is ensured by feeding a sample of the input signal to the
scanner via a power divider. For fast far-field predictions, measured fields on each face are
independently transformed to far-field in a matter of a few seconds. Subsequently, the far-field
contributions of different faces are superimposed after proper coordinate translation/rotation.

This works investigates the optimum setup required for accurate radiation pattern measurement
of high profile antennas. It is concluded that different box dimensions are required at different
frequency bands. A 40 cm × 40 cm × 40 cm box provides good far-field results below 1GHz
whereas a smaller 20 cm × 20 cm × 20 cm box is required at higher frequencies. Two test fixtures
are prototyped to facilitate movements of the AUT for all 6 measurements. The rather large
height-to-scan-area ratio in these setups leads to two spurious artifacts; first, the consequent
large truncation error results in ripples in the radiation pattern. A raised cosine window with a
quadratic phase window is optimized for elimination of these pattern ripples. Secondly, the large
separation of the AUT above the scanner results in inaccurate far-field phase of a single scan
beyond the solid angle formed between AUT and the corresponding face [4]. At each point in
the far-field, before superimposing the contributing fields, the phase of the fields are corrected
according to the phase of the field that is most accurate at that point. Figure 1(a) depicts the
near-fields of a 900 Hz antenna measured on faces of a 40 cm × 40 cm × 40 cm box. Only the
magnitude of Hx is shown in Figure 1(a). The predicted far-field pattern of Figure 1(b) is in
good agreement with chamber measurements.

(a) (b)

Figure 1: (a) Measured |Hx| on a box at 900 MHz. (b) Far-field patterns from RFxpert and chamber.
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Parametric Near-field-to-far-field Transformation by Precomputed
Empirical-interpolation Patches

A. Sommer, O. Floch, O. Farle, and R. Dyczij-Edlinger
Chair for Electromagnetic Theory, Saarland University, Saarbrücken D-66123, Germany

Abstract— Using conventional finite-element (FE) methods, the broadband analysis of antenna
arrays and the resulting farfields tends to be computationally demanding, because the FE systems
are of large size and need to be solved at a high number of frequency points.
Methods of order-reduction provide an attractive alternative. They need some extra time to
construct a reduced-order model (ROM), but the ROM itself is so cheap to solve that evaluation
time is usually dominated by the costs of the nearfield-to-farfield (NF-FF) transformation. To
improve runtimes even further, it was suggested in [1, 2] to replace the steps of field reconstruction
on the Huygens surface and subsequent NF-FF transformation by a procedure that computes the
farfields directly from the ROM. For this purpose, an affine approximation to the NF-FF operator
is constructed by the empirical interpolation method (EIM) [3]. The suggested approach greatly
accelerates the online computation of antenna patterns, at the price of increased offline time, for
constructing the model.
In a previous paper, the authors proposed a subdomain approach on the Huygens surface that
allows to restict the EIM domain to a small number of reference surfaces. Since the subface areas
are much smaller than that the entire Huygens surface, the offline part of the EIM is performed
much more efficiently. Still, the EIM offline step is not cheap and needs to be done for every
antenna structure anew.
The present work shows that the offline part of the EIM may be computed upfront, without
reference to a specific FE model. The resulting data structures are stored as templates which
may be incorporated into ROMs later on, by cheap scaling and compression steps. The proposed
method computes an affine approximation to the NF-FF operator for the Huygens surface simi-
larly [4] and supports fast online computation of antenna patterns as a function of frequency and
observation angles.
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Electromagnetic Scattering-matrix Theories Based on Plane Waves
and Complex-source Beams

T. B. Hansen
Seknion Inc., Boxford, Massachusetts, USA

Abstract— Plane waves and complex-source beams constitute complete sets of basis functions
for electromagnetic fields in homogeneous source-free regions. From the completeness of these
basis functions, one can derive exact scattering-matrix theories of antennas and antenna-antenna
interactions, which lead to efficient computation schemes for electromagnetic field transformations
in both near and far-field regions.
This presentation discusses two such theories for time-harmonic fields in three dimensions: (i) a
plane-wave theory with a directional spectrum that is obtained through a complex-source point
substitution procedure, and (ii) a complex-source beam theory based on a beam expansion of
spherical multipole fields. The plane-wave basis functions have sources of infinite extent whereas
the complex-source beams have sources of finite extent. Hence, the two types of expansions are
distinctly different in many ways.
Scattering matrices for plane-wave expansions, which determine the plane-wave spectrum of the
scattered field of an object due to an incoming plane wave, are readily available. The analogous
scattering matrices based on complex-source beams will be derived from Waterman’s T matrices.
These scattering matrices determine the beam weights for the scattered field in terms of the
output of elementary beam-receivers, which sample the incident field at complex points in space.
With the scattering matrices based on the complex-source beams, the scattering computation
is performed by integrating over radiating and receiving-beam directions. Expansions based on
plane waves and complex-source beams each have their advantages and disadvantages as will be
illustrated through numerical examples involving near-field scanning and scattering. The two
scattering-matrix formulations will also be compared with Kerns plane-wave theory.
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Metamaterials for Microwave Radomes: An Overview

E. Özis1, A. V. Osipov1, and T. F. Eibert2

1German Aerospace Center (DLR), Microwaves and Radar Institute, Oberpfaffenhofen, Germany
2Lehrstuhl für Hochfrequenztechnik, Technische Universität München, Munich, Germany

Abstract— Metamaterials have a great potential for designing improved and novel antenna
components and systems, including substrates, feed networks, phased array antennas and an-
tenna radomes [1]. In radome applications, metamaterials can enable such features as improved
transmission over a broader range of antenna scan angles, reconfigurable pass and reject frequency
bands, polarization transformations, one-way transmission and switchability.
A radome is a cover protecting an antenna from a hostile environment (wind, rain, ice, heat,
aerodynamic drag, electromagnetic interference, etc.). From the electromagnetic point of view
the ideal radome should be fully transparent, non-refractive and lossless, in order not to distort
the fields traveling from and to the covered antenna. In practice, however, the choice of the
shape and material of the radome is typically determined by the application so that the radomes
are often curved structures made from ceramics and composites with high values of permittivity,
which results in a degraded performance of the antenna [2, 3].
Furthermore, in modern applications it is often desirable to make the radome impenetrable out-
side the operating frequency band to reduce interference with other antennas that can be main-
tained on the same platform. This and many other features are hardly possible with conventional
materials, but can be achieved with metamaterials.
Metamaterials are artificial structures that involve variously shaped, typically metallic, inclu-
sions placed in a substrate material and organized in periodic arrays, e.g., [4, 5]. In contrast to
frequency selective surfaces, the size of the unit cells is much smaller than the wavelength so that
metamaterial structures appear as effectively homogeneous with effective values of such electro-
magnetic parameters as permittivity, permeability, losses, reflection and transmission coefficients.
By choosing the shape, orientation and size of the inclusions and the size of the unit cells, the
effective parameters can be tailored to the desired values. A new kind of metamaterial structures,
the so-called meta-sheets, which are quasi two-dimensional structures involving just a single layer
of inclusions in an electrically thin substrate, is particularly promising for radome applications
since meta-sheets permit eliminating reflection while controlling transmission [6–8]. Metamaterial
layers can be added to existing radomes not only to correct the distortions but also to enable new
features, like non-reciprocal transmission [9] or frequency- and polarization-selective behavior.
The purpose of this paper is to give an overview of applications of metamaterials to microwave
radomes. This paper reviews the available literature, reports relevant applications and illustrates
them by examples.
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Programmable Optical Signal Transmission and Processing for
Flexible Optical Networks

Ming Tang1, Zhenhua Feng1, Ruoxu Wang1,
Songnian Fu1, and Perry Ping Shum2

1Next Generation Internet Access National Engineering Lab (NGIA)
School of Optical and Electronic Information

Huazhong University of Science and Technology, Wuhan, China
2Photonics Centre of Excellence, School of Electrical and Electronic Engineering

Nanyang Technological University, 50 Nanyang Avenue, Singapore

Abstract— The technologies incorporating optical fibers and smart optical fiber based de-
vices are essential for future flexible all-optical network to enhance the transmission capacity and
processing efficiency. We will demonstrate our works in this presentation about flex-grid tun-
able optical filter, flexible wavelength selective filter, space-wavelength division flexible optical
transmission and all-optical fiber based signal processing in spectral or temporal domains.
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Flow Aggregation and Migration Scheme Based on Real-time
Monitoring for Time-varying Traffic in Optical Networks

Yuan Wen, Wei Guo, and Weisheng Hu
State Key Laboratory of Advanced Optical Communication Systems and Networks

Shanghai Jiao Tong University, China

Abstract— Nowadays, the transport network is experiencing a challenge of bulky data transfer
for large-scale applications, such as E-science computing, data center data back-ups and cloud
services [1]. When these applications require high transmission rate (e.g., 10 GE or more), a
lightpath with guaranteed bandwidth provided by optical circuit-switched networks becomes an
effective solution to meet application performance requirements, such as bit rate, packet loss and
latency. However, the bandwidth of a lightpath is often underutilized. A major reason is that
flows generated by applications may have a time-varying bandwidth demands, typically, higher
traffic volume during daytime and lower traffic volume at night. If a lightpath is dedicatedly used
by a flow, this may lead to bandwidth resource waste when flow rate becomes low.
In order to make better utilization of bandwidth resources, we proposed a flow aggregation
method implemented by an extended SDN controller [2]. This method is to aggregate multiple
fine-granularity flows into a lightpath, whose bandwidth resources have not been fully utilized. In
this way, these flows can share the same lightpath and lightpath bandwidth utilization increases.
However, the transmission rates of flows vary frequently over time. If the total transmission
rate of the flows exceeds the bandwidth of the lightpath, packet loss will occur and transmission
quality of flows will degrade.
In this paper, we propose a flow aggregation and migration scheme (AM) based on real-time
monitoring to improve bandwidth utilization while guaranteeing transmission performance of the
entire network. Our method is to aggregate some fine-granularity flows (with low-priority) into
a lightpath with spare bandwidth resources. To guarantee transmission performance, the low-
priority flows will be migrated into another lightpath when bandwidth resources of the original
lightpath are used up. Since flow migration needs time, we set a threshold to control the maximal
load in the lightpath. Once the overall flow rate exceeds the threshold (but still less than the
bandwidth of the lightpath), flow migration will be executed to reduce packet loss. Due to the
flexible programmability of SDN controller to flow, we can easily complete the flow aggregation
and ow migration. We have tested the performance of our extended controller on our testbed.
Experimental results show that our extended controller can migrate a flow from one lightpath
into another in 2 seconds, with no influence on data transmission delay and packet loss of the
original flow (with high-priority). In addition, we can reduce the packet loss of low-priority flows
by reducing the threshold. We also conduct simulations, which illustrate that our AM scheme
improves the lightpath bandwidth utilization and reduces the blocking rate.
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Experimental Demonstration of 100-Gb/s TWDM-PON

Lilin Yi, Zhengxuan Li, Xiaodong Wang, and Weisheng Hu
The State Key Lab of Advanced Optical Communication Systems and Networks

Shanghai Jiao Tong University, Shanghai 200240, China

Abstract— With the wide spreading of internet-based services such as online video, cloud com-
puting, etc., demands on the capacity of optical access network is growing continuously. Time
and wavelength division multiplexed passive optical network (TWDM-PON) based solution for
next generation PON stage 2 (NG-PON2) is being discussed and will come to a conclusion in the
near future. A lot of 40-Gb/s TWDM-PON system demonstrations have been reported, providing
a variety of technical candidates for practical applications [1–3]. However, for further capacity
upgrade, e.g., 100-Gb/s TWDM-PON, the technical proposal is still open for discussion, where
cost-effective transmitter with 25-Gb/s capacity is a key component. Some research institutions
are making efforts to increase the modulation bandwidth of both external modulators [4] and di-
rectly modulated distributed-feedback lasers (DFBs) [5]. On the other side, advanced modulation
formats with high spectral efficiency have been proposed to realize high data rate modulation on
bandwidth-limited transmitters. A 4× 25Gb/s four-level pulse amplitude (4-PAM) modulation
using 10-GHz devices have been demonstrated [6]. Besides, a symmetric 100-Gb/s TWDM-PON,
where double sideband (DSB) orthogonal frequency division multiplexing (OFDM) was used in
both upstream and downstream directions has been presented [7]. However, high sampling rate
ADC/DAC are required in these systems which increases the difficulty and cost for real-time
signal processing.
In this paper, we present 25-Gb/s operation of a commercial 10-GHz directly modulated DFB
laser (DML) and PIN. Non-return to zero on-off-keying (NRZ-OOK) instead of advanced mod-
ulation format is used, which significantly simplifies the digital signal processing (DSP) module.
In order to increase the modulation bandwidth, we employ a delay interferometer (DI) follow-
ing the DML to equalize the modulation response. Simultaneously, the DI narrows the optical
spectrum of the directly modulated signal and realizes chirp and dispersion management during
fiber transmission. As a result, 40-km standard single mode fiber (SSMF) transmission is demon-
strated with bit error ratio (BER) lower than 1 × 10−3, which provides a cost-effective solution
for 4× 25-Gb/s TWDM-PON systems.
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Advancements in Next Generation Broadband Optical Access
Networks

Cedric F. Lam
Google, USA

Abstract— The Internet has become an indispensible part of our modern society. Development
in broadband access networks are directly connected with economic growth and prosperity of
societies. Companies are foraying into new technologies for next generation broadband systems.
In this talk, we review the challenges and advancements in next generation broadband optical
access network developments.
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Impact of Protection to Converged Access Networks Planning in
Rural Areas

Carmen Mas Machuca1 and Ana Muñoz Dı́az1, 2

1Technical University of Munich, Germany
2Technical University of Madrid, Spain

Abstract— Network operators are reluctant to offer broadband access in rural areas due to
the high investments and limited revenues. Protection in those areas is even more critical and
hence, not yet considered by operators. One alternative to decrease costs in rural areas is the use
of new architectures such as Hybrid Passive Optical Network (HPON). These architectures offer
several advantages not only from the longer reach and higher client count, but for the possibility
of offering different bandwidth per end point. The recently proposed HPON architecture could
be used to offer more bandwidth to the base stations (10Gbps) and less bandwidth to residential
users (300–500 Mbps). Recent work has presented a detailed framework that using real building
and street data provided by OpenStreetMap allows computing the fiber layout for different access
architectures and splitting ratios. The approach aims at minimizing the duct length, since costs
associated to ducts and trenching have been shown to be cost drivers in access deployment. This
framework has been applied in rural areas to compare the infrastructure required for a disjoint
versus a joint planning. Savings depend on the building density, area size and the interBS
distance. The new contribution of this paper is focused on the analysis of the cost impact of BS
protection. The required availability is obtained when protection of feeder fiber and distribution
fiber is guaranteed. The investment and extra fiber and duct infrastructure required for two
protection schemes are compared with the unprotected scenario. The cost increase is shown to
be relatively low compared with the unprotected solution.
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Experimental Evaluation of Noise Impairments in Unrepeated
Distributed Raman Amplified DP-16QAM SSMF Links
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Abstract— Unrepeated fiber transmissions over hundreds of kilometers span with advanced
modulation formats and DSP-based coherent detection schemes are considered as a potential
candidate to meet the distance and capacity requirements in certain application scenarios where
render amplification sites between terminals are impractical due to geographic, commercial or
security constrains [1]. Distributed Raman fiber amplifier (DFRA) ensuring a relatively constant
power distribution of the optical signals along links can effectively improve the system OSNR and
fiber nonlinearity tolerance, therefore is widely adopted in unrepeated transmission solutions. To
date, unrepeated transmissions of 30 Gbaud DP-QPSK over 444 km [2], single and dual carrier 28
Gbaud DP-16QAM over 240 km [3, 4] have been demonstrated by using Raman amplification with
large effective area fibers (LEAF). In this paper we report on a systematic experimental charac-
terization of both the amplitude and phase impairments of the received signal induced by a bidi-
rectional Raman pump at 1455 nm with an evaluation of the coherent transmission performances
of a 28 Gbaud DP-16QAM signal in a standard single mode fiber (SSMF). The Raman induced
amplitude and phase noise on the received 1550 nm signal is directly measured and the discus-
sions around the operational rules and limitations are presented considering the inter-relation
between pump power, signal OSNR and induced noise. Furthermore, performances of different
carrier phase recovery algorithms, including decision-directed phase-locked-loop (DDPLL) [5],
blind phase search (BPS) [6] and a two-stage QPSK partitioning [7] with variable filtering im-
plementations in the DSP routine are investigated taking into account the specific noise profile
of the received signal.
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System Aspects of 400 Gigabit Ethernet Links Using Advanced
Modulation Formats
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Abstract— Today’s Internet data traffic has exceeded 1 Zettabyte and continues to grow ex-
ponentially. By 2016, 90% of the global Internet/IP wide area network (WAN) traffic passes
through data centers. This requires big data centers to handle the massive data traffic based
on high speed optical data links. Considering the high volume of such short haul data links
and optical transceivers in data centers, cost- and energy-efficiency is the critical consideration
for implementations. As a response, the IEEE 802.3 created the IEEE P802.3bs 400 GbE Task
Force on May 2014 and agreed objectives for both single-mode fiber (SMF) and multimode fiber
(MMF) links. The distances considered include 100m over MMF, 500 m, 2 km and 10 km over
SMF. For such applications, conventional non-return-to-zero (NRZ) becomes very demanding
on the transceiver bandwidth. Alternatively, advanced modulation formats with high spectral
efficiency are promising solutions to achieve high data rate by using relatively less advanced com-
ponents. The 400 GbE Task Force is still open to the choice of modulation format and number
of wavelengths per fibre, four-level pulse amplitude modulation (PAM4) with eight wavelengths
at 50 Gb/s as well as PAM4 and orthogonal frequency division multiplexing (OFDM) with four
wavelengths at 100Gb/s per wavelength dominate the debate. I addition to PAM and OFDM,
there have been high speed short reach optical links demonstrated by using other advanced
modulation formats such as duobinary, carrierless amplitude and phase (CAP) modulation, and
quadrature amplitude modulation (QAM). This paper aims to review a wide range of implemen-
tation options for 400 Gigabit Ethernet using advanced modulation formats that have arisen in
recent years. Simulations are provided to compare the system optical link power budget over
both directly modulated laser and externally modulated laser based SMF links.
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Programmable Photonics in Data Centers: Architectures and
Algorithms

Carla Raffaelli
DEI, University of Bologna, Italy

Abstract— The recent evolution of the Internet is characterized by the need to dynamically
share physical resources like storage, computing capacity and networks themselves, thus enabling
modern applications, like social networking, cloud computing, video streaming and others to
efficiently perform their service.
Data centers are emerging as aggregates of increasingly powerful physical facilities which generate
high amount of traffic and consume high power, accordingly. In spite of the continue increase
of peak performance, the allowable power consumption is required to increase at a much slower
rate [1].
As a consequence, data center interconnection design will result one of the most challenging net-
working problem in the next future which can be solved in a massive adoption of new technological
solutions, possibly based on silicon integrated photonics.
On the network service side, the evolving characteristics of content providers call for enhanced
dynamic network reconfiguration capability. Emerging photonic technology can provide intercon-
nection at extremely high rates with enhanced flexibility in spectrum sharing [2]. At the same
time network control and management technologies should be able to exploit this flexibility in
relation to cloud-based application dynamics.
Solutions based on combinations of Network Function Virtualization (NFV) and Software De-
fined Networking (SDN) can achieve the extreme flexibility required to support current and
future development of cloud computing paradigms. Programmable features of emerging photonic
technology can be fruitfully exploited in this context thus defining new roles and chances for
optical interconnection both in capacity exploitation and energy efficiency perspective [3]. In any
case the joint deployment of photonics and SDN to fulfill future dynamic network requirements,
needs algorithms and architectures to harmonize and optimize several functionalities [4], which
are addressed in this presentation.
The application of standard protocols like Open Flow must be studied to map network man-
agement functionalities on programmable photonics. Different approaches can be adopted based
on protocol extensions or on protocol compliance. Architectures and algorithms to support the
management of flexible grid channels are here considered through possible virtualization of pho-
tonic network elements based on emerging SDN protocols. Solutions to optimize the usage of
wavelength channels will be also discussed in terms of procedures and performance.
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Experimental Study of Near-field Radiative Heat Transport

B. Song1, K. Kim1, Y. Ganjeh1, S. Sadat1, W. Lee1, W. Jeong1,
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1Department of Mechanical Engineering, University of Michigan, Ann Arbor 48109, USA
2Departamento de F́ısica Teórica de la Materia Condensada and Condensed Matter Physics Center

(IFIMAC), Universidad Autnoma de Madrid, Madrid 28049, Spain

Abstract— Near-field radiative heat transfer (NFRHT) has attracted considerable attention
recently, with orders-of-magnitude heat transfer enhancement already demonstrated between
bulk materials. Using custom-built experimental platforms we conducted experimental studies
in the sphere-plate configuration and tip-plate configuration to probe NFRHT in the 30 nm–
10micron range and 1 nm–10 nm ranges, respectively. In our sphere-plate study, we systematically
investigated the effect of film thickness on NFRHT. By studying thermal radiation between a hot
silica microsphere and thin silica films of varying thicknesses (50 nm to 3 microns) as a function of
gap size (30 nm to 10 microns), we found substantial enhancements in heat transport properties
due to near-field effects, even for the thinnest films when the gaps size was comparable to the
film thickness [1]. Further, we find that at larger separations (∼1micron), the thicker films show
substantially larger near-field enhancement than thinner films. These results provide first direct
evidence of a distance-dependent penetration depth in thin films. In our experiments leveraging
the tip-plate configuration we sought to understand NFRHT in the extreme near-field regime
(gaps of 1–10 nm) using atomic force microscope (AFM)-based scanning probes with integrated
nanoscale thermocouples, which were coated with dielectrics (SiO2 or SiNx) and metals (Au,
Pt). Our measurements [2] of heat transport between the scanning probes and a flat substrate
coated with dielectrics/metals, performed in an ultra-high vacuum environment, suggest that
heat transport is dramatically enhanced in the near-field. This measured enhancement in heat
flows was found to be in good agreement with computational predictions — thus establishing
the validity of using fluctuational electrodynamics in modeling near-field heat transport even at
single-digit nanometer separations.
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Abstract— Radiative heat transfer between objects at different temperatures is of fundamental
importance in applications such as energy conversion, thermal management, lithography, data
storage, and thermal microscopy [1, 2]. It was predicted long ago that when the separation
between objects is smaller than the thermal wavelength, which is of the order of 10 µm at room
temperature, the radiative heat transfer can be greatly enhanced due to the contribution of
evanescent waves (or photon tunneling) [3]. In recent years, different experimental studies have
confirmed this long-standing theoretical prediction. However, in spite of this progress, there are
still many basic open questions in the context of near-field radiative heat transfer (NFRHT). Thus
for instance, recent experiments exploring the radiative thermal transport in nanometric gaps
have seriously questioned the validity of fluctuational electrodynamics [4], which is presently the
standard theory for the description of NFRHT. In this talk, I will review our recent theoretical
and experiment efforts to shed new light on this fundamental problem. In particular, I will
discuss the following two basic issues. The first one concerns the NFRHT using polar dielectric
thin films. In this case, I will show how fluctuational electrodynamics naturally accounts for
the enhancement of NFRHT reported in very recent experiments, where it has been shown that
polar dielectric films as thin as 50 nm can exhibit NFRHT enhancements comparable to those
of bulk samples when the gaps are smaller than the film thickness [5]. In the second part of
the talk, I will address the issue of radiative heat transfer in the extreme near-field regime when
objects are separated by nanometer-size distances. In particular, I will present a very detailed
comparison of novel NFRHT experiments performed with scanning thermal probes with state-
of-the-art simulations based on the fluctuating-surface-current formulation of the heat transfer
problem [6]. The ensemble of our results clearly show that fluctuational electrodynamics provides
an adequate description of the NFRHT between both metals and dielectrics all the way down to
nanometer-size gaps [7].
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Optical Thermotronics
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Abstract— The control of electric current in solids is at the origin of the modern electronics
which has revolutionized our daily lifes. The concept of diodes, transistors and memories re-
spectively introduced by Braun [1] in 1846, Williams and Kilburn [2] in 1946 and by Bardeen
and Brattain [3] in 1948 are undoubtedly the corner stones of almost all modern systems of in-
formation treatment. Such elementary devices allow for rectifying, switching, modulating and
even amplifying the electric current and allow for storing bits of information. Thermal analogs of
such devices which make possible the control of heat flow are not as widespread today. In 2000s
Baowen Li et al. have proposed thermal counterparts of transistors [4] and memories [5] using
phononic circuits made with interconnected solid segments. However, this technology suffers from
some weakness (slow operating speed, presence of Kapitza resistance which strongly reduced the
magnitude of heat flux) of fundamental nature which intrinsically limit its performances. In this
work we discuss the feasability for a contactless technology [6–8] for the thermal management
based on photonics analogs of classical diodes, transistors and volatile memories.
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Radiative Heat Transfer in 2D Dirac Materials
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CNRS UMR 8626, Bât. 100, Université Paris-Sud, Orsay Cedex 91405, France

Abstract— We compute the radiative heat transfer between two sheets of 2D Dirac materials,
including topological Chern insulators and graphene, within the local optics approximation. We
derive both numerically and analytically the short-distance asymptotics of the near-field heat
transfer in these systems, and show that it scales as the inverse of the distance between the two
sheets. We discuss the limitations to the validity of this scaling law imposed by spatial dispersion
in 2D Dirac materials.
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Probing the Casimir Force with Optical Tweezers
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Abstract— Optical tweezers (OT) are single-beam laser traps for neutral particles, usually ap-
plied to dielectric microspheres immersed in a fluid. The stiffness is proportional to the trapping
beam power, and hence can be tuned to very small values, allowing one to measure femtonewton
forces, once the device is carefully calibrated [1, 2]. In this work, we employ OT to measure
the Casimir (or retarded van der Waals) force between polystyrene beads in a fluid, for dis-
tances between 50 and 500 nanometers. The spherical beads have diameters ranging from 3 to
7micrometers. This configuration is well beyond the validity of the commonly employed [3, 4]
Proximity Force (or Derjaguin) approximation (PFA), thus revealing unprecedented features of
the Casimir interaction. For the comparison with experimental data, we compute the Casimir
force using the scattering approach [5] applied to the spherical geometry [6]. We also present
experimental results for the total force between a mercury microdroplet and a polystyrene bead
immersed in ethanol, with similar distances and diameters.
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Experimental Determination of the Thermal Dependence of the
Casimir Interaction
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Abstract— In this talk we will present recent developments using a rotating engineered sample
made out of Au and Ni sectors buried under a thin Au layer of thickness t. This approach follows
the proposal made by G. Bimonte [1]. The rotating disc is placed in close proximity to either
a Ni or Au covered sapphire sphere, which in turn is glued to a highly sensitive MEMS force
transducer. The thermal noise of the apparatus is ∼3 fN/Hz1/2. Measurements with a sensitivity
of 0.3 fN with integration times of the order of 1000 s have been performed. The collection of
measurements for different configurations, different values of t and measurements with separations
between the sphere and the disc between 200 to 1000 nm allows to distinguish between different
potential explanations for the thermal effect of the Casimir interaction. A Drude model where
thermal fluctuations in the magnetic contribution from Ni is taken into account is excluded. The
plasma model, however, still appears to be consistent with the data.
Systematic effects arising from the experimental implementation, as well as a description of the
sample characterization that was performed will be presented.
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The Role of the Casimir-Polder Potential in the Development of
Atom Chips That Incorporate Quantum Electronic Components
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Abstract— In this talk I will consider the importance of tailoring the Casimir-Polder poten-
tial in order to develop atom chips that use quantum electronic components to control nearby
ultracold atom clouds. In particular, I will consider the potential advantages of using quantum
electronic components to trap, manipulate, and electrically image the ultracold atom clouds.
Conversely, I will also consider how the cold atom clouds can be used to provide functional
imaging of the electronic systems.
I will present calculations which predict that current through quantum electronic components
fabricated within a two-dimensional electron gas (2DEG) in semiconductor heterostructures [1, 2]
can trap ultracold atoms ∼ 200 nm away, with orders of magnitude less spatial and temporal
noise than for metal trapping wires. This noise reduction, combined with low Casimir-Polder
attraction [2], may enable the creation of hybrid atom chip structures, which exploit small changes
in the conductance of quantum electronic devices to control the trapped atoms. For example,
activating a single quantized conductance channel in a quantum point contact can split a Bose-
Einstein (BEC) for atom interferometry [1, 3]. In turn, the BEC offers unique imaging of quantum
devices and transport in heterostructures.
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2ICFO — Institut de Ciènces Fotòniques, 08860 Castelldefels, Barcelona, Spain
3The Center for Nanosciences and Nanotechnology, Tel Aviv University, Israel

4Physics Department, Stanford University, 382 Via Pueblo Mall, Stanford, CA 94305-4060, USA
5Faculty of Physics, University of Bielefeld, Universitätsstr. 25, D-33615 Bielefeld, Germany
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Abstract— Matter-wave interferometry has become an essential tool for precision measure-
ments of physical constants and phenomena like for instance the fine structure constant, and
gravity and its curvature [1, 2]. Modern atom interferometers achieve this feat by making use
of near-resonant light gratings to realize large angle beam splitters [3]. However, these schemes
often necessitate closed optical transitions, which are not available in complex molecules.
Material gratings have the advantage that they are universally applicable, as the diffraction mech-
anism is independent of the particles’ properties. They have been demonstrated for atoms [4],
molecules [5] and clusters [6]. However, they may also imprint substantial van der Waals phase
shifts upon the polarizable particle during the diffraction process. For large masses this attractive
interaction may even prevent the molecules from traversing the grating.
We have addressed this problem by reducing the grating’s width to its ultimate natural limit:
A single sheet of atoms. Single-layer and bilayer graphene, carbon nanoscrolls as well as a1 nm
thin carbonaceous biphenyl membrane are compared with regard to their suitability for diffracting
large organic molecules. The population of different diffraction allows us characterize the electrical
interaction between the polarizable molecules and the nanomasks We observe a minimal van der
Waals interaction for single layer graphene. This paves the way for new quantum experiments
with material gratings.
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Weak Thermal Contact is Not Universal for Work Extraction

H. Wilming, R. Gallego, and J. Eisert
Dahlem Center for Complex Quantum Systems, Freie Universität Berlin, Berlin 14195, Germany

Abstract— The free energy difference limits the amount of work that can be extracted on
average using heat baths of fixed temperature from a system out of thermal equilibrium. This
bound can be saturated by protocols putting the system and a bath into weak thermal contact
(WTC), i.e., bringing the system into a Gibbs state at the bath’s temperature. In this sense, WTC
is universal for work extraction — a notion that can be made precise in a variety of operational
frameworks. In this work, we introduce the study of work-extraction protocols under restrictions
encountered in realistic devices at the nano-scale. We consider limitations on the maximum
energies in the system and on the local structure of many-body Hamiltonians. Remarkably,
we find that WTC then loses its universality. We do so by proving a general bound for the
extractable work in such restricted scenarios. This is used to prove a gap between the work the
can be extracted with WTC and with more general operations. Our work highlights the relevance
of operational frameworks such as those of thermal operations and Gibbs preserving maps, as
they can improve the performance of thermal machines. Furthermore, it provides a unifying
framework of incorporating natural restrictions in quantum thermodynamics.
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Thermodynamics with Superconducting Circuits

B. Huard
Ecole Normale Supérieure, CNRS, Paris, France

Abstract— In this talk, we will discuss an elementary thermal machine able to cool down or
heat up a superconducting quantum bit. We have realized such a machine using superconducting
circuits in two protocols. First, by measurement based feedback, a macroscopic observer acquires
information about the quantum system and reacts on it. Second, by reservoir engineering, the
entropy of the qubit is transferred to a cavity mode and towards a cold reservoir. We will discuss
how these protocols relate to Maxwell demons.
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Semiconductor Nanowires: Emitting and Receiving Nanoantennas

D. R. Abujetas1, R. Paniagua-Domı́nguez1, A. D. van Dam2, G. Grzela2,
J. Gómez Rivas2, and J. A. Sánchez-Gil1

1Instituto de Estructura de la Materia, Consejo Superior de Investigaciones Cient́ıficas (IEM-CSIC)
Serrano 121, 28006 Madrid, Spain

2Center for Nanophotonics, FOM-Institute AMOLF, c/o Philips Research Labs
High-Tech Campus 4, 5656 AE Eindhoven, The Netherlands

Abstract— The shape and dimensions of semiconductor nanowires are responsible for the
strong polarization anisotropy in their emission and absorption. The diameter of nanowires
(comparable to the wavelength of visible light) leads to optical resonances, which can be described
by Mie scattering theory or by coupling to guided modes in a cylindrical geometry. Based on
this behavior, it is also expected a strong angular dependence of the emission and absorption by
individual nanowires. The directional optical response of nanowires is a fundamental property
that depends on the material, geometry and dimensions of the nanostructures and that needs to
be considered in the design of nanowire LEDs and solar cells [1, 2].
In this contribution, we investigate photoluminescence and absorption from finite semiconduc-
tor NWs, theoretically and experimentally (Fourier microscopy) demonstrating their behavior as
efficient optical nanoantennas [3–5]. Directional emission of polarized light is governed by the
material and also by the NW geometry and dimensions, which determine the Fabry-Perot-like
guided/leaky mode resonances [3]. We have indeed developed a simple model based on 1D line
currents induced by leaky/guide modes that fully describes the physical mechanisms underlying
nanowire photoluminescence [4]. Conversely, light absorption at finite semiconductor NWs has
been also addressed, showing that, apart from the expected impact on absorption of Mie res-
onances at normal incidence, leaky/guided modes play a relevant role at grazing incidence [5].
Our results demonstrate that semiconductor nanowires can be described as linear nanoantennas
which can efficiently emit and absorb electromagnetic radiation in defined directions, shedding
light onto the nano-optics underlying NW photon sources and photodetectors.
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Plasmonic Core-shell Nanoparticles Boosting the Power Conversion
Efficiency of Dye-sensitized Solar Cells

Dang Yuan Lei1, 2

1Department of Applied Physics, the Hong Kong Polytechnic University, Hong Kong, China
2Shenzhen Research Institute, the Hong Kong Polytechnic University, Shenzhen, China

Abstract— Plasmonics has been widely demonstrated to be an efficient means to improve
the power conversion efficiency of dye-sensitized solar cells (DSSCs). The proposed enhance-
ment mechanisms mainly include nanoparticle scattering-induced increased light absorption path,
plasmonic near-field-enhanced absorption of both semiconductors and dyes, and transfer of plas-
monic hot electrons from metals to semiconductors at the metal-semiconductor Schottky junction.
However, a decreased efficiency has also been observed in other studies with inclusion of metal
nanoparticles, and attributed to the reduced surface area of the underlying semiconductor in
direct contact with the absorbing dyes, Forster-type energy transfer from the semiconductor or
from the dyes to the metallic nanoparticles, and the electron trapping at the metal surface.
These controversial results have made plasmon-enhanced DSSCs an open study. To clarify these
disagreements, we will present a systematic study on the plasmonic effects in the power conver-
sion efficiency of DSSCs by using metallic core-dielectric shell nanoparticles with adjustable shell
thickness. This is because the respective contribution from each of the aforementioned mecha-
nisms strongly depends on the distance between the metal nanoparticle and the semiconductor.
For example, since the plasmonic near-field amplitude exponentially decays from the nanopar-
ticle surface, it is expected that the plasmon-enhanced absorption of both semiconductors and
dyes will decrease with increasing the dielectric shell thickness. On the other hand, the dielectric
shell on the metal nanoparticle can also rule out the possibility of electron trapping at the metal
surface, thus clarifying the negative contribution by inclusion of metal nanoparticles in DSSCs.
Specifically, we will investigate the power conversion efficiency as a function of the shell thickness
varying from 0 to 20 nm, aiming at providing a complete scenario of the contribution channels
and their respective dominant ranges.
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Theoretical Description of Novel Applications of Nano-plasmonics in
Super-resolution Microscopy

Y. Sivan
Unit of Electro-optics Engineering, Ben-Gurion University, Israel

Abstract— We study various applications of metal nanoparticles and metal patterned surfaces
in microscopy, including super-resolution techniques in live-cell imaging as well as in inorganic
systems.
The field of nanoplasmonics has attracted a lot of interest over the last few decades due to a wide
variety of applications in many fields. Here we focus on the theoretical description of various
novel applications of metal nanoparticles in super-resolution microscopy, including Stimulated
emission depletion (STED) microscopy and saturated excitation (SAX) microscopy. We show
the importance of a detailed account of the temporal and temperature dependence of the optical
and thermodynamic properties of the medium in order to interpret correctly the images; in
live-cell imaging, this is also necessary in order to avoid damage to the cells.
We further discuss the relevance of these considerations to photothermal imaging, where the
generated heat modifies the optical properties of the medium, hence, is detectable with a variety
of interferometric techniques and the extension of these ideas to 2D imaging, namely, to imaging
in a close proximity to a metal patterned surface, a configuration which is very popular among
bio-chemists and cell biologists. This is done partially in order to allow for effective removal of the
generated heat in the metal. We describe the challenges on the way to achieve super-resolution
in these two configurations.
Finally, we establish links to the novel application of refractory (high temperature) plasmonics.
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Optical and Electrical Design of Novel Photodetectors Based on
Hot-electron Collection

Yaohui Zhan, Xiaofeng Li, Shaolong Wu, and Kai Wu
School of Optoelectronic Information Science and Engineering, Soochow University, China

Abstract— Conventional photodetectors are mostly propelled by p-n junctions, where the de-
tection wavelength is constrained by the band-gap width. Here we present some novel designs
on metal/insulator/metal, which shows strong detection tunability without such a material con-
straint. The proposed hot-electron devices exhibits superior optical and electrical advantages,
i.e., optically the proposed design leads to a strong asymmetrical photoabsorption and results in
a high unidirectional photocurrent, as desired by the hot-electron collection; electrically the hot-
electrons are generated in the region very close to the barrier, facilitating the electrical transport.
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Plasmonic Properties of Ion-shaped Nanoparticles

Giancarlo Rizza
Laboratoire des Solides Irradiés (LSI) , Ecole Polytechnique

UMR 7642 CEA/DSM/IRAMIS, CNRS, Palaiseau Cedex 91128, France

Abstract— In the last years, ion-shaping technique has been proposed as an innovative and
powerful tool to sculpt the matter at the nanometer scale [1–3]. Its importance relays in its unique
capability to control both the morphology and the spatial orientation of metallic nanoparticles
embedded within an amorphous host matrix. For example, spherical nanoparticles embedded
within a dielectric matrix can be shaped into a nanowires along the ion-beam, Fig. 1(a). However,
more complex shapes can also be obtained, e.g., a solid sphere with two arms. or onion-like NPs
(prolate hollow NPs and prolate silica@metal nanoshell), Fig. 1(b). Consequently, ion-shaping
technique can be seen as a novel route for downscaling the engineering of embedded NPs with a
precision that is barely reachable with standard techniques, Fig. 1(c).
In the first part of this talk the fabrication of a model system and the potentialities offered by
the ion-shaping technique will be reviewed. In particular, a model system is composed of nearly
monodisperse metallic nanoparticles (NPs) (8–100 nm) confined between two silica. We show that
the ion-shaping is not limited to the transformation into prolate nanorods and/or nanowires, but
that depending on the initial size of the NPs, several new classes of ion-shaped NPs can also be
obtained: i) facetted-like NPs, ii) nanowires growing from a facetted core or iii) chromosome-like
NPs. In parallel, the evolution of the temperature profile within the nanoparticle is simulated by
implementing the thermal-spike model for three-dimensional anisotropic and composite media [4].
In this way, a clear correlation is found between the fraction of the nanoparticle that is molten
(vaporized) and the deformation path followed by the nanoparticles during the irradiation. This
allows the construction of a size-vs-shape diagram relating the initial nanoparticle size to its final
morphology. This diagram is used to give a rational description of the ion-beam shaping process
for all the nanoparticle dimensions [5].
Besides the fundamental aspects related to the ion-matter interaction, ion-shaping can also be
used to give new insights into the plasmonic properties of metallic nanorods and nanowires.
Here, Electron Energy Loss Spectroscopy (EELS) is used to study Localized Surface Plasmon
Resonances (LPSR) in ion-shaped metallic nanoparticles with a nanometer-scale spatial resolu-
tion [6]. LSPR are generated through electron excitation is a Scanning Transmission Electron
Microscope (STEM), equipped with a High Angle Annular Dark Field (HAADF) detector. As
the NPs are continuously deformed under irradiation, we investigate the LPSRs dependance on

(a)

(b) (c)

Figure 1: (a) irradiation-induced ion-shaping of Au NPs embedded within a SiO2 matrix. (b) Relationship
between initial NP size and final morphology. (c) Ion-shaped plasmonic crystals.
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both the geometry and aspect ratio of the nanostructure. Finally, optical spectra are simulated
using a specifically developed Auxiliary Differential Equations-Finite Difference Time Domain
(ADE-FTDT) code [7], whereas EELS spectra and maps are simulated using the MNPBEM
toolbox [8].
This work demonstrates the possibility to use ion irradiation as tool for the controllable fabrication
of a whole family of plasmonic nanostructures with topologically tunable optical properties.
These ion-beam shaped composite media have potential applications spanning from plasmonic
photovoltaics, to bio-sensing, SERS and SEIRA spectroscopies.
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Magnetic Field Modification of Optical Magnetic Dipoles

G. Armelles, B. Caballero, A. Cebollada, A. Garcia-Martin, and D. Meneses-Rodŕıguez
IMM — Instituto de Microelectrónica de Madrid (CNM-CSIC)

Isaac Newton 8, PTM, Tres Cantos, Madrid E-28760, Spain

Abstract— Exploring and acting on the magnetic component of the electromagnetic field (op-
tical magnetic field) in plasmonic nanostructures and metamaterials allows extending the control
of light matter interaction, not only via the excitation of electric dipoles, but also through mag-
netic dipoles [1]. Many of the systems considered to study these effects make use of Babinet’s
principle, which deals with the complementarity of the optical response of structurally comple-
mentary systems. An archetype of complementary systems is that which relates metallic disks
(electric dipole) with holes (magnetic dipole) in a metallic film [2, 3].
Here we demonstrate magnetic field modulation of the magnetic dipolar moment characteristic
of resonant nanoholes in a thin metallic magnetoplasmonic film [4]. This effect is due to the
magnetic field action on the electric currents induced around the hole and responsible for the
existence of the magnetic dipole. This is experimentally shown by determining the contribution
of holes to the Magneto Optical activity of a perforated magnetoplasmonic film, and comparing
it with its Babinet inverted system: the contribution of disks to the MO activity of a layer of
magnetoplasmonic disks on a substrate. Both, holes and disks, have mirror imaged MO spectral
dependencies. This complementarity of the MO activity in structurally complementary systems
may be considered as the equivalent to Babinet’s principle in magnetooptics and proofs magnetic
field effects on optical magnetic dipoles in the visible.
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Engineering of Single Nanowires for Broadband and Efficient
Optical Absorption and Photoconversion

Zhenhai Yang1, 2, Aixue Shang1, 2, Shaolong Wu1, 2,
Yaohui Zhan1, 2, Dang Yuan Lei3, 4, and Xiaofeng Li1, 2
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Abstract— Single semiconductor nanowires enable a diverse range of applications in sensing,
photodetection, and photovoltaics. Such devices allow versatile designs on the cross-sectional
configuration for controlling and optimizing the optical and electrical response. Although an-
tenna effect is present in these devices, contributing improved absorption, a convincingly high
absorption in a broad spectral band has seldom been realized.
We performed a series of numerical studies on properly design of the cross-sectional morphology
for the photovoltaic single nanowires, with considering both optical absorption as well as the
detailed carrier transport in the compact cells. Circular, square and crescent-deformed single
nanowires are studied by examining the absorption spectra, internal cavity resonances, external
quantum efficiency, current-voltage characteristics, etc., enabling a complete performance eval-
uation on the the designed single nanowire solar cells. For example, our study shows that the
photocurrent density of the crescent-deformed single-nanowire solar cell can be improved by over
45%; under assistance of a metallic back reflector the photocurrent enhancement ratio can be
up to 66.2% without taking into account the material reduction. We have also performed an
extensive electrical investigation on the electrical optimization of single-nanowire solar cells.
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Nanomolecular Mechanisms for Enhancing Light Capture in Silicon

Tom Markvart1, Nick Alderman1, 2, Lefteris Danos3, Liping Fang1, and Thomas Parel1

1Solar Energy Laboratory, University of Southampton, Highfield, Southampton SO17 1BJ, UK
2Department of Chemistry, University of Ottawa, Ontario, Canada
3Department of Chemistry, University of Lancaster, Lancaster, UK

Abstract— Efficient capture of sunlight remains one of the great challenges to photovoltaics
today. This is particularly so for the dominant photovoltaic material — crystalline silicon —
which, as an indirect gap semiconductor, needs several hundred micrometers thickness for efficient
operation. This paper will review the principal concepts that are currently being considered to
enhance light capture by the solar cell. We shall, in particular, compare and contrast two main
lines of thought that underpin the current status of the field. The first, based on thermodynamics,
makes use of light trapping where photon path within a structure is extended by virtue of a
stochastic photons distribution inside a dielectric/weakly absorbing semiconductor. The second
approach rests on the use of sub-wavelength or nano-scale structures which allow the possibility
of electromagnetic energy injection into very thin semiconductor layers, by direct interaction with
the trapped modes or via the near field of an intermediate dipole absorber or scatterer.
The use of light trapping to enhance current generation in silicon solar cells can be traced to the
COMSAT “black cell” in the 1970’s, with a surface texture in the form of etched pyramids [1].
A theoretical explanation which gives the limit to light trapping in thermodynamic terms soon
followed [2] but the origins of the fundamental ideas are much older, and date back to Planck’s
celebrated papers that marked the beginning of the quantum theory [3]. This approach has more
recently been revisited and combined with the frequency management of light, more usually
encountered in the so-called fluorescent concentrators/collectors [4, 5]. If combined with simple
photonics this thermodynamic “squeezing” of light can produce devices which can concentrate
diffuse light and operate with photon collection efficiency in excess of 90%. A similar structure
(the “photonic bandgap solar cell”) can be optimised for light trapping, and the resulting en-
ergy conversion efficiency can match (or even slightly exceed) the efficiency of an ideal (thick)
crystalline silicon solar cell.
We shall then take a look at photon management at the “nanoscale”. Particular attention will be
paid to two principal mechanisms for the generation of electron-hole pairs in a very thin layer of
weakly-absorbing semiconductor such as silicon, via the excitation of molecules near the surface:

(i) Photon tunnelling between an excited molecular state and the trapped modes inside the
semiconductor layer, mediated by the evanescent field;

(ii) Interaction between the near field of the molecular dipole and the transition dipole moment
of the electron transition between the valence and conduction band of the semiconductor.
Similar to Förster’s resonance dipole interaction between molecules [6], this mechanism
parallels the energy collection by light harvesting in the photosynthetic unit [7–9].
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Research and Design of Photonic Devices Based on Optical Tamm
Plasmon

Wei-Li Zhang, Fen Wang, and Yun-Jiang Rao
Key Laboratory of Optical Fiber Sensing & Communications (Education Ministry of China)

University of Electronic Science & Technology of China, China

Abstract— As a special type of surface plasmon (SP), optical Tamm plasmon (OTP) can be
excited directly by TE or TM polarized light without any additional operations, even at the status
of normal incidence. Usually, OTP can be observed at the interface of metal and distributed Bragg
reflector (DBR), showing stronger light-trapping ability than SP. Taking advantages of all these
characteristics, many photonic devices based on OTP have been reported, such as optical switch,
laser, and perfect absorber, which opens a new way for the realization of all-optical integrated
photonic circuits.
Firstly, an all-optical bistable switching is proposed through sandwiching a Kerr medium in the
metal-DBR structure. We realize the clockwise (anticlockwise) bistability by varying the intensity
(angle) of the external optical injection. This structure is also proved to be polarization sensitive,
showing lower switching threshold in TM-polarized injection than TE.
Based on the above bistable structure, we add an additional DBR in the metal side and realized
low-threshold all-optical bistable logic control. Control (i.e., pump) and controlled (i.e., probe)
light are chosen near two OTP, respectively. Intensity and injection angle of pump light can
induce bistable effect with low threshold because of the enhanced Kerr nonlinearity. Meanwhile,
the probe changes correspondingly with the pump.
Besides the above-mentioned applications, optical sensing using OTP is also supposed to be a
promising way to enhance sensing performance. We use a high-refractive-index-contrast optical
Tamm plasmon (OTP) structure, i.e., an air/dielectric alternate-layered DBR coated with metal.
In the reflection spectrum of the structure, a dip related to the formation of OTP appears.
Wavelength and reflectivity of this dip are sensitive to variation of ambient refractive index. Thus
refractive index sensing can be achieved by wavelength or intensity interrogation. In addition,
metal thickness, injection angle and polarization can be adjusted according to the detailed sensing
requirement.



158 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Proximity Effect Assisted Absorption Enhancement in Thin Film
with Locally Clustered Nanoholes

Shaolong Wu, Xiaofeng Li, Yaohui Zhan, and Cheng Zhang
College of Physics, Optoelectronics and Energy & Collaborative Innovation Center of Suzhou Nano Science

and Technology, Soochow University, Suzhou 215006, China

Abstract— Periodically structuring the photoactive material in micro/nano-scale has been ex-
tensively employed for high-efficiency light harvesting; however, the clustering effect is usually
encountered in fabrication process and thus believed to be harmful. This study indicates that the
controlled clustering effect can be useful for substantially improving the light-trapping character-
istics of a thin film. For a 100-nm-thick amorphous silicon film, the optimal nanohole-clustering
design is able to double the integrated optical absorption over solar spectrum, compared to
the planar counterpart, as well as shows much improved optical performance than that of the
unclustered setup. The behind physical reasons are intensively explored/discussed in terms of
mode analysis, dispersion relation, power and electric profiles. As a conclusion, the improved
and wide-angle light-trapping capability of NH-clustered thin film relative to the periodic coun-
terpart is ascribed to a combination of more available modes, higher input coupling efficiency,
and higher density of photon states. We believe that the information contained would attract a
wide interest in nanotechnology and solar energy utilizations (e.g., photovoltaic and photocat-
alytic devices) since it enables efficient photo-conversion devices based on semiconductors with
low optical-absorption coefficients and short minority-carrier diffusion lengths.
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Optical Resonance Analysis in Dielectric-film Supporting Metallic
Gratings and the Infrared Perfect Optical Absorption Design

Zhiqiang Guan and Hongxing Xu
Center for Nanoscience and Nanotechnology, School of Physics and Technology

Wuhan University, Wuhan 430072, China

Abstract— Optical responses of dielectric-film supporting metallic grating structures are ana-
lyzed by coupled-mode analysis within single-mode approximation. Two kinds of resonances are
found in the optical spectra. One is reflection deep which is also well known as extraordinary
optical transmission (EOT). The other resonance is transmission null which is a new resonance
and is introduced by the dielectric film. The two resonance conditions are analyzed by multi-
ple interface scattering coefficients and their direct relation with two different phase matching
conditions are revealed. The waveguide modes in dielectric films, surface plasmon polaritons on
interfaces, and metal slit Fabry-Parot modes are shown to contribute to these resonances, as seen
from the dispersion plots and electromagnetic field distributions. By simultaneously satisfying
reflection deep and transmission null, perfect optical absorption (POA) in infrared wavelength
is predicted. The POA devices show a wide range tunable POA wavelength together with very
high quality factors. Benefit from phase matching analysis, three simple analytical formulas are
derived for POA device design. A practical device fabrication scheme is also proposed. Thus our
findings will find important applications for enhanced light-matter interactions, such as nonlinear
optics, optical cavities and optoelectronics.
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Polariton Condensates in Complex Potential Landscapes

C. Schneider1, K. Winkler1, A. Schade1, R. Dall2, M. Amthor1,
E. A. Ostrovskaya2, M. Kamp1, and S. Höfling1, 3

1Technische Physik, University of Würzburg, 97074 Würzburg, Germany
2Nonlinear Physics Centre and AMPL, Research School of Physics and Engineering

The Australian National University, Canberra, ACT 0200, Australia
3SUPA, School of Physics and Astronomy, University of St. Andrews, St. Andrews KY16 9SS, UK

Abstract— Exciton polaritons are an ideal system to study collective behavior of macroscopic
coherent quantum states in a solid state environment as they facilitate condensation into a sin-
gle energy state at rather high temperatures, even under non-equilibrium conditions [1]. The
properties of polaritons can be engineered by manipulating either the excitonic or photonic part
of the composite particles. Nanotechnology allows defining potentials which can be arranged in
almost arbitrary landscapes. This triggered the effort to engineer polaritonic integrated circuits
by tailoring their flow on a chip, and furthermore makes polaritons promising candidates for
solid state quantum emulation [2]. An ideal trapping technique for the implementation of polari-
ton quantum emulation architectures should combine the following features: (i) deep and tunable
confinement on a single site; (ii) controllable inter-site coupling; (iii) surface recombination effects
from etching the active medium should be fully avoided.
Deep and flexible confinement of polaritons has been demonstrated in locally elongated micro-
cavity structures [3, 4], however the technological difficulties have prevented the observation of
polariton condensation phenomena under non-resonant pumping in such devices.
Here, we exploit this technology that enables deep tunable trapping in any 2D geometry without
compromising any of the favorable polariton characteristics. Attractive polariton potentials are
generated by local elongations of the microcavity that can be defined by standard lithography
(Fig. 1(a)). The optical confinement in such buried traps indeed can exceed several meVs,
facilitating strong localization of polaritons in single sites. We observe condensation of polaritons
in such mesas, study the directed flow of polaritons into such traps and furthermore demonstrate
the successful formation of polariton bands separated by well-defined energy gaps in a square
lattice geometry (Fig. 1(b)). Under high power injection, we observe the formation of a polariton
condensate in the energy gap at the M-Point of the Brillouin zone, which indicates the existence
of a localized gap state.

(b)(a)

Figure 1: (a) Layer sequence of our polariton lattice. Confinement is accomplished by the locally elongated
cavity. (b) Polariton band structure in the square lattice (experiment and theory).
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Light-matter Interaction of a Many-body System in Solid State:
Resonance Fluorescence of the Two Dimensional Electron Gas

Nathan Shammah and Simone de Liberato
School of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, UK

Abstract— In 1969 Mollow predicted that when a two level quantum system is strongly pumped
near its resonance, it reemits light not only at the resonance frequency but also at two satellite
frequencies. The prediction of this nonlinear phenomenon is a major result of quantum optics
theory. Part of its beauty resides in the fact that it could be tested in very different solid-state
systems that fit into the two-level-system and dipole-interaction approximation.
From this premise, we extend the description of resonance fluorescence to a solid-state system in
which the electron gas is confined in two dimensions. This system can be implemented in a doped
semiconductor quantum well, in which the electronic excitations are intersubband transitions.
This is an attractive system for the generation of terahertz radiation, which currently poses a
technological challenge. As transitions occur between parallel subbands, their bare absorption
line is very thin (down to a few meV). When the system is strongly pumped, each electron cycles
between the two subbands, similarly to what occurs in a collection of independent two level
systems. For this reason driven intersubband transitions have been described in terms of dressed
states of artificial atoms in solid state.
We show that this picture, while useful to describe the collective Rabi oscillations, is broken when
the system couples with the free electromagnetic field. The unbound nature of intersubband
transitions allows processes between different electron states. We develop a general many-body
theory that can be used to describe the resonance fluorescence of this and similar systems. Due
to the many-body nature of this system, several interaction processes must be accounted for,
notably also electron interference effects that lead to the enhancement of the central peak of
photon emission. This mechanism is controlled by the coherence of the two-dimensional electron
gas, as explored analytically and numerically. This mechanism thus hints at the intriguing
possibilities of mapping the coherence of the two-dimensional electron gas onto photon emission
profile. Constraints on the characteristics of a suitable realization in solid state will be discussed.

Figure 1: Energy levels and transitions leading to the Mollow triplet explained in terms of dressed states.
In this system many-body effects lead to a different fluorescence profile.

REFERENCES

1. Mollow, B. R., Phys. Rev., Vol. 188, 1969, 1969.
2. Xu, X., et al., Science, Vol. 317, 198, 2007.
3. De Liberato, S. and C. Ciuti, Phys. Rev. Lett., Vol. 110, 133603, 2013.
4. Shammah, N., S. De Liberato, and C. C. Phillips, Phys. Rev. B, Vol. 89, 235309, 2014.
5. He, Y., et al., Phys. Rev. Lett., Vol. 114, 097402, 2015.



164 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Probing Emitter-cavity Dressed States through Environmental
Transitions

Ahsan Nazir
School of Physics & Astronomy, Photon Science Institute

The University of Manchester, Alan Turing Building, Oxford Road, Manchester M13 9PL, UK

Abstract— In this talk I shall show that emitter-cavity dressed states may be probed through
interactions with a thermal environment in solid-state cavity QED systems. This is true even in
regimes that can be described semiclassically in the absence of such an environment, for example
when the emitter-cavity coupling strength is dominated by cavity losses. For this experimentally
relevant case, I shall outline how bath-induced dressed state transitions lead to asymmetries in
the cavity emission properties, which are absent otherwise. This behaviour is attributed to the
quantum nature of the environment and its resulting sensitivity to the joint eigenstructure of
the cavity and emitter. This heralds a failure of the semiclassical approach, and challenges the
notion that coupling to a thermal bath supports a more classical description of the system. Bath-
induced asymmetries also persist over wider regions of parameter space, including the Fano and
quantum strong coupling regimes.
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Two-color Second-order Correlations and Pulsed Resonance
Fluorescence Spectrum of the Light Scattered by a Quantum Dot

K. Konthasinghe, M. Peiris, B. Petrak, and A. Muller
University of South Florida, Tampa, FL, USA

Abstract— The theoretical prediction and experimental measurement of the spectrum of the
light resonantly scattered by a two-level atom remains one of the major achievements in quantum
optics. Under monochromatic excitation, the resonance fluorescence spectrum evolves from a
sharply peaked line (coherently scattered light) into the characteristic Mollow triplet (incoherently
scattered light) as the magnitude of the external field is increased [1]. Today, this evolution is also
well-documented in other two-level quantum systems, such as quantum dots (QDs). Within the
monolithic support of a semiconductor chip, a resonantly driven two-level QD may be used for
emerging applications in quantum information science, for example as a source of single photons
with tailored properties. However, despite much progress in recent years in this direction, the
conventional approach to investigating this system still typically resorts to ordinary first or second
order correlations of light scattered under monochromatic excitation.
Here we report recent measurements that go beyond basic photon correlation spectroscopy of a
quantum dot under monochromatic laser excitation. First, we report the measurement of the
resonance fluorescence spectrum under pulsed excitation. Although one might expect pulsed
excitation to simply give rise to a broadened version of the Mollow triplet, our measurements
reveal a rich spectrum with a shape strongly dependent upon the laser pulse width and laser
intensity. Secondary sidebands emerge as the light-matter interaction evolves beyond saturation,
i.e., when the Rabi frequency exceeds the decoherence rate. At the same time, pulsed-area
dependent Rabi oscillations develop, with a different evolution for coherently and incoherently
scattered light [2]. Second, we describe experiments in which the light scattered by the QD
under resonant excitation is being spectrally filtered. Using tunable spectral filters in front of
the detectors of a Hanbury-Brown-Twiss type arrangement provides access to a color-resolved
two-photon spectroscopy of the scattered light. By scanning the filter frequencies and recording
the detector coincidence rate, a two-photon spectrum (TPS) — recently introduced theoretically
by del Valle et al. [3] — can be reconstructed experimentally for the first time. The TPS captures
previously obscured features of the cascaded emission involved in the scattering process, such
as “leapfrog” transitions proceeding via virtual intermediate states. Our measurements further
reveal that the underlying correlated photon pair-emission violates classical inequalities such as
the Cauchy-Schwartz criterium [4].
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Decoherence of Semiconductor Quantum Dots Coupled to Micro
and Nanocavities

Jesper Mork, Dara McCutcheon, Anders Nysteen, and Niels Gregersen
DTU Fotonik, Department of Photonics Engineering

Technical University of Denmark, Kgs. Lyngby DK-2800, Denmark

Abstract— A semiconductor quantum dot embedded in a micropillar or photonic crystal cav-
ity is a promising system for realizing solid-state sources that emit on-demand indistinguishable
single-photons. Such sources are considered important for the development of quantum comput-
ers. However, phonons in the solid-state environment perturb the quantum dot energy levels,
leading to decoherence and jeopardizing the indistinguishability of subsequently emitted photons.
In the talk we will discuss how the characteristic parameters characterizing the coupled system,
like cavity quality factor and cavity-dot coupling strength, affect the rate of decoherence and
the indistinguishability. It turns out that differences between phonon emission and phonon ab-
sorption probabilities lead to a “coloured” reservoir, where non-Markovian effects are important.
Thus, simple approaches, where the dephasing is described by the common Lindblad-approach,
fail in predicting how the indistinguishability depends on the characteristic parameters of the
coupled system. Possibilities for reducing the rate of decoherence will be discussed.
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Nanophotonic Design for Bright Single-photon Sources Based on
Single Quantum Dots
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Abstract— Nanophotonic design can be effectively employed to engineer the radiative proper-
ties of single solid-state quantum emitters, allowing significant modification of the spontaneous
emission rate, as well as spatial emission patterns. Such characteristics can be harnessed to create
a variety of important devices for photonic quantum information, ranging from strongly coupled
cavity quantum-electrodynamic systems to bright single-photon sources, with optimized efficiency
and performance. In particular, single photon source brightness is crucial in many proposed ap-
plications, and for that single InAs quantum dots (QDs) grown epitaxially in GaAs constitute a
particularly promising technology: the short QD radiative lifetimes and narrow linewidths allow
for bright and pure emission, and the availability of mature device fabrication technology allows
the creation of scalable nanophotonic structures with maximized efficiency.
Here, we describe design and performance of bright single-photon sources based on individual
epitaxially grown InAs quantum dots embedded in GaAs-based nanophotonic geometries which
can be produced via standard III-V fabrication processes. Two different types of geometries will
be covered (Fig. 1), predicted and verified to provide a moderate enhancement of spontaneous
emission rate and allow spectrally broad and efficient single-photon extraction and coupling
respectively into free-space or guided collection optics. Our design process involves extensive use
of finite-difference time domain and frequency-domain finite element-based simulations and allows
optimization and assessment of Purcell enhancement factor, mode volume, and, importantly, the
efficiency with which the emitted radiation can be funnelled into collection optics. The importance
of dipole location within the nanophotonic structure will be illustrated. Lastly, the potential for
the incorporation of nanophotonic structures with embedded single quantum dots within hybrid,
III-V/silicon photonic circuits will also be discussed.

(a) (b)

Figure 1: Nanophotonic geometries for high-brightness single-photon sources: (a) ‘bullseye’ cavity; (b) di-
rectional coupler formed between suspended nanowaveguide and tapered optical fiber waveguide.
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Abstract— Epitaxially-grown InAs/GaAs quantum dots are promising semiconductor quantum
emitters for a variety of photonic quantum information processing applications. Their usefulness
for applications such as single-photon sources is significantly increased when they are embedded in
a controlled photonic environment that enables, for example, strong radiative rate enhancement
(the Purcell effect) and near-unity collection into a desirable optical channel, such as a single
mode optical fiber. However, the self-assembly process by which InAs/GaAs quantum dots are
commonly grown results in an essentially random spatial distribution of quantum dots within
the plane of the wafer, presenting a challenge in the creation of such high performance quantum
nanophotonic devices. In particular, the desired photonic environments are often creating using
nanophotonic geometries in which confined optical fields significantly vary over length scales
of ≈ 100 nm. Therefore, optimally performing geometries will often require knowledge of the
quantum dot location prior to device fabrication.
Here, we present one approach to quantum dot location, utilizing a novel two-color photolumines-
cence imaging technique. We locate single InAs/GaAs quantum dots with respect to alignment
features with an average (minimum) positioning uncertainty of < 30 nm (< 10 nm). We combine
this position data with spectroscopic information provided by the same microscopy setup and
use calibrated device fabrication processes to create quantum-dot single-photon sources based on
optimally located quantum dots. These sources are simultaneously bright (collection efficiency as
high as 48.5% ±5% into a 0.4 numerical aperture lens), pure (multiphoton probability < 1% at
the highest collection efficiency), and Purcell-enhanced (≈ 3× Purcell factor). We will conclude
our presentation by discussing new developments on the positioning technique and its application
to various device geometries.
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Advances in Quantum Dot Cavity Quantum Electrodynamics Using
Photonic Crystal Structures
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Abstract— Photonic crystal (PhC) structures embedding semiconductor quantum dots (QDs)
form a fascinating platform for investigating solid-state cavity quantum electrodynamics (CQED)
and its applications. Various CQED phenomena including vacuum Rabi splitting, Purcell en-
hancement of spontaneous emission rate, single photon tunneling and so on, have been observed
in PhC nanocavities coupled with a single QD. However, some interesting aspects, which could
deepen our understanding and be applicable to various nanophtonic devices, has not been re-
vealed yet. QD-PhC coupled systems with higher quality and novel techniques/structures enable
to tackle such unexplored physics in QD-CQED systems.
In this presentation, we will discuss our resent experimental progresses on QD-CQED systems
with PhC structures. We first discuss the figure of merit of QD-CQED systems, g/κ, where g
is the QDcavity coupling strength and κ is the cavity decay rate. Using a high-Q H0-type PhC
nancavity, we achieved the largest g/κ ever reported in QD-CQED systems. This is an important
step for diving into deeper strong coupling regime, where more quantum characteristics of the
systems are available. We will also report a novel spectroscopic study measuring the direct
spontaneous emission form a QD strongly coupled with a PhC nanocavity.
In addition to PhC nanocavities, engineered electromagnetic vacuum field in defectless PhCs
provides another tool to tailor the light emission properties of QDs in the structures. In the
presentation, we will briefly touch the possibility to enhance the circularly polarized light emission
from QDs due to the increased density of states of circularly polarized photons in chiral 3D PhCs.
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Engineering Collective Quantum Effects with Solid-state
Nanostructures in Cavities

E. M. Gauger
Institute of Photonics and Quantum Sciences, Heriot-Watt University, UK

Abstract— Placing multiple optically active quantum systems in a common light field can give
rise to profound non-classical phenomena. A signature example of such an effect is superradi-
ance, where constructive interference leads to a pulse of light that is being emitted faster and
more intense than is possible classically [1]. Combining this well-studied many-body effect with
advances in cavity QED, super- (and subradiant) behaviour has recently been observed for pairs
of superconducting qubits [2], atoms [3], and ions [4] interacting with a common cavity mode.
In this theoretical presentation, we will consider systems comprising several quantum nanostruc-
tures, which are not only collectively coupled to a structured electromagnetic environment, but
which in addition also experience mutual pairwise interactions as well as the influence of their
condensed matter host environment. Their mutual interactions may be — but do not need to
be — naturally present (e.g., mediated by the vacuum light field or a common cavity mode), or
they could be engineered in a different fashion.
Traditionally considered detrimental, we will show that when harnessed in the right way, these
additional interactions become an asset for unlocking light absorption beyond what is possible
classically. Suitably engineered systems can support one or more of several distinct effects con-
tributing to enhanced photon absorption efficiencies: inverting superradiance, breaking detailed
balance, und optical ratcheting. Potential practical applications of these effects include improved
photon detectors [5] and light harvesting devices [6].
Interestingly — and unlike for observing superradiance — for these purposes, small numbers of
quantum absorbers may be sufficient or even advantageous. Since the required levels of control
over the geometrical arrangement of the nanostructures and their dissipative processes are within
the current state-of-the-art, near future experimental verification of these effects may be possible.
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Whispering-gallery-mode Optical Resonators around an Exceptional
Point

B. Peng1, Ş. K. Özdemir1, S. Rotter2, H. Yilmaz1, M. Liertzer2,
F. Monifi1, C. M. Bender3, F. Nori4, 5, and L. Yang1
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4Center for Emergent Matter Science, RIKEN, Wako-shi, Saitama 351-0198, Japan

5Physics Department, University of Michigan, Ann Arbor, Michigan 48109-1040, USA

Abstract— I will report our experiments on unconventional control of light flow in high-quality
whisperinggallery-mode (WGM) resonators around an exceptional point (EP), which is charac-
terized by the coalescence of the eigenvalues and eigenstates of a system. The presence of an
EP affects the system significantly, leading to nontrivial physics with interesting counterintuitive
features. In the experiment, we show that when the resonator system is operated in the vicinity
of an EP, the effect of loss could be reversed. Specifically, we demonstrate that the lasing power
increases with increasing the loss introduced to the system.
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Wave Propagation in the Presence of Parity-Time Symmetry:
Examples from Integrated Optics and Electronics

T. Kottos
Department of Physics, Wesleyan University, CT-06457, USA

Abstract— In recent years, research have focused their efforts in manipulating absorption, and
via a judicious design that involves the combination of delicately balanced amplification and ab-
sorption mechanisms, to achieve new classes of synthetic structures with altogether new physical
behavior and novel functionality. This idea can potentially have a vast range of applicability
to wave systems, ranging from optical structured materials, to electronics and antenna arrays.
In fact, optical and electronic synthetic structures, which incorporate gain and loss mechanisms
such that they are invariant under space-time reflection, have been reported over the last years,
showing intriguing functionality. These systems are currently known as Parity-Time symmetric
systems.
In this talk we will review our recent efforts on PT-symmetric wave propagation. Using integrated
photonics and electronics as a playfields we show how one can construct new circuitry designs
that allow for asymmetric wave transport due to interplay of the novel properties of PT-symmetry
and non-linearity or gyrotropic elements. Finally we will demonstrate a non-reciprocal dynamics
occurring in a new type of PT-symmetric lattices that emerges in the presence of periodic driving.
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Constant-intensity Waves in Non-hermitian Optical Systems

K. G. Makris1, 2, Z. H. Musslimani3, A. Brandstötter1,
P. Ambichl1, D. N. Christodoulides4, and S. Rotter1

1Vienna University of Technology (TU Wien), Vienna A-1040, Austria
2Princeton University, Princeton, NJ 08544, USA

3Florida State University, Tallahassee, FL 32306, USA
4CREOL, University of Central Florida, Orlando, FL 32816, USA

Abstract— Recent years have witnessed an intense research activity in theoretical and ex-
perimental studies of non-hermitian effects in photonics. This activity was partially initiated
by the recent introduction of the concept of PT-symmetry [1] in the framework of optics [2],
and its subsequent experimental observation [3]. In this context of open photonic systems, we
now demonstrate for the first time the existence of so-called “constant-intensity waves” (or CI-
waves) [4], which can evolve with constant intensity in the presence of inhomogeneous gain-loss
media — a property known so far only for plane waves in free space. We show here that quite
in contrast to the conventional paradigm of hermitian optics, such CI-waves can even exist in
strongly scattering cavities and resonators when these are composed of components with gain or
loss that satisfy certain relationships in terms of the real and imaginary part of the underlying
refractive index. We derive these relationships analytically for such CI-states in one-dimensional
Fabry-Perot cavities and in the particularly counter-intuitive case of disordered resonators. The
existence of such novel waves allows us also to study for the first time the modulation instability
of constant wave solutions in optical complex potentials. In particular, for a general class of
non-Hermitian potentials we can derive analytical constant intensity solutions valid for any sign
of the Kerr nonlinearity. In the self-focusing regime, these waves are always unstable, while in the
defocusing case the instability appears for specific perturbation Bloch momenta values. In both
regimes, the CI-waves break up into filaments following a complex nonlinear evolution pattern.
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Non-Hermitian Supersymmetric Photonic Structures

R. El-Ganainy
Department of Physics, Michigan Technological University, Houghton, Michigan 49931, USA

Abstract— Parity time reversal (PT) symmetry has been a subject of intense investigations for
the last few years [1]. PT symmetric photonic structures represent a sub-class of non-Hermitian
photonic arrangements and they exhibit a wealth of intriguing effects such as power oscillations,
asymmetric transport dynamics and spontaneous symmetry breaking [2]. On the other hand, the
notion of discrete supersymmetry (SUSY) has been only recently introduced to the research field
of optics [3, 4].
Here we show that combining non-Hermiticity and supersymmetry can be employed to engineer
the complex spectrum of photonic structures and we discuss how to utilize this concept to solve
a long standing problem, namely that of building single mode laser arrays that exhibit a regular
temporal behavior [5].
In particular, starting from a cavity array that contains N lasing elements, we construct its
partner array by using discrete supersymmetry. By introducing an evanescent coupling between
the two arrays, we show how the quality factors of the supermodes can be tuned at will through
a precise control of the optical loss of the superpartner structure.
We investigate the lasing onset of these configurations under different conditions and we show
that single-transverse mode operation can be achieved either by introducing nonuniform optical
losses to the superpartner array or by applying selective pumping to the main structure [6].
We discuss the robustness of these arrangements against disorder and nonlinear effects and we
show that the laser array can function in the single mode regime within a wide range of phys-
ical parameters. Finally, methods to extend these design concepts for two dimensional planar
structures are also presented.
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Local Symmetry Induced Structures in Wave Scattering Systems

P. A. Kalozoumis1, C. Morfonios2, F. K. Diakonos1, and P. Schmelcher2
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Luruper Chaussee 149, Hamburg 22761, Germany

Abstract— Symmetries constitute one of Physics’ corner stones as they possess a central role
in the theoretical treatment of physical systems. The usual pathway, which is based on the
global validity of a symmetry transformation is an idealized scenario, not adequate in most
cases for the description of realistic physical systems. On the other hand, in a multitude of
complex systems, like large molecules [1] and quasicrystals [2], these symmetries appear broken
and manifest locally in restricted spatial domains. Moreover, technological advances often require
such symmetries to be present by design in application-oriented, tailored structures as photonic
multilayered devices [3], quantum superlattices [4] or acoustic waveguides [5]. Focusing on broken
global symmetries — namely, inversion, translation and PT-symmetry — locally retained in one-
dimensional scattering setups, we find a class of symmetry-induced, invariant currents which
provide a systematic pathway towards discrete symmetry breaking. In a fundamental level,
these currents, viewed as remnants of the corresponding broken global symmetry, allow for the
generalization of the well-known Bloch and parity theorems through an appurtenant mapping
relation [6].
Additionally, we develop a local symmetry-based construction scheme which utilizes the simul-
taneous decomposition of a setup in non-overlapping reflection symmetric parts for the design
of complex wave mechanical devices with intriguing wave control properties [7, 8]. Setups with
such decomposition properties constitute a new class of materials referent as completely locally
symmetric (CLS) [6]. The fact that this scheme lies on very general symmetry arguments, com-
bined with the Helmholtz-Schrödinger isomorphism, provide a unified framework applicable to
quantum, optical and acoustic systems, notwithstanding their essential differences. Employ-
ing aperiodic photonic multilayers, we implement the aforementioned design technique and we
find how local reflection symmetries are utilized for the manifestation of perfect transmission
resonances at preselected frequencies [8]. Subsequently, by considering optical systems with PT-
symmetry we show that the symmetry-induced invariant indicates the broken PT-symmetric
phase and acts as the natural order parameter for the system, permitting the full determination
of the corresponding phase diagram for any incoming scattering state [9]. Finally, recent and
successful experimental results performed in acoustic waveguides [10] pave the way towards the
design of specialized filtering devices with possible control of wave localization.
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Dissipation-induced Super Scattering from PT -synthetic Plasmonic
Metafilms

Simin Feng
Naval Surface Warfare Center Dahlgren Division, Virginia, USA

Abstract— Parity-time (PT ) synthetic materials represent a new class of metamaterials with
novel electromagnetic properties arising from a delicate balance between loss and gain elements.
Interaction between loss and gain media can lead to surprising electromagnetic properties which
cannot be fund in nature. Except for compensating loss with gain, active plasmonic materials
offer an ideal platform for studying non-Hermitian Hamiltonian in the electromagnetic domain at
the subwavelength scale. Currently, most studies on the PT -symmetric structures use analytical
models based on either one dimensional scalar Helmholtz equation or two dimensional scalar
paraxial wave equation. For plasmonic metamaterials having subwavelength “meta-atom” as
resonators, above analytical descriptions are not applicable. In this paper, by recasting Maxwell’s
equations in a Schrödinger-type form, we numerically investigate electromagnetic properties of a
PT -synthetic plasmonic metafilm composed of a planar array of coupled PT -symmetric dimers
embedded in a metallic substrate. We found that the extraordinary transmission and reflection of
a finite bandwidth can occur at the same wavelength when the electromagnetic wave is incident on
the PT -synthetic metafilm. Remarkably, this phenomenon disappears if the metallic substrate
is lossless while keeping other parameters unchanged. When the metafilm is adjusted to the
vicinity of a spectral singularity, tuning the substrate dissipation to a critical value can lead to
supper scattering in stark contrast to what would be expected in conventional systems. This
phenomenon implies that strong coherent radiation may be able to generate from a cavity having
gain elements by tuning cavity dissipation to a critical value.
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PT and RT Symmetries in Non-reciprocal Periodic Photonic
Systems
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Abstract— We use simple examples to illustrate the roles of PT symmetry and RT symmetry in
phenomena associated with non-reciprocal dispersion. In the first example, we present a one-way
surface mode in a PT symmetric magnetized photonic system at “effective” mu close to zero. The
new mode is non-propagating and purely magnetic when the system is infinite while it becomes
propagating in the finite case. One-way optical tunneling is supported in oblique-incidence config-
uration. In the finite-slab case, the radiative mode supports non-reciprocal unidirectional beam
shift at normal incidence. The PT symmetry provides exceptional point and high transmission.
In the second example, we show that a magnetized diatomic chain of plasmonic nanoparticles can
support a non-reciprocal dispersion, only when the RT symmetry is broken. Plasmonic optical
isolation can be achieved in such a simple non-chiral and translationally periodic structure.
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Electromagnetic Scattering Properties of Topological Insulators

Lixin Ge1, Dezhuan Han2, and Jian Zi1
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2Department of Applied Physics, Chongqing University, Chongqing 400044, China

Abstract— Topological insulators (TIs) exhibit many exotic properties. In particular, a topo-
logical magneto-electric (TME) effect, quantized in units of the fine structure constant α, exists
in TIs. As is known, the constitutive relations for bi-isotropic media are:

D = ε0εE + (χ + iκ)
√

ε0µ0 H
B = µ0µH + (χ− iκ)

√
ε0µ0 E,

where κ and χ are the chirality and magneto-electric parameters, respectively. The medium with
χ 6= 0 is non-reciprocal and named Tellegen medium. TIs are a kind of Tellegen medium in
which χ is contributed from surface Hall currents and quantized in units of α. We theoretically
study the scattering properties of electromagnetic waves by TI cylinders and spheres. Compared
with ordinary dielectrics, the electromagnetic scattering of TIs shows many unusual features due
to the TME effect. For TI cylinders, the topological quantization can be determined simply
by measuring the electric-field components of scattered waves in the far field at two scattering
angles. This could also offer a way to measure the fine structure constant. Moreover, in certain
configurations, the bulk scattering can be suppressed leading to strong backward scattering in
both Rayleigh and Mie scattering regimes due to the TME effect. At anti-resonance frequencies,
an interesting filed trapping phenomenon is found which is absent in conventional dielectric cylin-
ders. For TI spheres, enhanced backward scattering and field trapping effect at anti-resonances
are also investigated.
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Four-port THz Circulator Based on One-way Magnetoplasmonic
Cavity

Kexin Liu1, 2 and Sailing He1, 2
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Abstract— In recent years, research on plasmonics in THz spectral range has progressed rapidly
due to its important potential in spectroscopy, imaging and integrated circuits. Many THz
plasmonic components and waveguides are based on surface plasmons or spoof surface plasmons
on semiconductor or metal surface. When the metals and semiconductors are under external
static magnetic field in the Voigt configuration, the surface plasmons could only propagate in one
direction in a certain frequency regime, which is called one-way surface magnetoplasmons [1, 2].
This effect could be used to design nonreciprocal devices such as isolators (to prevent unwanted
reverse propagation of wave) and circulators in THz frequencies.
Here we introduce a one-way magnetoplasmonic cavity to construct a Four-port THz circulator.
The cavity is a semiconductor disk which supports magnetoplasmons at the boundary. The mag-
netoplasmons circulate around the cavity in one-direction, clockwise or anticlockwise, depending
on the direction of the applied magnetic field. The cavity couples with two parallel waveguides.
Because of the unidirectional property of the magnetoplasmons, the coupling efficiency is different
for the guiding wave from different ports. As shown in the following figure, assuming that the
magnetoplasmons circulate around the cavity anticlockwise (blue line), the guiding wave from
Port 1 cannot couple with the one-way magnetoplasmonic cavity, as direction of their wave vectors
are opposite, and thus the wave exports at Port 2 (red line). While, the guiding wave from Port 2
can couple with the cavity and export at Port 3 (green line). For the same reason, the wave from
Port 3 exports at Port 4 and the wave from Port 4 couples out at Port 1. The above four-port
circulator is analyzed by the coupled-mode theory and demonstrated by numerical simulation.
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Tunable Nonlinear Parity-time-symmetric Defect Modes with an
Atomic Cell
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Abstract— We propose a scheme of creating a tunable highly nonlinear defect in a one-
dimensional photonic crystal. The defect consists of an atomic cell filled in with two isotopes of
three-level atoms. The probe-field refractive index of the defect can be made parity-time (PT)
symmetric, which is achieved by proper combination of a control field and of Stark shifts induced
by a far-off-resonance field. In the PT-symmetric system, families of stable nonlinear defect
modes can be formed by the probe field.
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Theoretical Study of Infinite-lifetime Guided Modes inside the Light
Cone
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Abstract— Normally, guided modes only exist below the light line, where fields are confined in
the higher-index region due to total internal reflection. However, a photonic-crystal waveguide
allows for guided modes above the light line [1]. These modes, instead of being leaky, can have
infinite lifetimes. By using mode expansion method with structural symmetry, we theoretically
studied this phenomenon in a 2D layered waveguide. The absence of radiation loss is explained
by an edge cancellation among transmitted fields from multiple eigenmodes inside the photonic
crystal waveguide.

REFERENCES

1. Hsu, C. W., B. Zhen, J. Lee, et al., Nature, Vol. 499, No. 7457, 188–191, 2013.



Session 1A0

Poster Session 1

Mode Suppression for Microdisk Laser with Cylindrical Metallic Nanoparticle

J. Y. Hsing, T. E. Tzeng, Tsong-Sheng Lay, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

LTE Baseband DSP/FPGA for Beamspace MIMO RF Antenna

Uooyeol Yoon, Dang-Oh Kim, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

Dynamical and Stochastic Approach to Non-linear Polarization Optics

Satoshi Tuchida, Hiroshi Kuratsuji, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

Calculations of Inductance and Induced EMF in a Planar Pickup Coil

Gregory A. Topasna, Daniela M. Topasna, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

Time Delay Module Design, Simulation and Synthesis Based on FPGA for Dielectric Dispersion Logging

Changqi Yang, Simin Liu, Liuyi Yang, Cheng Yang, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

Geometry and Its Physical Meaning

Sara Liyuba Vesely, Alessandro Alberto Vesely, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

Efficient Analysis of EM Scattering from Rotating Structures Using a Fast Iterative Physical Optics
Method

Enrique Pascual Gil, Guadalupe Gutierrez, F. J. Jimenez, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

On the Impact of Dissipation on Dispersion Interactions between Two Atoms

P. Barcellona, Stefan Yoshi Buhmann, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

Modeling the Scattering by Small Holes

Raffaele Solimene, Pasquale Piccolo, Rocco Pierri, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

Compact Circularly Polarized RFID Tag Antenna with an Embedded L-shaped Feedline for Metallic
Objects

Cheng Liu, Zhibin He, Hui Liu, Yoichi Okuno, Sailing He, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

Microwave Dielectric Properties of BiNbO4 Ceramics

C. S. Ferreira, M. P. F. Graca, T. Santos, Luis Cadillon Costa, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

Measurement and Uncertainty Analysis of Free-space Antenna Factors of a Log-periodic Antenna with
Bow-tie Element Using Time-domain and Pulse Compression Technique

Satoru Kurokawa, Masanobu Hirose, Michitaka Ameya, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

Chaos Generation Utilizing Optically Square-wave-injected Semiconductor Lasers

Chen-Wei Fu, Shao-Wei Peng, Yu-Shan Juan, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

Coupling between Double Split Ring Resonators and Complementary Split Ring Resonators

Yu-Zhan Lin, Watson Kuo, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

Photonic Band Structure and Field Distribution for TE Polarization. High Plasmon Concentration in the
Corners of Metallic Rods of a 2D Photonic Crystal

Danny Manuel Calvo Velasco, Nelson Porras-Montenegro, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

Unidirectional Nanoantenna for Second-harmonic Generation

Xiaoyan Y. Z. Xiong, Li Jun Jiang, Wei E. I. Sha, Yat-Hei Lo, Yan Lin Li, . . . . . . . . . . . . . . . . . . . . . . 203

The Dispersion Properties of Three-dimensional Magnetized Plasma Photonic Crystals as the Mixed
Polarized Waves Considered

Hai Feng Zhang, Yi-Bing Lin, Yu-Qing Chen, Guowen Ding, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

Zn Concentration, Shape and Size Effects on the Band Structure of Photonic Crystals Based on Ferrofluids
with (Co1−xZnxFe2O4) Nanoparticles

Luz Esther Gonzalez Reyes, Nelson Porras-Montenegro, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

Porphyrinic Photosensitizers for Biology and Medicine
Sergey I. Gorelov, Marina V. Dobrun, Antonina V. Dadeko, Tatyana K. Krisko, Tatyana D. Mu-

ravieva, Andrey M. Starodubtsev, Ivan M. Kislyakov, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

Analysis on the Aperture Averaging Weight Factor for Equidistant Dual-aperture Receiver

Changqi Yang, Simin Liu, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

Trend Technology’s Theory Model and Experiment Verification for Atmospheric Optical Scintillation

Changqi Yang, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

183



184 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Zn-diffusion 850 nm VCSEL with Stable Single Mode Operation and 21GHz Bandwidth

Fang-I. Lai, Dan-Hua Hsieh, Jin-Wei Shi, Hao-Chung Kuo, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

Electromagnetic Simulation of Coupled Silicon and Diamond Microdisks and Slab Waveguides in the
Mid-infrared
Muhammad Rehan Chaudhry, M. Zeeshan Rashid, Yigit Uysalli, Adnan Kurt, Ulas Sabahattin Gokay,
Ali Serpenguzel, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

Global Simulation for Quantum Cascade Lasers Subjected to External Optical Injection
Yohei Sakasegawa, Shingo Saito, Norihiko Sekine, Akifumi Kasamatsu, Masaaki Ashida,

Iwao Hosako, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

A Photonic QPSK Modulator Aimed at Space Applications

Jognes Panasiewicz, Debora Maria Souza Morais, Gefeson Mendes Pacheco, . . . . . . . . . . . . . . . . . . . . . . . . 212

Ultra-porous Aluminium Oxides for GHz and THz Components

O. Stepanenko, A. Tartari, M. Amamra, T. H. N. Nguyen, M. Piat, A. Kanaev, Giuseppe Leo, . . 213

Optoelectronic Applications of Sapphire Microspheres
Muhammad Zakwan, Muhammad Sohail Anwar, Syed Sultan Shah Bukhari, Ulas Sabahattin Gokay,

Ali Serpenguzel, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

Silicon Microspheres in Metrology

Muhammad Hamza Humayun, Farhan Azeem, Imran Khan, Ulas Sabahattin Gokay, Ali Serpenguzel, 215

A 10 Gbps, Wide Dynamic Range CMOS Optical Receiver

Sheng-Hua Lai, Wei-Zen Chen, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

Light Out Coupling Efficiency of Top-emitting Organic Light Emitting Diode

Dong Bin Yeo, Woo Young Kim, Chang-Bum Moon, Chul Gyu Jhun, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

Monolithic Integration of GaN-based Light-emitting Diodes and Metal-oxide-semiconductor Field-effect
Transistors
Ya-Ju Lee, Zu-Po Yang, Pin-Guang Chen, Yung-An Hsieh, Yung-Chi Yao, Ming-Han Liao, Min-

Hung Lee, Mei-Tan Wang, Jung-Min Hwang, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

Comparison of the Two Rapid Measurement Methods for Circular-cut Far-field Patterns of Elongated
Base-station Antennas — Kim Method and Evans-Vilenko Method

Masanobu Hirose, Satoru Kurokawa, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

Resonance in Rectangular Microstrip Structure Loaded with a Thin Omega Medium Layer in the Substrate

Rafal Lech, Adam Kusiek, Wojciech Marynowski, Jerzy Mazur, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

A Moment-method Analysis of a Thin-wire Chireix-coil Antenna

Ayotunde Abimbola Ayorinde, Sulaiman Adeniyi Adekola, Alex Ike Mowete, . . . . . . . . . . . . . . . . . . . . . . . . 221

A Frequency Reconfigurable PIFA Design for Wireless Communication Applications

Siddik Cumhur Basaran, E. Dokuzlar, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

An Accurate Technique to Model the Substrate of Wearable Textile Antennas

Ghufran M. Hatem, Ali J. Salim, Jawad K. Ali, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

A CMOS I/Q Up-conversion Mixer and a Power Pre-amplifier for UHF RFID Reader Systems

Changchun Zhang, Luo-Si Gao, Cheng-Hong Dong, Yufeng Guo, Debo Wang, Yi Zhang, . . . . . . . . . 224

A UHF RFID Reader Receiver SoC in 0.18 µm CMOS Technology

Changchun Zhang, Ying-Qi Qian, Jiang Zhao, Yi Zhang, Debo Wang, Yufeng Guo, . . . . . . . . . . . . . . 225

Compact Substrate Integrated Waveguide BPF for Wideband Communication Applications

Aya N. Alkhafaji, Ali J. Salim, Jawad K. Ali, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

Investigations of Elliptical Ferrite Coupled Line Junction

Adam Kusiek, Wojciech Marynowski, J. Mazur, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

Wave Properties of the Rectangular Waveguide Loaded with Thin Pseudochiral Medium Layer

Wojciech Marynowski, Adam Kusiek, Rafal Lech, Jerzy Mazur, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

A Diplexer with a Dual-mode Resonant Junction

Eugene Ogbodo, Yi Wang, Predrag B. Rapajic, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

A Compact Dual-band Bandstop Filter Based on Fractal Microstrip Resonators

Hayder S. Ahmed, Ali J. Salim, Jawad K. Ali, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

Development of High Stretchable Devices Material for the Wearable Electronics

Se-Hoon Park, Dongsu Kim, Jong-In Ryu, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

Design of Evaluation Board with a Built-in 25Gb/s PRBS Source for Testing High-frequency Probe

Wei Wang, Hong-Lu Lin, Jau-Ji Jou, Yaw-Dong Wu, Tien-Tsorng Shih, . . . . . . . . . . . . . . . . . . . . . . . . . 232



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 185

The Optimized Electrode between a SMPM Connector and a Microstrip for High Frequency Applications

Cheng-Ying Wu, Hong-Lu Lin, Jau-Ji Jou, Yaw-Dong Wu, Tien-Tsorng Shih, . . . . . . . . . . . . . . . . . . . . 233

High Frequency Performance Comparison among Three Kinds of Board to Wire Connectors

Ruei-Nian Wang, Li-Wei Chen, Jau-Ji Jou, Yaw-Dong Wu, Tien-Tsorng Shih, . . . . . . . . . . . . . . . . . . . 234

Seasonal and Temporal Variation of GPS Phase Fluctuations at High Latitude under Low Solar Activity

Chien-Chih Lee, Wei-Sheng Chen, Fang-Dar Chu, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

An Investigation of Equatorial Ionospheric Irregularities under Solar Maximum in the 24th Solar Cycle
in Middle and East Africa Using GPS

Fang-Dar Chu, Wei-Sheng Chen, Chien-Chih Lee, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

Assessment of the Forest Disturbances Rate Caused by Windthrow Using Remote Sensing Techniques
Paula Furtuna, Ionel Haidu, Iulian-Horia Holobaca, Mircea Alexe, Cristina Florina Rosca, Danut Pe-
trea, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

Monitoring Land Use Change in South-west Romania Using Multi-temporal Landsat Remote Sensing
Imagery
Cristina Florina Rosca, Iulian-Horia Holobaca, Mircea Alexe, Danut Petrea, Paula Furtuna,

Ionel Haidu, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

Looking for a Biophysical Approach to Early Stages of Chronic Kidney Disease

Alberto Foletti, Mario Cozzolino, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

Steps towards a Biophysical Approach to Refractory Gynecological Infections

Ida Ferrara, Alberto Foletti, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

The Characteristics of Current-gated Single Electron Transistors

Weichen Chien, C. Y. Hong, C. S. Wu, Watson Kuo, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

Reliability Verification of Printed Electronics Type FPCB Used in NFC Antenna

Soon-Mi Hwang, Kwan-Hun Lee, Jin-Sung Lee, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242

High Temperature Accelerated Test of Tower Mounted Amplifier (TMA) Module Used in 4G Communi-
cation

Soon-Mi Hwang, Chul-Hee Kim, Kwan-Hun Lee, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

FEM Evaluation of the Novel Cardiac Defibrillation Electrode Placement

Elham Khosrowshahli, Aleksandar Jeremic, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244

Conductivity Estimation of Breast Cancer Using Stochastic Optimization

Aleksandar Jeremic, Elham Khosrowshahli, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245

2D and 3D Durable Phantoms for Verification of Capabilities of Microwave Tomography and Hyperthermia
Systems

Miroslav Wiewegh, Pavel Spurny, Jan Vrba, Jr., David Vrba, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

Numerical Modeling of rTMS with High-resolution Head Phantoms

Maja Shuleska, Jan Vrba, Jr., . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247

Segmentation of Brain MR Images

Maja Shuleska, David Vrba, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

EM Exposure System with Well Defined Dosimetry
Jan Vrba, Lukas Visek, Ladislav Oppl, David Vrba, Jan Vrba, Jr., Frantisek Vozeh, Jan Barcal,

Luca Vannucci, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

Numerical Modeling of Dielectric Properties of Silicon Phantoms for Microwave Imaging and Hyperther-
mia

Pavel Spurny, Jan Vrba, Jr., David Vrba, Miroslav Wiewegh, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250

Tunable Polarization Rotator in Bilayered Metamaterial

Zui Tao, Xiang Wan, Bai Cao Pan, Tie Jun Cui, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251

Simulation and Analysis of Radio Wave Propagation Characteristics of Typical Outdoor Environment

Yong Li, Feng Chen, Yuan-Jian Liu, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

Mutual Coupling Evaluation within Waveguide Slotted Antennas

Giovanni Leone, Domenico Russo, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

Chaotic Low-frequency Fluctuations of the Laser Radiation Emitted by a Diode Laser Working at Currents
above the Laser Threshold

Ionut-Relu Andrei, Andrei Baleanu, Mihail Lucian Pascu, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254

An Adaptive Spectroellipsometric Technology for the Diagnosis of Water Ecosystems

Ferdenant A. Mkrtchyan, V. F. Krapivin, V. V. Klimov, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255



186 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

The Experimental, Frequency-selective Evaluation of the Pattern of Environmental Radiofrequency Elec-
tromagnetic Radiation in Ground and Underground Public Transport Infrastructure in Warszawa

Krzysztof Gryz, Jolanta Karpowicz, Wieslaw Leszko, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

Experimental Analysis by Dual Characterization of Near Field Impact on Humans Level of Occupational
Exposure to 30–110 MHz Radiation

Simona Miclaus, Jolanta Karpowicz, Paul Bechet, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257

Wideband Dual-mode Dielectric Waveguide with Applications in Millimeter-wave Interconnects and Wire-
less Links

Nemat Dolatsha, Amin Arbabian, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258

Some Results of Troposphere Mesoscale Fluctuation Analysis in City by Using Network of GPS-GLONASS
Receivers

Vladislav E. Khutorov, G. M. Teptin, Olga G. Khutorova, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260

Development of Wireless Power Induction Cooker Using Magnetic Induction-based Technology

Won Ho Jang, Seonghun Lee, Jeongsug Yeom, Byungduk Min, Goonyeon Kim, Sangho Choi, . . . . . 261

Weight Reduction Structure for Wireless Charging Vehicle

Hyung-Wook Shim, Dang-Oh Kim, Jong-Woo Kim, Dong-Ho Cho, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262

A New UWB Antenna with Unidirectional Radiation

Mingjian Li, Kwai Man Luk, Yue Zhao, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

Miniaturized Transmitter in Digital Modulation System with Non-constant Envelope for VHF Band

Heon-Kook Kwon, Sung Jun Lee, Byung-Su Kang, Bonghyuk Park, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 264



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 187

Mode Suppression for Microdisk Laser with Cylindrical Metallic
Nanoparticle

J. Y. Hsing, T. E. Tzeng, and T. S. Lay
Department of Electrical Engineering, Graduate Institute of Optoelectronic Engineering

National Chung Hsing University, Taichung, Taiwan

Abstract— We have fabricated microdisk laser with a cylindrical gold-germanium (AuGe)
nanoparticle on the microdisk cavity, and measured the lasing spectra at 80K. The microdisk
cavity has a diameter near at 3.5 µm. The cylindrical metallic nanoparticle is placed close to the
rim of the microdisk. The diameter and thickness of cylindrical AuGe nanoparticle are 230 nm and
50 nm, respectively. The gain material is InGaAs quantum dots (QDs) grown on (001) n+-GaAs
substrate by molecular beam epitaxy. The wafer structure consists of 1 µm AlGaAs sacrifice layer
and InGaAs QDs active layer. The emission properties for the microdisk lasers were investigated
at T = 80 K by optical pumping under pulse condition with duty cycle 1.5% and pulse width
30 ns. Fig. 1(a) illustrate the top view of SEM image for microdisk cavity without cylindrical
AuGe nanoparticle, and the lasing spectrum. The lasing peaks are designated to whisper gallery
modes (WGMs) obtained by simulation, as shown in Fig. 1(b). Fig. 2(a) shows the SEM image for
the microdisk cavity with cylindrical AuGe nanoparticle, and the corresponding lasing spectrum
which exhibits a blue-shift emission to a strong 1st-order WGM with m = 24 of wavelength near
1000 nm. Fig. 2(b) shows the simulated lasing spectrum of the microdisk with AuGe nanoparticle.
The adding of AuGe nanoparticle to the microdisk eliminates the M1,22, M1,21 WGMs at longer
wavelength, and enhance the M1,24 .

 (a)

(b)

Figure 1: Microdisk laser without cylindrical AuGe
nanoparticle.

 (a)

(b)

Figure 2: Microdisk laser with cylindrical AuGe
nanoparticle.



188 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

LTE Baseband DSP/FPGA for Beamspace MIMO RF Antenna

Uooyeol Yoon and Dang-Oh Kim
Wireless Power Transfer Research Center

KAIST (Korea Advanced Institute of Science and Technology), Daejeon, Republic of Korea

Abstract— As the MIMO processing gets popular in LTE wireless mobile communication, the
number of RF chains of eNodeB for MIMO processing gets increased, which results in the increase
of cost and the volume of eNodeB base-station. In order to solve this problem, the Beam-space
MIMO RF Antenna has been proposed. The advantage of Beam-space MIMO RF Antenna is
to reduce the RF chain which results in the cost reduction of LTE RF module. In order to
support Beam-space MIMO RF Antenna, the LTE baseband signal from LTE modem should be
modified. This modification includes the matrix computation which is hard to be performed by
FPGA. From this observation, authors have implemented baseband algorithm in DSP processor
which enables the complex matrix computation efficiently. The requirement of DSP processing is
300Mbps in 33 MHz band which supports 4 streams. While DSP processor is very efficient for the
matrix computation, there should be interface module between baseband DSP and the impedance
loading module for Beam-space MIMO RF Antenna. Authors have implemented this interface
module with FPGA. The interface between DSP processor and FPGA has been implemented
PCIe (PCI Express) to support high-speed serial IO. The integration system has been designed
with LTE modem that supports 4 × 4 MIMO. The testing of full integration system consists
of baseband DSP, FPGA, LTE modem and Beam-space MIMO RF Antenna module. Various
spectrum analyzers have been used to validate the design of Beam-space MIMO RF baseband
system during the test procedure.
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Dynamical and Stochastic Approach to Non-linear Polarization
Optics

Satoshi Tuchida and Hiroshi Kuratsuji
Department of Physics, Ritsumeikan University-BKC, Kusatsu City 525-8577, Shiga, Japan

Abstract— The polarization characterizes the light propagation in anisotropic materials. The
polarized state is orthogonal to traveling direction and is described by two component (complex)
wave function. What we are going to develop is concerning the dynamical as well as stochastic
aspect for the polarized light transmitting the non-linear media. The central concept of our
attempt is the non-linear birefringence (NLBR). The NLBR is realized for the two component
non-linear Schrödinger equation (NLSE). Let ψ(x, z) be the polarized wave. The variable z is
the coordinate of propagation direction, and the x is that of polarized plane. We put ansatz:
ψ = (ψ1 ψ2) = (a(z) b(z)) F (x), where F (x) is the single component scalar wave which is given
as the “soliton” solution of NLSE, and (a(z), b(z)) may be called profile function. We define the
action function as : S =

∫
ψ∗

(
iλ ∂

∂z −H
)
ψdxdz, where λ is the wave length for traveling wave,

and H is the Hamiltonian which includes effect of NLBR, and is written by 2×2 matrix. By using
the action principle, we derive the coupled equation for profile function, which can be reduced
to the equation of motion for the Stokes parameter. The next problem takes into account of
randomness contained in the birefringence media, together with the effect of dissipation. Then
we get the Langevin equation for the Stokes parameter. From this equation, we can derive
the Fokker-Planck (FP) equation for the probability distribution with respect to the Stokes
parameter. In order to get the FP equation, we employ the technique of functional path integral.
We analyze the FP equation, for some specific cases.
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Calculations of Inductance and Induced EMF in a Planar Pickup
Coil

G. A. Topasna and D. M. Topasna
Department of Physics and Astronomy, Virginia Military Institute, Lexington, VA, USA

Abstract— We present derivations of the equations and numerical solutions for the inductance
and induced EMF in a rectangular pickup loop in the presence of a current-carrying short straight
wire. We explore three orientations of the loop with respect to the wire: in the plane of the wire
with one edge of the loop parallel to the wire, in the plane of the wire with one edge of the loop
at an arbitrary angle to the wire, and with the loop at an arbitrary angle in three-space with
respect to the wire. Solutions in closed-form are presented for the simple cases. This work has
applications related to pickup coils in general.
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Time Delay Module Design, Simulation and Synthesis Based on
FPGA for Dielectric Dispersion Logging

Changqi Yang, Simin Liu, Liuyi Yang, and Cheng Yang
School of Science, Xi’an Shiyou University, Xi’an 710065, China

Abstract— A few years ago, a kind of dielectric scanning imaging logging instrument emerged
in the foreign markets. That instrument scanned the earth at different frequency electromagnetic
wave. It can measure the dielectric constant at different frequencies of the layer. There is not
any similar instrument developed at home. Xi’an Shiyou University has launched a project
to develop a comparable instrument. This paper introduces the basic principle of dielectric
dispersion logging. A general layout is given for the dielectric dispersion logging. The time
delay module is simulated and synthesized based on FPGA. This laid the foundation for the
development of comparable instruments gradually.
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Geometry and Its Physical Meaning

S. L. Vesely1 and A. A. Vesely2

1I.T.B. — C.N.R., Italy
2Via L. Anelli 13, Milano, Italy

Abstract— The physical meaning of geometry has been evolving during several centuries,
bringing about salient epistemological changes. Maxwell developed his theory based on Fara-
day’s experiments, so as to overcome the concept of action-at-a-distance while also attributing a
physical meaning to space.1 At a time when it was generally agreed that geometry can depict
objective relations in the physical space, Klein conceived a mathematically rigorous geometric
model of Maxwell’s equations in a vacuum. He showed that those equations are invariant un-
der projective transformations of the linear complex of lines,2 where a line is represented by six
Cartesian coordinates Ex, Ey, Ez, Bx, By, Bz. That model complies with the principle of rela-
tivity, according to the Erlangen program.3 Unlike vector spaces, the null system requires neither
a definition of orthogonality nor one of volume, thus, as a model, it is more general. Einstein
discarded Klein’s proposal because one of the invariant transformations of the projective group
— the inversion — is not compatible with the convention of using measuring-rods and clocks.4
He considered that operational convention irrefutable because Mach, in his influential critical
account of the science of mechanics, stressed that mathematical idealizations should manifest the
role of physical experiences in the development of a geometry for technical and scientific purposes.
Mach criticized two of Newton’s assertions in particular, 1) the existence of the extent,5 and 2)
the identification of physical space and Euclidean geometry.6 To overcome those problems, he
tried to imbue geometry with experimental contents by establishing statics anew, on the basis of
geometric constructions, and then deriving mechanics from statics.
From Mach’s critics, Einstein inferred geometrical properties have to be independent of a coor-
dinate system in order to bear a physical meaning. Subsequently,7 he conceived the extent as an
effect of geometrizable forces. However, the purpose of having the whole of physics agree on a
shared conception of geometry8 met some difficulties. While Einstein requires to unambiguously
identify geometric quantities with their corresponding “elements of reality”, quantum mechanics
must ascribe a physical meaning to the square of the wave function, which supplants the single
outcome.9 There are two main interpretations, the ontic one, which ascribes to objects the prop-
erties measured by the wave function, and the epistemic one, which focuses on the physically
relevant information that that function conveys. In either case, the implied geometrical space is
strikingly different from Minkowski’s. At that point, the best option was Hilbert’s suggestion to
discriminate between the validity of logical deductions and their truth, and to treat in the same
manner as geometry — by means of axioms — those physical sciences in which mathematics
plays an important part. After that move, geometry turns back into just a logical development,
deprived of any intuitive association with physical space. The ontic interpretation of quantum
mechanics deals with the truth of the undefined elements and relations. Information theories
applied to telecommunications and information-based complexity theories draw rather from the
epistemic interpretation.

1Maxwell considered aether accessible to physical testing. At his time, geometrical space was considered homogeneous and
isotropic.

2A complex of lines is an aggregate of lines of the projective space, defined by a single relation. Möbius’ null system, which
represents forces and momenta equated to zero, is an example of a linear complex of lines (because the defining relation is
linear). To define one ruled quadric three relations are necessary.

3For both Einstein and Klein, the transformations of space are associated to physical laws. The principle of relativity is the
first postulate of special relativity, whereby physical laws must be the same in every inertial frame of reference. The second
postulate states the invariance of speed of light. In order to satisfy the second postulate, Klein introduced a metrical hypercone
in addition to the null system.

4Framing physics in space and time is traced back to Aristotle.
5Newton calls Aristotle’s absolute space Sensorium Dei, meaning that the extent is an attribute of God.
6Euclid set geometry apart from the cosmology of his time.
7In general relativity, the operational definition of rods-and-clock measure is replaced with the hypothesis that dynamics

determines the intrinsic space-time curvature. Thus, space-time, rather than being “empty”, is endowed with a geometric
structure. The original formulation of that hypothesis is due to Helmholtz, according to whom potential results from kinetic
energy of cyclic motions.

8The shared conception is Hamiltonian geometry. It can account also for non-homogeneous/anisotropic coordinates, needed
for quantum magnitudes such as spin.

9The single-outcome expectation would interpret a prediction like “A half of these students will pass the exam” as a half of
each student, unless 1/2 is interpreted as the likelihood that a student passes.
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After recalling the above, the full paper endeavors to illustrate the scope of projective geometry
as a hypothetical-deductive system. Our goal is to also use it to model the extent and compare on
a common basis graphic constructions, optical perception, and image reconstruction techniques
in other frequency ranges. For modeling the extent, the use of construction tools is inherent in
synthetic geometry. Straightedge-and-compass figures of Euclidean geometry are conceptually
different from straightedge-only constructions of projective geometry, and cannot be reduced to
one another in general. We’ll restrict ourselves to showing the impact that a switch from analytic
to synthetic geometry may imply on the means used to relate geometrically based pictorial
display and mathematical analysis. In particular, the points that are to be tackled in order
to have Klein’s geometric model of Maxwell equations also cover sampling, transforming and
interpreting received signals that can be presented as images.
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Efficient Analysis of EM Scattering from Rotating Structures Using
a Fast Iterative Physical Optics Method

E. Pascual, G. Gutierrez, and F. J. Jimenez
EMC & MW Department, AIRBUS DS, Spain

Abstract— Analysis of the electromagnetic fields scattering from rotating structures such as
aerogenerators, aircraft propellers, turbojets and turbofans, helicopter rotors, etc. has an in-
creased interest due to the influence in civil and military radars efficiency and in radiation char-
acteristics of on-board antennas. Doppler effects and spatial modulations can degrade the perfor-
mances of radars and antennas. To predict accurately the scattering is necessary to compute the
interaction of EM fields with the rotating and fixed parts and the interaction of scattered fields
from one part with the others for each relative position between them taking into account also
the different electromagnetic material properties. In the case of complex rotating structures such
as turbofans or turbojets with hundreds of blades rotating at different speeds and directions, it
is necessary to analyze efficiently thousands of relative positions in order to obtain useful results.
An Iterative Physical Optics method (IPO) [1, 2] accelerated by a fast Far Field Approximation
(FFA) [3] has been developed in such a way that the computation time is reduced by means of
a multilevel FFA, a preprocessing of the parameters that are invariant with the rotations, a fast
calculation of the rotation transformations of the parameters affected by the movement and a
parallelization schema based on FORTRAN co-arrays. Cross comparison with Multilevel Fast
Multipole Method results of several test cases shows an excellent agreement at a much lower
computational cost. Complex cases such as time-variant radar cross section of an aircraft with
four rotating propellers have also been computed in affordable time.
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On the Impact of Dissipation on Dispersion Interactions between
Two Atoms

P. Barcellona and S. Y. Buhmann
University of Freiburg, Germany

Abstract— We consider the interaction between two neutral, ground-state atoms in the pres-
ence of an arbitrary arrangement of dispersing and absorbing magnetodielectric bodies by means
of a dynamical approach. Our result differs from the previous ones obtained with time-independent
perturbation theory because it accounts for the influence of dissipation via the atomic decay rates.
Modern measurements of Casimir force seems to indicate an agreement with plasma model in-
stead of Drude model [1]. This has lead to heated debates, because the latter is more a more
realistic description of matter. Our new result can explain the agreement with the plasma model
for the zero-temperature case. Further investigations will be needed in order to include finite
temperature and many-body interactions.
We also consider the interaction between a ground-state atom and an excited atom. There
are discordant results in the literature for the retarded potential: one oscillating [2–4] and one
monotonous [5–7]. Our dynamical result uniquely leads to the oscillating result when taking into
account the decay rates. The result seems go into the same line with recent measurements of the
Casimir force between an excited barium ion and a mirror [8, 9].
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Modeling the Scattering by Small Holes

R. Solimene, P. Piccolo, and R. Pierri
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Abstract— The scattering by a hole within a perfect electric conducing (PEC) plane is a
classical electromagnetic problem.
As is well known, the scattering by an aperture can be formulated as the solution of an integral
equation where the unknown aperture electric field (or equivalently the magnetic source) once
the incident field is known.
When the aperture becomes a hole, which is small in terms of the wavelength the Bethe diffraction
theory [1] or the low frequency approximation (Stevenson’s series first term) [2] can be invoked
to approximate the mentioned integral equation. This allows getting analytical results for simple
hole’s shape, for example, in the case of circular hole. For such a case the analytical results
are compared with numerical simulation obtained by a commercial FDTD forward solver. It is
shown that the low-frequency approximation fits numerical simulations better than the Bethe
theory does in near zone. However, Bethe theory works fairly well in predicting the radiated field
(far-zone) and allows to more easily considering the role of the incident field polarization and the
hole’s shape. To this end, the case of an elliptical shaped hole with incident field having different
polarizations is considered and compared with simulations.
Finally, also the case of a hole made over the faces of a rectangular waveguide in different point
is analyzed.
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Compact Circularly Polarized RFID Tag Antenna with an
Embedded L-shaped Feedline for Metallic Objects

Cheng Liu, Zhibin He, Hui Liu, Yoichi Okuno, and Sailing He
Centre for Optical and Electromagnetic Research, Academy of Advanced Optoelectronics
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Abstract— An ultra-high frequency (UHF) passive radio frequency identification (RFID) tag
antenna with circular polarization for metallic objects is proposed. Using a novel and embedded
L shape microstrip line to feed, a good performance of impedance matching is achieved. The
proposed antenna can cover the whole operating frequency of UHF RFID system from 860 MHz
to 960MHz. The 3-dB circular polarization bandwidth is 7 MHz (from 916 to 923 MHz). The
optimized antenna has a high gain of −5.5 dBi in 0 degree direction. The main parameters of the
antenna are also discussed.
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Microwave Dielectric Properties of BiNbO4 Ceramics
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Abstract— BiNbO4 is a dielectric material that presents high dielectric constant,at microwave
frequencies. In this work, BiNbO4 ceramics were prepared by the solid state reaction, and the as-
prepared samples were treated at temperatures between 600 and 1200◦C. The samples structure
was analyzed by X-Ray Diffraction and the morphology was studied using Scanning Electron
Microscopy.
For the microwave dielectric measurements, a resonant cavity operating at 2.7GHz, in the TE105

mode, was used. The electromagnetic fields, inside the cavity, without and with the cylindrical
sample were simulated using the COMSOL Multiphysics software.
The low-perturbation resonance cavity method has been used in order to calculate the dielectric
properties of the ceramic material. In this technique, we measured the shift in the cavity resonant
frequency, ∆f , caused by the insertion of the sample inside the cavity, which can be related to
the real part of the complex permittivity, ε′, and the change in the inverse of the quality factor of
the cavity, ∆(1/Q), which is related with the imaginary part, ε′′. The relations are simple when
we consider only the first-order perturbation in the electric field caused by the sample.
The samples heat treated at temperatures above 800◦C present the BiNbO4 crystal phase, being
also the predominant phase on the samples treated above 950◦C. The samples treated below
900◦C present the Bi5Nb3O15 phase, which seems to be responsible for the highest dielectric
constant values observed at room temperature. The dielectric losses of all samples are always
lower than 10−4.
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Measurement and Uncertainty Analysis of Free-space Antenna
Factors of a Log-periodic Antenna with Bow-tie Element Using

Time-domain and Pulse Compression Technique

Satoru Kurokawa, Masanobu Hirose, and Michitaka Ameya
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Abstract— We propose a method for evaluating the free-space antenna factor of a log-periodic
dipole antenna with bow-tie element (Bi-log antenna) using a time-domain and pulse compression
technique. The proposed method enables the direct wave to be isolated from reflected waves on
the ground plane of an open-area test site (OATS) and evaluation of the free-space antenna
factor.
In a measurement, two antennas are held on masts at a height of 8m above the ground and are
separated by 10 m. The direct wave is separated using a Wiener filter obtained from frequency-
domain data at 3m antenna separation. The proposed method can completely separate the direct
wave from other waves from the ground plane of an OATS. The expanded uncertainty (k = 2) of
Bi-log antenna was estimated to be 0.4 dB over the frequency range from 30 MHz to 1000 MHz.
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Chaos Generation Utilizing Optically Square-wave-injected
Semiconductor Lasers

Chen-Wei Fu, Shao-Wei Peng, and Yu-Shan Juan
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Abstract— Benefiting from a non-zero value of the linewidth enhancement factor which leads
to a variety of dynamics different from any other lasers, the broad bandwidth of chaos can be
easily generated. There are several applications in chaotic laser, such as broadband random-bit
generation, ranging, and secured communications. In the past two decays, most studies of the
chaos generations focused on the nonlinear dynamics of the traditional continuous wave (cw)
injection and dynamical pulse and sine wave injection. In this work, we study chaos generation
utilizing an optically square-wave-injected semiconductor laser with tunable duty cycle. By
injecting a slave laser with periodic optical square-wave at specific parameters, chaos oscillation
and chaos pulsing can be generated individually. Compared with continuous wave injection with
the same injected conditions, the chaos oscillation generated by square-wave injection shows larger
bandwidth and more complex behaviors. Furthermore, if the operating variables are adjusted to
the center of the chaos area in the dynamical mapping, the waveforms of power spectra of the
generated chaos are much smoother and broader. In this paper, the distribution map of chaos
oscillation and pulsing oscillation are investigated. When the duty cycle is operated at high level,
chaos oscillation is observed. On the other hand, if we operate the condition at high repetition
rate and strong injection strength, the nonlinear dynamics is driven into the chaos pulsing states
and the bandwidth of chaos pulsing is two times larger than chaos oscillation which is operated in
week injection strength. The three parameters, duty cycle, repetition rate and injection strength,
all play important roles in chaos generation utilizing optical square-wave injection system.
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Coupling between Double Split Ring Resonators and
Complementary Split Ring Resonators

Yu-Zhan Lin and Watson Kuo
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Abstract— In this work we study the coupling between double split ring resonators (DSRRs)
and complementary split ring resonators (CSRRs) by experiment and simulation. As a planar
resonator, DSRR is frequently used in building most planar left-handed material. For our study,
the resonators have resonance frequency between 3GHz and 4 GHz. We study inter-resonator
coupling in two ways: For the first study, two DSRRs were placed on the same plane with
various center-to-center distance and different orientations. We found that the difference of their
resonance frequencies increases when center-to-center distance decreases, featuring the coupling
between two resonators. When the gaps of outer ring are face-to-face, the coupling is stronger.
The difference can vary as large as 0.11 GHz. Secondly, we studied the coupling of a DSRR and
a CSRR when they are respectively placed on upper and lower planes of a printed circuit board.
Their resonance frequencies fD (DSRR) and fC (CSRR) were monitored when center-to-center
distance were continuously changed by using a home-made moving stage. We found that shift
of fD is greatest when center-to-center distance is roughly the resonator’s radius, R = 3.9 mm.
Moreover, frequency difference of two resonators fD-fC decreases when center-to-center distance
reduces, with a maximum change of 0.1 GHz, a phenomenon opposite to coupled DSRR case.

(a) (b)

Figure 1: The measurement of inter-resonator coupling between DSRR and CSRR. (a) Resonance frequency
of DSRR and CSRR as a function of center-to-center distance. (b) Frequency difference, fD-fC reduces as
center-to-center distance reduces.
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Photonic Band Structure and Field Distribution for TE
Polarization. High Plasmon Concentration in the Corners of

Metallic Rods of a 2D Photonic Crystal
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Abstract— In recent years the study of photonic crystals (PCs) and their optical properties,
aroused the interest of the scientific community, thanks to the discovery of the photonic band gaps
present in these structures, that is, frequency ranges where the propagation of the electromagnetic
field is prohibited, allowing the development of new technologies. PCs are an arrangement of
materials with different refraction index, which allow light behaviors not present in the bulk
materials. The photonic band structure (PBS) and the band gaps in the PCs depend on the
difference between the refractive index of the components of the PC, their geometry disposition,
and the filling fraction. The different studies on this structures rangs from multiple slabs of
different materials for 1D systems up to 3D structures, including fractal disposition of a dielectric
material in air in a limited region of the space. Also, some studies are related to defects which
modify the translation symmetry of the PC allowing the existence of high localized modes used
in the construction of wave guides.
In this work we calculated the photonic band structure (PBS) of a square 2D photonic crystal
(PC) made of square metallic rods embedded in air, considering a Drude type dielectric function
without loss for different values of the rod plasma frequency, ωp. The PBS was calculated for TE
polarization in the Γ-X direction using the revised plane wave method (RPWM), considering the
Li’s rules for the product of two periodic functions. We found that the PBS presents at bands
below and above the frequency value ωp/

√
2, and by calculating the distribution of |Hz|2 in the

crystal unit cell we found that these bands are related with the existence of plasmon-polaritons
in the surface of the rods, as it has been discussed and published in previous works. Besides
these findings, in this work we also present the distribution of |E|2, but in this case the square
shape of the metallic rods contributes to a high field concentration close to their corners. For
frequencies around ωp, we found that the magnetic field presents a distribution which does not
change in passing from the metallic regime to the dielectric one, being not the case of the electric
field, which is distributed only inside the rods for frequencies below ωp and in the whole unit cell
above this frequency.
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Unidirectional Nanoantenna for Second-harmonic Generation

X. Y. Z. Xiong, L. J. Jiang, W. E. I. Sha, Y. H. Lo, and Yan Lin Li
Department of EEE, The University of Hong Kong, Hong Kong, China

Abstract— Due to symmetry breaking at surface and plasmonic enhancement, second-harmonic
generation (SHG) from centro symmetric metal nanoparticles has a bright outlook for nanoscale
sensing and detection applications. While SHG were greatly enhanced by well-engineered nanos-
tructures, a directional (or angular) control of second harmonic (SH) radiation, which is highly
important to far-field detection of nonlinear signals, has not been explored yet. In this work, a
unidirectional nanoantenna is designed tore direct radiated SH wave and separate it from incident
wave spectrally and spatially. To solve challenging issues in the modeling of the nanoantenna
system, SH nonlinearity is described by equivalent nonlinear current sheets on the surface of
metal nanoparticles. Then, the nanoantenna is simulated and optimized by the surface integral
equation (or boundary element) method based on equivalent principles. A modified PMCHWT
formulation is solved iteratively to capture the mutual coupling between fundamental and SH
fields. As a result, the modeling of SHG is not restricted by the undepleted-pump approximation.
Compared to other simulation approaches, the proposed method is efficient with a surface dis-
cretization; and could employ experimentally tabulated linear susceptibility and nonlinear surface
susceptibility tensor of metals directly.
The SH radiation from a plasmonic small sphere with a plane wave excitation can be modeled
by the emission from an induced electric dipole and an induced electric quadruple. According
to the selection rule, the SH radiation is strictly zero along the incident direction. However,
SH radiation always shows a double-side scattering feature due to mirror symmetry along the
radiation directions. In the designed nanoantenna, two passive dielectric nanospheres functioned
respectively as a director and reflector are employed to break the mirror symmetry. By tuning the
size of dielectric spheres and sphere-sphere spacing, interference and retardation effects between
multiple spheres could be fully controlled, which leads to the unidirectional scattering of SH
waves at a desired wavelength. The work paves a new way to far-field detection and sensing of
nonlinear signals.
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The Dispersion Properties of Three-dimensional Magnetized Plasma
Photonic Crystals as the Mixed Polarized Waves Considered

Hai-Feng Zhang1, 2, Yi-Bing Lin2, Yu-Qing Chen2, and Guo-Wen Ding1
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Abstract— In this paper, the dispersion properties of three-dimensional (3D) magnetized
plasma photonic crystals (MPPCs) with face-centered-cubic lattices are theoretically investi-
gated based on the modified plane wave expansion method, in which the homogeneous magne-
tized plasma spheres are immersed in the homogeneous and isotropic dielectric background, as
the mixed polarized waves and magneto-optical Faraday effects are considered. The more general
case has been studied, and PBG of such MPPCs is not only for the left and right circular po-
larized waves but also for the mixed polarized waves. The equations for calculating the PBG for
all of the electromagnetic waves in such 3D MPPCs also are theoretically deduced. Theoretical
computing results show that one PBG and two flatbands regions can be observed. Compared
to the conventional dielectric-air photonic crystals with similar structure, the larger PBG can
be obtained in such 3D MPPCs. However, the narrower PBG can be achieved compared to
the PBG for the right circular polarized (RCP) wave, but the larger upper edge frequency of
flatbands region can be obtained.
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Zn Concentration, Shape and Size Effects on the Band Structure of
Photonic Crystals Based on Ferrofluids with (Co1−xZnxFe2O4)

Nanoparticles

Luz E. González and N. Porras-Montenegro
Departamento de F́ısica, Universidad del Valle, A.A. 25360, Cali, Colombia

Abstract— In this work using the transfer matrix technique we study the Zn concentration
and shape effects on the band structure of a 1D photonic crystal, made of alternating layers of
air and a ferrofluid containing (Co1−xZnxFe2O4) nanoparticles, coated by oleic acid suspended in
ethanol. For the three-phase mixture we have based our study on the Maxwell-Garnett theory for
two confocal inclusion phases contained in a background representing the third phase. We found
that the photonic band structure (PBS) is shifted to higher frequencies with the increasing of
the Zn concentration and with ferrofluids containing ellipsoidal instead of spherical nanoparticles.
However, the difference in the shifting of the PBS due to oblate or prolate ellipsoidal nanoparticles,
is negligible. The effects of the Zn concentration, the width of the ferrofluid and air layers, as well
as their dielectric constant on the PBS, allow us to propose photonic quantum wells by means
of which we can have very well defined frequency regions to transmit or reflect electromagnetic
waves to be used in technological applications. Taking into account that there have been several
experimental reports showing that an external magnetic field applied perpendicular to the plane
of the ferrofluid organize the nanoparticles in parallel rods to form a hexagonal 2D photonic
crystal, we also extended our study to these kind of photonic crystals considering the effect of
dispersive dielectric response, dissipation effects, as well as the influence of the applied magnetic
field by using the Finite-Difference Time Domain. We hope our results can be taken into account
for future understanding of the optical response of these systems to be used in technological
applications.
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Porphyrinic Photosensitizers for Biology and Medicine
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Abstract— Porphyrin-based substances are modern materials applied in the design of prepa-
rations for for photodiagnosis and photodynamic therapy of cancer [1]. The wide interest to their
study is drawn by its low toxicity and selectivity to accumulation in tumor tissues. At that, the
photodiagnosis task requires pronounced photoluminescent property of porphyrins whereas the
photodynamic therapy applications are based on their high efficiency as regards to photosensibi-
lization of reactive oxygen species, and especially of singlet oxygen.
We report on study of three water-soluble forms of porphyrins as the photosensitizing objects:
1) chlorine E6 salt with N-methyl-D-glucamine as the dye composition of Photoditasin prepara-
tion; 2) coproporphyrin III tetrapotasssium salt, the base of preparation Coproporphyrin III; 3)
2, 4-di-(alpha-methoxyethyl)-deuteroporphyrin IX disodium salt, known as the Dimegin photo-
sensitizer. The first preparation is already widely applied in clinical practice for photodiagnosis
and photodynamic therapy. The second one was developed and manufactured by Elest JSC
(Saint-Petersburg, Russia) and its optical properties were studied last few years [2].
Coproporphyrine III and Dimegin preparations can be promising drugs for medical purposes, due
to their high solubility in water and low rat intravenous toxicity (240 ± 16mg/kg for Dimegin
as has been found in St. Petersburg Research Institute of Toxicology) and 2400± 120mg/kg for
Coproporphyrine III [3]).
Here, we experimentally show a high singlet oxygen photosensibilization ability of these species.
The process of singlet oxygen generation and its quantum yield for each of the photosensitizers
was studied in phosphate buffer. The singlet oxygen production was measured by two chemical
trap methods. The first one was based on the simultaneous application of L-histidine and p-
nitrosodimethylaniline, while another one used L-tryptophan.
Dimegin showed the greatest singlet oxygen quantum yield (ca. 0.8) compared to other dyes.
The quantum yields for Photoditasin and Coproporphyrin III were found to be 0.6 and 0.37
correspondingly. It was note that biological media possess a significant effect on the singlet oxygen
generation property. For example, 0.1% ovalbumin addition led to reduction of Photoditasin and
Coproporphyrin III singlet oxygen photosensibilization efficiency in 3 and 2 times correspondingly.
The comparative study performed corroborates high perspectives of Dimegin preparation for
photodynamic cure.
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Analysis on the Aperture Averaging Weight Factor for Equidistant
Dual-aperture Receiver

Changqi Yang and Simin Liu
School of Science, Xi’an Shiyou University, Xi’an 710065, China

Abstract— Free-space optical communication receiver aperture is usually a single circular
aperture. When the aperture size is large, its cost will be high. This paper proposes a new
receiver aperture structure: equidistant dual-aperture receiver. The authors analyze its perfor-
mance. Aperture Averaging Weight Factors of the two kinds of receiver structures are compared.
The analysis results show that: Equidistant dual-aperture receiver can obviously decrease the
Aperture Averaging Weight Factor, and reduce the optical scintillation.
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Trend Technology’s Theory Model and Experiment Verification for
Atmospheric Optical Scintillation

Changqi Yang
School of Science, Xi’an Shiyou University, Xi’an 710065, China

Abstract— Trend technology’s theoretical model for atmospheric optical scintillation is es-
tablishes in this paper. For many years, people have always thought that atmospheric optics
is completely random. In the previous paper, the author has used several experiments to over-
turn the traditional view. In this paper, the author will put forward a model to explain the
author’s point of view theoretically. It will demonstrate the process how does the optical scintil-
lation evolve according to the trend. In this paper, the author will give the second batch of the
experimental data to verify the theory model.
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Zn-diffusion 850 nm VCSEL with Stable Single Mode Operation and
21GHz Bandwidth
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Abstract— The vertical-cavity surface-emitting laser (VCSEL) had been an attractive light
source for the fiber-optical communication due to its high bandwidth, low cost and high reliability.
Until now, most VCSELs are used in short-haul optical link, which usually transfer data through
multimode fiber and the distance is shorter than 2 km. To reach the longer transfer distance,
significant effort had been paid on the development of high power single-transverse mode VCSELs.
In this study, we demonstrate stable pure single-mode operation by using selective Zn-diffusion
technique to suppress the lasing of high order mode. The effect of Zn-diffusion is also investigated
via simulation. Here the commercial software of Photonic Integrated Circuit Simulator in 3D
(PICS3D) is conducted to simulate the device character, which is developed by Crosslight corp.
The simulator is based on the nonlinear Newton-Raphson method. All the equations involved
in the calculation are discretized on the grids within target devices self-consistently. Because of
the mutual interaction between optical, electrical and thermal occurs within VCSEL devices. All
these effects are taken into consider during the simulation. To obtain a good result, the key factor
to discretize the mesh distribution is based on the box method. The target VCSEL structure
consist three GaAs/Al0.3Ga0.7As MQWs sandwiched by 35-pair n-type and 22-pair p-type DBR.
An oxide layer is placed above the MQWs for the current and optical confinement. Zn-diffused
region is formed in p-DBR to provide a high order mode stopper. The calculation results show
that, except for the fundamental mode, almost all high order modes are stopped by Zn-diffusion
region due to the high free-carrier-absorption and the decreased reflectivity of p-DBR, the only
observable high order mode is the first high order mode, which has a large overlap between the
mode profile and Zn-diffusion region. Finally, the fabricated device shows stable single mode
operation over all bias point (1 ∼ 5mA), which is consistent with the simulation result. And the
maximum bandwidth exceeds 20GHz as bias current over 2mA.
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Electromagnetic Simulation of Coupled Silicon and Diamond
Microdisks and Slab Waveguides in the Mid-infrared
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Abstract— Electromagnetic numerical studies of silicon and diamond microdisks coupled with
silicon and diamond slab waveguides are performed in the CO2 laser emission region in the mid-
infrared. Microdisk is the 2D analog of the microsphere and the slab waveguide is the 2D analog
of the rectangular optical waveguide. The evanescent coupling between the waveguide and the
microdisk results in efficient pumping of the whispering gallery modes of the microdisk. On-
resonant and off-resonant studies are performed by tuning the laser wavelength to the microdisk
whispering gallery modes.
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Global Simulation for Quantum Cascade Lasers Subjected to
External Optical Injection

Yohei Sakasegawa1, Shingo Saito1, Norihiko Sekine1, Akifumi Kasamatsu1,
Masaaki Ashida2, and Iwao Hosako1
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Abstract— Recently, the use of the terahertz (THz) frequency band for wireless communication
has attracted considerable attention. In this context, the development of modulation schemes for
solid-state THz sources such as THz-quantum cascades lasers (THz-QCLs) has become a very
important technological issue. However, in contrast to the several investigations being carried
out on radio-frequency (and thus electrical) modulation of THz-QCLs, the optical modulation
of THz-QCLs is at an early stage of development. In the optical scheme, amplitude or spectral
changes of the QCL arise from photon-generated electrons (holes) in the conduction (valence)
band of the devices, which trigger on various modulation mechanisms, such as the change in the
intersubband laser gain [1], additional mirror loss induced by free carrier plasma, or even heating
of the device in the limit of high intensity excitation (> µJ/pulse) [2]. Up to now, one obvious
problem in the optical modulation is that these coexisting and interacting relaxation processes
leads to a complexity in relating certain output behavior to the specific processes in a decomposed
or integrated manner.
In this paper, we report a global simulation scheme for QCLs subjected to the optical pulse
injection, allowing us to reproduce the optically induced amplitude change in the QCL over a
wide range of injection power. Our scheme consists of the heat equation and the three-level
rate equation. Here, the internal parameters (e.g., electron temperature, scattering times, and
hence internal gain) are treated as spatiotemporal, evaluated on the basis of the temperature
distribution of the device, and by substituting these parameters into the rate equation photon
number is obtained, which is then converted into the output power using the reflectivity of the
illuminated facet (time dependent). The simulation results are in good agreement with our
previous measurements [2].
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A Photonic QPSK Modulator Aimed at Space Applications
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Abstract— This paper addresses the subject of the satellite payload signal transmission and the
digital-microwave link. Usually, the carrier modulation data transmitter (DT) employs in-phase
(I) and quadrature-phase (Q) processing to achieve phase shift keying (M-PSK). Typically, this
I/Q processing is obtained by multiplying a low-frequency reference signal. Such systems usually
have many stages of multipliers, amplifiers and filters. As a result, the microwave transmitter
is complicated, bulky and costly. The results presented are based on a photonic circuit that
achieves QPSK modulation directly at the microwave frequency carrier. The QPSK modulation
was performed using a carrier frequency of 2 GHz and 2 Mbps I/Q signal from a pattern generator
using a photonic circuit with a pair of Mach-Zehnder optical modulators arranged in a parallel
configuration. The source of the photonic circuit is a DFB diode laser with a wavelength equal to
1550 nm. The modulated optical signal direct detection comes from an InGaAs photo detector.
The optical modulator circuit output can be directly connected to the high power amplifier
(HPA) and the transmission antenna. The resulting system enables one to achieve a microwave
data transmitter with a reduced mass and volume, further lowering power consumption. These
achievements are very important for spacecraft engineering teams during the conception of the
satellite payloads when starting a new satellite project. Gamma radiation and thermal effects of
the space environment are also discussed.
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Ultra-porous Aluminium Oxides for GHz and THz Components
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Abstract— We report on the experimental study of ultra-porous alumina (UPA) [1], which is a
promising low-κ dielectric material for GHz wideband antennas. The UPA samples are fabricated
by oxidation of laminated metallic aluminium through a mercury film at room temperature [2],
which leads to the formation of a nano-porous monolith of up to 99% porosity. Since the UPA
monolith is extremely fragile at this stage, spectroscopic measurements were carried out after
annealing at temperatures 870 and 1300◦C, milling to a powder, and compaction under pressure
to form rigid tablet samples. Some of UPA samples are also treated in trimethylethoxysilane
(TMES) vapour. In this case, an additional annealing decomposes TMES molecules, resulting in
a silica film covering the UPA nanofibres and mechanically reinforcing the samples.
The electromagnetic characterization consisted in the measurement of the S-matrix parameters
of our ultra-low-ε UPAs substrates. Our setup relies on a Vector Network Analyzer (VNA)
with 8–19GHz generation and multiplication stages up to the THz range. Different fabrication
conditions have been comparatively studied in the 150GHz range, the VNA enabling us to retrieve
the complex permittivity ε(1− j tan δ) of the material. While we measured an interestingly low
refractive index

√
ε ≈ 1.1, the loss tangent (tan δ ≈ 10−2) is still one-order-of-magnitude higher

than the typical values of commercially available antenna substrates. However we are confident
that such losses can be strongly reduced by the fabrication process optimization that is currently
under way.
While we presently focus on the 110–170GHz range because of its importance in the research
on the cosmic microwave background, UPAs can also be interesting for higher frequencies in the
THz range, once their hydrophilic nature will be properly dealt with. In this case, beyond their
potential use in patch antennas, UPA might also become competitive with currently available
THz optical components, whose spectral ranges are sometimes limited. In this respect, the
potential of creating refractive index gradients through thermally induced UPA density gradients
might also lead the way to fancy optical components like THz Luneburg lenses [3]. In the low-
microwave range, an approximate version of these lenses (manufactured by assembling concentric,
homogeneous dielectric shells with different ε) is widely used for radio communications in the
X-band between 12 and 16 GHz, as well as in the military field. [4] UPA-based Luneburg lenses
would of course be very interesting in the THz domain, where implementing the above piecewise-
constant radial permittivity seems impractical.
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Optoelectronic Applications of Sapphire Microspheres

Muhammad Zakwan, Muhammad Sohail Anwar,
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Abstract— The sphere with its highly symmetric geometrical shape enhances the efficiency
of optical effects with its high quality factor morphology dependent resonances (MDRs). We
report here on numerical studies of elastic light scattering in a sapphire microdisk coupled to
slab waveguides, i.e., the 2D analog of a microsphere coupled to the 2D analog of an optical
waveguide. The numerical electromagnetic simulations for the surface electric field strength are
performed at 800 nm. The experimental elastic light scattering measurements are also proposed
in the near-infrared from sapphire microspheres. 800 nm operation with sapphire microspheres is
suitable for local area networks (LANs) applications such as channel dropping, filtering, switching,
modulation, and monitoring.
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Silicon Microspheres in Metrology

Muhammad Hamza Humayun, Farhan Azeem, Imran Khan,
Ulaş Sabahattin Gökay, and Ali Serpengüzel

Microphotonics Research Laboratory, Department of Physics, Koç University
Rumelifeneri Yolu, Sarıyer, Istanbul 34450, Turkey

Abstract— The Système International unit of mass is the kilogram. The present definition of
the kg is based on a prototype dating back to 1880s. New approaches to define the unit of mass
are being investigated. Avogadro Project uses 10 cm diameter single crystal silicon spheres. The
technique commonly observed to measure the radius of the silicon sphere is optical interferometry.
Here, we propose an alternate method of measuring the diameter of the single crystal silicon
sphere using near-infrared spectroscopy. We demonstrate our approach by numerically simulating
the electromagnetic coupling of a silicon microdisk of radius 5µm to an optical waveguide of width
0.5 µm, thereby approximating the coupling of a microsphere to a rectangular optical waveguide.
It might be possible to have a precise technique for determining the radius of the sphere, which
can be used for the definition of the kilogram.
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A 10Gbps, Wide Dynamic Range CMOS Optical Receiver

Sheng-Hua Lai and Wei-Zen Chen
Department of Electronics Engineering, National Chiao-Tung University, Hsinchu, Taiwan

Abstract— This paper describes the design of a 10 Gbps, high sensitivity and wide dynamic
range optical receiver is TSMC 40nm CMOS technology. Typically, a high sensitivity optical
receiver is achieved by utilizing a core voltage amplifier with a large shunt-shunt feedback resistor,
so as to diminish the input referred noise current. The voltage amplifier’s 3 dB bandwidth should
be at least

√
2 times the overall TIA bandwidth (ωTIA), while its gain should be sufficiently high

(> 15 dB) to tolerate the parasitic capacitance of PD. Thus shunt-peaking inductors in general
are required for bandwidth enhancement in the core amplifier design under the constraint of low
supply voltage in the nano meter CMOS technology. On the other hand, the feedback resistor
should be tunable to accommodate wide dynamic range input signal. However, it may suffer from
phase margin degradation under the low gain mode, and results in significant gain peaking. To
overcome the aforementioned issues, the proposed TIA is composed of dual path nested feedback
loop architecture. In addition to an outer passive feedback loop that determines the TIA gain,
an inner active feedback loop in the core amplifier is incorporated for bandwidth enhancement.
Thus no peaking inductors are required for a small form factor. By monitoring TIA’s output with
an automatic gain controlled circuit, the core amplifiers voltage gain is adjusted in conjunction
with the feedback resistor, so as to maintain a relatively constant damping factor and alleviate
gain peaking. The TIA is integrated with a 2 stage post limiting amplifier, and the circuit
performance is demonstrated by integrating a photo detector with a responsivity of 0.65 A/W.
Experimental results show that it has a maximum conversion gain of 86 dBΩ while tolerating
input power level from −15 dBm to 0 dBm. The measured bit error rate is less than 10−12. The
total power dissipation is 17.3 mW from 1.2 V supply. Chip area is 0.628mm × 0.53mm2.
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Light Out Coupling Efficiency of Top-emitting Organic Light
Emitting Diode
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Abstract— We theoretically study the light out coupling efficiency of the top-emitting OLED
with inverted structure. The dipole mode is used analyzing the light out coupling efficiency of the
top emitting OLED. With this process, we can analyze the out coupling efficiency with respect
to the location of the emitting dipole from the cathode.
Organic light emitting diode (OLED) is considered as the next-generation display technology
owing to its superior performance such as fast response, wide viewing angle, and high contrast
ratio [1–4]. The response time is a few tens of microseconds. The viewing angle is over 170◦. The
contrast ratio is over 70,000 for all viewing angle. However, the out coupling efficiency is limited
to about 20% due to the total reflection caused by the organic layer and glass. In this paper, we
analyze the light out coupling efficiency of the OLED for the high efficiency.
The analysis of light out coupling efficiency must consider near field. The traditional approach
for such device simulation is known as the dipole model [5]. Our simulations about the out
coupling efficiency are also based on this model, in which, the dipole source takes the form of a
forced damped harmonic oscillation. Using the dipole model and considering the surface plasmon
resonance effects, the power dissipation of the top-emitting OLEDs was calculated. The light out
coupling efficiency of the top-emitting OLED was analyzed with respect to the location of the
emitting dipole from the cathode.
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Abstract— In this work, we have demonstrated a monolithic integration of optoelectronic
(LED) and electronic (MOSFET) devices in the GaN-based platform by using standard semicondu-
ctor-manufacturing technologies. The fabricated monolithically integrated LED/MOSFET de-
vice exhibits a maximum output current of IDS = 1050mA/mm and a peak transconductance
of Gm = 368 mS/mm. The LED exhibits a well rectifying behavior with a slightly high turn-on
voltage of 5.32 V, mainly due to the un-optimized condition of p-contact metal. Most impor-
tantly, the monolithically integrated LED/MOSFET device exhibits good gate controllability in
the LED’s light output power, and hence is viable and highly promising for a broad range of
applications.
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Comparison of the Two Rapid Measurement Methods for
Circular-cut Far-field Patterns of Elongated Base-station
Antennas — Kim Method and Evans-Vilenko Method

Masanobu Hirose and Kurokawa Satoru
National Institute of Advanced Industrial Science and Technology, NMIJm, Japan

Abstract— For wireless mobile communications, the base-station antennas are indispensable
equipment and the rapid as well as accurate measurements of the far-field patterns are one of the
critical issues in the mass productions.
Many base-station antennas have elongated structures and the far-field patterns have narrow
tilted beams along the longitudinal direction. To obtain the far-field patterns along the direction
rapidly, 1-D linear near-field scanning methods and the Evans-Vilenko method (a circular scan-
ning in the Fresnel region) are relatively well-known. Whereas the 1-D linear near-field scanning
cannot make it possible to obtain the circular-cut far-field patterns in the narrow beam cut-plane,
the Evans-Vilenko method can realize to obtain the circular-cut patterns from the measurement
on a circle in the Fresnel region.
We show a superior candidate (Kim method) for the rapid as well as accurate measurement
methods suitable to obtain the circular-cut patterns of the elongated base-station antennas. The
Kim method is derived from the formula of the cylindrical near-field scanning method and the
equation of the near-field to far-field transformation is the same as that of the cylindrical near-
field scanning method except a factor. Therefore the same algorithm of the cylindrical near-field
scanning method can be used without performing the Fourier transform along the z direction.
In the Kim method and the Evans-Vilenko method, we measure the s21 between two antennas
(the base-station antenna and a probe) on a circle of a finite radius in the Fresnel region and
calculate the far-field patterns in the plane including the circle.
For elongated base-station antennas, we show that the Kim method is superior to the Evans-
Vilenko method with respect to the errors after the near-field to far-field transformation at the
radius that is shorter than a few parts in a ten or a hundred of the well-known far-field distance.
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Resonance in Rectangular Microstrip Structure Loaded with a Thin
Omega Medium Layer in the Substrate
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Abstract— The resonant frequency problem of a microstrip patch has been extensively studied.
In literature one can find the configurations of microstrip patches located on planar substrate
with superstrate layer [1], microstrip patches located on single [2] or multilayer substrate cov-
ering conducting circular cylinder and loaded with superstrate layers [3], or located on elliptic
cylinder [4, 5]. For electrically small structures the analysis is commonly carried out by solving
the electric field integral equation with the method of moments.
Electromagnetic properties of the complex, chiral or pseudochiral materials, have also gained con-
siderable attention in the literature [6]. The chiral material consists of small wire helixes inserted
into the host medium, whereas the pseudochiral material contains Ω-shaped microstructures in
which both the loop and stamps lie in the same plane. The induced electric and magnetic field
polarizations in Ω element of the pseudochiral medium are perpendicular to each other, while in
chiral medium they are parallel. The chiral medium exhibits optical activity that refers to the
rotation of the polarization plane, while in the Ω medium the field displacement phenomenon
occurs. Introducing Ω particles into the substrate layer results in a notable field displacement due
to the pseudochirality properties of the particles, which in turn affects the resonant frequency of
the structure.
The complex resonant frequency of a rectangular microstrip structure with substrate layer con-
taining a thin Ω medium layer is studied here. The investigation is performed by using a full-wave
analysis and Galerkin’s moment method. To simplify the analysis approximate continuity condi-
tions modeling a thin Ω layer are introduced [6]. The numerical results for the effect of Ω medium
layer location in the substrate on the complex resonant frequency of the rectangular microstrip
structure are presented.
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A Moment-method Analysis of a Thin-wire Chireix-coil Antenna
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Abstract— Using a moment-method solution technique in an Electric-Field Integral Equation
(EFIE) formulation approach, this presentation examines certain performance characteristics of
the electrically thin-wire variety of the Chireix-coil antenna, whose geometry as defined by Kraus
(1998) is given by Cλ =

√
1 + 2Sλ, where the parameters (Cλ, Sλ), respectively symbolize helix

circumference and turn spacing, measured in units of wavelength at the operating frequency.
Computational results obtained for the Chirac coil with 4-, 6-, 8-, and 10-turns suggest that the
maximum value of magnitude of current distributed along the axis of the antenna is more or
less independent of number of antenna turns. And the results also indicate that when Sλ is less
than 0.9 the radiation field (Eϑ, Eϕ) patterns on the azimuthal plane consist of two diametrically
oppositely directed majors; which degenerate into four distinct lobes (with relative maxima along
ϕ = 0◦, 90◦, 180◦, and 270◦ axes) for values of Sλ in excess of 1.0.
A particularly remarkable feature of these radiation field pattern characteristics is that they
appear to be independent of the number of coil turns.
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A Frequency Reconfigurable PIFA Design for Wireless
Communication Applications
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Abstract— In order to sustain the enormous bandwidth and multi-functionality requirements
of modern wireless communication technologies, wideband reconfigurable antenna designs have
attracted considerable attention in recent years. Compared to conventional wideband antennas
that can cover multiple communications bands, reconfigurable antennas provide much needed
agility to dynamically tune into sub-bands for improved noise, crosstalk, and jamming suppression
without using external filters, thus also reducing the size, cost, and power requirements of wireless
mobile devices.
In this paper, we propose a novel frequency reconfigurable PIFA design based on printed split-
ring elements. The proposed design with novel configuration is depicted in Fig. 1. As seen, the
antenna is fabricated on the Rogers RO3006(tm) substrate with 0.64mm thickness and dielectric
constant of εr = 6.15. The radiating top plate consists of two concentric split-ring elements
and six metallic loadings (s1–s6) appropriately placed between the rings. The antenna height is
10mm, and the space between the top plate and the substrate is filled with air. The shorting
plate has dimensions of 3mm, and the feed plate has dimensions of 7 mm. The shorting plate
is placed under the top corner of the top plate. The horizontal distance between shorting and
feed plates is 22 mm. The proposed antenna is fed by a current-probe placed in the feeding plate
in the simulations. In addition, a conductive switch, implemented as a small metallic pad in
the numerical design, is integrated into a straight patch and inner split-ring element. Computed
return loss characteristic of the proposed antenna is shown in Fig. 1 for the two states of the
switch (SW ). When the switch is in OFF state, a dual band operation at 1.8 GHz and 3.5 GHz
is achieved. On the other hand, when the switch is the ON state, the antenna provides a dual
band performance at 1.7 GHz and 5.2 GHz, respectively. In the full paper, the details of design
steps will be discussed, and also the related pattern/gain characteristics will be presented.

Figure 1: Proposed frequency reconfigurable PIFA design and its frequency response: (W = 40, L = 20,
Lg = 40 (all in mm), εr = 6.15).
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An Accurate Technique to Model the Substrate of Wearable Textile
Antennas

Ghufran M. Hatem, Ali J. Salim, and Jawad K. Ali
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Abstract— The utilization of wearable textiles in the antennas has shown a dramatic increase
due to the recent challenges imposed on wireless devices to be miniaturized. For RFID purposes,
a wearable antenna is meant to be a part of the clothing used. This includes tracking and
navigation, mobile computing and public safety applications. Investigating the wearable textile
antennas reported in the literature, it has been noted that when modeling the antenna using
the commercially available EM simulators, the substrate (textile) has been dealt with as a solid
homogenous material. This is fact is not the case, since the textile as a substrate is composed
of woven threads (fibers). As a result, this adds some inaccuracy when comparing the simulated
results with measured ones. In this paper, the textile antenna material, as a substrate, has been
modeled in a way closer to the real practice. It has been modeled as horizontal and vertical fibers
with different thread levels. A case study, representing a wearable textile antenna structure, has
been investigated and the relevant textile material is being modeled using the proposed modeling
technique. Simulation results of the antenna return loss responses using the proposed modeling
technique; have shown to be more accurate than those obtained using the conventional modelling
technique in that they are more close to measured results relevant to the antennas involved in
the case study.
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A CMOS I/Q Up-conversion Mixer and a Power Pre-amplifier for
UHF RFID Reader Systems
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Abstract— A high gain, high linearity, low noise I/Q up-conversion mixer and a programmable
gain power pre-amplifier are designed in a standard 0.18 µm CMOS process, which are both the
critical building blocks in a transmitter for UHF RFID reader systems. To comply with the
system specifications, both low noise figure (NF) and high LO-IF isolation for the up-conversion
mixer are required, so the I/Q mixer topology based on two coupled double-balanced Gilbert
cells is applied. Besides, other techniques such as the pseudo-differential structure and the ac-
tive load are also used to improve its linearity, gain, etc.. As for the power pre-amplifier, a
programmable gain fully differential cascode configuration is employed to satisfy the emission
spectrum requirements from various application environments. A 3-bit control word is used to
switch the three parallel trans-conductance transistors in each side to change the output power
flexibly. And the source inductance negative feedback technique is adopted to achieve a good
trade-off among noise matching, impedance matching, linearity and gain. From a single 1.8V
power supply, simulation results show that the up-conversion mixer has a total conversion gain
of 4 dB, an input 1 dB compression point (IP1 dB) of 4.84 dBm, and an input NF of less than
20.9 dB. The power pre-amplifier has an output 1 dB compression point (OP1 dB) of better than
2.8 dBm, a gain of above 7 dB, and a good input impedance matching.
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A UHF RFID Reader Receiver SoC in 0.18 µm CMOS Technology
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Abstract— A fully-integrated single-chip receiver for an 860-960MHz UHF RFID reader is
designed in 0.18 µm CMOS technology. It is mainly composed of an RF front-end, a DC offset
cancellation (DCOC) block, and an analog baseband. The RF front-end consists of a double-
mode low noise amplifier (LNA) and an I/Q mixer. The LNA can operate under two different
modes, which correspond to the listen-before-talk (LBT) and the normal mode specified by UHF
RFID protocols, respectively. The common-gate structure and the dynamic current injection
technique are used for the mixer to achieve high linearity and low 1/f noise. The analog baseband
comprises a programmable gain amplifier (PGA) and a low-pass filter (LPF). The opamp-based
PGA is composed of a fine gain stage with a gain step of 1 dB, and a coarse gain stage with
three fixed gain, corresponding to 6 dB, 12 dB and 24 dB, respectively. The LPF is a fourth-order
Butterworth active RC one, whose bandwidth can be adjusted between 480 kHz and 1.68MHz.
Simulation results show that the receiver achieves P1 dB of −2.1 dB in LBT mode and sensitivity
of −88 dBm in normal mode, with power dissipation of 95.72 mW from a 1.8V power supply.
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Compact Substrate Integrated Waveguide BPF for Wideband
Communication Applications
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Abstract— A new compact substrate integrated waveguide (SIW) bandpass filter (BPF) is
presented in this paper as a candidate for use in wide bandwidth X-band applications. The
proposed filter is constructed by embedding two semi-circular slots have been in the SIW structure
from the input and the output sides. The simulation and performance evaluation of the proposed
filter have been carried out using Microwave Studio Suite of Computer Simulation Technology
CST. A parametric study reveals that the insertion of these slots has successfully led to the
compact size and the wide bandwidth. The cavity dimensions are 13.6 × 10.6 mm2 while the
overall filter dimensions are 28.5 × 16mm2 using a substrate with relative permittivity of 2.2
and thickness of 0.245 mm. The resulting filter exhibits a return loss less than −15 dB and
insertion loss approaching to 0 dB over the passband. The proposed filter offers a −3 dB fractional
bandwidth of about 68.4% centered at 11.7 GHz. The compact size offered by this filter makes
it a suitable for use in designing microwave and millimeter-wave circuits.
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Investigations of Elliptical Ferrite Coupled Line Junction

A. Kusiek, W. Marynowski, and J. Mazur
Faculty of Electronics, Telecommunications and Informatics
Gdansk University of Technology, Gdansk 80-233, Poland

Abstract— Nonreciprocal devices have been extensively used in modern microwave and mil-
limeter wave system. Recently, the longitudinally magnetized ferrite coupled strip- or slotlines
[1, 2] are being developed and employed to realize integrated nonreciprocal devices. Significant
interest in these devices results from their advantages, which are weak biasing magnetic field and
wide operation bandwidth.
So far, studies concerning FCL devices have been focused mainly on structures realized in planar
line technology. Such structures allow one to obtain fully integrated FCL devices. However,
the main drawback is high level of insertion losses occurring in the ferrite material [3]. The
promising results concerning losses reduction were obtained for cylindrical ferrite coupled line
(CFCL) junction [4, 5]. In such configuration strong gyromagnetic coupling occurs which is a
result of high magnetic field concentration in the ferrite medium. This makes possible to design
shorter ferrite junctions ensuring lower insertion losses in comparison to planar ones. However,
in the experiment the narrow operation bandwidth was observed for fabricated nonreciprocal
devices utilizing such junctions [4, 5].
In this paper the elliptical ferrite coupled line (EFCL) junction is proposed. In the analysis
the hybrid technique combining spectral-domain approach (SDA) with coupled-mode method
(CMM) is applied. In this approach the SDA is applied to determine the propagation coefficients
and field distributions of fundamental modes propagated in the dielectric basis guide. The basis
guide has the same cross-section as EFCL where instead of ferrite the dielectric material with
the same permittivity is utilized. Then utilizing CMM the gyromagnetic coefficient, dispersion
characteristics of ferrite coupled lines and scattering matrix of EFCL junction are determined.
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Wave Properties of the Rectangular Waveguide Loaded with Thin
Pseudochiral Medium Layer

W. Marynowski, A. Kusiek, R. Lech, and J. Mazur
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Abstract— One of the artificial materials is a pseudochiral medium firstly introduced by
Saadoun and Engheta [1]. Due to its interesting features it is still in the area of researchers’
interest [2–8]. The possible applications of this medium in the novel devices operating at mi-
crowave and millimeter-wave frequency ranges have been recently published in literature. Both
the waveguide devices and the planar integrated structures were proposed and studied [1, 4].
The typical pseudochiral material is composed of Omega shaped microstructures where loops
and stamps lie in the same plane. In such structure the field displacement phenomenon oc-
curs [3] which is similar to the one obtained for transversely magnetized ferrite materials, except
nonreciprocity [9].
In this paper a rectangular waveguide loaded with thin pseudochiral medium layer is investigated.
The considered waveguide structure is composed of dielectric layer with thin omega medium
layer placed on one side and the metallic strips on the other side. Based on the mode-matching
method the mathematical model of the electromagnetic wave propagation in the investigated
guide is derived. To simplify the analysis the approximate continuity condition are used in the
modeling of the Omega medium [5]. With the use of the derived model the wave parameters,
such as propagation coefficients and field distributions, are obtained. The different configurations
regarding material parameters, dimensions and Omega medium layer location are considered. In
comparison to the isotropic guide (without the thin Omega medium layer) for the investigated
structure only the small differences in the propagation coefficients are observed. However, due to
the presence of omega medium, the strong field displacement phenomenon occurs in the structure.
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A Diplexer with a Dual-mode Resonant Junction
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Abstract— Microwave diplexers are used in communication systems to connect two channels
operating at different frequencies to a common antenna port. A conventional diplexer is made
up of two channel filters which are connected to a signal distribution network. Such a network
usually contains a transmission-line based junction or a circulator [1]. In the past few years, a new
diplexing configuration based on resonant junctions has attracted a lot of attention. Different
circuit techniques have been used. For instance, in [2] two novel multiplexer topologies based
on all-resonator structures were reported at X-band using waveguide technology. In [3], an FDD
diplexer that integrates a T-shaped resonator and two sets of square open-loop resonators was
developed. In [4], a compact diplexer was proposed and designed using an SIR resonator which
acted as a common resonator.
In this work, a miniaturised and novel diplexer has been proposed and designed using hairpin
resonator filters of 3.39 GHz and 4.39 GHz with a 4% fractional bandwidth each, linked together
using a perturbed patch resonator. Each of the filters was individually designed using a three-
pole structure and fed using proximity coupling. In order to achieve a diplexer, the two filters
were joined together and here the novelty behind this proposal comes to light. A patch resonator
structure, resonating at the overall central frequency of the two filters were designed and per-
turbed into a dual-mode to resonate at the centre frequencies of the two individual filters. The
perturbed patch resonator was then used to replace the first hairpin resonator and the input feed
line of each filter. Here the patch resonator acts as a common resonator linking both filters as
well as a frequency selective splitter. This idea used, led to the miniaturisation of the structure
from a total of six resonators to five resonators and without using any transmission-line based
signal distribution network for matching. The CST EM wave simulator was employed in this
design. Rogers 3010 substrate was used with a thickness of 1.27 mm, relative permittivity of 10.8
and loss tangent of 0.0035.

REFERENCES

1. Skaik, T., “Synthesis of coupled resonator circuits with multiple outputs using coupling matrix
optimization,” Ph.D. Thesis, University of Birmingham, 2011.

2. Shang, X., Y. Wang, X. Wenlin, and M. J. Lancaster, “Novel multiplexer topologies based
on all-resonator structures,” IEEE Trans. Microwave Theory and Techniques, Vol. 61, No. 11,
3838–3845, 2013.

3. Chuang, M. L. and M. T. Wu, “Microstrip diplexer design ussing common T-shaped resonator,”
IEEE Microwave and Wireless Components Letters, Vol. 21, No. 11, 583–585, Nov. 2011.

4. Chen, C. F., T. Y. Huang, C. P. Chou, and R. B. Wu, “Microstrip diplexers with common
resonator sections for compact size, but high isolation,” IEEE Transactions on Microwave
Theory and Techniques, Vol. 54, No. 5, May 2006.



230 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

A Compact Dual-band Bandstop Filter Based on Fractal Microstrip
Resonators

Hayder S. Ahmed, Ali J. Salim, and Jawad K. Ali
Microwave Research Group, Department of Electrical Engineering, University of Technology, Iraq

Abstract— Fractal geometries are found attractive to designers seeking for compact size mi-
crowave circuits and antennas. In this paper, Peano fractal based open-loop resonators are
adopted to design dual-band microstrip band-stop filters (PSFs). The suggested filter structure
is essentially based on that of the conventional open-loop rectangular microstrip resonators. The
resonators of the proposed PSF structure are made in the form of Peano fractal geometry with
different iteration levels. Many filters have been modeled and their performances have been eval-
uated using a commercially available full-wave electromagnetic simulator. Each of the modeled
filter structures contains two pairs of open loop fractal based resonators with different iteration
levels. The lower frequency band-stop performance is attributed to the resonators with higher
iteration level, while the higher frequency band-stop performance is due to the resonators with
lower iteration level. Simulation results for the proposed microstrip filters are shown to confirm
the validity to realize compact dual-band narrow-stopband microstrip filters. A comparative
study implies that higher size reduction of the realized filter has taken place as the iteration level
of the fractal microstrip open-loop resonators becomes higher. The results presented show that
the fractal based resonators can be used to construct compact narrow-stopband filters suitable
for a wide variety of the recently available communication applications.
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Development of High Stretchable Devices Material for the Wearable
Electronics
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Abstract— Recently, IoT (internet of things) technology has strong demands for the wear-
able devices for the communications between mans and machines. Thus, the needs for wireless
rechargeable devices which has a high efficiency will be continuously increased due to a conve-
nience. Because a part of human body is normally deformed up to approximately 30%, wearable
material also should be elongated to at least 30% and the flexible devices should provide com-
fortable fits to human body. When we consider these things, flexible material must have a proper
modulus, high elongation and function of 3D forming. In this work, new flexible material and
stretchable antenna were developed for the near field data transaction and wireless recharge for
wearable devices. Flexible epoxy film was fabricated by casting epoxy resin on coper foil. In order
to increase flexibility and stretchability of the film, alkoxy silane modified epoxy, phenol-novolac
epoxy and half-ester modified acid anhydride were synthesized. The elongation, tensile modulus
and tensile stress of flexible film showed 110%, 1 Gpa, 16 MPa respectively (see Fig. 1). Further-
more the flexible film had elastic restoring force. After it was elongated to plastic deformation
region, its length was restored to a degree of 101.5% by itself compared to original length at room
temperature (see Fig. 2). After fabricating flexible film, a type of inductor antenna was realized
and evaluated by embedding 32 µm thick Cu pattern into polymer layer to reduce total thickness
and increase flexibility. The pre-formed thick Cu pattern was transferred to the flexible films
for embedding patterns and inductor pattern was interconnected through vias. The new flexible
antenna has 150% thicker Cu pattern, lower electrical resistance, 10% lower thickness and 1.5
times higher Q factors than commercialized products.

Figure 1: Tensile strain and stress test results of
flexible film.

Figure 2: Restoration measurement after 60% elon-
gation at RT.
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Design of Evaluation Board with a Built-in 25Gb/s PRBS Source
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Abstract— There are more and more internet applications, such as internet TV, multimedia
network, online games, social networking sites and cloud computing. We need to decrease the
time of the data processing and increase the quality of the data transmission. For higher data
rate applications, the 40/100 Gigabit Ethernet (GbE) standards was proposed in 2010. The
100GBase can use four parallel 25 Gb/s channels to achieve the transmission rate. Therefore,
the performance of the high data rate products, modules, devices, or testing kits need be measured
over 25 GHz frequency range. The time domain measurement of high-speed signal needs generally
an expensive pattern generator to provide a pseudo-random binary sequence (PRBS) signal.
In this paper, an evaluation board with a built-in 25 Gb/s PRBS source was developed for testing
high frequency probe in time domain. The high frequency probes in semiconducting testing field
are one of convincing contact elements selections. A commercial clock-data-recovery (CDR) chip
was used to design the PRBS source. Some printed circuit board (PCB) layout techniques were
used to design the 25 Gb/s evaluation board. The differential traces were designed to reduce noise
interference, and the length of signal traces was short as possible for improving the transmission
bandwidth. The dielectric material of our PCB used Rogers 4350B with dielectric constant 3.66.
Special K connectors with 40GHz bandwidth were used in signal input and output interfaces.
The advantages of our 25 Gb/s evaluation board for testing high frequency probe have low cost,
small size, and light weight.
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The Optimized Electrode between a SMPM Connector and a
Microstrip for High Frequency Applications
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Abstract— Due to the advent of the cloud computing, a high data rate transmission is greatly
demand. The data traffic between servers inside a data center becomes busy. According to the
requirement of a 100 GBASE Ethernet, the transmitted data rate of a single channel is 25-Gb/s
and the aggregated data rate is 100-Gb/s by adopting 4-channel transmission simultaneously. The
testing setup and connection for a 100-Gb/s environment is very essential. Signal integrity and
impedance match are key points in designing either the transmission line on a printed circuit board
(PCB) and the connector. Usually, a k-type connector is generally adopting and soldering with
PCB. However, the size for a k-type connector is large, and makes a difficulty in minimizing the
length of a microstrip of a PCB. A long trace of microstripe limits the transmission bandwidth. In
this research, a smaller and cheaper novel Subminiature Modular Plug-in Mini (SMPM) connector
has been used to replace a K-type connector. The SMPM connector is installed on the top of
PCB and soldering with an electrode to reduce the trace of a microstrip and to maintain the high
frequency performance. Three designs of the PCB electrode have been simulated and verified
experimentally. The optimized impedance mismatch of the soldering point between a SMPM
connector and the PCB electrode is controlled within a range of ±2-Ohm. The 3-dB bandwidth
of the whole setup including two SMPM connectors and a 2.5-cm long microstrip is above 25-GHz.
This optimization can be used in designing high-speed PCB for the application of 100 GBASE
Ethernet.
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Board to Wire Connectors
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Abstract— In recent years, due to the vigorous develop of information and communica-
tion technology, it makes the popularization of the internet broadband applications, such as
bandwidth internet games, online teaching platform, network conference, and cloud applica-
tions. The 100Gigabit Ethernet can use four parallel 25 Gb/s channels to achieve the transmis-
sion rate. Therefore, the bandwidth of the related device, module, equipment, and network must
increase to near 25GHz. For the high-speed modules, the signal integrity and impedance match
between the printed circuit board (PCB) and connector have to be investigated.
In this paper, we analyze and compare the properties of three kinds of high frequency board
to wire connectors which are subminiature modular plug-in mini (SMPM) connector, vertical
K-type connector, and horizontal K-type connector. The S-parameters of these connectors were
simulated through the High Frequency Structure Simulator (HFSS) software. Using these con-
nectors, three kinds of evaluation boards (EVB) were designed for measuring the high frequency
performance of the connectors. The impedances of these EVBs were measured through the time
domain reflector (TDR), and the S-parameters were also measured and verified through the net-
work analyzer. The insertion loss from PCB sheet material or connector can be distinguished
through the different length EVBs. The bandwidth of the SMPM connector is about 20 GHz, the
bandwidth of the vertical K-type connector is about 24GHz, and the bandwidth of the horizon-
tal K-type connector is above 25GHz. The board to wire horizontal K-type connector is more
suitable than the other two connectors for 25 Gb/s transmission applications.
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Abstract— This study investigates GPS (Global Positioning System) phase fluctuations over
the high latitude site, Tromsø, Norway (69.66◦N, 18.94◦E, MLAT 66.75◦N) during the low solar
activity year 2007. In this study, the phase-fluctuation index Fp is used to characterize GPS
phase fluctuations. Investigations include the seasonal and the temporal variation of Fp, the
correlation between Fp and Kp, and the comparisons between Fp and the ionospheric electron
density. The objects are to show the general variation of GPS phase fluctuations and the variation
of the ionospheric electron density when irregularities occur. The results are that the active
GPS phase fluctuations (Fp ≥ 50) occur frequently in all months; the highly active GPS phase
fluctuations (Fp ≥ 200) prefer to occur in the equinox months; the occurrence of Fp ≥ 50 and
Fp ≥ 200 both concentrate in the 18–03LT period. These indicate that the active GPS phase
fluctuations results from particle precipitation. Moreover, the temporal variation of Fp consists
with that of scintillations in published papers but the seasonal variation does not. Regarding
Kp, it shows positive correlations to Fp, which links the intensity of GPS phase fluctuations to
the geomagnetic activity. Finally, the comparisons show that Fp ≥ 50 occurs when the E region
density is quickly increasing or the E region density structure is extending up. This implies that
GPS phase fluctuations are activated when intense particle precipitation is proceeding. Moreover,
irregularities distribute from the E to the F region. The results of this study demonstrate the
effective application of GPS phase fluctuations to space weather.
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Abstract— Ionospheric irregularities exert scintillations on electromagnetic waves when the
waves pass through them. So they are interesting for satellite signal propagation in the iono-
sphere at the magnetic equator and low latitudes. The global navigation satellite system (GNSS)
observations recorded at ground-based tracking sites have been a convenient database for inves-
tigating ionospheric irregularities. The irregularities over Africa during solar maximum years of
2013–2014 in the 24th solar cycle were investigated by employing the Global Positioning System
(GPS), which is a GNSS system. Six African GPS tracking sites of the International GNSS
Service (IGS) network were adopted in this study. First three sites were located at low latitudes
close to the geomagnetic equator, in Middle and East Africa from the coast of Atlantic Ocean
to that of Indian Ocean. The other three were located at midlatitudes and at about the same
longitudes as the aforementioned low-latitude sites. Equatorial irregularities were characterized
by hourly GPS phase-fluctuation index. This index categorized irregularities into three levels:
they are background, moderate, and strong irregularities. The important climatological results
have been obtained as followings. First: The equinoctial irregularity occurrence rates over the
three low-latitude sites decreased slowly from Middle to East Africa (94%, 89%, 83% and 87%,
73%, 64% for moderate and strong irregularities, respectively). Likewise, the June solstitial rates
also decreased similarly (90%, 88%, 74% and 67%, 58%, 37%). However, the December solstitial
rates decreased faster (55%, 24%, 28% and 26%, 10%, 7%). Thus, the equinoctial and June
solstitial occurrence rates were also high in East Africa (83% and 64%; 74% and 37%), while the
December solstitial one was low (only 28% and 7%). Second: Although moderate and strong
irregularities occurred very frequently over the low latitude sites (e.g., 94% and 87%), they over
the three midlatitude sites all were nearly at the background level (i.e., nearly 0% and 0%). This
indicates the irregularities did indeed come from the equator. Third: Although the equinoctial
irregularities were dominant, the June solstitial irregularities also occurred frequently and their
occurrence rates were comparable to the equinoctial ones, especially in Middle Africa. As for the
December solstitial irregularities, they were obviously of minor importance compared to both the
equinoctial and June solstitial ones. The prominent June solstitial rates in Middle Africa may
be due to the northward shifted geomagnetic equator (located in the northern hemisphere) and
small declination angles.
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Assessment of the Forest Disturbances Rate Caused by Windthrow
Using Remote Sensing Techniques
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1Faculty of Geography, “Babes Bolyai” University, Cluj Napoca, Romania
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Abstract— Change detection using multi-temporal satellite images data is an important do-
main with various applications in forestry and can allow an evaluation of areas extended to the
same spatial temporal scale. The focus of the study is to assess the changes occurring after catas-
trophic wind events using Landsat time series data. Estimates of disturbance rates are derived
using 8 sample selected across the Apuseni Mountains during 2000–2014 periods. Multi-temporal
analysis on annual basis has detected the patterns of the changing forest ecosystem and the trends
that are occurring and give more accurate results. The satellite images have been calibrated and
the root mean square error has been made. The satellite images preprocessing is made in order
to transform the DN values into the surface reflectance. The approach requires images during the
peak growing season. Local knowledge and available ancillary data about windthrow occurrence
are required in order to fully understand the nature of these trends. The statistical algorithms
are applied to characterize the magnitude of the disturbance. We found evidence of systematic
change in the forest ecosystem of the Apuseni Mountains by analyzing multi-temporal surface
data. The accuracy of forest disturbance detection diminishes with the decrease of the temporal
resolution. Therefore, the approach described in this paper demonstrates that the Landsat time
series data can be used operationally for assessing forest cover changes analysis after a windthrow
occurrence across a large area.
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Monitoring Land Use Change in South-west Romania Using
Multi-temporal Landsat Remote Sensing Imagery
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Abstract— Early detection of changes in land use is especially important in environments with
fragile ecological equilibrium, such as those affected by drought or soil with a sandy texture. In
this article we use remote sensing techniques integrated into a surface analysis to identify areas of
nuts plantation, that have been deforested. Nut plantation, with an area of 50 hectares is situated
in the south-west of Romania, in the field of sand dunes Dabuleni. According to Research
Development Center for Agricultural Plants on Sandsăbuleni, at locality level area occupied
with sand is: Calarasi — 6.800 ha, Dăbuleni — 10.300 ha, Bechet — 5.900 ha. Deforestation
the nuts plantation occured gradually, beginning in the fall of 2012 and ending in the fall of
2013. The six curtains (plots) have been cut gradually, but deforestation occurred by pruning of
the tree branches, subsequently tree trunks. We have been used multitemporale satellite data,
Landsat (TM and OLI) covering the period 1987–2014. In order to ensure comparability of
data, was chosen July, because it was in full vegetation season , the crowning is very developed.
Deforested areas were detected by calculating NDVI and the use of thresholds. The changes
were highlighted using the Erdas change detection module. The surface analysis has indicated
an increase of deforested areas, so if the area occupied in July 1987 with rare vegetation (low
pixel) was 15.05 ha, in July 2014 the affected area amounts to 42.7 ha out of 50 ha. The results
show that the method used has proved to be useful in detecting precise and rapid environmental
changes.
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Looking for a Biophysical Approach to Early Stages of Chronic
Kidney Disease
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Abstract— Chronic Kidney Disease (CKD) and its subsequent complications and consequences
are an increasing concern in general population. A biophysical integrated approach in early
stages of CKD was investigated in 30 patients with a 12-month follow-up. A clinical approach
based on the use of an electro medical device (Medselect 729) was employed following previous
reports as well as the procedure of electromagnetic information transfer through aqueous systems.
Interestingly, we observed a significant increase in the estimated glomerular filtration rate (eGFR)
according to CKD-EPI formula (+11.57ml/min; +18.43%, p < 0.0001). Beside further studies
are certainly recommended, a biophysical integrated approach in the management of early stages
of Chronic Kidney Disease seems feasible, effective, and promising.
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Abstract— Refractory gynecological infections are often very difficult to treat. The need for
new strategies of their management is therefore continuously increasing. Some researchers have
recently pointed up that microorganisms could emit specific electromagnetic signals. Moreover
electromagnetic signals could be able to yield response from immune system. The aim of this
study was to assess the possibility to employ electromagnetic signals from swabs of refractory
gynecological infections to rise a response of the immune system able to erase them. Twenty-two
consecutive patients with refractory gynecological infections, since at least 3 months, participate
into this study employing an electro medical device(Med Matrix) to perform the electromagnetic
information delivery procedure. Vaginal swab was picked up for microbiological assessment at
baseline and after 7 days. Out of 22 swabs performed 15 were positive for microbiological assess-
ment at baseline. Out of the 15 positive at baseline only 2 were still positive after one week of
biophysical treatment (p < 0.0031). Biophysical treatment of refractory gynecological infections
seems to be an useful and promising second line clinical tool.
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Abstract— Superconducting single-electron transistors (SETs) with a gating junction are ex-
perimentally studied. Because of its large impedance, a one-dimensional Josephson junction array
on the same chip is used for constant current gating. We experimentally studied the current-
voltage characteristics of SETs under the constant current gating via a tunnel junction. The
results can be compared with those obtained by using constant voltage gating through a tunnel
junction. The SET current varies when one changes gating current, giving a current on-off ratio
more than 1000 near zero voltage bias. The highest current gain of our current-gated SET was
16 dB when biased at the threshold of quasi-particle tunneling process.
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Abstract— Printed circuit board (PCB) is the carrier of electronic components which is widely
used in many fields such as airborne electronic equipment [1]. Among the several types of PCB,
Flexible printed circuit boards (FPCB) is being used extensively in current electronics devices
because of their excellent flexibility, light weight, and reduced thickness [2].
There are two types depending on the production process FPCB; etching type and printed elec-
tronics type. Printed electronics refer to the printing of electronic circuitry on a common media
such as paper, plastic, or textile. The conductive materials are available in liquid and paste
forms, and can be applied using ink jetting and screen printing respectively. Printed electronics
are portable, thin, tiny and suitable for customized applications such as smart labels, animated
posters, and active clothing. Printed electronics is being regarded as the second coming of the
semiconductor industry because it can significantly reduce their cycle times and cost structure [3].
FPCB for NFC antenna and wearable system is used in a variety of environments, and ‘product
reliability’ is important as much as the function of each part. But so far, there is no validation
for the product reliability. This thesis verified reliability of printed electronics type FPCB used
in NFC antenna through environmental stress tests.
An environment test was carried out according to standard of FPCB used in NFC antenna.
Seven kinds of test (; High temperature test, Low temperature test, Thermal Shock test, High
temperature and humidity test, Salt test, Bending test, Electrostatic test) were carried out. The
test items for performance verification were electric resistance, Inductance, Insulation resistance.
High temperature test was carried out during the 120 hours in the (85± 2◦C). Low temperature
test was carried out during the 120 hours in the (−40 ± 2◦C). Thermal Shock test was carried
out in high temperature (85 ± 2◦C), low temperature (−40 ± 2◦C) and run for 30 cycles. High
temperature and humidity test carried out 120 hours in conditions of (85± 2◦C)/(85± 3)%R.H.
Salt test carried out 48 hours in conditions of 5%/(35±2◦C). ESD test was carried out according
to IEC61000-4-2 and bending test was carried out 10 times, a 180-degree angle. As a result, we
knew that environmental immunity levels.
After the environment test, the failed samples were carefully examined with Environmental Scan-
ning Electron Microscope (ESEM) and 2D X-ray. Analysis result, the major failure stress and
failure mechanism of the electronics type FPCB were confirmed.
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High Temperature Accelerated Test of Tower Mounted Amplifier
(TMA) Module Used in 4G Communication
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Abstract— Tower Mounted Amplifier (TMA) is normally used to improve cell coverage, capac-
ity and quality of a wireless communication system. [1]. TMA is used to expand signal coverage
through enhancing the uplink receiving sensitivity in the area where call drops and handoff failure
happen frequently. Improved receiving sensitivity at base station, TMA also helps to improve
signal quality, enhance voice clarity and increase data transmission speed. Usually TMA is in-
stalled near to transmit and receive antenna at the top of a cell tower [2]. In general, TMA
module is exposed to the outside, it should be guaranteed sufficient immunity for a variety of
environmental stresses that can occur in the Outdoor. One of the major failures stresses of the
TMA is high-temperature. In this paper, high-temperature degradation of TMA was studied
through the accelerated test.
Accelerated test is the basis of the conventional reliability test to inspect the product’s reliability
during a short period of time. The basic thought of accelerated test is to obtain more failure data
within less time via stresses which is higher than normal condition, i.e., accelerated stress, on the
premise of keeping the consistency of degradation or failure mechanism. Thus we can inspect the
product’s reliability after obtaining the parameter under accelerated condition [3]. Accelerated
test is a powerful and effective approach to evaluate the high reliability and long life products.
At the accelerated life test, by revealing the relationship between life of products and sentimental
stress under the consistency of degradation failure mechanism at accelerated stress, it can predict
the product’s real life from the life data obtained under the high stress environment.
High temperature accelerated test was conducted in four harsh conditions (130◦C, 125◦C, 120◦C,
100◦C) over 400 hours. Real-time measurement system (measuring Insertion Loss, Return Loss,
Gain, Current) of was used to determine the failure of product.
After the high temperature accelerated tests, we analyzed fail samples using optical microscope
and FIB (Focused Ion Beam). Failure of TMA in high-temperature environments is breakdown
of the internal amplifier chip.
Test results are analyzed using commercially available reliability software. (Weibull++, ALTA)
As a result, The Weibull is suitable for distribution of TMA’s lifetime. And temperature coeffi-
cient of TMA is 342 if the using temperature is 33.5◦C and test temperature is 70◦C.
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Abstract— Defibrillation is a common process in treatment of patients with certain cardiac
dysfunctions like ventricular fibrillation and ventricular tachycardia. Different external defibrilla-
tion systems use two electrodes to create an electric path in torso to pass current through it, and
consequently through heart to regain normal hear beat. Amount of current delivered to heart
is an important factor in successful defibrillation and its amplitude (and hence the outcome) is
determined by the impedance seen by the defibrillator. In order to gain higher current in the
heart, this impedance should be minimized. Reducing the impedance between skin and electrode
by the application of proper gels is one of the methods to reduce the total impedance seen by
defibrillator. One significant component of this impedance is transthoracic impedance, which is
the impedance of current path between two points on the skin under electrodes on the chest.
It is not easy to determine the current path in torso because of the internal organs with com-
plicated shapes and diverse electrical properties which results in highly inhomogeneous medium
and therefore complex current profile in torso. As it has been shown in electric circuit theory,
one of the ways to decrease the impedance would be connecting a parallel impedance to the ex-
isting one. Using this rule, if an electric path is added to the conventional defibrillation system,
transthoracic impedance can be reduced to attain higher current in torso. To implement this
idea, a third electrode is added to the existing defibrillation electrode configuration. Adding this
electrode creates parallel paths for current in torso in addition to the existing path. This leads
to smaller impedance seen by defibrillator and achieving the desired defibrillation current with
lower voltage and power levels of defibrillator. This can decrease size and increase lifetime of
batteries of automated and wearable cardiac defibrillators and hence lead to lighter and more
efficient systems. To verify the new method, a Finite Element model of torso is developed, and
different conventional and novel electrode placements are simulated and total current delivered
to heart is obtained when the new electrode is added in different positions. Outcomes show that
although the amount of current increase is different, larger current is delivered to myocardium
when the system of three electrodes is used in comparison to the conventional system when the
same voltage is applied to both versions.
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Abstract— According to Canadian Cancer Society, breast cancer is the most frequently diag-
nosed cancer in women with over 23,400 new cases expected in 2011. Although mammography is
extremely important diagnostic technique, it suffers from some limitations such as false negative
and positive results and using ionizing radiation. The number of false positives is rather signifi-
cant in the case of so called dense breasts in which healthy tissue may be mistaken for malignant.
Microwave imaging has been recently proposed as an additional medical imaging technique which
can potentially overcome some of the shortcomings of the mammography. From the physical point
of view this can be represented as a propagation in the medium that contains scatterers. Due to
the fact that malignant tissue has larger conductivity the measurements obtained by receiving
array of antennas will be different in the presence of scatterers. Most of the image reconstruction
techniques minimize a particular cost function where the number of unknowns is much larger
than the number of available measurements which requires an additional constraint. In this pa-
per we propose a simplified parametric model which enables detection and estimation of tumors.
Previously, we proposed a maximum-likelihood based method which estimates the unknown pa-
rameters by minimizing the residual error vector. However we have recently demonstrated that
the detection performance can be significantly improved if classical sample covariance estimate is
replaced by a structured covariance estimate. In this paper we develop a finite-element model and
apply newly proposed weighted Frechet mean estimation to determine the unknown conductivity.
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2D and 3D Durable Phantoms for Verification of Capabilities of
Microwave Tomography and Hyperthermia Systems
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Abstract— In this paper, seven different durable phantoms for verification of imaging and
heating capabilities of developed microwave tomography and microwave hyperthermia system
respectively were developed. The phantoms are based on silicone-graphite powder mixtures.
For microwave tomography systems two 2D cylindrical phantoms as well as two 3D phantoms
with simplified shape of a breast were developed. Both types of phantoms consist of a layer of
skin-mimicking outer layer and the inner space mimics healthy breast tissue. Tumors are modeled
with cylindrical and spherical inclusions in 2D and 3D phantoms, respectively.
For hyperthermia 3D phantoms were developed. For superficial hyperthermia one phantom is
homogeneous and mimics muscle tissue and two are heterogeneous with three layers mimicking
skin, fat and muscle tissue. One of the heterogeneous phantoms consists of a spherical tumor as
well.
Prior to phantom manufacturing, all materials mimicking different biological tissues were pre-
pared and their dielectric properties were measured using an open-ended coaxial probe.
A proper volumetric ratio of graphite powder and silicon was tested. By manufacturing of the
phantoms part of the material used for phantoms was used for creation of homogeneous samples
and were characterized separately.
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Numerical Modeling of rTMS with High-resolution Head Phantoms
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Abstract— One of the common issues of orofacial pain treatment using transcranial stimu-
lations (TSs) is that the stimulations are applied by MDs based solely on their knowledge and
experience and there is no mean to measure exact location, level and extent of the stimulation.
The main aim of a planned project is, by means of patient-specific numerical simulations, to
further improve current understanding of TSs as well as to investigate new possibilities how to
improve their efficacy in pain treatment. Repetitive transcranial magnetic stimulation (rTMS)
is relatively new, and most promising, type of method used in pain treatments. It belongs in
non-invasive and painless brain cortex stimulation using magnetic fields. The rTSM neuromodu-
lation method is using coils that are positioned on the surface of the head’s patient. This method
is inducing electrical current impulse in the human brain and causing an increase in the brain
activity. The latest studies showed that this method has the ability to cause changes in the cen-
tral nervous system on a cellular level. Therapeutic effect of the rTMS was confirmed in mental
disorders such as depression, hallucination, schizophrenia and post-traumatic stress. This stim-
ulation method was also used in patients with neurological disorder, patients with Parkinson’s
disease, epilepsy or functional disorders after a stroke. The main focus of this paper is, based on
results of numerical simulations, to find extent, location and intensity of the stimulation process
for particular patients. Finding out these quantities is accomplished through the following stages:
creation of a patient specific numerical model by segmentation of the patient’s MRI images, cre-
ating numerical model of stimulation device both in SEMCAD X and performance of numerical
simulation and evaluation of results. The developed methodology, presented in this paper, will
be used in future clinical studies with the aim of improving treatment efficiency.
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Segmentation of Brain MR Images
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Abstract— One of the common issues of orofacial pain treatment using transcranial stimu-
lations (TSs) is that the stimulations are applied by MDs based solely on their knowledge and
experience and there is no mean to measure exact location, level and extent of the stimulation.
The main aim of a planned project is, by means of patient-specific numerical simulations, to
further improve current understanding of TSs as well as to investigate new possibilities how to
improve their efficacy in pain treatment. This paper focuses on different aspects of the seg-
mentation process of magnetic resonance images (MRI), of a human head, using a specialized
segmentation program — iSeg. The proper segmentation of human head is a challenging task
and is of crucial importance for planned numerical analysis. Availability of suitable (in terms
of used MRI parameters) and high resolution MRI of each patient is essential part of the seg-
mentation. The signal weighting (T1, T2, PD) and sequences parameters (TR, TE) of MRI are
therefore discussed as well. The segmentation creates three-dimensional (3D) unstructured tri-
angulated surface objects representing gray matter (GM), white matter (WM), the cerebrospinal
fluid (CSF), skull, skin and various parts of the head. These surfaces define different domains
in a 3D numerical model which can be imported into special programs for numerical simulation
on electromagnetic field and develop and explore diverse medical situations. In our case the
numerical models are imported in well-proven commercial simulation tool SEMCAD X, where
numerical simulations are performed and evaluated.
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Abstract— The whole-body exposure system for unrestrained mice was designed in order to
analyze the influence of electromagnetic field. The setup operating at 900MHz was designed with
respect to induced uniform field, external radiation elimination, absorbed power determination,
sufficient space for mice movement together with even mice exposure and costs. The main aim of
this paper is to assure that the dosimetry results reached by computer simulations can be used for
determination of absorbed power in the unrestrained mouse. The whole-body exposure chamber
with anatomical mouse model was simulated by two different numerical methods: finite-difference-
time-domain method (FDTD) and Finite Integration Technique (FIT) and its dosimetry results
were compared by computed SAR values. In our contribution we will describe our first results
dealing with observed biological effects of EM field, obtained by real exposures of experimental
animals.
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Numerical Modeling of Dielectric Properties of Silicon Phantoms for
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Abstract— Silicon-graphite powder mixtures with different silicon-graphite powder volumetric
ratios were considered as composite material for preparation of solid and durable phantoms. The
phantoms were intended for testing of microwave imaging as well as microwave hyperthermia
systems. Several samples of these composites were prepared and dielectric properties were mea-
sured. The full desired range of dielectric properties of biological tissues were not achieved so far.
A 3D concept for the numerical estimation of effective dielectric properties of oil and water emul-
sions with random droplet distribution was presented in the previous paper. Here this concept
was adapted for estimation of effective dielectric properties of silicon-graphite powder mixtures.
Geometry of powder particles as well as of the silicon-graphite powder mixtures were optically in-
spected and used in generation of the numerical models. The adapted concept can be described as
follows. A MATLAB script automatically generates a random mixture of impenetrable graphite
particles randomly placed in a cubic computational domain. The script assigns a proper bound-
ary conditions to every face located on the outer walls of the computational domain as well as
the corresponding dielectric parameters to each subdomain. The script also controls frequency of
applied electric field and it also starts the quasi-static electric COMSOL Multiphysics simulation
and evaluation of volume integrals (in COMSOL Multiphysics). It subsequently evaluates the
effective dielectric properties. For each frequency and volumetric ratio up to ten simulations
with independently generated random geometry were performed and statistical quantities, e.g.,
mean values and standard deviations, were computed. The results of the numerical simulations
were compared to data estimated using different two mixing formulas as well as measured data.
The main goal is to validate the numerical concept and use it subsequently to numerically test
different components to be used for preparation of durable phantoms.
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Tunable Polarization Rotator in Bilayered Metamaterial

Zui Tao, Xiang Wan, Bai Cao Pan, and Tie Jun Cui
State Key Laboratory of MWs, Southeast University, Nanjing 210096, China

Abstract— Polarization is one of the most important factors which conveys valuable infor-
mation for electromagnetic signal processing. Polarization conversion dichroism can lead to an
asymmetric transmission (AT) phenomenon, which was discovered in planar chiral metamaterial
patterns from microwave to optical frequencies. The AT phenomenon is that a specific polarized
electromagnetic can pass through a material from forth to back, but it can’t pass back in the
same polarization. To get the diodelike AT phenomenon, simple structure and high polarization
conversion efficiency polarization rotators are desirable needed. Mostly we need three layered
metallic patterns to get a relatively broad work band, but sometimes bilayered polarization ro-
tator is also needed for its simple structure. Although many polarization rotators are reported
before, they are mostly designed for a specific function, which mean that they can’t satisfy the
demand of intelligent control, as the environment changing. To get multi-functional polarization
rotator, we designed a newly tunable bilayered metamaterial in this paper, which consists of a
two layered polarization rotator and an active diode. The two layered polarizations rotator has
simple structure and can provide high polarization conversion efficiency in around 8 GHz. The
simulation results show that the performance of the asymmetric metamaterial can be controlled
by the voltage of the active diode to work in different situations for linearly polarization waves.
When the state of active diode is on, the metamaterial can fulfill AT phenomenon in one po-
larization, but can be regarded as a reflection plate in the other polarization. However, it is a
reflection plate in both two polarizations when the state of active diode is off.
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Abstract— As the rapidly development of the mobile communication technology in recent
years, predicting the propagation characteristics for urban area has become an important subject.
In this paper, the propagation characteristics of typical outdoor environment at 3.5GHz are
simulated and analyzed by using the method of SBR (Shooting and bounding ray tracing). And
it is achieved agreement by a comparison of simulated results and results in the literature, so the
correctness of the method has been validated. Some propagation parameters are obtained in the
simulation, such as the 3-D received power, RMS (Root Mean Square) delay spread, direction
of arrival, Doppler shift and so on. These propagation parameters under LOS (Line-of-sight)
and NLOS (None-line-of-sight) have been compared in this paper. The study can avoid time-
consuming, laborious and the larger cost of testing and analyze radio wave propagation in urban
micro-cellular environment by computer simulation. In the typical outdoor environment, the
delay spread of the mobile station in NLOS is significantly higher than that in LOS. So the signal
quality is poor, and results in the inter-symbol interference. The direct path is in a dominant
role in outdoor street environment of radio wave propagation. As the transmitter leave away,
the receiver power will reduce. But due to the reflection and diffraction paths, street power
distribution has ups and downs, and the received power does not completely depend on the
distance between the transmitting and receiving antennas. When the receiver is mainly located
in NLOS environment and the transmitter is fixed, the variation of the radio wave propagation
Doppler frequency in outdoor micro-cell environment is large. The contrast analysis of the
above results provides the theoretical foundation for outdoor micro-cell at 3.5 GHz radio wave
communication system, and benefits the base station planning and optimization of urban micro-
cellular environment.
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Mutual Coupling Evaluation within Waveguide Slotted Antennas

Giovanni Leone and Domenico Russo
Dipartimento di Ingegneria Industriale e dell’Informazione
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Abstract— Phased arrays made of a very large number of slot antennas find still appealing
applications because of their mechanical advantages. A full wave complete analysis is prevented
by the very large electrical dimension of the array. Accurate radiation performance predictions
require to consider both internal and external mutual coupling effects between slots of different
sizes. These effects can be decoupled by introducing a generalized admittance matrix (GAM)
approach. Hereafter, by assuming that slots are embedded within an infinite PEC plane and
that tangential fields are expanded under modal expansions of rectangular waveguides over each
slot, the external GAM is computed in closed form. It connects the expansion coefficients of the
tangential magnetic field over the slots to the ones of the tangential electric field. In principle,
a generic element of the matrix requires the numerical evaluation of a quadruple integral. In
this paper a cancellation approach is used to remove the singularity of the Green’s function
and the order of integration is reduced by a suitable changes of variables. In this way self and
mutual admittances can be estimated by computing double integrals. By a further approximation
mutual admittance elements can be reduced to a single integrals saving computational time and
resources. Results of such approach are finally compared with the ones provided by a commercial
numerical simulation tool showing good agreement. The approach allows to appreciate the role
of the number of expansion modes and the distances between the slots on the accuracy of the
array radiation pattern prediction.
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Chaotic Low-frequency Fluctuations of the Laser Radiation Emitted
by a Diode Laser Working at Currents above the Laser Threshold
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Abstract— A complex chaotic behavior can be found in nonlinear dynamics of a semiconductor
laser under optical feedback provided by an external reflector. When an external cavity is coupled,
the laser system switches to an oscillating state; it follows a chaotic trace. The amplitude of the
induced chaotic “noise” seems to be important, depending on the feedback intensity which is
between 1% and 10% of laser emission power. One of the most studied issues on the chaotic
dynamics is the low-frequency fluctuations (LFF) regime which occurs at laser operation near
the lasing threshold and behaves as a cyclic dropout almost to zero of the output light beam
intensity.
The chaotic behavior of the semiconductor laser emission with external feedback is influenced
by laser parameters. Optical feedback intensity, injection current and diode temperature greatly
influence the chaotic system evolution.
In this paper an extensive analysis of phenomena observed in the laser emission of an external
cavity — semiconductor laser (ECSL) system operating in the low-frequency fluctuations regime
has been carried out. We present data about the stability of the LFF chaotic dynamics regimes
of a semiconductor laser (AlGaInP Fabry-Perot semiconductor lasers) for different sets of exper-
imental parameters. The injection current during the measurements was adjusted at values near
and over the threshold current corresponding to different set temperatures.
LFF regimes were obtained at current values over the threshold current, but only in certain
conditions which depend of the intrinsic properties of the active region, respectively at currents
where there is instability of mode-hopping type in the laser emission dynamics without feedback.
The values of parameters for such regimes can only be determined experimentally, but the high
temperatures favor the stability of the LFF regime. Also, the amount of feedback intensity must
be of the same order of magnitude as at the operation at threshold current.
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Abstract— Design and development of methods spectroellipsometry and creation on their basis
of a multi-channel polarization-optical devices is regarded as one of the most important stages
of the study of water systems in real time. The efficiency for solving multi-parameter problems
to a large extent depends on the sensitivity and accuracy of the instruments, their high speed
measurements, the possibility of using a wide spectral range. Spectral measurements in aqueous
media provide an informative basis for the use of modern detection and classification of pollutants
that environment.
In this paper we developed a multi-channel information-measuring system (Adaptive Spektroel-
lipsometric Identifier) for the control of water pollution, based on the combined use of methods
spectroellipsometry, learning algorithms, classification and identification. The system differs from
existing foreign spectroellipsometric devices using a new method of ellipsometric measurements,
the original element base polarization optics and complex mathematical approach to assessing
the quality of a water body subjected to anthropogenic influence. The system has the functions
of learning recognition and classification of aquatic pollutants. The system allows to realize the
function of prediction and decision making for the detection of contaminants in water, detect oil
slick and determine their parameters; thickness, the location of the source of contamination, time
of occurrence.
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Abstract— In the city over the million of population, the significant percentage of it is travelling
at least 1–2 hours daily by public transport, such as buses, trams, metro. During the drive they
are exposed to a specific combination of radiofrequency electromagnetic radiation, emitted by var-
ious wireless communications systems (e.g., antennas of mobile phones base transceiver stations
and handsets used by passengers, internet public access, etc., and emitters are located in various
distances, including very short one — e.g., of mobile handsets of other passengers or base station
antennas located inside underground metro. The investigations of radiofrequency environmen-
tal electromagnetic radiation inside ground (busses and trams) and underground (metro) public
transport infrastructure were performed in Warszawa (capital city of Poland). The frequency-
selective exposimeters of electric field strength were used to register a set of exposimetric profiles
of exposure of passengers and public transport workers (excluding drivers). The statistical pa-
rameters of registered exposure were analysed, with attention to the day-time of measurement,
kind of transport and city location (downtown, residential areas) — calculated for each frequency
range and for total value (representing wide-band result of complex exposure).
Investigations shown the statistically significant differences in sup-groups of registered exposi-
metric profiles. It was shown that for the users or workers of public transport infrastructure,
the exposure during daily trip to work/school and back home may be a dominating component
of the life exposure. In conclusion it is therefore recommended to pay attention on the daily
travels habits of any subject of epidemiological studies related to radiofrequency radiation health
outcome (e.g., studies related to IARC classification of radiofrequency radiation in the group
of possible carcinogenic environmental factors). It was also found that investigated exposure is
significantly lower (of an order of a fraction of V/m in the mean value and a several V/m in the
maximum value) than international exposure limits (of an order of 50 V/m in the radiofrequency
band).
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Abstract— In the frequency range 30–110 MHz, which is the band of interest in present paper,
the induced current in body limbs is regulated in guidelines for limiting human exposure to
radiofrequency fields because of the limbs thermal load caused by exposure. The safety limits are
set to Ilimit1 = 45 mA — for general public and Ilimit2 = 100 mA — for occupational exposure
(averaged over a six-minutes periods). They supplement the safety levels set for both electric
and magnetic field strengths of unperturbed fields where anyone may be present. Practically,
the characterization of an occupational exposure situation may be complete by including limb
currents evaluation instead of thermal effects numerical calculations. In references presently
available, just scarce approaches exist that follow experimentally the simultaneous determination
of both indicators, in real exposure conditions. In addition, characterization of near field and
mainly its reactive region — presenting steep gradients — from the perspective of occupational
exposure assessment, remains a complex task.
Present work analysed individual exposition in a group of 15 human volunteers being placed in
the reactive near field of a biconical antenna (2 m distance) fed by continuos wave and input
powers levels similar to that used by military radiocommunication equipment in the HF band.
The variables of the experiment were: a) intrinsec: the person’s position and posture (sitting,
standing up facing the antenna, standing up lateral) and contact with the floor (type of shoes
sole); b) extrinsec: frequency (three values were used: 30, 70 and 110 MHz), input power level
(low and medium) and antenna polarization (horizontal and vertical). Incident field stregth
(omnidirectional) in a fixed position was measured by an electric-field sensor while induced current
in the feet of the human was determined by using an ankle fastened clamp-on current meter.
Descriptive statistics applied on experimental results showed: 1. Frequency and posture are the
most sensitive parameters relating to induced currents for the same polarization. 2. Ground-
ing/shoe sole type is not so important in near-field exposure level determination. 3. No correla-
tions were obtained between induced currents and subjective parameters — height, weight, BMI,
water content, fat content. 4. Strong correlations were obtained between induced currents at
different frequencies but only for postures presenting high area of received field (in both stand-
ing postures, but not in sitting posture — this conducts to the idea of a body shape efficiency
factor). 5. High correlation coefficients were obtained between induced currents and incident
E-field strength for the same posture for all three frequencies, indicating that E-field level can
be a proper predictor of induced current levels for the same polarization and same posture in
the reactive near field. 6. Average height of volunteers presented a resonance at 70 MHz which
is approx. 40% of the wavelength in free space (the ground was low conductive).
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Wideband Dual-mode Dielectric Waveguide with Applications in
Millimeter-wave Interconnects and Wireless Links

Nemat Dolatsha and Amin Arbabian
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Abstract— With the exponential growth in data traffic arising from new subscriptions and
emerging web and mobile applications, there is a significant need for efficient and extremely high
throughput wired and wireless links that can provide similar gains in network capacity at all
levels. A substantial improvement in bandwidth and energy efficiency is required. Thanks to the
recent progress in developing efficient CMOS transceivers, a relatively large bandwidth is now
available at millimeter/sub-millimeter waves. The available large bandwidth can be still boosted
by deploying multi-mode excitation of waveguide interconnects and antennas. Here, the challenge
is the efficient excitation of appropriate modes.
To this aim, recently, we have proposed an all-electrical, low-cost and easy-to-package structure
based on mm-wave dielectric waveguides for high-throughput interconnects [see Fig. 1(a)]. Use
of mm-wave dielectric waveguides addresses the low-loss transmission requirement and leads to
high energy-efficiency especially for short to medium range applications. A planar feed structure
excites two polarization-orthogonal modes of a rectangular dielectric waveguide, namely the E11

x
and E11

y modes. A printed electric dipole (in x direction) placed on top of the waveguide simply
launches the E11

x mode (with electric field in x direction) into the waveguide. The E11
y mode is

coupled into the waveguide using a printed slot dipole placed on the bottom side of the waveguide.
In the current paper, to simplify the implementation, the feed structure is modified and both
mode couplers are mounted on the single side of the waveguide. Due to difficulties in together
integration of electric dipole and slot dipole on a single side, the slot dipole is replaced by a planar
horn-like structure realized in a substrate-integrated waveguide (SIW) [see Fig. 1(b)]. The upper
metal plate of the SIW structure is extended to serve a reflector for the electric dipole. Its
lower metal plate is truncated after the metal wall to efficiently couple SIW fields into the E11

y

mode (with y polarization electric field) into the dielectric waveguide. The coupling efficiency of
better than 4 dB over a wide frequency range from 60GHz to 90GHz is shown in Fig. 1(c). The
isolation to the unwanted mode is better than 35 dB for both mode couplers. In practice, the
electric dipole and the SIW feed will be connected to transceivers using appropriate microstrip
transitions printed on the upper RO3003 dielectric. The complete feed network input return loss,
transmission and isolation of modes in the back-to-back structure with a polyethylene dielectric

(a) (b)

(c) (d)

Figure 1: (a) Conceptual schematic of the proposed multi-mode dielectric waveguide for high throughput
wireline links, (b) top view and side view of the planar multimode excitation structure, electric dipole for
E11

x mode and the SIW horn for the E11
y mode (p1 and p2 shows the excitation points of electric dipole and

the SIW horn structure), (c) coupling efficiency and mode isolation between launched modes, (d) high gain
dual-polarized dielectric rod antenna fed by the proposed planar excitation structure.
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waveguide in between will be discussed in the full-paper. The proposed feed structure is also used
for dual polarization excitation of a high gain dielectric rod antenna (Fig. 1(d)). This doubles
the available capacity of the single rod antenna. Simulations show gains of better than 13 dBi
for each of polarizations at the center frequency of 75GHz.
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Some Results of Troposphere Mesoscale Fluctuation Analysis in
City by Using Network of GPS-GLONASS Receivers

V. E. Khutorov, G. M. Teptin, and O. G. Khutorova
Kazan Federal University, Russia

Abstract— In this paper we show results of troposphere fluctuation analysis and its influence
on radiowaves refractive index variations. For comparison of inhomogeneous impurities structure
we used electromagnetic waves refraction index data which don’t depend on impurity but depend
on atmospheric parameters only. Our main object of investigation is a mesoscale process in
troposphere. These processes have size from 1 km to 1000 km and time frames around few hours.
This task requires system with good temporal and spatial resolution. We can estimate space
structure of atmospheric parameters, using the data from network based on Global Navigation
System receivers.
On the stage of the calculation of the tropospheric delay measurements were divided into two
samples in the first included delay calculated for radiopaths passing over the town. In the second
sample included radiopaths going out of town. Compared diurnal variation of the structure
function zenith tropospheric delay resulting from these two samples.
We used structure function to estimate characteristics of impurities and refraction index fluctua-
tion. Structure function is a basic characteristic of process with random increments. Physically,
structure function is a square of fluctuation of investigated parameter. Function shows the con-
tribution of the processes of the defined scale in the total variance of the fluctuations.
It is shown that remote sensing signals, of GLONASS and GPS satellites passed though tropo-
sphere, measured by a network of receivers, allows us to study the quantitative characteristics of
inhomogeneities of the refractive index dm radio waves at different heights of the troposphere,
in particular, the horizontal structure functions of the index of refraction and troposphere de-
lay of signals, including their diurnal variations. Comparison of results obtained in the data of
independent ground-based measurements of the structural function of the refraction index and
high-altitude radiosonde measurements showed good agreement. The results obtained in this
paper do not contradict the previously known publications.
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Development of Wireless Power Induction Cooker Using Magnetic
Induction-based Technology

Wonho Jang1, Seonghun Lee2, Jeongsug Yeom3, Byungduk Min4,
Goonyeon Kim1, and Sangho Choi1
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Abstract— Tightly coupled (TC) wireless power transmission offers higher power transmis-
sion and higher efficiency of power transmission compared to the loosely coupled technology
which is magnetic resonance-based technology. We develop wireless power cooker using magnetic
induction-based technology which means tightly coupled technology. The cooker has over 90%
dc-to-dc power transmission efficiency and transmits high power up to 2.4 kW. We used 20 kHz
frequency to resonate between transmission coil and reception coil.
Introduction: Wireless power transfer (WPT) systems are becoming ubiquitous with applica-
tions in powering smartphones, transportation and a range of kitchen appliance devices such as
induction cooker.

Figure 1: Coil shielding part simulation by Maxwell.

Figure 2: Transmission and reception resonators.

Figure 3: Power transmission efficiency graph.
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Weight Reduction Structure for Wireless Charging Vehicle
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Abstract— For replacing fossil fuel to eco-friendly resources, many types of transportation have
been introduced in our life. Wireless charging transportation (WCT) such as electric vehicle and
bus is one of the transportation developed in KAIST (Korea Advanced In Science and Technology)
since 2009. Although it have a few hinders regarding power, transfer efficiency and heavy cost, it
is obvious that WCT will bring out ripple effect in transportation trend for convenient charging
and various applications. To develop performance of WCT at the level of commercialization, it
is essential to achieve acceptable power transfer efficiency. Moreover, according to the limitation
of battery capacity, the alternative solution about the increasing mileage should be needed.
Despite an advanced technology such as magnetic shaping technology and the massive capacity
battery have been introduced recently, the effective and fundamental solution is a weight reduction
structure. If the lighter structure is installed, suppose that has as same power efficiency as before,
it is possible to increase driving distance or room for battery. However, there are two important
issues of weight reduction. First, maintain the power transfer efficiency. Second, maintain the
strength of system structure. That is, as mentioned above, it is the key to design of lighter
charging system without fluctuation of efficiency and strength. Therefore, the research regarding
these issues should be carried on. Connected to upper states, in this paper, the weight reduction
wireless charging system for a railroad is suggested to promote eco-friendly rail system. Since, it
is used the diffraction property of electromagnetic fields, it shows prominent performance with
little power efficiency drop and strength.
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A New UWB Antenna with Unidirectional Radiation
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Abstract— A new ultra-wideband antenna with unidirectional radiation pattern is proposed.
The antenna is based on the model of magneto-electric dipole and excited by utilizing a new pair
of differential feeds to provide an ultra-wideband impedance matching. Besides, a rectangular
box-shaped reflector is employed to reduce the back radiation and the fluctuation of the antenna
gain. Experimentally, an antenna prototype was fabricated and tested. The proposed antenna
exhibits an impedance bandwidth of over 130% covering the whole UWB spectrum. The antenna
gain varies between 7.16 and 14.1 dBi. More importantly, this antenna radiates unidirectionally
with low cross polarization and low back radiation over the operating frequency range.
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Miniaturized Transmitter in Digital Modulation System with
Non-constant Envelope for VHF Band

Heon-Kook Kwon, Sung Jun Lee, Byung-Su Kang, and Bong-Hyuk Park
Electronics and Telecommunications Research Institute (ETRI), Korea

Abstract— In this paper, compact transmitter included power amplifier linearization in digital
modulation with non-constant envelope for VHF band using cartesian feedback loop is presented.
The digital modulation (QPSK/16-QAM/64-QAM) signal is non-constant envelope with constant
peak to average power ratio. Digital modulation signal is used when linearized PA is 64-QAM,
70 ksps symbol rate, 0.35 of roll-off factor, and 7.5 dB PAPR. We used the Mitsubishi’s Silicon
power module, RA60H1317M1A, as a results, obtained an Adjacent Channel Power Ratio(ACPR)
of less than −72 dBc, Error Vector Magnitude (EVM) of 2.8% at +39 dBm in VHF band. This
technique is utilized to achieve miniaturization of transmitter with high linearity.

(a) (c)

(b)

Figure 1: Test configuration and results for linearization of the power amplifier. (a) Test configuration.
(b) ACPR. (c) Constellation
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Nanophotonics in Material-systems of Large Sizes

Marin Soljacic
Department of Physics, Massachusetts Institute of Technology

Cambridge, Massachusetts 02139, USA

Abstract— Recent nano-fabrication developments enabled implementation of many nanopho-
tonic techniques to macroscopic scales, which is crucial for many applications of interest (e.g.,
energy conversion, displays, lighting). Some exciting new opportunities in this area will be pre-
sented.
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Photonic Hypercrystals

E. E. Narimanov
Purdue University, USA

Abstract— We describe a new class of artificial optical media — the photonic hyper-crystals.
These hyperbolic metamaterials with a periodic spatial variation of dielectric permittivity on a
subwavelength scale, combine the features of optical metamaterials and photonics crystals within
the same medium.
Metamaterials [1] and photonic crystals [2] currently represent the two primary paradigms for
new optical materials. An artificial medium for electromagnetic applications generally relies on
either the effect of a subwavelength pattern that changes the average electromagnetic response of
the medium, or on Bragg scattering of light due to a periodic variation that is comparable to the
wavelength. Due to this inherent scale separation, the corresponding metamaterial and photonic
crystal concepts are generally considered mutually exclusive within the same environment.
The situation is however dramatically different in the case of hyperbolic metamaterials [3], where
the opposite signs of the dielectric permittivity components in two orthogonal directions (εnετ <
0) lead to a hyperbolic dispersion of TM-polarized propagating waves

k2
τ

εn
+

k2
n

ετ
=

ω2

c2
, (1)

with the wave numbers unlimited by the frequency. As a result, a periodic variation in the
dielectric permittivity, regardless of how small is its period, will necessarily cause Bragg scattering
of these high-k waves, leading to the formation of photonic bandgaps in both the wavenumber
and the frequency domains.
The resulting hyper-crystals [5] — the hyperbolic metamaterials with a periodic spatial variation
of dielectric permittivity on a subwavelength scale — bring a broad range of the physical phenom-
ena from the field of photonic crystals to the metamaterial realm, leading to an unprecedented
degree of control of light propagation in this new class of optical media.
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Investigation of the Permittivities of Metal Films at Nanometer
Scales

Haoliang Qian, Yuzhe Xiao, Dominic Lepage, and Zhaowei Liu
Department of Electrical and Computer Engineering

University of California, San Diego, 9500 Gilman Drive, La Jolla, California 92093-0407, USA

Abstract— With the development of nano-fabrication techniques, the dimensions of the plas-
monic device have been shrunk into the nanometer scales. To understand the physics in such
small plasmonic devices, the quantum confinement effects need to be considered. Here we choose
the ultra-thin metal film as a platform to study this effect. We focus on their optical properties
by studying the reflection and transmission of gold thin films with thickness varying from 30 nm
to 2.5 nm. A theoretical model based on the self-consistence solution of Schrodinger equation
and Poisson equation is proposed. According to this model, the transmission of a few nanome-
ter gold film increases with increasing incident wavelength, which is completely different to the
predictions based on Drude model and nonlocal model. We fabricated a series of ultra-thin gold
films and ellipsometry results agree well with our theoretical model.
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Ultra-transparency Induced by Spatial Dispersions

Jie Luo1, Yuting Yang1, Weixin Lu1, Zhongqi Yao1,
Zhi Hong Hang1, C. T. Chan2, and Yun Lai1

1College of Physics
Optoelectronics and Energy & Collaborative Innovation Center of Suzhou Nano Science and Technology

Soochow University, Suzhou 215006, China
2Department of Physics and Institute for Advanced Study

Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong, China

Abstract— Transparencyis usually not perfect in nature. Reflection of light on the surface of
transparent materials such as glass is usually small but inevitable, except for transverse magnetic
(TM) polarization and a single incident angle called the Brewster’s angle. Light of any other
incident angles or of transverse electric (TE) polarization willbe partly or totally reflected due
to impedance mismatch. Based on the principle of destructive interference, most anti-reflection
coatings have been widely applied to reduce reflection but only for light at normal incidence.Wide-
angle and even omni-directional non-reflection and total transmission, which we denote as ultra-
transparency, is really difficult if not impossible.
In this work, we propose a possible solution to ultra-transparency by going beyond the framework
of local photonic media by incorporating spatial dispersions, in which ε(ω, k) and µ(ω, k) are
not only dependent on the angular frequency ω, but also on the wave vector k. We find that
the Brewster’s angle can thus be expanded from a single one to a wide range of angles, leading
to the property of wide-angle and even omnidirectional non-reflection and total transmission.
By designing pure dielectric photonic crystals with a shifted elliptical dispersion, we numerically
and experimentally demonstrated such an ultra-transparency effect. This new type of photonic
media, with the new degree of freedom of spatial dispersion introduced, opens possibilities to
novel optical designs.

(a) (b)

Figure 1: Illustration of reflection and transmission on the surfaces of dielectric and ultra-transparent spa-
tially dispersive photonic media.
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Dislocated Double-layer Metal Gratings as an Efficient
Unidirectional Coupler

Yang Shen and Chongjun Jin
State Key Laboratory of Optoelectronic Materials and Technologies

School of Physics and Engineering, Sun Yat-sen University, Guangzhou 510275, China

Abstract— We propose and demonstrate a dislocated double-layer metal grating structure,
which operates as a unidirectional coupler capable of launching surface plasmon polaritons (SPPs)
in a desired direction under normal illumination. The structure consists of a slanted dielectric
grating sandwiched between two gold gratings, as a result, the upper gold grating has a latitudinal
relative displacement to the lower one. Numerical simulations show that a grating structure with
7 periods can convert 49% of normally incident light into surface plasmons, with a contrast
ratio of 78 between the powers of the surface plasmons launched in two opposite directions.
We explain the unidirectional coupling phenomenon by the dislocation-induced interference of
the diffracted waves from the upper and lower gold gratings. Furthermore, we developed a
simple and cost-effective technique to fabricate the structure via tilted two-beam interference
lithography and subsequent shadow deposition of gold. The experimental results demonstrate a
coupling efficiency of 36% and a contrast ratio of 43. The relatively simple periodic nature of
our structure lends itself to large-scale low-cost fabrication and simple theoretical analysis. Also,
unlike the previous unidirectional couplers based on aperiodic structures, the design parameters
of our unidirectional coupler can be determined analytically. Therefore, this structure can be an
important component for surface-plasmon-based nanophotonic circuits, by providing an efficient
interface between free-space and surface plasmon waves.
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Bridging Classical and Quantum Optics

Yu Luo
School of Electrical and Electronic Engineering

Nanyang Technological University, Nanyang Avenue 639798, Singapore

Abstract— The miniaturization trend in experimental nano-optics is currently approaching
the subnanometer regime, where the quantum effect plays a key role. On the one hand, the
classical macroscopic electromagnetism cannot describe the quantum nature of electrons. On the
other hand, previous full-quantum approaches demand high computational resources, preventing
their applicability to realistic nanophotonic devices. In this talk, I will introduce a multiscale
model able to describe realistic nanophotonic systems in the quantum regime. I will show how
to connect the quantum simulation and the classical electromagnetic method at the mesoscopic
scale through an appropriate modification to the local dielectric function at critical geometrical
features. Our approach incorporates radiative, nonlocal, and quantum tunnelling effects, and
thus can be applied to design large-scale plasmonic systems with Angstrom-sized geometrical
features. As an example, I will show how to use this model to design super-resolution imaging
system able to resolve sub-10-nm objects.
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Manipulating of the Surface State between a Photonic Crystal and a
Metasurface

Qiang Wang1, Meng Xiao2, Hui Liu1,
Shining Zhu1, and C. T. Chan2

1School of Physics, Nanjing University, Nanjing 210093, China
2Department of Physics, The Hong Kong University of Science and Technology

Clear Water Bay, Hong Kong, China

Abstract— A surface state is introduced between a photonic crystal and a metasurface. The
surface state is excited when the reflection phase matching condition is satisfied. The reflection
phase of metasurface can be tuned by changing the structural parameter. The resonance prop-
erties of surface state can be manipulated in the process. Field enhancement induced by the
surface state will have important applications in nonlinear and quantum optics.
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Probing Spatial Nonlocality Effects in Plasmonic Nanostructures
with Surface-enhanced Raman Scattering Spectroscopy

Dang Yuan Lei1, 2

1Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong, China
2Shenzhen Research Institute, The Hong Kong Polytechnic University, Shenzhen, China

Abstract— Spatial nonlocality effects, arising from atomic interactions and electron-electron
repulsion, are recently believed to set the ultimate limits of plasmonic near-field enhancements
in metallic nanostructures with critical dimensions on the order of a few nanometers or less [1, 2].
In a different context, surface-enhanced Raman scattering (SERS) spectroscopy has become a
versatile vibrational spectroscopic technique with a number of applications in the chemical, ma-
terial and, in particular, life sciences in the last decades. In this talk, I will show our recent work
on the use of SERS spectroscopy for probing the spatial nonlocality effect in rough metal films
with controlled surface roughness [3]. Our results reveal that this quantum mechanical effect on
the metal dielectric response of metal has to be taken into account for more accurate prediction
of the SERS enhancement at large surface roughness. Our current work focuses on the SERS
spectroscopy of both spatial nonlocality and quantum tunneling effects in metal nanoparticle
dimers with tunable interparticle distance down to sub-nanometer scales which are prepared by
a sophisticated layer-by-layer self-assembly method [4].
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Ultrathin Planar Optical Devices with Unusual Functionalities

Xianzhong Chen1, Dandan Wen1, Fuyong Yue1, and Ming Chen2

1Institute of Photonics & Quantum Sciences, School of Engineering and Physical Sciences
Heriot-Watt University, Edinburgh, EH14 4AS, UK
2Guangxi Experiment Center of Information Science

Guilin University of Electronic Technology, Guilin 541004, China

Abstract— Miniaturization and integration are two continuing trends in the production of pho-
tonic devices. Metamaterials, the artificial materials, whose optical properties are determined
by their geometrical structures instead of their constituent material composition, have opened
new avenues in the manipulation of the light propagation. Metasurfaces, the emerging field of
metamaterials, which consist of a single layer of artificial “atoms” have captured the attention of
the scientific community over the past several years. At the interface of a metasurface, wave front
shaping is accomplished within a distance much smaller than the wavelength of light beam, thus
providing new opportunity to develop ultrathin devices that are easy to integrate into compact
platforms. This technique does not require complicated three-dimensional nano-fabrication tech-
niques but can provide full control of light propagation, which promises a whole variety of amazing
applications, e.g., quarter-wave plates, spin-hall effect of light, and spin controlled photonics. In
this talk, we are going talk our recent work in developing new ultrathin optical devices with
unusual functionalities, including metasurface for characterization of light polarization, longitu-
dinal multi-foci metalens for circularly polarized light and high efficiency functionality-switchable
devices. Full and arbitrary phase control is achieved without extra look-up table or phase accu-
mulation along an optical path. New ultrathin optical devices with unusual functionalities will be
demonstrated. These findings are still under investigation and promise new exciting applications.
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Multirefringence Phenomena in Plasmonic Multilayers

A. A. Orlov1, S. V. Zhukovsky1, 2,
P. M. Voroshilov1, A. S. Shalin1, and P. A. Belov1

1ITMO University, Kronverksky pr. 49, St. Petersburg 197101, Russia
2DTU Fotonik Technical University of Denmark

Ørsteds Pl. 343, Kongens Lyngby DK-2800, Denmark

Abstract— We show that a light beam incident on a multiperiodic plasmonic multilayer, which
is different from a conventional periodic multilayer in that its unit cell is composed of more than
two layers, undergoes unusual refraction. Namely, splitting of the incident beam into more than
two refracted beams having the same polarization is numerically observed.
Plasmonic multilayers can be used to manipulate light in various ways and at different scales
down to the nanoscale [1]. They are also known to exhibit strong spatial dispersion and thus to
demonstrate novel electromagnetic phenomena. In this talk we study refraction of macroscopic
beams at the interface between an ambient dielectric and a plasmonic multilayer.
In particular, complicated plasmonic layered structures involving more than two different kinds
of metal and dielectric layers, so that the unit cell of the structure is composed of four rather
than two layers [2], are especially worth considering. Due to their inherent strong optical non-
locality, such structures have a multi-band plasmonic wave dispersion relation, so that several
waves with the same frequency but different wave vectors can propagate simultaneously. This in
turn gives rise to multirefringence phenomena, occurring when all these waves are excited simul-
taneously by an externally incident light beam (Fig. 1). This effect is distinct from trirefringence
in photonic crystals, which occurs due to extreme polarization mixing arising from the structure
patterning [3].
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Figure 1: Numerically simulated field distribution (|H|2) of a TM-polarized light beam impinging on an
air/multilayer interface. Splitting into three refracted beams is observed.
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Plasmonic Waveguide Array: Simulating Topological Photonic
States and Massless Dirac Fermion

Tao Li, Yiming Pan, Q. Q. Cheng, B. B. Xu, and S. N. Zhu
National Laboratory of Solid State Microstructures

College of Engineering and Applied Sciences, Nanjing University, Nanjing 210093, China

Abstract— Topological phases have been successfully extended to the optical system, which
gives rise to the novel optical phenomena (e.g., one-way optical propagations and robustness
against scattering from defects in two-dimensional (2D) photonic crystals) [1]. Recently, the
optical mimics of the 1D topological Su-Schrieffer-Heeger (SSH) model [2] were investigated in
systems [3, 4]. However, the light diffraction in waveguide array, as an important simulator for the
condensed matter physics, has not yet been demonstrated within such a 1D topological system.
In this work [5], we proposed and demonstrated, a topologically protected plasmonic interface
mode in metallic ridge waveguide array based on the SSH model. Here, we investigate the surface
plasmon propagations in PWAs with two kinds of kinked defects, where the immunity against
structural disorders is mainly discussed. It is well demonstrated that one of the interface modes is
immune to the structural disorder and nanofabrication errors, while another kinked defect cannot
support such an optical mode. Furthermore, due to the convenience in modulating the coupling
coefficient in the ridge waveguide array, it is possible to construct an alternating positive and
negative couplings in such a binary PWAs. From this point, we successfully find appropriate
parameters to model a linear dispersive photonic energy band with a Dirac point [6, 7]. In this
system the CMT equation is analog to the massless Dirac equation, so that we can use this PWA
to simulate the massless Dirac Fermion. It is really realized by our COMSOL simulation, that a
bidirectional non-dispersive SPP propagations in the PWA.
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Nonlocal Effective Medium Theory and Its Relation with Zak Phase
in Two-dimensional Photonic Crystals

Meng Xiao, Xueqin Huang, Anan Fang, Z. Q. Zhang, and C. T. Chan
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Abstract— We build a nonlocal effective medium theory (EMT) for a two-dimensional (2D)
photonic crystal (PC) comprising a square lattice of dielectric cylinders with the incident elec-
tric field polarized along the axis of the cylinders. In particular, we discuss the feasibility of
constructing an EMT for the case where the effective wave vector is far away from the center of
Brillouin Zone (BZ). When the k-vector is away from the center of BZ, the optical response of the
PC is necessarily anisotropic, implying that effective medium description becomes inevitability
angle dependent, or in other words, nonlocal. While traditional EMT is only good near the zone
center, we extend the effective range by including nonlocal effect. We employ the layer-by-layer
scattering method as well as the parameter retrieval method to analytically obtain the effective
impedance (Zeff ) and the effective refractive index (neff ).
The obtained Zeff is purely real for the pass band and purely imaginary in band gaps. While
Zeff is a function of frequency, sgn[Im(Zeff )] is a constant for all the frequencies inside a band
gap, which means that we can classify the band gaps using sgn[Im(Zeff )]. We further prove that
the sgn[Im(Zeff )] of each gap is related to the summation of Zak phases of all the bands below
this gap. The relationship between the value of Zak phase and the symmetries of the band edge
states is well studied, and the latter ones can be predicted with the group theory, which means
we can obtain the sgn[Im(Zeff )] from symmetry argument with little effort.
With the sgn[Im(Zeff )] of each gap determined, we can predict the existence of interface state
between two different systems. For example, we can explain why there is usually no surface state
on the boundary of typical fully gapped PCs. Our non-local EMT also allows us to quantitatively
predict the dispersion of surface states between different PCs for surface wave vectors that are
well beyond the zone center.
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Conditions for Negative Refraction and Negative Refractive Index
in Lossy Media

Liming Ji and Vasundara V. Varadan
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Abstract— Negative refractive index (NRI) has been reported to be the requirement for nega-
tive refraction of waves (NRW) in lossless, isotropic electromagnetic media. Metamaterials have
been used to create effective media with NRI by exciting plasmon-like resonances. In reality,
there are no lossless metamaterials. For example, metamaterials composed of Split Ring Res-
onators (SRR) show significant loss at the SRR resonance frequency. It has been pointed out
by other authors that in lossy media, NRI does not result in NRW. In this paper, we present a
comprehensive list of conditions on material properties that are required for NRW to occur in
lossy media.
Beginning with a straightforward derivation of refraction of obliquely incident waves from free
space into a lossy, isotropic medium characterized by complex dielectric permittivity ε′+jε′′ and
complex magnetic permeability µ′+jµ′′. The angles for phase refraction and energy refraction
are one and the same for waves travelling across lossless media. It is understood that they are
different in lossy media. NRI is required for negative phase refraction but is not a requirement for
negative energy refraction in lossy media. Since actual metamaterials are lossy and experiments
measure the angle of refracted power flow into such materials, conditions need to be derived for
this to occur in lossy media. Our derivation shows that certain parameter combinations of the
complex permittivity and permeability and the conditions are polarization dependent. Negative
permittivity is a requirement for TM polarization and negative permeability is a requirement for
TE polarization in order for NRW to occur in lossy media. A complete table of conditions on
the complex permittivity and permeability will be presented for TE and TM polarizations for
both NRI and NRW. The amount of loss, that is the values of ε′′ and µ′′ also determine whether
NRW will occur. These results are new.
We have tried to prove these conditions experimentally. However, our results depend on a big
assumption, that our SRR metamaterial samples are isotropic, at least in the direction of wave
propagation. In reality, there are no manmade metamaterials that are isotropic at the resonance
frequency. In order to provide some guidance for designing and fabricating metamaterials, an
assumption of isotropy in the direction of wave propagation is justifiable. Material samples with
negative permittivity, permeability and NRI were constructed using periodically spaced Cu SRRs,
Cu wires and a combination of SRRs and wires. The samples were characterized in a free space
measurement system. There are three scenarios for wave refraction based on our derivation: a)
simultaneous negative energy refraction and negative phase refraction; b) simultaneous positive
energy refraction and negative phase refraction and c) simultaneous negative energy refraction
and positive phase refraction. We will present experimental results for the three cases.
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Spatially Dispersive Inhomogeneous Dielectric Wire Media with
Periodic Structure

J. Gratus1, 3, R. Letizia2, 3, and M. McCormack1

1Physics Department, Lancaster University, LA1 4YB, UK
2Engineering Department, Lancaster University, LA1 4YW, UK

3Cockcroft Institute of Accelerator Science, Darsbury WA4 4AD, UK

Abstract— Spatially dispersive electromagnetic media are considered where the parameters
defining the permittivity relation vary periodically [1]. This contrasts with most theoretical
articles which consider inhomogeneous spatially dispersive media, where the inhomogeneity is
restricted to looking at two homogeneous media which are connected and investigating the cor-
responding additional boundary conditions.
The use of a spatially dispersive inhomogeneous medium enables one to shape the propagation
modes, extending the possibilities from the usual sinusoidal shape. This may have a number of
advantages. For example in an accelerating drift tube, one could flatten the mode shape to enable
higher acceleration for a given peak field. By contrast in signal transmission one may desire a
higher peak for a given total energy.
In order to construct an inhomogeneous spatially dispersive medium it is necessary to consider
a medium where the permittivity and permeability depend on both the wave vector k and the
position x within the unit cell, i.e., ε̃(ω, k, x) and µ̃(ω, k, x). In order to make sense of the argu-
ments of ε̃(ω, k, x) we no longer interpret ε̃(ω, k, x) as the Fourier transform of the permittivity
response function ε(t, x) but in terms of a differential equation.
Maxwell’s equations then give rise to a difference equation corresponding to the Floquet modes.
Two methods are given for solving this equation and numerical method and an approximate so-
lution, which are valid when the inhomogeneity is small. In the latter case the set of approximate
solutions is calculated.
A new feature arises when considering spatially dispersive media, that is the existence of coupled
modes. These change the frequency and the shape of the mode.
A medium which is both inhomogeneous and spatially dispersive is an inhomogeneous wire media.
This is constructed from a grid of parallel wires with diameters which change sinusoidally as one
goes along them. This can be used to the shaping of the propagation modes. The modelling of
such a structure may be done using a standard 3D FDTD EM solver (which does not include
spatial dispersion). However it is much quicker to model it in terms of a 1-dimensional spatially
dispersive medium. The results of the two methods are compared.
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Local Field Effects and Spatial Dispersion of Dielectric Permittivity

A. A. Tishchenko
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Abstract— Local field, i.e., the average acting field in system of many particles, is known
to differ from average macroscopic field. This fact is well known in optics, spectroscopy and
indeed in all branches of electrodynamics. For example, the Clausius-Mossotti relations join the
microscopic and macroscopic properties of a substance and they are well known and widely used
in the optics, spectroscopy of condensed media and many other fields of physics. Usually, these
relations take into account only frequency dispersion, not the spatial one. The effects of frequency
and spatial dispersions are caused by the nonlocal properties of response functions in time and
in space, correspondingly.
In natural materials effects of frequency dispersion are usually much more considerable than that
of spatial dispersion and only in special cases like electrons in plasma spatial dispersion plays
vital part. But sometimes, despite their smallness, the latter may play a vital part. For example,
one should take the spatial dispersion of dielectric function into account to describe the gyrotropy
(natural optical activity) of some materials, optical anisotropy of nongyrotropic cubic crystals,
and so on [1]. The spatial dispersion of dielectric function may change the number of the roots of
the dispersion equation. Therefore, taking into account of the spatial dispersion may give us the
additional, new types of electromagnetic waves, which are absent in the medium without spatial
dispersion [2]. For example, spatial dispersion can be very important for artificial structures, like
photonic crystals or metamaterials.
In this work proceeding from local field theory we demonstrate that spatial dispersion of permit-
tivity can be caused not only by effects of moving electrons — as it takes place in plasma and so
on — but directly by the structure of the material. At example of Clausius-Mossotti relations we
show this for 3D material; in case of 2D-structure (monolayer of particles with arbitrary dielec-
tric properties) we manage to improve our previous results [3] and get the relations with spatial
dispersion. The analytical properties of responses functions are discussed. There are two of re-
sponses functions that are obtained: the one describing the response of the monolayer to the field
of external sources, and the second one describing the response to the field of eigenmodes. Our
results for 3D and 2D systems are valid not only for materials and artificial structures consisting
of dielectric particles, but also for metal ones, including nanoparticles.
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Recent Progress in Nanoscale Sensing Using Surface-enhanced
Raman Scattering

Kenneth B. Crozier
The University of Melbourne, Australia

Abstract— This presentation reviews recent work by the author and his research group on
plasmonic structures for surface-enhanced Raman scattering.
Plasmonic dimers, consisting of two closely spaced metallic nanoparticles, represent a highly ef-
fective means for achieving very strong electromagnetic (EM) enhancement for suface-enhanced
Raman scattering (SERS). It was recently suggested that quantum effects start to play a signif-
icant role for gaps < 10 nm [1, 2]. We review work [3] in which we fabricate dimers in a highly
controllable manner using electron-beam lithography, perform SERS, and correlate the results
with transmission electron microscope (TEM) images of the dimers. We show that quantum
mechanical tunneling across the gaps limits the enhancement in SERS.
We furthermore review our recent work [4] in which we demonstrate a micro-patterned silicon
structure that enables the preparation of a SERS substrate and pre-concentration of the analyte
molecules. The structure is designed to produce a hydrophobicity gradient. As a result, a water
droplet placed on it will remain centred on the structure as it dries, enabling delivery of materials
to its center. The structure is therefore referred to as a superhydrophobic bull’s-eye. A water
droplet containing gold colloids placed on it dries to produce a cluster at the bull’s-eye center.
A second water droplet placed on it, this time containing analyte molecules, dries such that the
molecules are delivered to the gold colloid cluster. We demonstrate the detection of molecules at
low concentrations (Rhodamine 6G at 10−15 M) from small droplets.
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Hot Spots of Plasmonic Nanostructures and Their Spectroscopic
Potential for Molecular Probing at the Nanoscale and at the

Single Molecule Level

Katrin Kneipp1, Harald Kneipp1, and Janina Kneipp2

1Department of Physics, Danmarks Tekniske Universitet DTU, Lyngby 2800, Denmark
2Department of Chemistry, Humboldt Universität zu Berlin, Berlin 12489, Germany

Abstract— Frequencies of collective oscillations of the free electrons in metal nanostructures,
called surface plasmons, fall in the optical range of the electromagnetic spectrum. Resonances
between light and the surface plasmons result in enhanced local optical fields in the vicinity of
metal nanostructures including also dramatic changes of field intensities within a few nanometers
and the formation of so-called “hot spots”. Hot spots open up exciting capabilities in optical
spectroscopy by enhancing weak spectroscopic signals (“surface-enhanced spectroscopy”) and by
limiting probed volumes to (sub) nm dimensions.
Surface enhanced Raman scattering (SERS) is a prominent example to demonstrate the power
of spectroscopy performed in hot spots. Moreover, Raman spectroscopy is of particular interest
since spectroscopic observation of vibrational modes provides a non-invasive key to the molecular
structure of matter. Raman spectra measured in hot spots can provide molecular structural
information of a single individual molecule. At the same time, spectroscopic signals collected
from a single molecules deliver sensitive information on the optical field at the location of the
molecule.
We discuss recent developments for studying plasmonic metal nanostructures and related local
optical fields as well as spectroscopic capabilities of these local fields. We start with consider-
ing Raman experiments using one- and two-photon excitation. Complementary to photons, we
discuss Electron-energy-loss spectroscopy (EELS) as an emerging novel characterization tool for
plasmonic structures which can provide high spatial resolution at the subnanometer scale. The
complementary use of photons and electrons enables us to access a new level of information by
combining the high energy selectivity of laser radiation with the atomic scale spatial resolution
of electron microscopy.
New capabilities to characterize plasmonic properties become of particular interest for structures
where quantum effects play a role, such as metal nanoaggregates with atomic scale interparticle
gaps. Interestingly, such structures at the transition from the classical to the quantum regime
seem to provide the hottest hot spots.
We discuss the unique potential of SERS performed in these hottest spots for chemical probing
and sensing.
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Development of Electrically Driven Plasmonic Nanoparticles
Sensors and Investigation of Their Stability

Andre Dathe1, Uwe Hübner2, Mario Ziegler2, Jacqueline Jatschka1, Mattias Thiele1,
Pavel Kliuiev1, Andrea Csaki1, Ondrej Stranik1, and Wolfgang Fritzsche1

1Department of Nano Biophotonic, Leibniz Institute of Photonic Technology (IPHT)
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Abstract— Surface Plasmon Resonance (SPR) in metallic nanostructures is an optical effect,
which can be exploited for the detection of small molecules. The current research aims for the
development of nanostructures with high detection sensitivity and their easy implementation into
a sensing schema. There is a broad range of metallic nanostructures supporting different SPR
modes, and nanostructures can be even geometrically combined leading to the creation of new
hybridised SPR modes. Most commonly, either spherical metal nanoparticles supporting localised
surface plasmon resonances or thin metal layers supporting propagating plasmon resonances are
implemented in bio-sensing.
In our study, we investigated the properties of a hybridised SPR mode (gap modes GM) created by
the placement of metallic nanoparticles onto metallic layers and its use as a sensitive sensor. The
spectral characteristic of these GM are highly sensitive on the nanoparticle substrate separation,
which makes it an attractive sensing mechanism. We experimentally observed the creation of the
GM for nanoparticle-substrate separation smaller then 10 nm and measured the effectivity of the
excitation depending on the illumination conditions.
As a contrary to the commonly used far field light excitation of the SPR modes, an innovative
way of electrically driven excitation of the GM was applied. Due to the planar geometry of the
metallic layer, it was possible to extend this single metallic layer structure into metal-insulator-
semiconductor (MIS) structure. The tunnelling current passing through such MIS structure
generates supported SPR modes, which can be then scattered by the GM. This concept was
experimentally confirmed. The MIS structures with tunnelling junctions were lithographically
produced prior to electrical and optical characterization. We showed that the spectral emission
is changed when the MIS structure also supports the GM. This was achieved by placing metal
nanoparticle onto the upper metallic layer.
In such a scheme also other than spherical gold nanostructure supporting localised SPR can be
used, which has a potential advantage in a stronger and spectrally shifted resonances. However,
the stability of these nanostructures for further use has to be considered. In the remaining part of
the talk, the stability issue of the triangular shaped silver nanoparticles is discussed. We were able
to experimentally follow the degradation of such nanoparticles under ambient conditions in real
time. Using atomic force microscopy and optical spectroscopy we observed that an anisotropic
corrosion, that is starting from the tips of the nanoparticles.
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Silicon Nanostructuring for SERS Applications and Hybrid Infrared
Light Sensing Devices

V. Derek1, L. Mikac1, E. D. GÃlowacki2, N. S. Sariciftci2, C. D’Andrea3,
P. G. Gucciardi3, S. Trusso3, A. Foti3, and M. Ivanda1

1Center of Excellence for Advanced Materials and Sensing Devices
Ruder Bošković Institute, Bijenička c. 54, Zagreb, Croatia
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3CNR IPCF, Istituto per i Processi Chimico-Fisici, Viale F. Stagno D’Alcontres 37, I-98156, Messina, Italy

Abstract— Inorganic semiconductor materials have for a long time been a standard member
of electronic devices ecosystem, with silicon being the material of choice for most applications.
Introducing structuring in silicon has proven to be advantageous for its many properties and
applications. Introduction of silver nanocrystals in the porous silicon is promising for Surface
Enhanced Raman Sppectroscopy (SERS). Heterojunction interfaces between organic and struc-
tured silicon substrate in devices show promise in using the advantages of both materials simulta-
neously. Here we present the results on preparation of stable and uniform SERS solid substrates
using macroporous silicon (pSi) with deposited silver and gold and on the devices based on het-
erojunctions of porous silicon formed by anodisation in HF-based electrolytes and organic thin
films formed by vacuum evaporation. Macroporous silicon is produced by anodisation of p-type
silicon in hydrofluoric acid. The as prepared pSi is then used as a template for Ag and Au depo-
sitions. The noble metals were deposited in three different ways: by immersion in silver nitrate
solution, by drop-casting silver colloidal solution and by pulsed laser ablation (PLA). Substrates
obtained by different deposition processes are evaluated for SERS efficiency using methylene blue
and rhodamine 6G at 514.5, 633 and 785 nm. Substrate concentrations detected in most of the
cases were in the nanomolar range suggesting that it may be possible to detect lower analyte
concentrations when using porous instead of crystal silicon template. For inorganic part of the
heterojuction we choose porous silicon due to its compatibility to established CMOS technology
and its enormous surface area being presented to thin organic films. For organic part of the
junction we investigated the applicability of various organic semiconductor thin films for opto-
electronic and biosensing applications. Our porous silicon-based devices show in optical response
and moderate sensitivity in infrared spectral region.
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Surface Enhanced Raman and Fluorescence Spectroscopies

P. M. Adam
Laboratoire de Nanotechnologie et d’Instrumentation Optique (LNIO)

Institut Charles Delaunay, Université de Technologie de Troyes, UMR 6281
12 rue Marie Curie, BP 2060, Troyes Cedex 10010, France

Abstract— Plasmonics is a field connected to optics dealing with the properties and applica-
tions of surface plasmons which are modes of metal dielectric interfaces. Nanoplasmonics concerns
the excitation, manipulation and detection of the surface plasmons at the nanometric scale. It has
highly potential applications for ultrasensitive biochemical sensing. Surface enhanced spectro-
scopies are the ultimate sensor tools as they can reach single molecule sensitivity. We will present
in this paper our latest results towards the realization of highly controllable and reproducible
nanoplasmonics substrates.
Plasmonics is a now well established field finding numerous applications in pharmacology, biol-
ogy, optoelectronics and metamaterials among others. For the sensitive detection of molecules
or markers Surface Enhanced Spectroscopies are well widespread [1]. Among them, Surface
Enhanced Raman Spectroscopy (SERS) and Metal Enhanced Fluorescence (MEF) or Surface
Enhanced Fluorescence (SEF), are the most used for applications. Both these enhanced spectro-
scopies are based on local field enhancement entailed in the near vicinity of metallic nanoparticles
when Surface Plasmon oscillations are driven for a specific optical wavelength. SERS can achieve
single molecule detection when two or more metallic nanoparticles are near-field coupled, result-
ing in enhancements ranging between 8 and 10 orders of magnitude, even if absolute magnitude of
enhancement is still a subject of debate. However, these particular SERS substrates are difficult
to reproduce.
Less enhancement is obtained with MEF/SEF but usually the intrinsic fluorescence cross section
of a molecule is 14 orders of magnitude more important than that of its Raman cross-section. In
MEF/SEF one has to take into account the finite lifetime of the excited levels of the molecule of
interest, which results in quantum yield modifications in the presence of the metallic nanoparti-
cles. Quantum yield can be enhanced or even reduced, leading in the latter case to a competition
with local field excitation enhancement and thus the possibility of quenched fluorescence of the
emitters.
This contribution will show the ties between SERS, MEF and sensors in the light of recent works
done in the LNIO laboratory [2, 3].
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Core/Shell Dielectric Colloids and Metal/Dielectric Nanostructures:
Multi-purpose Platforms for Advanced Diagnostics of Chemical

Reactions
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Abstract— Core/shell nanostructures are intensively investigated for broadband light trap-
ping and management, because they can play as optical cavities and directly take advantage of
morphology dependent resonances. The same properties can be exploited in imaging and vibra-
tional spectroscopy (Raman, IR), in order to enhance their analytical sensitivity [1–3]. More-
over, the synergistic combination of plasmonic nanoantennas with dielectric core/shell colloids
allowed for fabricating near-field optical light concentrators, which are very efficient in stimulat-
ing photon-driven processes at metal-semiconductor interfaces and show an impressive decrease
in degradation time (minutes instead of hours) of organic pollutants [4].
This presentation will review some applications of core/shell light nanoconcentrators as non-
plasmonic Raman enhancers, which have been used to investigate biochemical reactions in aque-
ous environment, and their coupling to plasmonic nanoantennas for promoting and in-situ mon-
itoring light-assisted chemical reactions [1–6]. Using both approximated analytical models and
full wave numerical simulations, the role of morphology dependent optical resonances in driving
the spectral response of different systems will be discussed also taking into account the nonlinear
properties of the metallic nanostructures [7, 8].
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Plasmonics on Waferscale

Uwe Hübner1, Thomas Mayerhöfer1, Richard Knipper1, 2,
Dana Cialla-May1, 2, Karina Weber1, 2, and Jürgen Popp1, 2

1Leibniz Institute of Photonics Technology (IPHT)
Albert-Einstein-Strasse 9, Jena 07745, Germany

2Institute of Physical Chemistry and Abbe Center of Photonics
Friedrich-Schiller-University Jena, Helmholtzweg 4, Jena 07743, Germany

Abstract— Plasmonic substrates for surface enhanced vibrational spectroscopy (i.e., SERS
or SEIRA), which use strong local electric field enhancement, are currently being developed
for chemical and bio-sensing application fields. These artificial nanomaterials are constructed
of millions of very small metallic pattern with typical feature sizes down to λ/10 and layered
dielectric thin films. To test the substrates a sufficiently large number of test samples are needed.
In addition, for future applications the fabrication of such nanomaterials over large areas, with
a few million nanostructures per mm2 presents a major challenge for the top-down lithography
not at least due to frequently changing layouts.

In this work we present our unique e-beam lithography with Character Projection (CP) which is a
promising technique for the fast fabrication of complex nanomaterials and optical metamaterials
on wafer scale areas. Compared to the serial working standard e-beam lithography the Character
Projection lithography operate in a partially parallel processing exposure mode which offers a
significant advantage in writing speed by factors > 100 compared to the relative fast Variable
Shaped Beam mode (VSB) [1, 2] and it opens the way for the fabrication of devices with large
areas which are impossible to realize with SEM based Gaussian electron beam-writers often used
in R&D. For example, the exposure times for a metamaterial accounts for nearly 1 year for the
Gaussian-mode, whereas 2.4 h for the VSB-mode and only 1.4 min for the CP-mode are needed!
Due to the enormous write time reduction also the pattern quality and the pattern homogeneity
on large areas are improved significantly [3].

This write time reduction together with a high flexibility in terms of pattern diversity was achieved
by the implementation of a computer controlled aperture stage with a multi-stencil diaphragm
array in our SB350 OS Variable Shaped e-beam system (from Vistec Electron Beam GmbH
Jena) [2]. More than 2000 different aperture geometries (= characters) can be addressed within
one exposure job. The types of available pattern include various 1D-gratings with pitches down
to 100 nm and with different angles of orientation, 2D-gratings and also patterns with geometries
which are hard to approximate by geometrical primitives like circular dots and dot arrays, spirals,
split-rings, rhombus, rod shape and bow-ties (Fig. 1). All these shapes can be combined and
aligned to realize even more complex layouts.

(a) (b)

Figure 1: (a) Examples for different nanogratings and metamaterials, fabricated by means of the Character
Projection (CP) mode. (b) A 100mm-wafer with nanogratings. In CP-mode, the e-beam writing time for
this wafer is only 1.5 hours.
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ported by the Thüringer Aufbaubank.

REFERENCES

1. Kley, E.-B., Proc. SPIE, Vol. 8352, 83520M, 2012.
2. Zeitner, U. D., et al., Proc. SPIE, Vol. 8974, 89740G, 2014.
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Transfer-printing-based Fabrication of 3-dimensional Plasmonic
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Abstract— Three-dimensional (3D) plasmonic nanostructures for surface-enhanced Raman
spectroscopy analyses (SERS) have recently attracted much attention due to their superior signal
enhancement capability compared to two-dimensional nanostructures. However, the controlled
fabrication of ultrafine 3D super-structures that can maximize SERS hotspots is not straightfor-
ward. This talk will present the use of a solvent-assisted nanotransfer printing (S-nTP) technique
for the 3D stacking of plasmonic nanostructures in a fast and convenient manner. General nan-
otransfer printing (nTP) technology offers outstanding simplicity and throughput in the fabrica-
tion of transistors, metamaterials, epidermal sensors, and other emerging devices. Nevertheless,
the development of a large-area sub-50 nm nTP process has been hindered by fundamental relia-
bility issues in the replication of high-resolution templates and in the release of generated nanos-
tructures. In contrast, our S-nTP is based on high-fidelity replication of ultrahigh-resolution
(8–20 nm scale) patterns using a dual-functional polymer thin film and solvent-assisted release
of such nanostructures. We show how the signal intensity can be maximized with the choice of
nanoscale geometries and the number of stacks. Based on the same principle, facile printing of
plasmonic nanostructures for non-destructive and rapid surface-enhanced Raman spectroscopy
(SERS) analyses can also be achieved. The utilization of S-nTP can significantly enhance the
analysis throughput of SERS by decreasing the analysis preparation time for the formation of
plasmonic nanostructures on analytes. As another example of a near-term application, this talk
will also demonstrate that Ag nanowires printed on the inner surface of a vial glass can enhance
SERS signals, enabling direct and convenient detection of molecules dispersed in a solution at an
extremely low concentration.
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Silver Nanowires as Efficient Sensing Platforms

Sebastian Mackowski
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Abstract— Silver nanowires are unique metallic nanostructures, which on the one hand are
characterized with strong plasmon resonance, while on the other, can be imaged using stan-
dard fluorescence microscope. With appropriate surface functionalization both aspects of silver
nanowires can be efficiently explored for sensing biomolecules. Chlorophyll-containing biomolecules,
which participate in photosynthesis, exhibit strongly enhanced fluorescence upon conjugation
with silver nanowires. In addition to intensity increase, the emission of chlorophylls is decaying
much faster pointing towards radiative rate increase upon coupling with plasmon excitations.
However, for large proteins, where coupling with plasmon excitations in silver nanowires is much
weaker and induces at most minute changes in their spectral properties, silver nanowires play
a role of geometrical constrain. In other words, through proper functionalization of the surface
of silver nanowires, fluorescent biomolecules can be attached to them and their position can
be precisely determined. Both these approaches can be combined for real-time observation of
attachment and glowing of properly designed structures, also at a single molecule level.
Additional features of potential sensing platforms composed of silver nanowires can be introduced
by covering them with graphene or its derivatives. Recent results of these experiments will be
presented.
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Linear and Non-linear Optical Properties of Bi-metallic
Heterodimers
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M. Fleischer3, D. Zhang2, and P.-M. Adam1
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Abstract— Metal nanoparticles have attracted great scientific and technological interest in
biomolecular detection and clinical diagnostic application due to their specific physical and chem-
ical characteristics. Several reported experimental results illustrated that nanomaterial based
non-linear optics assay can be used for monitoring chemical processes, biological and chemical
toxins with excellent sensitivity and selectivity [1–4]. Linear optical properties and plasmon
resonances of metallic nanoparticles or nano-antennas are well described in the literature by ex-
tinction and/or scattering spectroscopies and by radiation patterns in direct or in Fourier space.
However, much less is known on their non-linear optical properties, and in the role of plasmon
resonances in the enhancement of these effects. Two-photon luminescence (TPL) and second har-
monic generation (SHG) both are prominent examples of non linear effects observed on metallic
nanoparticles. In this study, we focused on the linear and non linear optical characterization of
Au-Al heterodimers (Fig. 1). These dimers have been fabricated by a two-step electron-beam
lithography process and the diameters of the Au and Al nanoparticles have been independently
varied, as for the gap distance. The linear optical properties (single dimer scattering spectra)
and the non-linear optical properties (SHG images and TPL spectra) have been compared to
understand the main physical phenomena involved.

Figure 1: Linear and non linear optical characterization of single dimers composed by a 100 nm diameter Au
nanoparticle and varying diameter Al nanoparticles.
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Enhancing the Interaction of Light and Matter Using Photonic
Nanostructures

S. Götzinger
Max Planck Institute for the Science of Light (MPL) and
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Abstract— Clever methods to enhance the interaction of light and matter are at the heart
of ultra-sensitive optical sensing. Prominent approaches are based on large field enhancements
inside optical cavities or in the close vicinity of metallic nanostructures supporting plasmonic
resonances. The latter can show extremely large enhancement factors [1]. Their performance is,
however, strongly dependent on the exact shape of the structure. I will report on the controlled
fabrication of gold nanocones using focused ion beam milling. The precision of the fabrication
procedure allows us to control the plasmon resonance of the nanocones. Theoretical investigations
predict an enhancement of the spontaneous emission rate of a single emitter by several hundred
times. I will show an experiment where we could indeed observe a factor of about 340 in the
spontaneous emission rate enhancement of a single colloidal semiconductor quantum dot [3]. In
the second part of the talk I will report on an ultrasmall scannable Fabry-Perot microcavity with
a mode volume of 0.5λ3 [4, 5]. The cavity is made of a gold coated curved micromirror fabricated
on a silicon cantilever using focused ion beam milling and a planar distributed Bragg reflector.
By scanning the curved gold mirror across the planar mirror we detect 80 nm gold nanoparticles
by measuring the change in the cavity finesse This type of cavity is attractive for a number of
studies ranging from sensing to quantum optics.

(a) (b)

Figure 1: (a) Fabrication of gold nanocones with controlled shape using focused ion beam milling. After a first
course etching of the gold, we shape the cones with a fine etching step and a final polishing. (b) Schematics
of the scanning microcavity setup. OBJ: microscope objective; BS: beam splitter; HWP: half-wave plate;
POL: linear polarizer; PD: photodiode; GNP: gold nanoparticle.
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2. Hoffmann, B., S. Vassant, X.-W. Chen, S. Götzinger, V. Sandoghdar, and S. Christiansen,
“Fabrication and characterization of plasmonicnanocone antennas for strong optical field en-
hancement,” 2015, submitted.

3. Vassant, S., B. Hoffmann, K. Matsuzaki, S. Christiansen, S. Götzinger, and V. Sandoghdar,
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Air Quality Monitoring by Using One Dimensional Nanomaterial
Based Gas Sensors

Inkyu Park
Department of Mechanical Engineering, Korea Advanced Institute of Science and Technology, South Korea

Abstract— Recently, the interest and importance in environmental monitoring, especially real-
time tracking of air quality are dramatically rising. With the advent of manufacturing industry,
the sources for harmful gaseous species such as nitrogen dioxide (NO2), carbon monoxide (CO),
hydrogen (H2), hydrogen sulfide (H2S), hydrocarbon (HC), volatile organic compounds (VOC)
are continuously increasing. Although there already exist engineering systems that can provide
accurate measurement of critical air quality factors, they are heavy, expensive and require high
maintenance costs. Therefore, ultra-compact, inexpensive, yet high quality gas sensors based on
integrated semiconductor chip should be developed for personalized, localized and real-time en-
vironmental monitoring for individual users. In this talk, we will introduce our effort to develop
highly integrated gas sensors enabled by one dimensional (1D) nanostructures (e.g., nanorods,
nanowires and nanotubes) of functional sensing materials such as silicon (Si), metal and metal ox-
ides. 1D nanostructures provide high sensitivity and fast response due to high surface to volume
ratio, chemical reactivity and electrical sensitivity. Here is the list of different 1D nanostructure-
based gas sensors that we will discuss: (1) top-down fabricated silicon nanowires for H2 gas
detection: silicon nanowires that are fabricated by photolithography or electron beam lithogra-
phy processes and functionalized with catalytic metal nanoparticles can provide high sensitivity
and fast response to H2 gas. Furthermore, self-heating provides higher selectivity to H2 in the
background of humidity (H2O) or CO gases; (2) template synthesized metallic nanotubes for room
temperature H2 gas detection: multimetallic nanotubes can be easily fabricated by wet chemical
process along hydrothermally synthesized zinc oxide (ZnO) nanowires and can be used for highly
sensitive H2 gas detection, (3) metal oxide nanostructures for multi-component gas detection:
multiplexed array of heterogeneous metal oxide nanomaterials can be synthesized by focused en-
ergy field (FEF) method in liquid precursor environment and can be used for multi-component
(e.g. NO2 and CO) gas detection. We believe that these sensors will be very useful component for
smart mobile telecommunication platforms (e.g., smartphone, table PC or handheld accessories)
and wearable electronics systems.
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Nanoscale Energy Transfer Sensing

Jana B. Nieder
INL — International Iberian Nanotechnology Laboratory
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Abstract— Advanced fluorescence spectroscopy with single molecule sensitivity can be used
to unravel details of excitation energy transfer on the nanoscale.
Time-dependent single-molecule spectroscopy at low temperatures was used to study the emis-
sion of different pigments being part of a photosynthetic light harvesting system. Correlation
analysis of the various emission contributions of such time resolved spectra revealed multiple and
interchangeable excitation energy transfer pathways in individual photosynthetic complexes [1].
Besides high-resolution low temperature single molecule spectroscopy, a more recent experimental
technique based on ultrafast femtosecond pulse shaping excitation with single complex fluores-
cence emission read out [2] prove to be suited to unravel the quantum coherent nature of energy
transfer in individual light-harvesting complexes. This study was performed on a highly symmet-
ric light harvesting system, with two main absorption bands, which can individually be addressed
with resonant pulses with defined phase relations.
To this end we developed a pulse compression and characterization technique with simultaneous
femtosecond and nanometer sensitivity based on the second harmonic signal generated from
nonlinear nanoparticles positioned in the focus of the microscope objective used for single molecule
studies [3].
In this contribution we will describe the application of low temperature and ultrafast pulse
shaping single molecule spectroscopy techniques to study energy transfer characteristics of pho-
tosynthetic pigment protein complexes and we will additionally present the sensitivity of such
techniques to study the effects of plasmonic interaction [4]. Enhanced knowledge of (plasmonic)
metal interaction effects bears the opportunities of advanced molecular sensing and new ap-
proaches for real time live cell super resolution microscopy as recently demonstrated by Chizhik
et al. [5], such concepts will be discussed.
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Silver Capped Silicon Nanopillars as Surface Enhanced Raman
Spectroscopy Substrates

Kaiyu Wu, Michael Stenbæk Schmidt, Tomas Rindzevicius, and Anja Boisen
Department of Micro- and Nanotechnology, Technical University of Denmark
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Abstract— In order to achieve widespread use in practical applications, a Surface-enhanced
Raman Scattering (SERS) substrate should possess (i) a compatibility with high volume manu-
facturing process flows (ii) high and reproducible enhancement factors (EF), i.e., enhancement
uniformity, over large surface areas and (iii) a tunable localized surface plasmon resonance (LSPR)
wavelength over a broad spectral region. Using a novel lithography free reactive ion etch pro-
cess, we fabricate wafer-scale silicon nanopillars with a high aspect ratio and subsequently coat
them with silver by electron beam evaporation [1] to form plasmon supporting structures. The
fabricated pillars (Fig. 1(a)) are flexible and will lean towards their nearest neighbors as the de-
posited analyte solution evaporates, creating self-assembled SERS hot spots at which the analyte
molecules are exactly located. The fabrication method has been optimized with an emphasis
on improving the SERS signal-to-noise ratio, to realize molecular detection at ultra-low con-
centrations [2]. The employed etching process is wafer-scale, and since it does not require any
lithographic step, is fast and repeatable, thus allowing the produced substrates to be used as cheap
and expendable consumables. Additionally, the produced substrate exhibits a highly uniform EF
across a large area (Fig. 1(b)). It also displays a broad LSPR band (Fig. 1(c)), enabling SERS
sensing at various excitation wavelengths. In the hot-spots in-between the pillars, strong localized
fields are generated by the hybridized LSPR modes and the cavity LSPR mode (Fig. 1(d)). This
presentation will highlight the key features of this SERS substrate and give examples of sensing
applications.

(b) (c) (d)(a)

Figure 1: (a) SEM images of the Ag@Si nanopillars before (above) and after leaning (below), (b) mapped
SERS spectra of 10 mM trans-1,2-bis (4-pyridyl) ethylene in ethanol solution under 780 nm excitations, (c)
measured scattering spectrum of the Ag@Si nanopillar substrate, (d) simulated cross-sectional electric field
EF distributions for a dimer of Ag@Si nanopillars at different excitation wavelengths.
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3D Metamaterials and Plasmonic Nanostructures for Sensing
Applications

Minkyung Kim1 and Junsuk Rho1, 2

1Department of Mechanical Engineering
Pohang University of Science and Technology (POSTECH), Pohang, Korea

2Department of Chemical Engineering
Pohang University of Science and Technology (POSTECH), Pohang, Korea

Abstract— Metamaterials, artificially structured nanomaterials, have enabled unprecedented
phenomena such as negative refraction. In this abstract, I will discuss recent development of
hierarchical fabrication techniques for three-dimensional metamaterial and plasmonic structures
based on ultra-accurate and precise electron-beam lithography overlay. The examples include
3D bulk negative index metamaterials, chiral metamaterials in optical frequencies and so on.
Also, quick discussion about plasmonic sensing in complex nanostructures will be followed. This
unique technique will provide the opportunity to achieve true isotropic metamaterials and the
bulk properties induced from the metamaterials.
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Source Reconstruction from Near- and Far-field Data with Antenna
and Radome Applications

Mats Gustafsson
Department of Electrical and Information Technology
Lund University, Box 118, Lund SE-221 00, Sweden

Abstract— Electromagnetic problems are often analyzed using numerical solutions of the
Maxwell’s equations. In addition to being fast and cost effective, these solutions are useful
for our understanding of the interaction between electromagnetic fields and devices through vi-
sualization of currents and fields. Although the numerical solutions are indispensable, they must
be supplemented by measurements, where the radiated field is measured in the far-field or in the
non-reactive near field. This provides valuable information but does not visualize the interaction
between the device and the electromagnetic fields in the same way as a numerical simulation.
Visualization is much harder in measurement situations where we are restricted to far-field data
or near-fields on a circumscribing structure. The near fields and sources are reconstructed from
the measurements of the fields outside the object or volume of interest. This reconstruction
is performed as the solution of an inverse source problem. This inverse problem is ill-posed
and the solution requires regularization. Here, we review the theory of inverse source problems,
non-uniqueness, and regularization. We present formulations based on equivalent currents us-
ing integral equations and integral representations for planar, spherical, body of revolution, and
general geometries. The results are compared with analytic results for spherical and cylindrical
structures. Source reconstruction is useful in applications such as non-destructive testing of an-
tennas and radomes [1–7]. We illustrate how they can be used in antenna and radome diagnostics
to, for example, image the radome thickness.
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Reconstruction of 3D Anisotropic Magnetodielectric Objects with
the Mixed Order BCGS-FFT and DBIM

Zhiru Yu and Qing Huo Liu
Duke University, Durham, NC, USA

Abstract— Although inverse scattering problems for isotropic materials have seen widespread
applications in recent year, little has been done so far for objects that are anisotropic and mag-
netic. The inverse scattering problem for reconstructing anisotropic magnetodielectric material
distributions is investigated in this work. Similar to isotropic media, this inverse scattering prob-
lem formulated by the integral equations is generally nonlinear. To solve the nonlinear problem
efficiently, Chew et al. proposes the born iterative method (BIM) and distorted born iterative
method (DBIM), where the true total fields inside objects are approximated by the total fields
calculated from estimated material properties in the previous step. Therefore, material proper-
ties are updated by solving a linear problem in each iteration. However, the forward scattering
problem has to be solved in each iteration, which can be time consuming and requires a lot
of computational resources. Several fast methods for solving integral equations are available;
nevertheless most of them are not appropriately formulated for anisotropic magnetodielectric
objects.
This work proposes a mixed order BCGS-FFT method based DBIM to solve the inverse scattering
problems for anisotropic magnetodielectric objects. The forward scattering problem is formulated
by the combined field volume integral equations (CFVIE). Volume equivalent theorem is chosen
because it is flexible in handling inhomogeneous anisotropic objects. The CFVIE is solved by a
fast frequency domain solver called the mixed order BCGS-FFT method. The mixed order BCGS-
FFT method expands the electric and magnetic ux densities (D and B) with first order divergence
conforming basis functions and expands the magnetic and electric vector potentials (A and F)
with second order curl conforming basis functions. The benefits of the mixed type and mixed
order basis functions are two folded: 1. It can account for correct boundary conditions for both
the ux densities and the vector potentials so that the calculated results are more accurate. Thus,
objects with higher contrasts can be handled. 2. The mixed order basis functions formulation
avoids zero terms caused by the divergence or curl operations on the vector potentials in the
weak form integral equations. Therefore both dielectric and magnetic contrasts can be taken into
account with higher order basis functions. This means magnetodielectric objects can be handled.
The inverse problem is solved by the DBIM method. Reformulation of the DBIM to incorporate
inhomogeneous anisotropic objects is shown in this work. Examples are given to demonstrate
the performance of the mixed order BCGS-FFT based DBIM on anisotropic magnetodielectric
objects. Discussions are also given on the key factors that might affect the performance of this
method.
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Efficient Imaging of Dielectric Targets Based on Contrast Source
Inversion Method

S. C. Yan, C. X. Yang, J. Zhang, and M. S. Tong
Department of Electronic Science and Technology

Tongji University, 4800 Cao’an Road, Shanghai 201804, China

Abstract— Solving inverse scattering problems is challenging because the involved governing
equations are nonlinear and the solutions are inherently nonunique. This is particularly true
when measuring conditions are unfavorable and diverse scattering data are not available. Usu-
ally, the inverse problems are solved by linearizing governing equations and gradually minimizing
the mismatch between calculated data and measured data in an iterative scheme. In the integral
equation approach (IEA) for reconstructing dielectric objects, there are forward scattering inte-
gral equation (FSIE) and inverse scattering integral equation (ISIE) and traditionally we need
to alternatively solve them in the context of Born iterative method (BIM) or its variations. The
solution of permittivity from the ISIE can reveal the profile of unknown object in the imaging
domain.
In this work, we use the contrast source inversion method (CSIM) to reconstruct the dielectric
objects for the application in target recognition and atmosphere or space sensing. In such an
application, the details of object are not important but obtaining a sufficient observation or
measurement to the object may be difficult. The CSIM is motivated by and similar to the modified
gradient method (MGM), but it updates the contrast source and contrast simultaneously instead
of the field and contrast. The CSIM can avoid the direct solution of FSIE because it defines a
cost functional including mismatches or errors from both the FSIE and ISIE and update them
together. Compared with the MGM, the CSIM is more computationally efficient and also requires
less measurement data. This is particularly desirable when we consider the reconstruction with
a poor measurement condition which may be encountered in many applications. Numerical
examples for reconstructing typical dielectric objects under a limited view are presented and
good images can be observed.
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Inverse Scattering Approach without Information on Incident Field
Using Gradient-based Optimization Method

Takashi Takenaka1, Toshifumi Moriyama1, Toshiyuki Tanaka1, and Zhi Qi Meng2

1Graduate School of Engineering, Nagasaki University, Nagasaki 852-8521, Japan
2Faculty of Engineering, Fukuoka University, Fukuoka 814-0180, Japan

Abstract— Inverse scattering analysis generally assumes the knowledge of the incident field in a
region of interest (ROI) as well as on a measurement surface. In some measurement situations, the
transmitting antenna producing an incident field is placed close to the ROI. This causes antenna
characteristics to change due to the coupling with the ROI. This characteristics change makes it
difficult to know the incident field generated by the antenna accurately. In our previous work [1],
we have proposed an inverse scattering approach based on the field equivalence principle which
does not require the knowledge of the incident field and applied it to a nondestructive testing
problem to detect homogeneous defects by a genetic algorithm (GA). GAs are not appropriate
optimization techniques for estimating a large number of unknowns such as electrical parameter
distributions of an inhomogeneous object.
In this paper, we apply a gradient-based optimization method to our inverse scattering approach
for imaging an inhomogeneous object. In [1], we have shown that the inverse scattering problem
can be reduced to an optimization problem where the following functional of the parameters
p = [εr(r), µr(r), ησ(r)] is to be minimized:

Q (p) =
M∑

m=1

∫ cT

0

∫

Ωe

|veq
m (p; r, t)|2 drd (ct) (1)

where Ωe is the region exterior to the measurement surface S and T is the measurement time.
The total field veq

m (p; r, t) is the solution of the equivalent problem for the object with estimated
parameters p under the mth illumination. The quantities c and η are the light speed and the
intrinsic impedance of the background, respectively. We minimize the functional (1) by a gradient
method. The Fréchet differential of (1) is represented as an inner product of a parameter variation
δp and the gradient g(r) = [gε(r), gµ(r), gσ(r)]. Due to space limitations, only the expression of
gε is shown:

gε(p; r) =
M∑

m=1

∫ cT

0

ue
m(p; r, t) · ∂Eeq

m(p; r, t)
∂ (ct)

d(ct) (2)

where Eeq
m(p; r, t) and ue

m(p; r, t) are, respectively the electric components of the total field
and the adjoint field under the mth illumination for the object with an estimated parameter p.
Numerical simulations were carried out using the conjugate gradient algorithm for minimizing
the cost functional and the results indicate the effectiveness of the method.
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Application of Domain Decomposition Techniques to Quantitative
Inverse Scattering Problems

I. Voznyuk, A. Litman, and H. Tortel
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Abstract— Often, inverse scattering schemes are based on iterative techniques which require to
call a forward solver at each iteration. This forward solver must simulate in an efficient way the
scattered field associated to the predicted permittivity map provided at that specific iteration. It
must also take into account the environment in the vicinity of the object (rough surface, medias
with complex shapes) . . . . Moreover, this forward solver is also exploited to estimate efficiently
the various gradients which are necessary to compute the descent direction updates. Indeed,
due to the reciprocity properties of the wave equations, it is possible to directly provide close-
form expressions of these gradients by means of a point-by-point complex multiplication of the
electromagnetic field and of a so-called ajoint field.
Various works take profit of the finite element method in order to solve inverse problems in
different scientific domains, such as in optical imaging, electroencephalography imaging, electro-
cardiographic imaging, and, of coarse, in microwave imaging. Thanks to its flexibility and its
capabilities of managing complex geometrical configurations, this type of modelling scheme is
more than appropriate to tackle biomedical and non-destructive testing applications.
Nevertheless, the numerical resolution of the Helmholtz equation in heterogeneous media at high
wave number is a challenging problem for the classical finite element method. A way to overcome
these difficulties is to apply a domain decomposition (DDM) technique. The principal idea of
DDM is to split the entire computational domain into smaller non-overlapping sub-domains and
to solve a sequence of similar sub-problems on these sub-domains. Among a variety of DDMS, the
Finite-Element Tearing and Interconnecting (FETI) method and its electromagnetic counter part,
the Finite-Element Tearing and Interconnecting-Dual Primal Electromagnetic methods (FETI-
DPEM) are shown to be powerful techniques with an excellent scalability. In this method the
computationnal problem is divided into non overlapping subdomains in order to construct and
solve an equivalent reduced-order interface problem. The solution inside each subdomain can
then be evaluated independently by imposing knwon mixed boundary conditions at the internal
interfaces between subdomains. We will present in this talk the combination and the optimization
of this direct solver in a Newton-type minimization scheme and inversion results obtained from
3D experimental datas will be displayed.
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Virtual Experiments for the Solution of Inverse Scattering Problems

M. Bevacqua1, L. Crocco2, L. Di Donato3, and T. Isernia1
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Abstract— Inverse scattering is an active area of research in applied electromagnetics, due to its
relevance to many applications ranging from sub-surface prospections to biomedical diagnostics
or safety and security surveying operations. Unfortunately, the non-linearity and ill-posedness of
the inverse scattering problem [1] make the development of effective and reliable solution methods
a still open and challenging task.
The virtual experiments framework [2–6], is an emerging paradigm that has been conceived to
smartly cope with these fundamental difficulties. The basic idea is to exploit the linearity of the
scattering phenomena to recombine the available scattering experiments into new, “virtual” ones,
without performing additional measurements. The main advantage is that properly designed
virtual experiments allow to enforce some properties of the field or, equivalently, of the contrast
source, which in turn can be helpful to reduce the difficulty of the problem. For example, by
enforcing focused fields or contrast sources, it is possible to estimate the contrast of non-weak
targets within a linear inversion framework or even to retrieve the unknown contrast solving a
set of algebraic equations (see [2–6]).
The contribution will review the basics of the virtual experiments concept, describe the simple
but powerful inversion techniques that can be derived from it and address the many future
methodological developments that can steam from this emerging paradigm.
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On Constructing Globally Convergent Algorithms: Applications to
GPR and Marine CSEM Sounding

A. Timonov
University of South Carolina Upstate, USA

Abstract— The challenging problem of constructing the globally convergent algorithms for
electromagnetic sounding is addressed. The traditional numerical techniques, such as the gradient
or Newton like methods, require an initial approximation in a sufficiently small neighborhood of
the true solution. On the other hand, the global optimization algorithms are extremely time-
consuming and heuristic. In the last decade the so-called convexification method was proposed
by Klibanov and Timonov. Later, some modifications of this method were developed by Klibanov
and Beilina. Being a special form of the Carleman-weighted nonlinear least squares, the method
allows for constructing some iterative algorithms that do not require the proximity of an initial
approximation to the true solution. However, being approximate by its nature, the method
provides convergence to an approximation of the true solution. The main challenge is constructing
algorithms that guarantee the maximum closeness of the approximate solutions to the true one.
In this talk we present two such algorithms. The main distinctive feature of the first algorithm
is the refinement procedure, in which we search for a better approximation performing matching
the interior field generated by the iterative solution by the solutions of the forward problem in
the region of interest. In the second algorithm the Tikhonov’s regularizing functional is used in
combination with the alternating split Bregman algorithm. The computational effectiveness of
the proposed algorithms is demonstrated in some numerical experiments with the inverse models
of GPR and marine CSEM sounding of layered media. The latter has become significant only in
the last decade due to the growing interest to hydrocarbon deposits on a shelf, as well as to the
rapid development of technologies used in marine geophysics.
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Modeling of Random Media for Controlled Light Scattering

Olga Korotkova
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Abstract— We propose a new method for modeling of scattering from weakly random, sta-
tistically stationary media based on manipulation of the two-point correlation function of its
scattering potential (CFSP) for generating of the scattered far-fields with prescribed intensity
distributions. This method is based on the fact that the far-field intensity distribution is the
3D Fourier transform of the CFSP calculated at the momentum transfer vectors. We illustrate
that regardless of the size, the geometrical shape and the boundary profile of the scatterer, the
scattered average intensity distribution can be tuned solely by prescribing the CFSP.
In particular we introduce mathematical models for the CFSP that lead to scattered fields with
flat circular, ring-like and flat rectangular-like average intensity distribution. Without loss of
generality we always assume a spherically symmetric particle, employing either solid-sphere or
soft-sphere (Gaussian) functions for the average refractive index distribution. Our mathematical
modeling of the CFSP involves 3D multi-Gaussian families of functions that may have circular,
cylindrical and Cartesian symmetry. Such families are the sums of Gaussian functions with dif-
ferent heights and widths with alternating signs. The 1D, 2D and 3D multi-Gaussian functions
have been previously employed in optics for different purposes, such as the control of the aper-
ture functions, the modeling of the radiation field correlation function, the intensity shaping,
etc.. They allow designing of the distributions (of scattered intensity in our case) ranging from
soft (Gaussian) for the single term in summation to square-pulse like for the number of terms
approaching infinity. We also investigate under which conditions the component of the CFSP
along the axis of scattering does not influence the scattered distribution.
After outlining the scalar treatment valid for a single scatterer and the incident plane wave, we
also discuss the extension of the theory to particulate collections, other incident waveforms and
electromagnetic treatment. In the latter case the polarization properties of the far field, such as
degree of polarization and the parameters of the polarization ellipse can be adjusted at will.
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Demonstration of Radiative and Inductive Couplings of Traveling
Wave to a Phantom in a Small-bore 16.4 T MRI
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Abstract—
Introduction: At ultra high field strength propagating RF field effects emerge [1] making tradi-
tional MRI less effective for achieving ultimate SNR [2]. To date few systems have been adopted
to demonstrate traveling wave MRI (TW-MRI), among these preclinical human scanners (7T,
9.4T) [3, 4] and research small bore systems (16 T, 21.1 T) [5, 6]. Whole body scanners correspond
to above cut-off cylindrical waveguides with one or two TW modes propagating in the unloaded
bore. On the contrary, most of the small-bore research as well as clinical (< 4T) systems corre-
spond to below cut-off undermoded waveguides that require special high dielectric inserts [7] or
coaxial transmission lines [8] for mode propagation. Hence, the TW excitation methods vary in
such systems; for example, the typical RF probes for preclinical TW-MRI are patch antennas or
other electric dipole probes in a radiative wave regime [9]. In undermoded waveguides it is much
more difficult to excite TW due to relatively large free-space wavelength that makes regular patch
antennas impractical. Therefore, previous demonstrations of TW-MRI at below cut-off were lim-
ited to loop-coils that inductively couple to long (few wavelengths) dielectric inserts that limits
SNR. Here, we demonstrate a new TW coupling mechanism that involves a specially designed
patch antenna and a metal waveguide and compare its performance to that with an inductive
TW coupling using loop-coil.
Methods: The system of interest is 16.4 T (Varian) horizontal bore small animal NMR imaging
system with a bore diameter of 26 cm (∼ 12 cm with gradient insert) and the resonance frequency
of 698 MHz (λ = 43 cm). The typical setup with inductive coil coupling consists of a dielectric
waveguide made of an acrylic tube (L = 34 cm, D = 9 cm) and filled with deionized water or
saline (εr = 80) and a simple transmit-receive loop-coil (D = 8 cm) placed at the edge of the
tube. The orientation of the loop with respect to the edge of the tube (vertical or horizontal
planes) defines the specific single or multiple modes excitation in the dielectric tube. A second
setup uses a circular patch probe antenna (ground plane diameter 20 cm, patch diameter 7 cm,
Fig. 1(c)) that provides circular polarization with a single coaxial feed and a crossed-slot polarizer
in the patch ground plane [10]. The measured match to the 50-Ω feed of the patch inside the
bore is |S11| = −20 dB. A cylindrical array of 3-cm wide longitudinal strips 2-m long and 12 cm
in diameter is inserted in the bore with a goal of modifying the travelling-wave mode content in
the gradient coil region. The patch probe is placed 5 cm from the edge of the bore at the start
of the strip cylinder. The MR images were obtained with a GRE sequence: FOV = 20× 20 cm,
TR/TE = 275 ms/2.1ms, slice thickness of 1mm for both axial and coronal slices. In addition
to GRE we used SE imaging with: TR/TE = 1 s/20 ms, FOV = 20× 20 cm, matrix = 256× 128,
slice thickness of 2mm, 0.8 mm gap, 10 slices. We carried out simulations of the modes inside the
dielectric guide using FEM E&M solver COMSOL Multiphysics (Burlington, MA).
Results and Discussions: For comparison study of the two excitation methods: by loop-coil
and patch probe. We placed the loop-coil vertically (coaxially) (Fig. 2) and horizontally (Fig. 3)
at the edge of the dielectric guide. These two arrangements allow excitation of a various modes,
as predicted by the corresponding simulations: TE01 (Fig. 2), and mixture of TE11 and TM11
(Fig. 3(a)) that matches mode population by the patch probe (Fig. 3(b)). The patch probe
excitation efficiency is maximal when it is placed close to the gradient coil section and couples
TW from the air region into the dielectric phantom (Fig. 1), providing the best SNR (Fig. 3(b)).
The nulls on z-axis (sagittal slices) correspond to the standing waves of various modes due to
reflection from the far end of the dielectric guide. The high spatial frequency fringes and edge
brightening correspond to artifacts due to unencoded volume of the dielectric guide that extends
beyond the gradient insert. Apart from the artifacts the modes structure between the radiative
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(a) (b) (c)

Figure 1: Experimental setup: (a) scheme of the
scanner with patch antenna inside the larger bore,
dielectric guide, and optional metal guide; (b) loop-
coil; (c) patch antenna.

(a)

(b)

Figure 2: MR images for loop-coil, (a) B1 modes
simulations, (b) the colorbar represents relative B1

field strength (left column — axial, right column —
sagittal slices).

(a) (b) (c)

Figure 3: MR images for (a) loop-coil, (b) patch
probe excitations; (c) B1 modes simulations, dashed
line indicates axial slice position (top row — axial,
bottom row — sagittal slices).

(a) (b) (c)

(d) (e) (f)

Figure 4: (a)–(c) GRE and (d)–(f) SE MR images
obtained in dielectric guide with patch antenna and
metal guide excitation: (a), (d) axial, (b), (e) coro-
nal, and (c), (f) sagittal slices.

and inductive couplings looks similar with comparable SNR. For the next step, we used the patch
probe antenna placed at the entrance of the optional 2-m long copper strip guide enclosing the
dielectric guide. Although the guide diameter of a metal guide is too small implying the TW
are below cut-off, we found this system to provide seven time higher SNR (Fig. 4) as compared
to the patch probe without the strip cylinder (Fig. 3(b)). The axially oriented strips provide
a frequency-dependent anisotropic surface impedance which modifies the modal content, and in
addition to the presence of the high-permittivity dielectric cylinder, allows for travelling wave
propagation. Such high SNR allowed us to utilize SE sequence (Figs. 4(d)–(f)). Another feature
of the new probe system is the presence of higher order modes that could potentially be used for
B1 field shimming.

Conclusion: We have demonstrated new TW excitation schemes that involves a loop-coil or
patch antenna and an optional metal guide that provides coupling to a phantom via far-field.
The combined patch probe is robust and does not require extensive tuning inside the scanner.
The excitation scheme provides high order modes that potentially could be used for B1 field
shaping for homogeneity improvement. The experimental method is scalable to the other MRI
systems with below cut-off conditions such as clinical scanners.
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Raw Data Generation of Maritime Scenes Using MOCEM V4 and
PHYS-IQ V1

Christian Cochin1, Jean-Christophe Louvigne1, and Julien Houssay2

1DGA MI, French MoD, Bruz, France
2Corentin LE BARBU, Nicolas Pinel, Goulven Monnier Alyotech, Rennes, France

Abstract— Since years, DGA MI — expertise center of French MoD develops simulation tools
for SAR surveillance applications. These tools have now capabilities of raw data generation and
therefore can be used for many other applications that their first purpose of simulation. The
GPU computing has recently opens news efficient ways for raw data simulation. For advanced
processing and new imagery modes (SAR/ISAR with or without use of CS technics), the simu-
lation of realistic raw data is crucial. In this paper we’ll illustrate the possible use of the tools in
the context of maritime applications.
We’d like to focus on opportunities offered by this set of tools, part of the French DGA simulator
SIROS — Simulation toolset for Imagery Radar and Ocean Surveillance —, for studies and for
tuning processing.
For maritime scenes, we have to take into account:

• For the target, realistic 3D ship models with Electromagnetic (EM) materials, inertial ship
motions.

• For the sea clutter, it is essential to deal with the grazing angle challenge or effects associated
to High sea states (shadows, sea spikes, heavy tail distributions).

• We have also to consider interactions that include coupling effects, wakes . . .

MOCEM V4 has been shown in conferences and detailed in several publications. But MOCVIEW
has been newly developed in order to generate raw data. PHYS IQ is also a new tool dedicated
tool to create raw data of a dynamic sea. We will illustrate possible combinations and con-
figurations of the tools to several needs and uses. We’d like also to focus how methods and
time computation can be adjusted to the user’s needs, including precision and phenomena taken
into account to limit computation time. We will illustrate the tools capabilities in the field of
polarimetry, interferometry, multi-channel, in addition to high resolution in range and all the
dynamic aspects, associated to a radar acquisition of a complex and dynamic maritime scene.
The problem of the maritime scenes is the variety of parameters concerning the target, the
environment, the radar mode. To deal this that, it is essential to create number of cases to test
and tune a new processing or radar mode. The availability of efficient and realistic tools is a
real opportunity to prepare experimental modes and develop new detection technics and imagery
products.

Figure 1: Military ship. Figure 2: Target & clutter raw data, focused image of the ship.
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Remote Sensing of Ionospheric Disturbances Caused by Exhaust
Jets of the ‘Progress’ Cargo Spacecraft

V. V. Khakhinov, B. G. Shpynev, V. P. Lebedev, D. S. Kushnarev, and S. S. Alsatkin
Institute of Solar-Terrestrial Physics SB RAS

Lermontov st. 126a, P/O Box 291, Irkutsk 664033, Russia

Abstract— This paper presents results of active space experiment “Radar-Progress” conducted
by FSUE Central Research Institute of Machine Building (TsNIIMash), Rocket and Space Corpo-
ration Energia, and Institute of Solar-Terrestrial Physics of Siberian Branch of Russian Academy
of Sciences (ISTP SB RAS). More than 80 sessions were conducted in 2007–2014. The experiment
is aimed at studying parameters of ionospheric disturbances generated by exhaust jets of propul-
sion devices of the Progress cargo spacecraft. The following ISTP SB RAS ground-based facilities
for remote sensing of the ionosphere are used: Irkutsk Incoherent Scatter Radar. The experi-
ment sessions were carried out under different helio- and geophysical conditions, given various
directions of the jet efflux and duration of operation of different propulsion devices. Space-time
characteristics of ionospheric irregularities were assessed. The dependence of observability of
irregularities on height, direction of jet efflux and exhaust amounts was examined too.
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Two Dimensional Inverse Scattering Problems with Four Different
Boundary Conditions
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Abstract— This paper deals with a special inverse scattering problem, where four different
boundary conditions, i.e., Dirichlet, Neumann, impedance, and transmission boundary, simulta-
neously exist. We present a general inversion method to simultaneously reconstruct scatterers
with four different boundary conditions without prior information on their locations, shapes,
or types of boundary condition. In the forward problem, the scattering of mixed scatterers is
modeled by the T -matrix method, where the scattered field is expanded in multipole radiation
series. Regardless of the type of boundary condition, the multipole expansion of scattered field
is always applicable, and thus it provides a unified framework for representing the four different
boundary conditions. The unknowns in the inverse problem are T -matrix coefficients, and the
first step of the inversion solver is to reconstruct the T -matrix coefficients. The objective func-
tion considered in the inverse problem is solved by a subspace-based optimization method. In
the second step of inversion, the types of boundary conditions of scatterers are inferred from the
T -matrix coefficients.
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Numerical Simulation of Aquifer Detection Using Low Frequency
Pulsed Radar

K. van den Doel1 and M. Robinson2
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Abstract— We describe two numerical models of the detection of aquifers under limestone
using low frequency pulsed radar which we use for experimental design, depth range estimations,
and testing data analysis methods. The first model implements a 1D FDTD scheme for Maxwell’s
equations coupled to a ground model incorporating dielectric permittivity, conductivity, and a
Debye polarization model. The material parameters of the model were obtained from in situ
measurements through limestone pillars performed underground in a mine [2]. The input to
the simulation is the measured output of a low frequency pulsed radar system manufactured by
Adrok Ltd. The complicated radar pulse produced by the transmitter contains frequencies from
3 to 65 MHz and the low frequency component allows for deep penetration in suitable materials,
see for example [1], where a similar simulation for deep surface probing on Mars is described.
The simulated pulse propagates through the limestone with a relative permittivity avaraging
εr = 6 and is re ected by an aquifer which we model as a layer with εr = 40. After reflecting off
the wet layer the pulse travels back up and is measured on the surface as a time domain trace.
Synthetic noise calibrated to match measurements from the actual equipment is added to the
computed result. In normal operation mode (STARE), 8000 traces are stacked, and the reflection
is detected from the data using either visual identification of the return or, when the return signal
is very weak, by analysing the correlations between stacked traces. Results indicate the aquifer is
detectable up to about 350 m depth and that extending the range to 500 m depth is achievable by
increasing the stacking by a factor 25. Detecting a reflection from 650 m would require stacking
2000 × 8000 traces, and down to 800 m would require 100000 × 8000 traces. Assuming a trace
length of 20 µs, suitable for detecting reflections up to 1km for εr ≤ 9, the latter would require
a theoretical minimum acquisition time of about 5 hours, which is probably close to what is
practical.
In order to convert the reflection time of the pulse to depth we need to know the velocity which
is governed by the relative permittivity ε. In some practical applications this may be known from
geology, but if it is not it can be obtained from a WARR scan, where measurements are taken
with transmitter and receiver at increasing separations and using a normal moveout method or a
velocity spectrum (as used in seismic) to estimate velocity and εr. Because of the high frequency
components in the pulse and the high accuracy required of the FDTD simulator (due to the large
dynamic range that needs to be simulated) the required grid spacing is about 5 cm and large com-
putational resources would be required for a full 2D FDTD simulation which is why we model the
WARR scan with a raytracing method. Simulated data is rendered by propagating the measured
input pulse through all rays that reach the surface using computed re ection/transmission coeffi-
cients and an attenuation filter derived from the FDFT model. The ground is modeled as a layer
with mean εr = 6 with random fluctuations with standard deviation 0.5 at intervals which are
distributed exponentially with a mean of 5 m. This models irregularities and causes complicated
backscatter similar to what is observed in practice. From a velocity spectrum analysis (suitably
modified to incorporate radar specific losses) it appears that the velocity can be estimated from
the backscatter up to about 150 m down and from the stronger aquifer re ection at 350 m with
about 5% accuracy leading to a similar accuracy in depth estimation.
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Expanding the Parameter Space in Optimizing Ultrafast Laser
Written Structures for Photonics Device Applications

T. Toney Fernandez, J Siegel, and J Solis
Grupo de Procesado por Láser, Instituto de Optica

Consejo Superior de Investigaciones Cient́ıficas (CSIC), Madrid, Spain

Abstract— An ultrafast laser irradiation based optical micropipette is proposed, able to manip-
ulateand control the laserinduced plasma distributions and — as a consequence — ionmigration,
net refractive index change and aspect ratio of the induced structures.

Production of micrometer to nanometer scale structures isone of the major strengths of ultrafast
laser-based micromachining. Short pulse duration leading to heat accumulation rather than heat
diffusion help induce much smaller structures. When combined with complementary strategies,
such as slit shaping of the laser beam and the use of high repetition rates, extraordinary results
can be obtained. Applied to direct writing of optical waveguides, we have recently found a
counterintuitive result in a study operating at 500 kHz repetition rate, leading to a reduction
of the aspect ratio of the waveguide cross section to almost 4 times that of a structure written
at low repetition rate (1 kHz). Adjoining this approach with the control of ion migration in
the laser excited volume, we propose a novel light based tool — an optical micropipette. By
means of simple shaping techniques of the focal volume a strong control can be exerted on the
shape of the laser-induced plasma distribution, directly controlling ion migrating mechanisms,
achievable refractive index change and the area/aspect ratio of the written structure. It appears
that multivalent ions migrate towards regions which feature a higher density in the final structure,
whereas monovalent ions migrate towards the rarefied zones. The behavior of multivalent ions
could be classified in two regimes, where light elements (atomic weight < 31u, observed in a
lanthanum aluminium phosphate glass doped with Erbium and Ytterbium, Figure (a1) and heavy
elements (Figure (a2)) play the role of densification. The migration directions of such group of
ions with respect to the laser propagation direction can be inverted (Figures (b1) and (b2)) by
inducing strong positive or negative spherical aberration in the beam, effectively inverting the
laser-induced plasma distribution. Figures (c) and (d) show the effect of slit shaping in two
different glasses with two different laser writing parameters. (c1) (no slit) and (c2) (1.4 mm
slit) are single scan waveguides produced inside a phosphate glass. (d1) and (d2) are multiscan
waveguides produced inside a Borosilicate glass.

 

   

  

  

(a1) (a2) (b1) (b2) (c1) (c2)

(d1) (d2) (e1) (e2) (e3)

Figure 1: (a1) demonstrate the cross migration between (a1) and K, where as (a2) shows cross migration of La
and K. Figures (a), (b) and (c) are structures produced inside a phosphate glass using 500 kHz, (b1) written
with 0.68NA objective, 260 mW, 80 µm/s at a depth of 100 µm. (b2) 0.85 NA aberration-corrected objective,
100mW, 100 µm/s at a depth of 100 µm. (c1) and (c2) written with 500 kHz, 0.68 NA without (395 mW)
and with slit (365 mW, 1.4 mm), respectively. (d1) and (d2) are structures written with and without slit
(2mm), respectively using the following parameters: 500 kHz, 0.4 NA objective, 140 mW, 1 mm/s and at a
depth of 100 µm. In all cases the laser is incident from the top. (e1) Sample before irradiation, Green layer
could be an implanted region or a sandwich region, (e2) four possible laser induced plasma scenarios and
(e3) their possible finalresult.
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Combining these effects, we propose that an optical micropipette could be designed to relo-
cate/remap/transfer ions from an area of interest to another. A proper tuning of laser fluence,
spherical aberration and slit shaping offers a good control of the type and direction of migrating
ions. Four possible potential application scenarios are sketched in Figure (e).
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Flexible Photonic Components in Silica Glass Fabricated by
Ultrafast Laser Direct Writing

Sheng Huang1, Mingshan Li1, Sean M. Garner2,
Ming-Jun Li2, and Kevin P. Chen1

1Department of Electrical and Computer Engineering
University of Pittsburgh, USA

2Corning Incorporated, One Riverfront Plaza
Corning, New York 14831, USA

Abstract— Flexible glass is a brand new class of glass materials that is attracting widespread
interest from industry and research groups. Designed as substrates for flexible electronics and
display applications, this new type of glass substrate exhibits remarkable mechanic flexibility.
Compared with flexible polymer substrates, flexible glass materials show superior thermal capa-
bility, dimensional stability, surface quality, barrier properties, hermiticity, and durability beyond
the fundamental limitations of polymeric substrates.
From an optical perspective, propagation loss in the flexible glass substrates could also be substan-
tially lower than the polymer materials currently used to build flexible photonic circuits. In this
paper, we present three-dimensional photonic devices and sensors written in flexible Corning®
Willow® Glass and other glass substrates. Using the ultrafast laser direct writing technique, low-
cost and highly symmetrical optical waveguides were fabricated in flexible glass with thicknesses
between 25 µm and 100 µm. The waveguide propagation loss at 1550-nm is between 0.11 dB/cm
and 0.25 dB/cm, and birefringence of waveguides is less than 0.5× 10−6. The flexible waveguide
devices exhibit excellent thermal stability when heated above 450◦C. Using laser assisted etching,
we discuss possibility of flexible lab-on-chip opto-fluidic devices and their applications for bio-
and –chemical sensing. By laser inscribing waveguide Bragg grating at different depths of glass
substrates on and off neutral planes inside the flexible glass substrates, we demonstrate smart
optical sensors that can perform simultaneous measurements of temperature, axial strain, and
magnitude and directions of bending. This paper presents new possibilities to develop smart
flexible sensors that are environmentally robust using glass substrates.
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Realization of Birefringent Nanogratings in Various Glasses

S. Richter1, F. Zimmermann1, A. Tünnermann1, 2, and S. Nolte1, 2

1Institute of Applied Physics, Abbe Center of Photonics, Friedrich-Schiller-Universität Jena, Germany
2Fraunhofer Institute of Applied Optics and Precision Engineering, Jena, Germany

Abstract— One of the most fascinating effects of the irradiation of glasses with ultrashort
laser pulses is the formation of birefringent domains [1]. This birefringence is due to periodic
nanostructures, so-called nanogratings, whose orientation is perpendicular to the laser polariza-
tion [1, 2]. Nanogratings in fused silica consist of small anisotropic cavities with a size of several
tens of nm [2]. The arrangement of these cavities forms a grating structure with a period smaller
than the wavelength of the incident laser pulses. The anisotropic structure of the modified mate-
rial results in form birefringence which can be used to realize polarization sensitive optical devices
such as waveplates, zone plates or polarization converters [2].
So far, it was assumed that nanogratings can be induced only in pure fused silica or slightly
doped silica glasses. We report on the ultrashort pulse laser induced formation of birefringent
structures in the volume of different glasses: Borofloat 33, BK7 and ULE [3]. We conducted an
intensive study to analyze the formation process and structure of these birefringent structures
using polarization contrast microscopy, Focussed Ion Beam milling, Small Angle X-Ray Scattering
and Raman spectroscopy. Thus, we could prove that the birefringence is induced by nanopores
in these glasses, too. In addition, the retardance achieved in ULE is even slightly higher than in
fused silica facilitating the realization of photonic devices with tailored birefringent domains in
isotropic host materials.
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Figure 1: Retardance of laser induced nanogratings in ULE for different irradiation parameters. On the
right, an SEM image of the induced modification is shown. Here, a Focussed Ion Beam was used to dissect
the sample and expose the nanopores.
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3D Laser Sub-µm Structuring for Novel Near- and Mid-IR
Photonics: Recent Advances in SiO2, LiNbO3 and YAG

Processing

A. Ródenas, J. Mart́ınez, H. D. Nguyen, and F. Dı́az
Departamento de Qúımica F́ısica e Inorgánica, Universitat Rovira i Virgili, Tarragona 43007, Spain

Abstract— Mid-infrared photonics are rapidly emerging as a powerful technology platform
for the biomedical and chemical fields. Mid-infrared spectroscopy takes advantage of the unique
fingerprints of inorganic/organic molecular bonds for identifying chemical compounds, biological
tissues, cells or biofluids. From the device engineering point of view, having an optically resonant
medium close to the anomalous dispersion regime also allows for designing novel robust sensing
schemes where different photonic building blocks such as optical waveguides, photonic crystals
or fluidic pores, can be interconnected to monolithically operate across infrared resonant ranges
to perform fast sensing functions. In this talk I will present recent efforts on 3D micro- and
nano-structuring techniques focused on achieving these infrared photonic elements embedded
in industrially relevant optical materials like electro-optic lithium niobate, yttrium aluminum
garnet (YAG) laser crystals, or the ubiquitous fused silica glass. I will present results on: (i) a
laser micro-manufactured glass fibre-interconnected infrared sensor tuned to monitor water-ice
transitions with fast response, which has applications in the aircraft industry (for monitoring ice
formation on the wings or inside kerosene tanks), or in the pharmaceutical and food industries
for freeze-drying (lyophilization) control processes; (ii) on micro-stress engineering and analysis
of mid-infrared waveguide structures in lithium niobate circuits for propagation and bend loss
minimization; and (iii) on the sub-micron resolution 3D structuring of YAG crystals towards
interconnected waveguides and photonic crystals, as well as for enabling novel sensing schemes
on sub-wavelength structures for light guiding and optofluidic device engineering.
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Femtosecond Laser Micro Fabricated Structures for Lab on Chip
Applications

Surya S. K. Guduru1, 2, Francesco Scotognella2, Luigino Criante1,
Rebeca Martinez Vazquez3, Roberta Ramponi3, and Krishna Vishnubhatla1

1Center for Nano Science and Technology@PoliMi
Istituto Italiano di Tecnologia, Via Giovanni Pascoli, 70/3, Milan 20133, Italy

2Dipartimento di Fisica, Politecnico di Milano, Piazza Leonardo da Vinci 32, Milan 20133, Italy
3Istituto di Fotonica e Nanotecnologie — CNR, Piazza Leonardo da Vinci 32, Milan 20133, Italy

Abstract— Femtosecond laser micromachining (FLM) is a very versatile 3D micro-fabrication
techniques. Tightly focused femtosecond laser pulses can be viewed as a pen for fabricating
such devices in both transparent and opaque materials [1]. This technique can be exploited for
creating complex micro architectures in an integrated lab-on-chip device [2, 3].
Motivation: Here in this work we envisage the demonstration of wavelength selective light
harvesting in a fully integrated opto-fluidic chip configuration. Creating such an integrated
many functionalities in one device creates possibilities for high sensitivity sensing applications.
The idea is to excite the analyte inside a microchannel and try to collect the fluorescence from
them in a wavelength selective manner. The schematic of the idea is given in Fig. 1(a).

(a)

(b) (c)

(d)(e)

Figure 1: (a) Schematic of the motivation of the work. (b), (c) The schematic of the chip and picture of
the actual chip in fused silica substrate. (d), (e) Images of the Fresnel lens in reflection and transmission
respectively.

Experimental: The chip contains a 1D photonic crystal (1DPC) as one of its components.
The 1DPC is customized in the fabrication stage to reflect the excitation wavelength of the dye.
While we fabricate binary Fresnel lenses which are designed to focus the fluorescence of the dye.
In essence the device as a whole acts a wavelength selective light harvesting device [4]. For
the purpose of demonstrating the principle we conceived the fabrication of such a chip in two
different configurations. One chip in PMMA substrate with microchannels on the surface while
the other chip in fused silica substrate with microchannels sub-surface. In the former we have the
1DPC fabricated by spin coating alternating layers of two different polymers with a refractive
index contrast, while in the latter we create the 1DPC using inorganic materials with a refractive
index contrast. Fig. 1(a) is the schematic of the motivation of the work while 1(b) & 1(c) the
schematic of the chip and picture of the actual chip in fused silica substrate. (d) & (e) Images
of the Fresnel lens in reflection and transmission respectively. Creation of such devices is a very
strong demonstration of the capability of micro-fabrication by FLM in creating prototypes in lab
on chip specific applications.
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Ultrafast Laser Plasma Implantation — A New Approach to Active
and Passive Integrated Optics

Gin Jose1, Jayakrishnan Chandrappan1, Matthew Murray1,
Tarun Kakkar1, D. P. Steenson2, and Animesh Jha1

1Institute for Materials Research, School of Chemical and Process Engineering
University of Leeds, Leeds LS29JT, UK

2Institute of Microwave and Photonics, School of Electronic and Electrical Engineering
University of Leeds, Leeds LS29JT, UK

Abstract— The simultaneous implantation of multiple, atomically dissimilar ions into silica
glass is achieved using ultrafast laser processing for fabricating rectangular and step index optical
waveguides. The high refractive index contrast (> 10%) waveguides in silica with and without
rare earth co-doping allows us to engineer novel integrated optic waveguide devices with small
footprints that facilitate the realisation of high density data optical interconnects Precise engi-
neering of the waveguide parameters are obtained by tuning the process parameters like femto
second laser energy and target glass compositions. Record levels of doping concentrations and flu-
orescent life-times without rare earth segregation can be achieved with the ultrafast laser plasma
implantation (ULPI) process. The multi-ion doping adopted in this process helps to maintain
the large distance between the Er3+-ions, essential for lowering the concentration quenching at
higher doping concentrations. For an Er3+-ion doped waveguide the absorption and emission
cross sections at 1534 nm are estimated as 3×10−22 cm2 with a measured fluorescence lifetime of
129ms. The 1mm thick substrates with the planar waveguides on it were measured to have a high
optical transparency of 95% and the waveguide propagation losses are < 0.5 dB/cm at 1550 nm.
Selective doping and un-doped regions are achieved with masked implantation approach in the
same substrate with a good control over the step index waveguide formation. The proposed ap-
proach can support the mass manufacturing of photonic integrated circuits in a CMOS foundry
line. Further this method can be extended for engineering the optical devices and sensors with
hybrid integration of silica, silicon, metal and polymer materials.
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Laser Fabrication in Diamond for Photonic Applications

Patrick Salter, Bangshan Sun, and Martin Booth
Department of Engineering Science

University of Oxford, Parks Road, Oxford OX1 3PJ, UK

Abstract— Diamond’s remarkable characteristics make it a promising medium for many op-
tical devices, since it is ideal for structures allowing light manipulation on small scales across a
broad spectrum. Other advantages include a high degree of biocompatibility, rendering it use-
ful in biological studies. Colourcentres formed by inclusions or vacancies in diamond’s crystal
structure are being used as tools in quantum optics, opening up numerous possible applica-
tions of quantum-enhanced technologies. Recent breakthroughs in the manufacture of affordable
high-grade synthetic diamond substrates are fuelling interest for such photonic applications in
diamond.
Laser fabrication offers many potential advantages over traditional methods used for diamond
processing. For the first time truly 3D structures embedded in the diamond can become a reality.
However, this can only be made possible through the compensation of the optical aberrations
induced when focussing inside the diamond. Diamond has a high refractive index meaning the
spherical aberrations generated at high numerical aperture are particularly pronounced. To this
end, adaptive optic elements are used during the machining to remove the depth-dependent
aberration and create high resolution uniform features deep into the diamond.
When the laser is focused into the diamond, the electric field is sufficiently strong at the focus
for non-linear absorption leading to breakdown of the diamond lattice and the formation of a
graphitic phase. By tracing the diamond through the laser focus, continuous graphitic wires
may be machined within the diamond bulk. The microwires, with lateral dimensions as low as
400 nm, can be fabricated to follow any three dimensional path within the diamond. Properties
and applications of the embedded graphitic microwires will be discussed.
Surface laser processing of bulk single crystal diamond will also be demonstrated for the manufac-
ture of optical elements. Diamond optics are temperature-insensitive, can withstand high power
radiation and thus have wide applications. Using fine control over the incident laser fluence, it is
possible to operate in the “nano-ablation” regime to give control over the surface topology whilst
maintaining optical quality.
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3D Printed Optical Components

M. Thiel
Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany

Abstract— We present our recent progress in fabricating high-quality optical components by
additive manufacturing based on multiphoton polymerization.
Fabrication of high-quality optics: In the last decade, additive manufacturing based on mul-
tiphoton polymerization has set new standards for three-dimensional (3D) microfabrication [1–3].
Due to its sub-micrometer spatial resolution, the technique also allows for the fabrication of high-
quality optical elements [4]. Here, we present our efforts to standardize 3D manufacturing based
on multiphoton polymerization for optical applications.
High-speed fabrication is enabled by a set of pivoted galvomirrors insuring highest spatial reso-
lution (printer is commercial available [3]). To enlarge the patterning volume, we employ stage
stitching allowing for the fabrication of highly complex photonic structures on areas in the cm2

range on arbitrary substrates. We follow a standardized workflow for digital production using
typical CAD data of 3D printers. To demonstrate the validity of our approach, we fabricate and
characterize (i) diffractive optical surfaces (DOEs), (ii) 3D photonic crystals, and (iii) microop-
tics. As an example for integrated optics, we finally present the concept of optical wirebonds
(iv).
Additive manufacturing based on multiphoton polymerization allows for sub-100 nm feature sizes,
i.e., printing of DOEs becomes possible. We show examples of photonic color materials [5] which
are built up by 10s of millions of nanodots on reflective silicon substrates. We also fabricate and
characterize transmissive DOEs and phasemasks. 3D photonic crystals are well-studied optical
materials that, e.g., may exhibit a complete photonic band gap for sufficiently high refractive
index contrast of the constituent material. To tune the Bragg reflection bands to optical fre-
quencies, rod spacings of a few hundred nanometers are necessary, i.e., highest accuracy of the
fabrication process is required. We demonstrate the fabrication of woodpile photonic crystals
and of chiral photonic crystals. Next, we demonstrate 3D free-form microoptics. The geometri-
cal parameters of the unitcells (e.g., pyramids and hemispheres) are in the 10 micrometer range.
To validate the optical properties of the fabricated structures we use laser diodes at green and
red wavelengths in a forward-scattering setup. Qualitative agreement between approximate cal-
culations and experiments is good. Finally, we explain the concept of photonic wire bonds that
allow on-chip optical communication due to their waveguiding properties.
Conclusion: In conclusion, we have demonstrated high-speed 3D printing of microoptics. We
have fabricated and characterized a couple of examples showing the versatility of the additive
manufacturing method. We argue that the technique opens new routes for free-form optics that
are not accessible with other fabrication techniques.
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Dielectric Platforms for Surface Enhanced Spectroscopies

Stefan A. Maier
Imperial College London, London, SW7 2AZ, UK

Abstract— Plasmonic nanostructures serve as the main backbone of surface enhanced sensing
methodologies, yet the associated optical losses lead to localized heating as well as quenching of
molecules, complicating their use for enhancement of fluorescent emission. Additionally, conven-
tional plasmonic materials are limited to operation in the visible part of the spectrum. We will
elucidate how nanostructures consisting of conventional and polar dielectrics can be employed as
a highly promising alternative platform.
Dielectric nanostructures can sustain scattering resonances due to both electric and magnetic
Mie modes. We have recently predicted high enhanced local electromagnetic field hot spots in
dielectric nanoantenna dimers [1], with the hallmark of spot sizes comparable to those achievable
with plasmonic antennas, but with lower optical losses. Here, we will present first experimental
evidence for both fluorescence and Raman enhancement in dielectric nanoantennas, including a
direct determination of localized heating, and compare to conventional Au dimer antennas. The
second part of the talk will focus on the mid-infrared regime of the electromagnetic spectrum,
outlining possibilities for surface enhanced infrared absorption spectroscopy based on polar [2]
and hyperbolic [3] dielectrics.
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Abstract— Graphene opens up for novel optoelectronic applications thanks to its high carrier
mobility, ultra-large absorption bandwidth, and extremely fast material response. In particular,
the opportunity to control optoelectronic properties through Fermi-level tuning enables elec-
trooptical modulation, optical-optical switching, and other optoelectronics applications. Except
for the statistic gating and chemical doping, the Fermi level of graphene can also be optically
tuned. With the aid of external optical pumping, electrons can be excited in the substrate, then
move to the graphene layer, leading to the electrical doping in graphene. In this talk, I will
firstly discuss how the graphene property changes when applying the optical pumping with dif-
ferent incident power. Then I will discuss graphene-silicon microring devices with having a high
modulation depth and with a relatively low bias voltage. Finally, I will discuss a novel hybrid
graphenemetal system for studying light-matter interactions with gold-void nanostructures ex-
hibiting resonances in the visible range. The hybrid system is further explored for sensing of
Rhodamine 6G molecules with respect to the strong surface-enhanced Raman scattering.
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Electron Tunneling in Plasmonic Nanogaps Explored Using the
Self-consistent Hydrodynamic Model
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Abstract— The optical response of coupled metallic nanoparticles in the tunneling regime
is strongly affected by non-local screening and electron spill-out effects, which originate from
the quantum nature of the electron-electron interaction. Under such extreme coupling condi-
tions, classical electrodynamics breaks down and quantum mechanical ab-initio methods must
be employed to describe the electron tunneling across sub-nanometric gaps [1]. However, these
methods are critically limited with respect to the number of considered atoms. Currently, such
ab-initio methods cannot be applied to realistically sized nanoparticles. Orbital-Free Density
Functional methods are preferred to describe such realistic systems, since they do not calculate
single-particle orbitals, but employ effective energy functionals which approximate the full quan-
tum calculations [2]. We propose here to use our recently developed Self-Consisted Hydrodynamic
Model (SC-HDM) to explore the electron tunneling in tiny gaps between plasmonic nanoparticles
of arbitrary shape [3]. The SC-HDM is an orbital-free method thas has proven to accurately de-
scribe the plasmonic response of isolated metallic nanoparticles. We will present selected results
for a dimer of sodium spheres and benchmark them against the results obtained with more refined
TD-DFT calculations. Finally, we will compare the performances of our SC-HDM with those of
a quantum-corrected method (QCM) for electron tunneling proposed by Esteban et al. [4].
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Abstract— Nanoantennas have become an enabling technique in the field of nanophotonics,
owing to their great capabilities of strongly enhancing light-matter interactions by concentrating
light energy into highly condensed plasmonic hot spots, and of effectively modifying quantum
emissions by providing large local densities of photon states. Theoretical and numerical tools are
rich for design and analysis of nanoantennas, whereas experimental techniques are very limited
for revealing comprehensive near field properties. Here we proposed an experimental method to
quantify the field enhancement spectra of individual nanoantennas by quantitatively detecting the
modified fluorescence of single quantum dots in the hot spots. The fluorescence modification of a
single quantum dot by the nanoantenna is the combined effect of both the absorption enhancement
and the emission modification. By pumping the single quantum dot towards its saturation, the
absorption enhancement effect was ruled out in the detected emission modification, and the
emission modification was obtained. Then by pumping the single quantum dots at different
wavelengths (thanks to the broad absorption spectra of semiconductor quantum dots) in the
linear pumping region, we obtained the absorption enhancement factors at different wavelength to
build the absorption enhancement spectrum, which was taken as the field enhancement spectrum
of the nanoantenna at the specific point defined by the single quantum dot’s position coordinates.
In our preliminary experiment, single quantum dots were fixed on the substrate surface while the
antennas were assembled by moving chemically synthesized plasmonic nanoparticles to around the
single quantum dots. Further development of this technique is to stabilize a single quantum dot
at a scanning nanoscale tip so that 3D mapping of field enhancement spectra can be performed.
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Abstract— Symmetries are omnipresent in physics. However, sometimes they are hidden from
plain sight. Transformation optics can help us to reveal those symmetries, which are not obvious
at first sight. In a recent paper [1], we showed how a hidden spherically rotational symmetry of
spheroids, can be used to classify their plasmon eigenstates and calculate their optical properties.
Here, we present some new results extending this approach to treat other systems. Specifically,
we study two-dimensional periodic gratings.
We present a novel transformation mapping a simple slab to a periodic grating. Since the spec-
trum of a nano-particle is conserved under conformal mappings in the quasi-static limit, the
grating derives its spectrum from the simple slab system. An interesting result on its own, it
becomes even more intriguing. Because the transformation from the slab to the grating contains
two free parameters, we can modulate the grating’s depth and periodicity. However, since all
gratings are derived from the same slab, they all inherit the slab’s spectrum. Thus a whole sym-
metry class is revealed through a single transformation, as all gratings within that class derive
their spectral properties from the symmetry of the slab.
With the spectral properties and eigenstates of the grating known, we calculate the optical
properties of the grating under plane wave illumination. Results for the reflection, transmission
and absorption spectra are compared to COMSOL simulations and very good agreement is found
between analytics and simulations. Finally, we model the grating as a metamaterial and discuss
the limitations of our analytical approach, such as its inability to predict the bi-anisotropic
coupling parameter for very strongly modulated gratings.
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Abstract— Bottom up assemblies of plasmonic nanoparticles exhibit unique optical effects such
as tunable reflection, optical cavity modes, and tunable photonic resonances. However, because
all bottom-up assemblies use chemically synthesized nanoparticles, which are not uniform in size
and shape, nanoparticle assemblies incorporate various inhomogeneities including defects, grain
boundaries, and vacancies. Here, we use the comparison of detailed simulations with experiment
to explore the effect of structural inhomogeneity on the optical response in DNA-nanoparticle
superlattices. In particular, we explore the effect of background environment, nanoparticle poly-
dispersities (> 10%) and variation in nanoparticle placement (∼5%). We identify that at volume
fractions less than 20% Au, the optical response is robust to defects and inhomogeneity in the
superlattice. However, at elevated volume fractions (20 and 25%), structures built using different
sized plasmonic nanoparticles (10, 20 and 40 nm diameter) each exhibit distinct far-field extinc-
tion and near-field properties. As such, these structures are beyond that which can be described
as an effective medium; that is, the properties of these superlattices are sensitive to the fine
structure of the nanoparticle lattice. Moreover, the incorporation of experimentally informed
inhomogeneity in these higher volume fraction superlattices exhibit distinct variation in far-field
extinction and inconsistent electric field intensities throughout the lattice, in contrast with those
systems with less than 20% Au. The variation between randomly generated superlattices is
more pronounced for higher volume fractions (closer nanoparticle spacings) due to stronger plas-
monic coupling between particles. In turn, these data have important implications for building
consistent and scalable nanomaterial architectures where reproducibility and sample-to-sample
variation remains a challenge.
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Abstract— In the last decade, several efforts have been spent in the investigation of the
“artificial magnetism”. Structures able to locally modify the magnetic susceptibility present
unique properties with applications in super-lensing [1], cloaking [2] and spintronics [3]. Within
this context, the study on split-ring resonators has provided one of the first proof-of-concepts for
this phenomenon.

In concomitance, plasmonic nano-assemblies have been deeply studied for the high field en-
hancement properties which they exhibit in the visible/near-infrared range [4]. In particular,
the employment of symmetry breaking [5] approaches on plasmonic oligomers in strong coupling
condition, has revealed the arising of Fano-like interferential features. The extraordinary en-
hancement properties presented by these sub-wavelength systems result from the hybridization
of strongly radiative bright modes and low-loss dark modes [6]. In the last years, the exploitation
of these concepts on circulating plasmonic currents has produced magnetic-like Fano resonances
at optical frequencies [7].

Here, we apply a symmetry breaking process on a strongly coupled nanodisk trimer, inducing a
radical modification in the optical response of the plasmonic system. In particular, the gradual
increasing of the upper disk diameter (see panel (a), from bottom to top) promotes the arising of
a pronounced Fano-like extinction dip inside the broad trimer spectrum (see spectra evolution in
panel (b)). The magnetic character of the Fano resonance is confirmed by the near-field analysis
inside the trimer gap region (see panel (c)). For small upper disk diameters (panel (a)), the
local magnetic field enhancement is around the unity (black dots in panel (c)) and the associated
plasmonic currents are in phase (see (i) inset of panel (c)). However, beyond a diameter size
threshold (around 250 nm), the magnetic enhancement in Fano resonance condition presents a
steady increase towards a factor around 10. The arising of a magnetic hot-spot (see (iii) inset of
panel (c)) inside the gap region is attributed to the mutual de-phasing of the localized surface
plasmons supported by the three disks. In Fano resonance condition indeed the strongly coupled
plasmonic currents undergo a re-arrangement which results in a coil-type plasmonic mode within

 

(a) (b) (c)

Figure 1: Panel (a) Sketches reporting the morphological symmetry breaking on nanodisk trimer. Panel
(b) Simulated extinction efficiency spectra of nanodisk trimer for increasing upper disk diameter. Panel (c)
Simulated magnetic field enhancement associated to the triemr gap region, as a function of the upper disk
diameter.
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the gap region (see (ii) inset of panel (c)). Gold trimer arrays have been fabricated by electron
beam lithography and optically characterized by far-field spectroscopy, observing the occurrence
of the coil-type Fano resonance in the visible/near-IR range.
The intense magnetic hot-spots generated in Fano resonance condition promote arrays of strongly
coupled disk trimers as feasible plasmonic platforms for a wide variety of nano-photonic appli-
cations. In fact, the possibility to enhance the optical magnetic fields in sub-wavelength regime,
opens fascinating scenarios in high-resolution imaging, bio-sensing and enhanced nonlinear optical
spectroscopy.
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Abstract— A novel design for an easily and compact integrated optical 2-bit binary storage
is presented and analysed using 2D-finite difference time domain (2D-FDTD) method. The
proposed structure utilizes silver sheet with two nano-holes and two nematic liquid crystal (NLC)
layers of type E7. The suggested device can be used to store the visible light beam to one of the two
holes based on the biasing states of the two NLC layers. The suggested device offers absorption
efficiency and crosstalk of 0.4 and 13 dB, respectively. In addition the reported structure opens-
up the revenue to build optical n-bit binary storage through the use of appropriately positioned
n metallic nano holes and n NLC layers.
Design and Numerical Results: In this paper, a combination of plasmonic holes and NLC
layers has been investigated using 2D FDTD [1] to realize optical 2-bit binary storage. Figure 1
shows the proposed optical device that consists of two nano-holes each of 20 nm width which
are drilled in silver sheet of thickness 200 nm. The silver sheet is sandwiched between layers of
silicon compositions and coplanar two NLC layers. The confining to the required nano-hole is
mainly depending on the equivalent permittivity upon this hole which can be easily controlled
through the tuning of NLC layers. In this way, we have 3 states for the proposed 2-bit binary
storage which are “10”, “01” and “11”. In the 1st storage state “10”, NLC1 is biased while NLC2

is unbiased. In this case, the light will be confined around hole1. In the 2nd state “01”, NLC1

is unbiased while NLC2 is biased. Therefore, the light will be confined around hole2. Finally,
in the 3rd storage state the two NLC layers are biased, and then the light will be confined and
distributed equally among the two holes. The pre-recorded information can be retrieved by near
field spectroscopic optical detection method [2]. Figure 2 shows the calculated absorption power
efficiency (η) around the two holes for the 1st storage state. It is evident from the figure that the
majority of the absorbed light with λ = 722 nm is confined around hole1 where the magnitudes
of the ηhole1 and ηhole2 are equal to 0.406 and 0.02, respectively. Figure 2 shows the steady state
electric field distribution along xy plane for the 1st state. The shown distribution clearly agrees
with the behaviour of the calculated absorbed efficiency.

Figure 1: Proposed 2 bit binary storage. Figure 2: Absorption efficiency for the first storage
state.
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Abstract— Plasmonic nanogaps serve as a perfect configuration for light concentration owing
to the extreme localization of surface plasmons [1]. Nanogaps in different type of neighboring
metallic structures are widely exploited, e.g., for surface enhanced Raman spectroscopy [2]. How-
ever, the plasmon resonances and the field enhancement depend sensitively on the gap distance,
the geometry of the nanoparticle etc.. Therefore, a controlled nanogap is highly demanded to
quantify the light-matter interaction inside the gap, such as changing the gap distance in situ [3].
Here, we used a nanoparticle over mirror to obtain stable SERS enhancement, quantify the gap
dependence [4] and push the limit into atomic thin nanogap [5].
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Prediction of Signal Fadings in Air Radio Communications
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Abstract— Radio in aviation plays very important role. It allows to communicate the pilot
with the fly control tower in order to provide security in the air as well as good coordination of
air operations. Within the VHF, the frequency band of mobile radio communication air service
is in the range of 118.000 MHz to 136.975 MHz. It is divided into channels with the spacing of
25 kHz, what gives 720 channels in the whole frequency band. Radio telephones used in this
communications employ amplitude modulation (AM). The resistance to Doppler effect is the
only, but also the most important argument speaking for using it. When a plane is flying it
cause considerable voice distortions. There, in the article, the analysis of the fading deepness
of the signal at the receiving antenna input of the aircraft flying in the air space between the
repeater station and a power line were presented as well as it was determined if the level of
fadings generated by signal reflections from power columns has destructive effects to the quality
of radio link used.
To this purpose, the analysis of the terrain between the repeater station and individual power
columns was carried out. Basing on the analysis results it could be accepted that the propagation
of the radio link at the sector of the ray reflected, i.e., the repeater station antenna, reflecting
surface of particular power columns and receiving antenna installed on the plane, can be modeled
using the free space propagation model.
The signal level R at the input of receiving antenna installed on-board of the plane depends on
the level and phase of the direct ray signal Ray1 as well as the level and phase of the component
being the sum of the rays Ray2 reflected from the power columns. The signal level R can be
calculated from the dependence:

R = Ray1 + Ray2

The computer simulation was done of effects of the rays reflected from particular power columns
present in the antennas beam to the signal level R. The reflecting coefficient was defined as
the ratio of metal surface area exposed directly to the influence of the incident electromagnetic
wave, being a part of the spherical area sector comprising the angular range of the azimuth and
elevation corresponding, to the segment of power line operated by one power column to the total
surface area of the spherical sector comprising the angular range of the azimuth and elevation
corresponding to the segment of power line operated by one power column.
In order to evaluate effects of particular power columns to the radio communication quality, the
signal level R coming to the receiving antenna installed on-board of the plane with taking into
account the level and phase of the direct ray signal Ray1 as well as the level and phase of the
ray signal Ray2 reflected from a given power column. It allowed to determine deepness values
of fadings at the input of the receiving antenna installed on the aircraft created by the effects of
amplitude and phase of the direct ray Ray1 and reflected one Ray2. Basing on this, it can be
stated that the coefficient of signal reflection from metal structure of particular power columns
has the deciding effect to the fading deepness of the signal at the input of the receiving antenna.
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The Reflectivity of the Ni-Zn Ferrite Tiles in the Microwave
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Abstract— To obtain high shielding performance for suppressing the radio frequency reflec-
tions inside the anechoic chamber the broadband absorptive materials with low level of reflection
coefficient is necessary. Ferrites are the most commonly used materials as a kind of electromag-
netic wave absorber. In this study the electromagnetic properties of commercially available Ni-Zn
ferrite, were investigated. Typically this material is used as metal-backed absorber. The principle
of the metal-backed microwave absorber is to make use of the reflection reduction by impedance
matching. The impedance matching condition depends on the values of the absorber electro-
magnetic parameters. The permittivity and permeability of Ni-Zn ferrite tiles were measured
using Hewlett-Packard Vector Network Analyzer (VNA) with a synthesized sweep oscillator and
an S-parameter test set. Material parameters of the complex permeability and permittivity were
calculated from the measured S parameters using the Reflection/Transmission Nicolson-Ross
model.
The reflection coefficient expressed in dB can be given as:

LR = 20 log(Γ)

where:

Γ =
√

µ tanh(γd)−√ε√
µ tanh(γd) +

√
ε

γ and d are: propagation constant and the thickness of the ferrite tile, respectively.
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Modelling of the Angle of Arrival Scattering Using the Von Mises
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Abstract— A designing and building of sector antenna systems in the modern wireless com-
munication systems require an analysis of a cross-sectors electromagnetic compatibility. This is
due to the occurrence of the angular dispersion of the received signal. It is result of the multipath
phenomena. This problem is particularly important in the urban environment.
To analyse the angle of arrival (AOA) are used two model types: the probability density function
(PDF) of AOA and the power azimuth spectrum (PAS). PDF of AOA models are theoretical. In
contrast, PAS models are practical, because the PAS characteristics are determined on the basis
of measurements. PAS and PDF of AOA models can be divided into two main groups, i.e., theo-
retical geometric and empirical models. The empirical models, e.g., the Gaussian and Laplacian
models, use the well-known functions (distributions) for modelling the statistical properties of
AOA. Physical interpretation of such models is difficult, however, these functions fit well PAS
characteristics obtained in the real environment.
This paper presents an empirical model based on the von Mises distribution. This model allows
a varied shapes of AOA distribution. If model parameter equal to zero then this distribution
is uniform that is often used for modelling of the local isotropic scattering. If the von Mises
parameter tends to infinity then distribution has the high concentration and small variance like
the Dirac delta. The fit of the von Mises model to empirical PAS is presented in figures. Results
of measurements taken from the open literature are used as reference data. Authors present
brief characteristics of measurement scenarios. Accuracy assessment of the fit of the proposed
model and empirical data is shown. The least square error and the rms angle spread are used as
evaluation criteria.
The rms delay spread is used to classify the type of propagation environment. An example of
such classification is presented in COST 207. This parameter can be determined based on the
power delay profile (PDP) or the power delay spectrum (PDS). The relationship between the rms
delay spread and the rms angle spread obtained on the basis of the empirical PAS and von Mises
model is presented. Methodology of the von Mises model parameter selection depending on the
environment type is based on the obtained relationship. As a result, the proposed model can be
applied to the channel modelling for the various scenarios and propagation conditions.
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Abstract— Multipath of the wave propagation is the phenomenon that plays a dominant role
in formation of internal disturbances in radio systems. This phenomenon significantly limits the
possibilities of signal transmission in wireless systems. To increase the capacity of access system,
the spatial sectorisation of areas that are supported by the access base station (BS), is used. The
multipath phenomenon that occurs in urban area, is the cause of the signal power permeation to
neighbouring sectors. It is reason the occurrence of additional disturbances in access neighbouring
sectors. This phenomenon is especially important in the case of mobile object (mobile station
MS) location near the border of neighbouring sectors. In wireless access systems, the effect of
the phenomenon is important for the implementation handover procedure.
This paper is devoted the evaluation of power permeation to BS from MS that is in neighbouring
sector. The basis for the analysis is power azimuth spectrum (PAS) that describes the angle
distribution of signal power at the input of the receiver. For different tapes of environments,
these characteristics are differentiated. The results of the numerous measurements show that
with the increase of the environment urbanization degree, the angular dispersion of the received
signal is increased. From among the many models, the von Mises function is used as PAS
model. Influence of the environment differentiation on PAS is taken into account by the adaptive
selection of van Mises parameter. The model validation is made on the basis of the results that
are obtained for five measurement scenarios taken from open literature. As criterion of model
validation, the least square error (LSE) minimization is used. The characteristic that shows
the functional relationship of permeation power and location angle of MS with respect to BS of
neighbouring sector is the analysis result presented in the paper. The obtained characteristic is
the basis for the evaluation of the disturbance power level that originates from the neighbouring
sectors of the wireless access system.
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Mobile Recorder for Electrical Activity of the Heart

M. Bernat and Z. Piotrowski
Faculty of Electronics, Military University of Technology, Warsaw, Poland

Abstract— The presented study is dedicated to a mobile recorder designed to keep log of
electric activity of the heart and incorporated into the expert system developed to detect fatigue
status of a patient. The newly designed recorder has a modular structure and its enclosure houses
two double-sided printed circuit boards (PCBs), separately for the analog part (BtECG) and the
digital one (BtECGradio).
The analog module is responsible for measurement of electric signals received from the patient’s
body with their further amplification, filtration and conversion to digital form. In addition, in
comprises a source of stabilized voltage(s) for both analog and digital circuits. The digital module
receives binary data, extracts its useful portion, carries out formatting of the data to form of
frames required for RF communication according to the Bluetooth standard and enables wireless
communication with a collaborating unit.
The analog subassembly is meant to record electric potentials within the range from 0.2 to 2 mV
and owing to the high level of the CMRR factor it substantially eliminates the common-mode
signals. Furthermore, it enables two-stage amplification, filtration of high-frequency interferences,
high-pass filtration and active, five-staged low-pass filtration.
The digital module of the recorder enables RF data transmission according to the Bluetooth v.4.0
standard, communication with a host unit with use of the UART and SPI interfaces (reading of
RF packages from the CPU module) as well as communication with a host unit with use of the Full
Speed USB 2.0 (BGAPI) protocol. Its power consumption is ultra low and the communication
sessions is controlled by a microprocessor of the 8051 architecture. The digital module also
enables the user to embed own application and to debug them via the CC Debugger Connector
link.
The base chip for development of the digital module is the BLE112 Bluetooth Smart module
from Bluegiga.
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Implementation of a Steganographic Algorithm in an Internet VoIP
Phone

Damian Bachmat and Zbigniew Piotrowski
Faculty of Electronics, Military University of Technology

Gen. S. Kaliskiego 2 Str., Warsaw 00-908, Poland

Abstract— The paper describes implementation of the steganographic method based on the
least significant bits (LSB) in a program Internet phone VoIP. In the developed program Internet
phone VoIP a library PJSIP has been used. Selected technology — LSB is characterized by
easiness of implementation and high data rate and perceptual transparency of a signal with
embedded steganographic sequence. In case of the LSB method a change in the least significant
bits in a datagram takes place after quantizer of an analog-digital converter circuit. This solution
enabled simple implementation of the embedding algorithm by modification of a source code of a
codec G.711. The way of the method implementation protects data from errors since mechanisms
of the error control and correction of the RTP protocol monitored correctness of sent data. One
of the advantages of the method is the fact that for determined number of the least significant
bits it does not cause an audible speech degradation and therefore, modified speech signal is
perceptually transparent for a subscriber at the receiver side. The paper includes results of tests
of developed steganographic phone, among others, subjective audible tests based on signal fidelity
estimation standard — ITU-R BS 1116-1, tests of minimal, required time of transmission and
integrity tests of steganographic sequence.
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Multimedia Filter for Data Hiding Counteraction

Zbigniew Piotrowski
Faculty of Electronics, Military University of Technology

Gen. S. Kaliskiego 2 str., Warsaw 00-908, Poland

Abstract— Data hiding methods are realised in the form of steganographic communication
channels and in the form of digital content labelled with watermark while employing as the
carrying layer among the others: speech signal, audio, video and photos. Detection of the fact
of additional data hiding is hindered among the others because of constantly improved and
increasingly advanced methods for embedding and extraction of hidden data. In the article there
is presented the concept of the program container based on which the filtration of the above-
mentioned signals is carried out in order to remove the hidden data. The purpose of multimedia
filter action is to remove from the original signal (carrier) the hidden data or its significant
degradation, but in such manner that the original signal itself is not degraded significantly.
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Printable Interdigitated Ferroelectric Varactors for Reconfigurable
Antennas

Mahdi Haghzadeh, Craig Armiento, and Alkim Akyurtlu
Department of Electrical and Computer Engineering, Raytheon UMass Lowell Research Center

University of Massachusetts Lowell, Lowell, MA 01854, USA

Abstract— In this work we propose, analyze and implement a novel printable varactor based
on barium strontium titanate (BST)/polymer composite filled interdigitated capacitors (IDCs).
The model of the BST material filled IDC was simulated by CST Microwave Studio and compared
with a conventional model of IDC on BST thick film in terms of capacitance value and tunabil-
ity. Ferroelectric varactors are of special interest for RF and microwave applications due to their
higher performance, and reduced power consumption, size and cost. Among various ferroelectric
materials, Barium Strontium Titanate (BaxSr1−xTi, or BST), a perovskite-type compound, is
the material of choice since it is the most studied composition for microwave applications, and
its Curie temperature is controllable by Ba content and is below room temperature for x < 0.7.
Therefore, it is in the paraelectric phase at room temperature and has a high dielectric constant,
high tunability, low loss tangent, and high switching speed. In addition, its relative permittivity
is decreased in a nonlinear fashion with no hysteresis when a bias voltage is applied across it.
BST-based varactors are usually used in a coplanar-plate design called Interdigitated Capacitor
(IDC), where plates are placed on top of a thick or thin film of BST, and are interdigitated in
order to increase the capacitance per unit area. From the printed electronics perspective, utilizing
thick or thin films of BST are impractical since processing BST films require very high sintering
temperatures (above 850◦C) and they are brittle in nature, thus failing to be compatible with
flexible substrates. One promising solution to this critical problem may be a BST/polymer com-
posite made by suspending micro- or nano-BST particles in a polymer matrix. Such a solution is
a compromise between the processing flexibility of a polymer and the desired ferroelectric prop-
erties of BST. The fabrication and material properties of many BST/polymer composites have
been reported using various polymers such as silicon-rubber, epoxy resin, polymethylmethacrylate
(PMMA), polyphenylene sulfide (PPS), cyclic olefin copolymer (COC), and polypropylene-graft-
poly(styrene-stat-divinylbenzene) (ER). The multi-phase, solvent-based composite was made by
mixing nanoparticles of BST, 4-tert-butycatechol (BTC) as a dispersant, and thermoplastic cyclic
olefin copolymer (COC) in toluene. This resulted in developing a nano-BST ink to be used for
ferroelectric dielectric printing purposes. A coplanar waveguide (CPW)-based test structure was
used to enable GSG probe based RF measurements of IDCs. Plates of IDCs as well as the
CPW test structure were printed on 5 mil Kapton sheets by Optomec Aerosol Jet printer using
nano-silver ink. BST/polymer composites were printed by Sonoplot printer using the nano-BST
ink between and on the IDC fingers. RF measurements were performed to gain insight into the
dielectric properties of the printed composites.
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A Dualband Circularly Polarized Rectangular Dielectric Resonator
Antenna with L-shaped Slots on the Ground

Yuxiang Sun, Kwok Wa Leung, and Wei Wei Li
Department of Electronic Engineering and State Key Laboratory of Millimeter-Waves

City University of Hong Kong, Hong Kong SAR, China

Abstract— This paper presents a dualband circularly polarized (CP) rectangular dielectric
resonator (DR) antenna (DRA). Its fundamental TE111 mode and higher-order TE113 mode are
excited simultaneously to obtain two working bands. The dimensions of the dual-band DRA
are calculated by solving simplified formulas of the dual-mode rectangular DRA. To generate
circularly polarized fields, two asymmetric diagonal L-shaped slots are etched on the ground
plane to excite two degenerate orthogonal modes in each band, giving a CP dualband antenna.
For demonstration, a dual-band dual-sense CP antenna working in GPS L1 band (1.575 GHz)
and 2.4 GHz WLAN band are designed using ANSYS HFSS. Its reflection coefficient, axial ratio
(AR), antenna gain, and radiation pattern are studied. The antenna radiates right- and left-hand
circularly polarized fields in the lower and upper bands, respectively.
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Bidirectional Dielectric Resonator Antenna Using Slotted Ground
Structure

Nan Yang, Kwok Wa Leung, and Wei Wei Li
State Key Laboratory of Millimeter Waves, Department of Electronic Engineering

City University of Hong Kong, Hong Kong SAR, China

Abstract— A bidirectional cylindrical dielectric resonator antenna (DRA) is proposed in this
paper. The DRA operating in its fundamental TM01δ mode is fed by an axial coaxial probe
protruded from a circular ground, which has the same radius of the DRA. Two slots are fabricated
on the ground to obtain a bidirectional radiation pattern. It was found that the measured
gain on the azimuth plane is 3.75 dBi and −10.16 dBi in the main-lobe and side-lobe directions,
repsectively.
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Impact of Bending on the Performance of Circularly Polarized
Wearable Antenna

Muhammad Rizwan, Lauri Sydänheimo, and Leena Ukkonen
Department of Electronics and Communications Engineering

Tampere University of Technology, Tampere, Finland

Abstract— Wearable electronic devices are becoming a part of human clothing for applica-
tions such as sensing, navigation and health monitoring. Textile antennas are a strong candidate
for transceiver node in wearable applications due to their flexibility and low cost. In wearable
systems, flat surfaces are not always available so the antenna should be able to retain its per-
formance in bent conditions. This paper analyses the effects of bending on the performance of
a circularly polarized textile antenna. The antenna under test is fabricated on thin denim sub-
strate and operates for Industrial, Scientific and Medical (ISM) band and Wireless Body Area
Network (WBAN) applications at 2.45 GHz. Copper tape with thickness 0.25 mm is used as the
conductive material for the patch and the ground plane on denim substrate. Rectangular slot
along diagonal axes at the center of the circular patch is used for achieving circular polarization
at 2.45 GHz while bandwidth enhancement is done by using partial and slotted ground plane.
The measured operating frequency range of antenna spans from 2.42 GHz to 2.58 GHz with gain
of 2.25 dB at 2.45GHz. Bending in both xz and yz plane is done by placing the antenna on
cylinders with different radii (50mm and 75mm) and then analyzing the effects on return loss,
bandwidth, axial ratio and radiation characteristics. Fabricated antenna shows good conformity
between simulated and measured results. A set of comparative results of antenna in free space
and bending conditions are discussed to validate the operability of antenna with bending in dif-
ferent planes. In future, the performance of antenna can be analyzed on different body parts like
arms and legs etc. to validate its operability for BAN applications in vicinity of human body.
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Design and Optimization of Miniaturized Dual-band Implantable
Antenna for MICS and ISM Bands

Muhammad Ali Babar Abbasi, Salman Arain, Photos Vryonides, and Symeon Nikolaou
Department of Electrical Engineering, Frederick University, Nicosia, Cyprus

Abstract— This work discusses the design method towards the implementation of a compact,
stacked, implantable antenna for biotelemetry applications. The proposed antenna consists of
three stacked layers, printed on high permittivity grounded substrate, namely, Roger’s RO3210.
The bottom layer of the antenna above the ground plane, contains a meandered structure with
a symmetrically placed T-shaped slot. The middle layer consists of two U-shaped radiators and
on the top layer, an M-shaped metallic segment is added to enhance the radiation efficiency
of the antenna. The bottom and the middle layers are excited at the top right corner with
an extended coaxial feed. A via connecting the top with the middle layer of the antenna, at
top left corner, opposite to the coax feed corner, enables symmetrical virtual feeding for the
middle layer. Two vias, placed at right and left bottom corners, additionally connect the middle
with the top layer of the stacked antenna. These three stacked layers, consist a symmetrical
closed loop structure resonating on its fundamental resonant mode, at 402 MHz, for the Medical
Implant Communication Service (MICS) band. A shifted higher order mode of the same closed
loop structure, along with the two radiating U-shaped coupled resonators on the middle layer
and the M-shaped resonator on the top layer, enables wide band operation, at 2.45 GHz, for the
industrial, scientific, and medical (ISM) band.
To resolve the constraints associated with implanting an antenna in human body that usually
results in detuning and impedance mismatch, the antenna’s most important radiating sections
were thoroughly investigated. A fully parameterized solution is proposed that makes the antenna
a good candidate for a device implanted at different areas of the human body with potentially
different electric properties with consequently different detuning effect. For further investigation,
the particle swarm algorithm was implemented to optimize the antenna’s performance while
operating inside a compact, 23 × 23 × 5mm3 block of human skin equivalent phantom. The
simulated performance of the proposed prototype antenna, indicates that it can be used for either
in vitro or in vivo operations. Finally, the small size of the proposed antenna (18× 15× 2mm3)
is compared favorably against the sizes of previously reported antennas, operating in both MICS
and ISM bands.
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A Comparison of Numerical Modal Methods for Lamellar Gratings

G. Granet1, 2 and C. S. Lavranos3

1Institut Pascal, Clermont Universités, Université Blaise Pascal
BP 10448, Clermont-Ferrand F-63000, France

2CNRS UMR 6602, IP, Aubière F-63177, France
3Department of Electrical & Computer Engineering
Democritus University of Thrace, Xanthi, Greece

Abstract— There are many methods for analysing diffraction gratings and other periodic
structures. When the structure is invariant along one axis, modal methods not only allow to
calculate the electromagnetic field but have also the advantage to easily give insight into the
physical phenomena. Lamellar gratings are the most simple structures that can be analyzed
with a modal method. Since the dielectric constant depends only on one spatial coordinate, it is
possible to expand the electromagnetic field in the grating region in terms of the eigenfunctions
of the Helmholtz equation.
Modal methods include analytical modal method [1] in which the only numerical parameters-the
eigenvalues-are obtained as the zeros of a transcendental equation, the Fourier modal method [2]
and many other variants based on finite differences [3], polynomials [4], and B spline expan-
sions [5], and also the pseudo-spectral modal method [6].
Among the above methods, the Fourier modal method is certainly the most popular and has
been intensively researched which has lead to dramatic improvements. Its main drawback is
that discontinuous fields are represented using a finite number of Fourier coefficients, which leads
to the unavoidable Gibbs’ phenomenon. One of the main reasons why convergence rates are
so different from a given implementation of the method to another lies in the treatment of the
discontinuities of the electromagnetic field at the interface between different dielectrics or metals.
This is particularly true when materials with negative permittivity or permeability are involved.
The goal of our presentation is to make a fair comparison of the various numerical modal methods
in terms of accuracy and speed of convergence for dielectric and metallic lamellar gratings.
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Hypersingularity of Transverse Electric Field at Sharp Edges: A
Case Study of a Special Lamellar Grating

Lifeng Li
Department of Precision Instrument, Tsinghua University, Beijing 100084, China

Abstract— After half century of research the rigorous electromagnetic theory of gratings has
been developed to an advanced level so that to date many theoretical theories exist, including
the integral methods, the differential methods, the modal methods, the coordinate transforma-
tion method, the finite difference time domain method, and the finite element method, and most
practical grating problems can be solved by one or more of the numerical methods based on the
theoretical theories. However, some old challenges remain and some new challenges have ap-
peared. The advent of plasmonics and metamaterials research has brought about the necessity of
studying electromagnetic wave guiding and scattering by structures consisting of lossless metals
(media of negative permittivities). In particular, it was recently noted that when a grating con-
tains sharp edges formed by a lossless metal surrounded by some lossless dielectrics, the transverse
magnetic grating diffraction problem cannot be solved by any existing numerical method, if the
permittivity ratios of the media fall in certain ranges. While the root cause of the problem has
been clearly identified as the excitation of hypersingular surface modes at the sharp edges, many
questions remain unanswered: Is hypersingularity physical? If yes, why do all well-established
numerical method fall to work, and how to solve the diffraction problem when hypersingularity
is excited? If no, how to solve a practical problem that is nearly hypersingular? Is the hyper-
singular diffraction problem well-defined? If no, can we impose additional conditions to make it
well-defined?
In this work, I perform a case study on the diffraction of a transverse magnetic incident plane wave
by a lossless metallic lamellar grating. The theoretical analysis is carried out in the framework
of the exact modal method. The diffraction problem is made as simple as possible so that the
mathematical steps leading to the expression of the diffraction amplitudes are the fewest. It is
hoped that this research may shed some light on the numerical divergence due to hypersingularity.
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Gegenbauer Polynomial Expansion Applied to Crossed Binary
Gratings

B. Guizal1, K. Edee2, and J. P. Plumey2
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Abstract— We present the modal method based on Gegenbauer polynomials (MMGE) as
applied to crossed binary gratings [1]. We use the version of the MMGE that incorporates
boundary conditions into the definition of a new basis of polynomial functions, that are adapted
to the boundary value problem of interest. We will discuss the performances of this approach
against the famous Fourier Modal Method (FMM) [2] eventually equipped with the Adaptive Spa-
tial Resolution Concept (ASR) [3] and illustrate that on the extraordinary optical transmission
phenomenon [4, 5].

REFERENCES

1. Edee, K. and J. P. Plumey, JOSA A, Vol 32, No. 3, 402, 2015.
2. Li, L., JOSA A, Vol 14, No. 10, 2758, 1997.
3. Granet, G. and J. P. Plumey, J. Opt. A: Pure Appl. Opt., Vol. 4, S145, 2002.
4. Moreau, A., G. Granet, F. Baida, and D. Van Labeke, Opt. Express, Vol 11, No. 10, 1131,

2003.
5. Van Labeke, D., D. Gerard, B. Guizal, F. Baida, and L. Li, Opt. Express, Vol 14, No. 25,

11945, 2006.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 357

Impact of Surface Backward Waves on Radiation Suppression and
Enhancement. Periodic Interface of Metamaterial

G. Granet1, P. Melezhik2, A. Poyedinchuk2,
S. Sautbekov3, Y. Sirenko2, 3, and N. Yashina2

1Universite Blaise Pascal, Av. des Landais, Clermont-Ferrand 24, 63177, France
2A. Ya. Usikov Institute of Radiophysics and Electronics of National Academy of Sciences of Ukraine

12, Ak. Proskury St., Kharkov 61085, Ukraine
3L. N. Gumilyov Eurasian National University

2, Mirzoyana St., Astana 010000, Republic of Kazakhstan

Abstract— The fundamental and most useful electromagnetic quality of diffraction gratings
is the ability to operate as frequency selective structure (FSS) [1, 2]. Various materials have
been used for construction FSS for solving different optical and electromagnetic tasks [3, 4]. The
modern advanced technologies facilitated the production of artificial materials with diverse aston-
ishing electromagnetic features. Among them there are materials with extraordinary dispersive
properties with constitutive parameters varying within rather narrow frequency range from neg-
ative values (of considerable magnitude) to conventional domain of positively valued constitutive
parameters.
Combination of dispersive materials and geometrical periodicity, characteristic to diffraction grat-
ings, open new possibilities for construction FSS having pronounced electrically and geometrically
controlled dispersive features.
In present communication we discuss the scattering of inhomogeneous electromagnetic wave by
periodic interface (with determined arbitrary profile) of dispersive medium that is certain artificial
material with already defined dispersion relation describing constitutive parameters. Our study is
based on accurate solution to boundary value problem [2] and robust numerical algorithm which
efficiency ensure reliable, extensive, profound simulation of complicated scattering processes.
The main attention here is concentrated on the study of regularities and mechanism of scattered
electromagnetic field enchantment and suppression; the transformation of the energy of incident
electromagnetic field into the energy of the eigen surface waves and investigation of their nature
in the case of artificial media with various dispersion properties.
As an example we present in Fig. 1 the total energy WT (k) of scattered field inside the media,

characterized by the Drude law ε(k) = 1 − k2
ε

k(k+iνε) ; µ(k) = 1 − k2
µ

k(k+iνµ) , for lossless media
νε
∼= 0; νµ

∼= 0 with kε = 0.1; kµ = 1, k is dimensionless frequency parameter, β = ν/c, ν
is normal to the interface corrugation railings component of phase velocity of incident wave.
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Interface period is chosen equal to 2π, h is a depth of grooves. For the case illustrated by Fig. 1
within frequency range of interest the propagating harmonics in the space above the corrugated
interface of artificial medium are forbidden. The energy may be carried only by harmonics inside
the medium. In Fig. 1 we can see the pronounced resonant enhancement of the energy of the
field excited inside material, but also the regions of nearly complete suppression of WT (k) within
certain intervals of k. The larger h, the wider k interval. Such suppression of the scattered
field appears due to the transformation of electromagnetic field of incident wave into the energy
of eigen surface waves. The described situation exists in the case of double negative media and
under conditions of coincidence of phase velocity of incident wave β with phase velocity of certain
backward surface waves.
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Local Transformation Leading to an Efficient Fourier Modal Method
for Perfectly Conducting Gratings

Agnès Maurel1, Simon Félix2, and Jean-François Mercier3
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Abstract— We present an efficient Fourier modal method for the wave scattering by perfectly
conducting gratings (in the two polarizations). The method uses a geometrical transformation,
similar to the one used in the C-method [1, 2], which transforms the grating surface into a at
surface (Fig. 1(a)), thus avoiding to question the Rayleigh hypothesis. In addition, we use a
geometrical, or optical, transformation which only affects a bounded inner region and naturally
matches the outer region; this allows to apply a simple criterion to select the ingoing and outgoing
waves. Otherwise, our proposed numerical scheme is similar to the Fourier Modal Method and
it can be straightforwardly implemented.
A noticeable improvement of the presented method concerns the convergence, which is often not
quantitatively reported in the literature. For penetrable gratings, the wavefield has a discontin-
uous gradient, which limits the convergence of the method to a power law N−3/2, N being the
truncation order of the Fourier series [3]. If the limit of perfectly conducting grating is considered,
the error in the Fourier method is known to increase but the convergence in terms of power law
is the same. Here, these limiting cases are directly treated as impenetrable gratings and this
modifies drastically the convergence. Indeed, our geometrical transformation leads to a modified
wave equation in a continuously varying medium, with space-dependent coefficients having the
same regularity than the groove profile. For smooth profiles (described by a function of class
C∞), this produces a convergence with exponential rate, much better than the usual power laws.
More results can be found in [4].
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Figure 1: (a) real (X; Y ) space and transformed (x; y) space (after transformation). (b) Examples of wave
field computed for warring transformed regions, in Dirichlet and Neumann conditions.
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Vertical Mode Expansion Method for Applications in Plasmonics

Hualiang Shi and Ya Yan Lu
Department of Mathematics, City University of Hong Kong, Hong Kong, China

Abstract— Structures in plasmonics, such as metallic films with holes and metallic nanoparti-
cles on a substrate, are often multiply-layered. A layered structure is a 1D structure for which the
material properties depend only on one spatial variable z (assuming z is in the “vertical” direc-
tion). A multiply-layered structure is a 3D structure with a number of cylindrical regions where
the material properties depend only on z in each region. General numerical methods can be used
to analyze the scattering of light by a 3D multiply-layered structure, but it is possible to develop
more efficient special methods. For structures involving circular cylinders, an efficient numerical
method has been developed based on 1D vertical mode expansions and 2D horizontal cylindrical
wave expansions [1–3]. In this paper, we consider multiply-layered structures where the cylin-
drical regions have arbitrary cross sections. An efficient method is developed by combining 1D
vertical mode expansions and 2D boundary integral equations.
The vertical mode expansion process gives rise to a 2D Helmholtz equation for each mode. For
each of these 2D equations, we calculate the so-called Neumann-to-Dirichlet (NtD) operator
using a boundary integral equation (BIE) method. The BIEs are discretizd by Alpert’s hybrid
Gauss-trapezoidal quadrature rule. Notice that the NtD operators are calculated independent of
each other. They are used to set up the final linear system of equations by matching tangential
field components on the vertical walls of the cylindrical regions. We illustrate our method using
examples in plasmonics.
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Simulating the Linear and Nonlinear Response of 1D Nanostructures
under a Focused Beam with a B-spline Modal Method

Patrick Bouchon1, 2 and Patrick Bouchon1
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Abstract— Focusing the light onto nanostructures thanks to spherical lenses is a first step to
enhance the field, and is widely used in applications, in particular for enhancing non-linear effects
like the second harmonic generation.
Nonetheless, the electromagnetic response of such nanostructures, which have subwavelength
patterns, to a focused beam can not be described by the simple ray tracing formalism. Here,
we present a method to compute the response to a focused beam, based on the B-spline modal
method [1], which is known to be fast thanks to a non-uniform mesh and sparse matrices. The
eigenmodes are computed in each layer for both polarizations in conical mounting, and are then
combined for the computation of scattering matrices. The simulation of a gaussian focused beam
is obtained thanks to a truncated decomposition on plane waves computed on a single period,
which limits the computation burden [2].
Eventually, we develop a formalism to compute the second harmonic field under the undepleted
pump approximation. The nonlinear polarization induced by a fundamental plane wave or a
focused beam generates a source term at the doubled frequency. The latter is divided into a finite
number of sub-sources and the second harmonic field is subsequently computed by integration of
these subsources contributions [3].
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Asymmetric Reciprocal Transmission through Double Metallic
Gratings

M. Stolarek1, D. Yavorskiy1, J. ÃLusakowski1, C. Zapata-Rodŕıguez2, and R. Kotyński1
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2Department of Optics, University of Valencia, Dr. Moliner 50, Burjassot 46100, Spain

Abstract— In this paper we analyse the propagation of sub-terahertz electromagnetic waves
through double metallic gratings (DMG) with sub-wavelength slits. We demonstrate theoreti-
cally and experimentally the possibility of achieving directional transmission of electromagnetic
radiation through the DMG structure in a planar geometry — for the TM polarisation, and in
the cylindrical geometry — for the radially polarised field.
We optimise the overall system parameters in terms of the transmission efficiency, contrast and
spectral range. The modelling is based on the finite-difference-time-domain method.
We provide structure parameters leading to the transmission of more than 50% and to a high
transmission contrast in opposite directions for the wavelength range from 2.5 to 4 mm. The
reciprocity of the system is maintained, and we prove that the unidirectional transmission in
the zeroth diffraction order is not possible, therefore we do not classify our arrangement as an
optical isolator [1]. In the planar geometry, the transmitted radiation propagates in the −1 and
+1 diffraction orders. An analogues cylindrical grating led us to the design of an unidirectional
diffractive lens [2]. The experimental set-up for the latter geometry requires to illuminate the
structure with radial polarisation, which is obtained like in Ref. [3] by converting from the
linear polarisation with modal selection in a tapered waveguide combined with the use of a
discontinuous wave-retarder. A Gunn diode operating at 3mm is used as the radiation source for
both geometries. We have reached a good agreement between the experimental and modelling
results.
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Electromagnetic Methods for Some Gratings with Extreme
Opto-geometrical Parameters

Evgeny Popov, Nadège Rassem, Yoann Brulé, Boris Gralak
Guillaume Demesy, and Anne-Laure Fehrembah

Aix-Marseille Université, Centrale Marseille, Institut Fresnel, CNRS UMR 7249, Marseille, France

Abstract— Several different electromagnetic spectral methods for modelling light diffraction
by single or periodically arranged dielectric or metallic objects are compared in studying three
systems having extreme optogeometrical parameters. The first system represents a three-segment
dielectric diffraction grating having 1D periodicity, the middle segment is a resonant subwave-
length grating acting as a narrow-band resonant reflection filter, the two outmost segments consist
of Bragg grating used to reflect back the waveguide mode of the middle section. The entire length
of the system contains several hundreds of wavelengths, and we demonstrate the capacity of two
rigorous electromagnetic methods to correctly model the diffraction properties of the system,
namely the Fourier modal method, and the Coupled dipole method. The results show an ex-
treme flattening of the dispersion curve of the waveguide mode that can be explained by using a
four-wave coupled mode approximate theory.
The second system represents a 2D grating made of arrays of metallic cones on a metallic sub-
strate. The diffraction by the grating is modelled using the Coordinate transformation (C-)
method and the Finite element method, and the results show a giant (10 000 fold) enhancement
of the field intensity, compared to the incident field intensity.
The third example consists of a 1D echelette metallic grating made of negative-permittivity mate-
rials having simple- or hyper-singularity. We show the possibility of two electromagnetic methods
(Integral method and C-method) to correctly predict the diffraction properties, when rounding
of the corners is used. In the case of hypersingularity, the field varies with an increasing fre-
quency and amplitude, as the radius of rounding is reduces, confirming the analytical theoretical
predictions.
We compare the relative computation times for the different methods and they show similar
duration for identical structures.
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A New Approach to Diffraction in Volume Gratings and Holograms

David Brotherton-Ratcliffe
Centre for Ultra-realistic Imaging, Applied Science, Computing & Engineering,

Glyndŵr University, Mold Road, Wrexham, Wales LL1 2AW, UK

Abstract— Coupled wave theory has historically been successfully used to provide various
analytic theories of optical diffraction in volume phase gratings. Here we develop a different ap-
proach based on a decomposition of the permittivity profile of the grating into an infinite array
of infinitesimal discontinuities or step functions. By considering the corresponding elementary
Fresnel solutions from each discontinuity, a first-order set of coupled partial differential equations
can be derived, which are then solved in a rotated frame of reference to give analytical expres-
sions for the diffraction efficiency of the general slanted grating at arbitrary angle of incidence.
The underlying differential equations derived from the approach are a rigorous representation of
Maxwell’s equations for the case of the unslanted grating and few assumptions are required to
provide highly accurate solutions for harmonic or quasi-harmonic permittivity distributions, even
at large grating slant.
The method can be applied to either reflection or transmission geometry, although it is most
accurate in the case of the reflection grating. It can also been extended to include finite absorption
in phase gratings and to treat the cases of absorption and mixed absorption-phase gratings. It
can also treat multi-chromatic gratings, spatially multiplexed gratings and holograms. Finally
it can be used to provide accurate analytic expressions for gratings with variable fringe contrast
profiles.
Comparison with rigorous numerical computations of Maxwell’s equations show that the approach
works somewhat better than simple coupled wave theory for most reflection gratings, whereas
the coupled wave approach appears a little better in describing the transmission geometry.
The approach appears to offer a general approximate method for the analysis of electromagnetic,
acoustic and other types of diffraction occurring in harmonic or quasi-harmonic structures.
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Curvilinear Coordinate Generalized Source Method for Corrugated
Gratings with Sharp Edges

A. A. Shcherbakov1 and A. V. Tishchenko2

1Moscow Institute of Physics and Technology, Russia
2University of Lyon, France

Abstract— In this work we continue development of the fast and efficient methods for grating
diffraction calculation. Recently we have proposed an extension [1, 2] of the previously devel-
oped Generalized Source Method [3]. The key novelty consisted in formulating the method in
curvilinear coordinate system and introducing a concept of the generalized metric sources. Both
standard and curvilinear formulations of the GSM were shown to possess near to linear numerical
complexity and computer memory consumption relative to the number of Fourier orders. This
allows for outperforming conventional Fourier space modal methods including the FMM and
the C-method. Current talk will include a discussion of application of the curvilinear GSM to
gratings with sharp edges, supported with demonstration of relevant numerical behavior. Treat-
ment of sharp grating edges within the scope of the curvilinear GSM is done in a way similar to
the treatment of continuous and discontinuous field components relative to grating corrugation
interface (the analogous implementation for the C-method can be found in [4]).
The novel method reveals much better efficiency with respect to the standard GSM in modeling
metallic gratings with complicated profiles.
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Casimir-Lifshitz Force out of Thermal Equilibrium between
Dielectric Gratings
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Abstract— We calculate the Casimir-Lifshitz pressure between two different 1D dielectric
lamellar gratings in a system out of thermal equilibrium where the two gratings have different
temperatures and are immersed in an environment having a third temperature. The calculation
of the pressure is based on the scattering formalism and the needed scattering operators are
deduced using the Fourier Modal Method. The behavior of the pressure is studied in detail varying
many parameters of the system like the three temperatures involved as well as the geometrical
parameters of the two gratings (period, filling factor, corrugation depth). We show that the
interplay between non-equilibrium effects and geometrical periodicity offers a rich scenario for the
manipulation of the force. In particular, we find regimes where the force can be strongly reduced
close to zero for large ranges of temperatures. Moreover, a repulsive pressure can be obtained
(purely non-equilibrium effect), whose features can be tuned by varying the temperatures as well
as the several geometrical parameters associated with each grating. Remarkably, the transition
distance between attraction and repulsion can be decreased with respect to the known case of two
slabs, allowing one to obtain transition distances as low as 2.5 µm and implying an experimental
interest for the observation of repulsion.
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Analytical Regularization Method for Wave Diffraction by Grating
of Resonant Cylindrical Screens

Yury A. Tuchkin, Ali Şanlı, Emrah Sever, and Fatih Dikmen
Electronics Engineering Department, Gebze Technical University, Kocaeli, Turkey

Abstract— The subject of our investigation is numerical modeling of diffraction by one-
dimensionally periodical gratings formed by unclosed cylindrical screens of arbitrary smooth
profiles, namely construction of numerically stable and efficient algorithm for solving the corre-
spondent diffraction boundary value problems (BVP). The approach we suggest is based on An-
alytical Regularization Method (ARM) for such a class of BVPs. It essentially enforces the ideas
and methods of [1–6]. We start with classic reducing of the problem to integral (or differential-
integral) equation following with necessity from well-known Green’s formulae technique. Integral
equations such appearing are ones of the first kind in space L2(S), where S is a periodic set
of closed or unclosed boundaries or contours of the obstacle. In particular, the Dirichlet BVP
leads to the following integral equation

∫
S

J(p)G(q, p)dS = ui(q), q ∈ S. ARM principal idea is
analytical (in closed form) construction of two-sided regularizer, i.e., a pair (R, L) of two invert-
ible (possibly on corresponding dense sets only) operators R and L, such that LAR = I + H,
where A is the operator of the BVP, I is the identity and H is a compact operators. Having
such regularizer, one can reduce equation Ax = b of the first kind to equation (I + H)y = Lb,
y, Lb ∈ l2 with new unknown y = Rx. The advantages of the equations of the second kind over
ones of the first kind are well known.
Essential part of our approach plays algorithm of fast summation of the series representing Green’s
function for periodic gratings in the form Ggr(q; χ, ϕ) = (4πi)−1Σ∞n=−∞ exp(ϕnxq + Γn|yq|)/Γn,
where q(xq, yq) ∈ R2, ϕn = n+ϕ and Γn = (χ2−ϕ2

n)1/2 with Re(Γn) ≥ 0, Im(Γn) ≥ 0. The very
slow convergence of this series is accelerated by means of rather sophisticated version of Kummer
acceleration, which is essentially enforced in comparison with [2, 4].
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Regular Coulomb Wave Function Method for Analysis of the
Azimuthally Magnetized Circular Ferrite Waveguides

Mariana Nikolova Georgieva-Grosse1 and Georgi Nikolov Georgiev2

1Consulting and Researcher in Physics and Computer Sciences, Gerlingen D-70839, Germany
2Faculty of Mathematics and Informatics

University of Veliko Tirnovo “St. St. Cyril and Methodius”, Veliko Tirnovo BG-5000, Bulgaria

Abstract— The solution of the problems for normal TE0n modes propagation in the circular
waveguides, containing coaxially positioned ferrite cylinder or toroid of azimuthal magnetization
faces serious obstacles of mathematical nature [1–12]. To overcome them different techniques
have been proposed, allowing to reveal various aspects of microwave filed-anisotropic medium
interaction: i) Bolle-Heller functions [1], ii) transverse network representation [2], iii) pertur-
bation techniques [3], iv) variational calculus [4], v) confluent hypergeometric functions [6–10],
vi) Coulomb wave functions [5, 11].

This paper presents the method of regular Coulomb wave function, applied to the problem for
propagation of normal TE0n modes along the circular waveguide, entirely filled with azimuthally
magnetized ferrite. The magnetically dependent second-order ordinary differential equation for
the Hz — component is reduced to the Coulomb wave equation [13, 14]. To apply the Coulomb
wave functions FL(η, ρ) and GL(η, ρ) [13, 14] in the theory of waveguides, is an original idea by
Georgiev and Georgieva [5, 11]. It is based on the Thompson and Barnett’s proposal [15] to
extend the definition of these functions, initailly introduced for real ρ > 0, real η and integer
L ≥ 0, for ρ, η and L — all complex, employing their link with the confluent hypergeometric
functions [13, 14]. In contrast to Thompson and Barnett [15] who considered the computation of
FL(η, ρ) and GL(η, ρ) through the latter, it is suggested to harness the representation of FL(η, ρ)
in the Abramowitz form [14] and it is proved numerically that the same is applicable when L is a
positive or negative factional number, as well. Here the regular Coulomb function is considered
solely, since propagation in a single-connected waveguide cross-section is discussed. It is shown
that the original series for FL(η, ρ) is much more rapidly convergent in the case mentioned and
is preferable in the calculations. Graphs are depicted, showing the variation of the generalized
function with ρ, provided L = ±0.5 and η = 0, ±1, ±5 and ±10. A numerical investigation of
dependence FL(η, ρ) on ρ is performed, too for the aforesaid values of L and η = ±ρ/2. Tables of
the zeros oL

η,n of FL(η, ρ) are also compiled. The phase characteristics, differential phase shift and
the borderlines of the area of phase shifter operation of the configuration are computed through
sophisticated iterative techniques and debated.
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Abstract— Time-domain simulation techniques such as the finite-difference time domain method
(FDTD) or the Discontinuous Galerkin time domain method (DGTD) are a key tool to investi-
gating the broad-band and potentially the nonlinear response of plasmonic and other nano-optical
structures. Within these method, the commonly used noble metals such as silver and gold are
usually represented by a Drude model for the conduction electrons with additional Lorentz poles
to account for inter-band transitions. However, this fails for non-noble transition metals, es-
pecially for the ferromagnetic metals iron, nickel and cobalt, which have recently gained some
interest because their magneto-optic Kerr effect might provide an effective way to control the
propagation of surface plasmons.
The failure of the common Drude-Lorentz description is due to the high degree of electron-electron
correlation in ferromagnets and manifests itself in a different frequency dependence of the material
loss compared to the conventional Drude model. We derive a generalized Drude model which
includes the effect of such correlations to leading order. To this end, we introduce one new fit
parameter that reflects the degree of correlation inside the electron system. In combination with
two Lorentz poles, our model results in a very good reproduction of the experimentally measured
permittivity of iron, nickel and cobalt into the ultra-violet.
The resulting equations can be easily formulated as auxiliary differential equations of very similar
numerical effort compared to the conventional Drude-Lorentz. Additionally, we present an effi-
cient way to include magneto-optic properties into time-domain frameworks by adding the Lorenz
force to any polarization current. This avoids dispersive anisotropic material parameters, which
lead to considerable overhead in FDTD simulations and pose serious problems to the formulation
of DGTD. We check our implementation of the generalized Drude-Lorentz model including the
magneto-optic terms against analytical expressions. Furthermore, we compare our method to
numerical frequency-domain results and experimental data from the literature.
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Undersampling to Regularize the Source Reconstruction Problem
for an Electric Point Source
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Abstract— In this article, a source reconstruction problem is solved by sampling the tangential
components of the electric field of an electric point source on the surface of a hemisphere the
center of which is the location of the point source. The source reconstruction is performed by
sampling the electric field at five different sampling rates. One of the sampling rate corresponds
to the Nyquist rate, two of them are oversampling rates and the rest are undersampling rates.
The problem is discretized into a matrix equation which is solved iteratively. For each of the
solution iterate, the field components are reconstructed and the error with respect to the original
fields are computed. It is shown that the error made is approximately the same for all the
sampling rates. In addition, the fields are reconstructed on hemispheres outside the sampling
hemisphere. The error made in this reconstruction is calculated and shown to be not too much
varying among the five different sampling rates. By means of these two field reconstruction
demonstrations, it is proven that the oversampling and Nyquist rate sampling do in fact provide
redundant information for the source reconstruction since the oversampling and the Nyquist rate
sampling do not increase the accuracy of the reconstructed fields. The current reconstruction is
also made using the lowest sampling rate and it is indicated that the reconstructed current is close
to the original current although the sampling rate is lowest. As a result, it is determined that
undersampling regularizes the reconstruction problem by deleting the redundant information due
to higher rate sampling.
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A Novel Computational Method for Calculating Electrostatic
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Abstract— The calculation of the electrostatic capacity of an object relative to an electrode at
infinity, the self-capacitance, involves the solution of Laplace’s equation with a Dirichlet bound-
ary condition. Although this problem is well known and well posed, its explicit analytic solution
is notoriously difficult. Solution for even a cube is apparently impossible and there are only a
handful of particle shapes that allow for exact solution. Finite element and boundary element
methods are useful, but these methods are computational expensive and convergence problems
exist when the shape of the object is irregular. Meshing in these calculations can be very time
consuming and difficult to implement at all in some cases. We really need a versatile and accu-
rate method suitable for particles having any shape. There has been recent progress in solving
this type of problem by probabilistic potential theory where the solution is obtained numerically
through path-integral sampling [PRE 64 061401], an approach that exploits a fundamental con-
nection between long random walk paths and Laplace’s equation. There is another probabilistic
method to determining capacity using an ergodic theorem of Spitzer [Z. Wahr 3, 110]. This
method consists on considering the volume swept out by a Brownian particle (‘Wiener sausage’)
divided by the mean square displacement of the particle, a quantity that is proportional to the
objects self-capacitance for objects having any shape. We use this formal mathematical construct
to implement a simple computational algorithm for calculating capacity. This novel computa-
tional method takes advantage of current GPU technology which makes the computation rather
fast. Capacity estimates obtained by this method are compared with estimates obtained by other
methods. As a non-trivial application, we show that the minimization of the capacity of spher-
ical objects and the electrostatic screening transition of spheres can be understood in a simple
geometrical way form the shapes of Wiener sausages created by particles having different shapes.
Thus, our method allows not only to determine the self-capacitance, put provides great practical
intuition of understanding into how particle shape influences capacity. We also summarize many
applications of capacity in applications outside the field of electrostatics.
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Sparse Tensor Approximation for Uncertainty Quantification on 2D
Periodic Gratings
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Abstract— Grating structures have been considered in many applications, such as spectroscopy
and energy conversion devices. Exhaustive theoretical and numerical analyses have been per-
formed in order to design gratings optimally. However, real-life manufacturing processes can
create random variations on the surface that greatly influence the properties of the gratings. In
this work, we implement a numerical algorithm based on the Boundary Element Method (BEM)
for randomly perturbed ideal surfaces, considering one dimensional gratings with Gaussian rough
surfaces and satisfying Dirichlet boundary conditions. We calculate first and second statistical
moments of the scattered field with a sparse tensorization and a discretization based on wavelets.
Calculations are provided for different geometries and angles of incidence and show that our
method converges significantly faster than taking Monte-Carlo (MC) simulations for BEM.
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Abstract— A modified numeric procedure is applied to analyse the application of π circuits
for representing distributed parameters. Numeric oscillations, which are associated usually with
digital simulations associated with π circuits, are decreased. It is shown that these numeric
oscillations, or Gibb’s oscillations, are not related only to the mentioned associations. They are
created by the application of the specific numeric integration methods for solving linear systems
that describe the associations of π circuits. If the state equations are determined for each π
circuit, then the proposed changes of the numeric routine for solving systems with π circuits lead
to results with little influence on the numerical oscillations. This is confirmed using comparisons
with results obtained from the Laplace transform and ATP software.
Searching for a simple representation of the cascade of π circuits, each unit is modelled individu-
ally. The influence of adjacent π circuit units are included by the differential relations among the
state variables. Thus, the Gibb’s oscillations are decreased significantly. Therefore, the limit for
the increase in the number of π circuits is related to the best accuracy attained by the modified
numeric routine for specific values of the applied parameters. The proposed numeric routine is
more accurate than the numeric routine based on the application of only one matrix for repre-
senting the dynamics of π circuits. The results of the modified numeric routine are very close to
those obtained using the Laplace transform method and ATP software.
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Abstract— Exact absorbing conditions (EAC) are used in computational electrodynamics of
nonsine waves for truncating the domain of computation when replacing the original open initial
boundary value problem by a modified problem formulated in a bounded domain. In the opening
sections of our communication we construct EAC as applied to the analysis of axially-symmetrical
electrodynamic structures illuminated by the symmetrical pulsed TE - and TM -waves and prove
the equivalency of the original (open) and modified (closed) initial boundary value problems.
We present here the following results: The EAC for virtual boundaries in a cross-section of
regular circular and coaxial waveguides and for an artificial spherical boundary in free space; the
transport operators relating the near-zone and far-zone fields generated by compact waveguide
inhomogeneities and obstacles in free space. We also prove the unique solvability of the modified
closed problem and its equivalency to the initial open problem and solve the problem of extended
and remote sources of pulsed waves giving grounds for rigorous theoretical justification of the
EAC-method.
In the next sections, omitting technical details, we construct EAC as applied to the analysis
of plane (2-D) electrodynamic structures illuminated by pulsed E- and H-polarized waves and
EAC for 3-D vector initial boundary value problems describing spatial-temporal electromagnetic
field transformations in open waveguide and compact resonators. Closing section is devoted
to enhancement of efficiency of computation of the analytical results obtained in the previous
sections.
The efficient limitation of the computational domain in open initial boundary value problems
(i.e., the problems whose domain of analysis is infinite in one or more directions) is a vital issue
in computational electrodynamics as well as in other physical disciplines using mathematical sim-
ulation and numerical experiments. Most of the well-known and extensively used heuristic and
approximate solutions to this problem are based on the so-called absorbing boundary conditions
(ABC) and perfectly matched layers (PML). The use of various modifications and improving tech-
niques for respective methods yield good results in various specific physical situations. However,
it appears that for certain problems associated with the resonant wave scattering, the numerical
implementation of these methods may cause unpredictable growth of the computational error for
large observation times.
The method utilizing the exact absorbing conditions for the artificial boundaries that truncate
an unbounded domain of computation is outnumbered by the classical approximate approaches.
However, the carefully computed testing data as well as a series of physical and applied results
obtained with the help of this method, show its evident potential, especially, for obtaining reliable
numerical data on space-time and space-frequency electromagnetic field transformations in open
waveguide, periodic, and compact resonators.
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Electromagnetic Field Computations
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Abstract— Fast and efficient modeling of electromagnetic fields is highly desirable in the de-
sign, optimization, and optical measurement of nanostructures as one needs to repeatedly evaluate
the distribution of electromagnetic field under variations of the frequency, the incident angle of
the incident wave, and the nanostructure geometric parameters. Many numerical methods, such
as the finite element method (FEM), the finite-difference time-domain method (FDTD), or the
boundary element method (BEM) [1] have been proposed to simulate the electromagnetic fields
scattered from aperiodic nanostructures. However, these numerical methods are quite computa-
tionally expensive. Recently, a numerical technique called the reduced basis method (RBM) has
shown great potential in rapidly solving variable partial differential equations [2, 3] and has been
widely applied in areas ranging from mechanics [4], fluid dynamics [5], to electromagnetics [6, 7].
In this work we focus on rapid and accurate calculations of electromagnetic scattering over di-
electric nanostructures with varying parameters including the frequency, the incident angle, and
the nanostructure geometric parameters. For solving problems with multiple homogeneous do-
mains separated by predetermined boundaries, the BEM is probably the best candidate because
it assigns and limits the unknown variables only on the boundaries. When further combined
with the RBM, the enhanced performance can be expected for applications involving repeated
calculations of electromagnetic scattering over an object which consists of multiple homogeneous
regions separated by variable boundaries. In our combined BEM-RBM approach, we firstly select
a number of so-called snapshots from the space of variable parameters, and establish offline a
reduced basis space from BEM solutions corresponding to the snapshot parameters. By means
of projecting both the electromagnetic field vectors and the BEM operators to the reduced basis
space, the computationally large linear system of BEM is converted to a much smaller system
that can be solved rapidly. The key to such a reduction is the affine decomposition of the BEM
operator which divides the whole computation into a parameter-dependent time-consuming of-
fline part and a parameter-independent computationally rapid online part. In this work, we will
use the empirical interpolation method (EIM) to realize such affine decomposition. By varying
the geometric parameters of the nanostructure, we are able to identify an affine mapping from
a predetermined reference configuration to other actual configurations. Such mapping converts
computation based on the actual configurations to the reference configuration, and hence avoids
repeated meshing for different configurations. Practical numerical simulation shows that the ef-
ficiency of this BEM-RBM method is several ten times higher than that of the traditional BEM
method.
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Whistler Modes Guided by Enhanced Density Ducts in a
Nonresonant Magnetoplasma
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Abstract— We consider axisymmetric waves guided by a cylindrical duct with enhanced plasma
density in a magnetoplasma in the nonresonant region of the whistler frequency range. The
overwhelming majority of theoretical studies on the subject deal with waves guided by density
ducts in the resonant region of this range, which lies above the lower hybrid frequency and is
characterized by the presence of an unbounded branch of the whistler-mode refractive index
surface [1–3]. As to the whistler waves in the range below the lower hybrid frequency, when
the magnetoplasma is nonresonant and the whistler-mode refractive index surface is closed, their
guided propagation in density ducts has received little attention in the literature. Note that the
interest in the behavior of whistler waves in the nonresonant magnetoplasma was stimulated in
the past decade by experimental studies aimed at developing efficient methods of wave excitation
in the indicated frequency interval [4].
We first consider a sharp-walled uniform cylindrical duct aligned with an external static magnetic
field and surrounded by a homogeneous background plasma. Satisfying the continuity conditions
for the tangential electric- and magnetic-field components at the duct surface, we obtain the
dispersion relation that allows determining the propagation constants of the guided whistler
modes. It is established that in the chosen frequency region, eigenmodes exist only in ducts with
enhanced density. It is demonstrated that such eigenmodes allow a simplified description which
significantly facilitates analysis of the features of their guided propagation. The description is
based on that the corresponding modes have quasi-TE polarization. Using this fact, we have
derived an approximate dispersion relation which gives mode propagation constants that are
almost identical to those obtained from a rigorous dispersion relation. Then we analyze the
propagation of axisymmetric whistler eigenmodes guided by a smooth-walled enhanced density
duct in a nonresonant magnetoplasma. The possibility of a simplified description of these modes
due to the extremely small value of the longitudinal component of their electric field inside and
outside the duct has been demonstrated as well. It is shown that in this case, analytical results for
the propagation constants and field structures of the eigenmodes can be obtained under certain
conditions. The developed simplified description of the studied modes can assist in analysis of
the features of their excitation by electromagnetic sources.
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Abstract— Recently, in many applications including microwaves, optics, metamaterials and
nanostructures, one- or two-dimensional periodic structures in layered media are being utilized.
For this reason, the fast and accurate evaluation of periodic mixed-potential Green’s functions in
layered-media has become a very important problem. A typical strategy for acceleration involves
identifying and removing the asymptotic terms in the spectral sums that correspond to a periodic
array of point sources in an infinite homogeneous medium. The removed terms are added back
to the spectral sums after utilizing the Ewald transformation which results in a Gaussian decay.
This extraction not only accelerates the convergence of the spectral sum, but also creates a
“regularized” Green’s function that is much smoother as a function of spatial coordinates, and
hence is much easier to interpolate.
For some of the dyadic and scalar components of the Green’s function the asymptotic extractions
from the spectral sums correspond in the spatial domain to an infinite periodic array of half-line
sources in a homogenous medium. The potentials from these sources may also be regularized
within a unit cell by removing the contributions from the individual (non-periodic) half-line
sources located at the corners of the unit cell. Another interpolation can then be applied to
the “regularized extracted potential”. Based on recent analysis, a speed-up factor of over 20 is
observed when using interpolation, for which the major cost is the evaluation of the singular
terms including the potential of the half-line source. Therefore, an efficient evaluation of the
scalar Green’s function (potential) due to a single half-line source is a key element in the efficient
calculation of the periodic layered-media Green’s function.
The half-line source is shown in Fig. 1, where it is assumed that the tip of the source is at z = 0.
This potential depends only on two variables, kρ and kz, where k = 2π/λ, i.e., on the electrical
distances from the source axis and source tip, respectively, as illustrated in Fig. 1.
The potential is given exactly as
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where R =
√

ρ2 + (z − z′)2 and z′′ = z − z′.
Methods and Results: The potential the half-line source expressed in Eq. (1) can be efficiently
evaluated in various ways, with the efficiency of the method depending on the location of the
observation point. In this research, we examine several different methods, and find that each one
is more efficient than the others in a certain region of the (ρ, z) plane.
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Figure 1: Half-line source that lies along the negative z axis, with the relevant coordinate system and
geometrical parameters defined.
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Hybrid TEM Wave Radiation from a Coaxial Waveguide with a
Semi-infinite PEC Outer Cylinder and an Infinite Inner Cylinder

Loaded with Partial Impedance

Kutlu Karayahşi1, İsmail H. Tayyar2, and Arif Dolma3

1Electrical & Electronics Engineering Department, Okan University
Tuzla Campus, Akfirat, Tuzla, Istanbul 34959, Turkey

2Mechatronic Engineering Department, Engineering Faculty
Karabük University, Balıklarkayası, Mevkii, Karabük, TR 78050, Turkey

3Electronics & Communications Engineering Department, KOU Engineering Faculty
Kocaeli University, Building B, Umuttepe Campus Kocaeli, TR 41380, Turkey

Abstract— The geometry of the problem is depicted in Fig. 1. The system consists of two
coaxial cylinders the inner of which is infinite and has piecewise surface impedance while the
outer cylinder is infinitely thin, semi-infinite and has a perfect electrical conductor surface. An
incident TM00 (Hybrid TEM) mode travelling in the positive z direction is confined between the
inner and the outer cylinders. The dimensions of the structure are chosen to satisfy the condition
that only the dominant mode propagates inside the waveguide. The radius of the inner cylinder
is a while the radius of the outer cylinder is b. For the sake of generality we assume that the
sureface impedances of the inner cylinder where z < 0 and z > 0 are different from each other and
denoted by Z1 = η1Z0 and Z2 = η2Z0, respectively, with Z0 being the characteristic impedance of
the free space. The aim of this work is to determine the effect of the relative surface impedances
and the radii of the cylinders on the reflection coefficient and the radiated field. Being a very
good model for long monopole antennas or traveling wave antennas, it important to analyze such
structures.
The problem has been defined as a Wiener-Hopf equation by applying Fourier transformation to
the scattered field and to the boundary conditions. The scattered field inside the waveguide has
been expanded to series in terms of waveguide modes and the solution of the problem has been
obtained by using the continuity conditions for the electromagnetic fields and transforming the
problem into three sets of infinite algebraic equations containing three sets of infinite constants.
The effects of the geometrical parameters and the impedances of the waveguide to the radiated
field and the reflection coefficient has been observed.

Figure 1: Geometry of the problem.
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One Way Speed of Light and Why Nothing Can Be Faster Than
Light

V. N. Matveev and O. V. Matvejev
Homo Sapiens Publishers, Vilnius, Lithuania

Abstract— Einstein’s theory of clock synchronization is based on an arbitrary assumption
of the equality of the speed of light in opposite directions and on experimental data on the
constancy of the average speed of light on the way “there and back”. All experiments to measure
the speed of light were conducted by measuring it with just one clock and calculating the time
of signal propagation on the way to the reflector and back. All methods, including the method
of astronomical observations used by Roemer, yield an average value of the speed of light in
opposite directions.
Brillouin wrote: “. . . the rule says that signals propagating from east to west and from west to
east have the same speeds, whereas Michelson’s experiment only allows measuring the simple
average of these two speeds . . . ”.
Does it mean that the speed of light from west to east or reverse cannot be measured at all?
The fact that such measurement is possible and that it does not require prior synchronization of
two spatially separated clocks may be deduced from the following.
Let us imagine that a short-wave radar is stationed close to the city of Quito, sending a narrow-
angle signal in the east direction. Let us also imagine that all over the equator line a great
number of reflectors are stationed in such a way that any of the adjacent reflectors is within the
field of vision from another. Let the reflectors deflect the radar signal emitted in Quito in such a
way that it, propagating zigzag-wise near the Earth’s surface, circles the Earth along the equator,
coming back to the radar in Quito from the west.
Knowing the length of the zigzag line along which the radar signal propagates and the time needed
for signal to circle the Earth, an operator of a radio relay station can calculate the propagation
speed of the signal circling the Earth from east to west or reverse. These speeds will not be
identical to the constant C.
It is known that the velocities of material bodies cannot achieve the speed of light in a vacuum.
Why does the speed of light, being finite, behave as if it is infinite and is therefore unattainable
for materials bodies?
In our presentation a possible cause of the finiteness of the velocity of tangible objects is demon-
strated without reference to the provisions of the special theory of relativity. A condition is
formulated on the basis of which the assumption of the movement of tangible objects at any
prescribed velocities proves to be self-contradictory in instances when the prescribed velocities of
the objects exceed a certain value.
This condition consists of the presence of interaction signals and carrier particles in material
bodies that are propagated at a velocity greater than any prescribed velocity of the material
bodies. The condition does not contain a limitation of the velocity of tangible objects, but also
does not contradict it. The condition is as follows: “Massles signals and particles that are always
present in material objects are propagated at a velocity, V, that is unattainable for physical objects
and particles that do have mass, continuously initiate interactions and processes in these bodies”.
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Experimental and Numerical Analyses of Leakage Flux Distribution
in Core-type Voltage Transformers

Fevzi Kentli1, İsmail Bozkurt2, and Nevzat Onat2

1Faculty of Technology, Marmara University, Turkey
2Vocational School of Technical Studies, Marmara University, Turkey

Abstract— Recognition of the flux distribution in machines is required for three reasons: 1) for
measurement of the inductances, 2) for measurements of the forces applied to the coils, and 3) for
measurements of the additional losses that occur in the coils and steel parts. The analog form
can be used to determine the flux distribution in the machines and the magnitudes related to
the magnetic field. However, numerical methods for measuring these factors are desirable, as
analog methods are difficult and inefficient. Today, several methods are used for field analysis.
The finite different (FDM) and the finite element (FEM) methods are two of the main methods
used in this area. This study is based on the leakage magnetic flux analysis of a core type trans-
former. The distributions obtained experimentally were verified with two-dimensional FDM and
FEM calculation results to verify them. A special test assembly for obtaining actual measure-
ments at different heights was installed. The experiment set included a voltage transformer and
measurement coils that were used to determine leakage flux distribution around a transformer
iron leg. With the solution of the matrix created by measuring the induced voltage, polynomial
mathematical equations were obtained. The flux values were then calculated in accordance with
the numerical methods. In order to compare the results, plotting of the flux distribution was
the best solution, and for this purpose, the total flux lines were determined. In addition, the
difference between the smallest and largest value of the vector potential was also determined.
The voltage (potential difference) vector was calculated by dividing the difference between the
flux lines. In the last step, the equipotential points were determined by adding to the mini-
mum potential value. This process was repeated using eight different heights on the leg, and
the two-dimensional coordinates of the equipotential point were determined at each height. By
combining the same valuable points, flux distribution was obtained graphically. Finally, fluxes
were drawn in line with the measurement and calculation results and were compared with each
other. As a result, the leakage flux distribution of the voltage transformer was obtained, and
it was observed that the FEM model succeeded in calculating closer values to the measurement
results. According to the study results, the use of measurements from several points taken by
means of magnetic field probes in the FEM model provides sufficient accuracy solutions. The
degree of the polynomial used in the FEM method will increase the accuracy rate. By increasing
the degree of the polynomial used in the FEM method, more accurate results can be achieved.
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Redshifting Silver Glare: Nanoparticle Morphology and Plasmonic
Resonances

A. Sihvola1, P. Ylä-Oijala1, D. C. Tzarouchis1, O. Vartia2,
A. Seppälä2, E. Haimi3, and T. Ala-Nissilä4

1Department of Radio Science and Engineering, Aalto University, Espoo, Finland
2Department of Energy Technology, Aalto University, Espoo, Finland

3Department of Materials Science and Engineering, Aalto University, Espoo, Finland
4Department of Applied Physics, Aalto University, Espoo, Finland

Abstract— Progress in present-day electromagnetics research happens very much on bound-
aries where other disciplines are encountered. Metamaterials, nano-optics, and plasmonics are
some of the domains into which many classical electromagnetics experts focus their interest these
days. Indeed, with traditional Maxwell-based mathematics and computational tools it is possible
to analyze and understand very much of the fascinating physical phenomena that take place when
light and electromagnetic radiation interacts with complex nanomaterial structures.
Volume plasmons in metals are oscillations of the electron cloud. The boundaries in discrete par-
ticles constrain these oscillations, resulting into various modes of localized particle plasmons [1].
In this presentation, we discuss the varieties how the properties of plasmonic resonances depend
on the morphological and topological features of nanoparticles. It turns out that using fairly
simple quasistatic analysis of the electric field interaction with a particle inclusion [2] whose
dielectric function follows a Drude model, the main resonant features of these particles can be
predicted satisfactorily for particles below 30 nm size. The material used in computations is sil-
ver [3], and the interesting physics happens within the optical wavelengths. Among these effects
are redshifting (and sometimes also blue-shifting) of resonances, variation in their magnitudes,
and differences in the behavior of scattering, absorption, and extinction efficiencies when the
shape, structure, and dielectric contrast against environment varies. It is to be noted that the
region of validity is of course bounded also from below: the classical description fails when the
particle size goes down to a few nanometers where quantum effects can no longer be neglected.
For the analysis of larger and complex-form composite scatterers, we use other computational
tools capable of full-wave simulation: surface- and volume-integral-equation, and discrete-dipole
approximation based codes. This research is a result of the EXPECTS project within the frame-
work of Aalto Energy Efficiency Research Programme.
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Structured Metals Transparency for Ultrabroadband
Electromagnetic Waves and Acoustic Waves

Ru-Wen Peng, Ren-Hao Fan, Dong-Xiang Qi, Xiao-Ping Ren, and Mu Wang
National Laboratory of Solid State Microstructures, Department of Physics

Nanjing University, Nanjing 210093, China

Abstract— In this talk, we present our recent work on making structured metals transparency
for ultrabroadband electromagnetic waves and acoustic waves via surface excitations. First, we
show that periodic, quasiperiodic, and disordered metallic gratings can become transparent and
completely antireflective for extremely broadband electromagnetic waves at oblique incidence.
Second, we significantly develop oblique metal gratings transparent for broadband electromag-
netic waves (including optical waves and terahertz ones) under normal incidence. In the third,
we present that the principles of broadband transparency for structured metals can be extended
from one-dimensional metallic gratings to two-dimensional cases. Moreover, similar phenomena
are found in sonic artificially metallic structures, which present the transparency for broadband
acoustic waves. These investigations provide guidelines to develop novel broadband metamateri-
als, and have potential applications on transparent conducting panels, antireflective conducting
solar cells, broadband acoustic imaging and sensing, and so on.
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Properties of Optical Cavities Made of Metamaterials

Haitao Jiang, Yunhui Li, and Hong Chen
School of Physics, Tongji University, Shanghai 200092, China

Abstract— Metamaterials with engineered permittivity ε and permeability µ have attracted
people’s great interest due to their unique electromagnetic (EM) properties. In this talk we
will discuss our recent studies on properties of optical cavities made of metamaterialssuch as
the artificial medium with zero index (ZI) and with special dispersion coming from the classical
analog of the electromagnetic induced transparency (EIT) phenomenon. It is known that an
optical cavity is one of basic devices for light manipulation and novel properties are required
for modern applications. For example, requirement of strong coupling in cavity quantum optics
need to put a quantum dot right at the cavity field peak, which is very challenging for a cavity
made of ordinary optical materials because of inhomogeneous distribution of the cavity field.
To overcome this difficulty, we propose to get uniform field distribution in a cavity made of ZI
metamaterilas, then realize experimentally position-independent quantum optics phenomenon
such as Rabi splitting. On the other hand, in some applications, one needs an optical cavity
with both high quality factor (Q) and high transmittance (T ). In a conventional cavity, stronger
confinement of the cavity field can boost Q, at the cost of T decreasing as stronger scattering loss
is involved. To reduce scattering loss, a cavity made of an EIT-like metamaterial is introduced,
where Q is enhanced by the mechanism of special EIT dispersion, instead of confinement effect.
Enhancement of Q while keeping T unchanged is illustrated experimentally.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 389

Effective Medium Approach to Compute Optical Stress
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Abstract— Light can exert a force on material objects, which may be computed by a surface
integral of the Maxwell stress tensor over a surface that encloses the entire object. However, it is
also highly desirable to know the optical stress (e.g., to deform a cell). In principles, the stress
can be given by the divergence of the stress tensor. Unfortunately, there are still controversies in
what is the appropriate stress tensor inside a medium.
Consider an artificial effective medium, for example, consisting of a periodic or random array
of dielectric cylinders with sub-wavelength cylinder size and lattice constant. The stress will be
calculated by two methods. The first method is a rigorous but slow microscopic approach where
the stress is defined as the force per unit area, and the force can be computed by Maxwell stress
tensor. The second method is a very efficient effective medium approach where the cylinder array
is treated as an effectively homogeneous medium and the stress for that effectively homogeneous
medium is calculated directly using the divergence of three commonly employed stress tensors.
It turns out that only the stress tensor derived from free energy, which takes into account the
electrostriction, gives consistently correct results. In other words, MST and its “macroscopic
generalization” have failed.
Situations other than dielectric cylinders will also be discussed. More examples with different
composition and lattice structures will be considered.
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Slowing Microwaves with Deeply Subwavelength 3D Printed
Metamaterial Waveguides

N. Kaina1, A. Causier2, M. Fink1, T. Berthelot2, and G. Lerosey1

1Institut Langevin, ESPCI Paris Tech, France
2CEA Saclay, IRAMIS, NIMBE, LICSEN, UMR 3685, F-91191 Gif sur Yvette, France

Abstract— We study resonant wire media that are scaled at very subwavelength scales. We
show that introducing local defects permits to guide the waves with a transverse confinement of
the order of one period in any direction, independently of the spatial organization of the medium.
We prove that the propagation within these waveguides exhibit a very low group velocity that
can be tuned by modifying the geometrical and frequency parameters of the neighboring wires.
We present simulation and experimental results of 3D printed polymer copper coated waveguides.

Slowing down the waves is one stake of time-signal processing, signal energy compressing, wave-
matter interaction enhancements and device miniaturization. This can be achieved using strong
material dispersion, for example very high index media, or with engineered systems such as
photonic crystals waveguides (PCW) or coupled resonator optical waveguides (CROWS). If those
are valid solutions for optical signals, photonic crystal based systems become very bulky for
microwaves and telecommunication signals. In previous work [1], we demonstrated that is was
possible to steer waves at scales independent of the wavelength in a deeply subwavelength wire-
medium metamaterial by locally introducing defects whose frequency lie in the hybridization
bandgap of the metamaterial. Whithin those waveguides, the wave tunnels from one defect
to its neighbour thus providing a very low group velocity propagation as in photonic crystals.
Contrarily to PCWs however, our waveguides can have arbitrarily small transverse dimensions,
solely limited by the size the wires.

Using the 3D printing technology along with chemical copper plating process we were able to
fabricate waveguides embedded in a wire medium with periodicities down to 2 mm (λ0/30 at
5GHz). We first show that our waveguides can exhibit an almost 0 dB transmission provided
that an appropriate feeding is used. We then investigate the influence of the surrounding medium
on the group velocity of a pulse propagating in the waveguide and as well as the shape of
the dispersion relation within the transmission band (Fig. 1). We especially experimentally
demonstrate that by decimating the medium density by a factor 3.5, the group index can be
tuned from ng = 65 up to ng = 230.
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Figure 1: (a) 3D printed copper coated metamaterial waveguide. (b) Experimental spectral transmission
(dB). (c) Temporal pulse emitted (black) and recieved after propagation (orange). (d) Experimental disper-
sion relation in the waveguiding transmission band.
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We believe that our deeply subwavelength slow propagation waveguides in the microwave fre-
quencies are promising candidates for the miniaturization of delay lines, filters, multiplexers as
well as for more fondamental wave-matter enhancement studies.
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Optical Gravitational Collimation and Observation of Einstein’s
Rings

Chong Sheng1, Rivka Bekenstein2, Hui Liu1, Shining Zhu1, and Mordechai Segev2
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Abstract— Light beams propagate along shortest paths by the Fermat principle, diffracting
and broadening as described by the proper wave equation. The behavior of electromagnetic waves
in static curved space is exactly analogues to that in inhomogeneous media, were the change in
refractive index plays the role of the curvature. The space curvature affects the trajectories and
the diffraction rate of light beams causing a unique behavior which can be emulated in an optical
system by engineering the optical properties of a material. Here we experimentally demonstrate
collimation of a beam in homogenous media for an order of magnitude more than the diffraction
length, created after passing through a predesigned refractive index. The refractive index profile
is analogues to a curvature of some massive star enabling observation of Einstein’s Rings caused
by the gravitational lensing as predicted by Einstein in 1936.
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Effective Model for Plasmonic Coupling: Theory and Experiments

Meng Qiu, Bin Xi, Shiyi Xiao, Hao Xu, Shulin Sun, Qiong He, and Lei Zhou
State Key Laboratory of Surface Physics and Key Laboratory of Micro and Nano Photonic Structures

Fudan University, Shanghai, China

Abstract— Plasmonic couplings between nanoparticles generate fascinating physical phenom-
ena, which can be utilized to realize certain applications [1, 2]. However, theoretical understand-
ings on such problems are relatively behind experimental developments. Most theoretical efforts
are based full wave simulations, which are not only computational complicated but also physically
less transparent [3]. A complete effective model accounting for both electric and magnetic dipole
terms in plasmonic nanoparticles, derived from a rigorous ground, is highly desired and is the
key motivation of present work [4].
Based on the generalized tight-binding method for dispersive photonic media [5] and a multiple-
expansion technique, we derived an analytical model for plasmonic coupling coefficient t1,2 be-
tween two NPs, which includes all interacting terms between electric and magnetic dipoles of the
NPs,

t1,2 = tpp + tradpp + tpm + tmm (1)

where
tpp = (f0/8πε0 〈Φ|Φ〉) ·

[
~p ∗1 · ~p2 − 3

(
~p ∗1 · d̂

)(
~p2 · d̂

)]
/d3 (2)

and
tmm = (f0µ0/8π 〈Φ|Φ〉) ·

[
~m∗

1 · ~m2 − 3
(

~m∗
1 · d̂

)(
~m2 · d̂

)]
/d3 (3)

are the standard dipolar interactions between electric and magnetic dipoles in different NPs.

trad
pp = − (f0 / 16πε0 〈Φ|Φ〉) · (kd)2 ·

[
~p∗1 · ~p2 +

(
~p∗1 · d̂

) (
~p2 · d̂

)]
/d3 (4)

is the electric dipolar interaction contributed from radiation effect.

tpm = i (f0/8πε0c 〈Φ|Φ〉) · kd · ~p∗1 ·
(

~m2 × d̂
)

/d3 (5)

describes the interaction between electric and magnetic dipoles [4].
We performed extensive full-wave simulations [4] on particular plasmonic coupled systems to
verify the effective model presented in Eqs. (1)–(5). Computations [4] show that our effective
model can well describe the plasmonic coupling behaviors in general cases. In particular, when
the NP is large enough so that a quasi-static approximation is no longer valid, one has to take
the radiation correction term tradpp into account (see Figs. 1(e)–(f)) to reasonably describe the
plasmonic coupling behaviors, and the EM cross-interaction term tpm is crucial to explain an
intriguing mode-sequence reversal effect discovered in a particular coupled NP systems. In addi-
tion, we found that the coupling strength between certain plasmonic nanoparticles can be tuned
through varying the orientations of NPs, leading to interesting phenomena such as ultra-slow-
wave plasmon propagation. These intriguing phenomena have been experimentally verified in
the microwave regime using split-ring-based resonators (see Fig. 1(i)) [6], and we will describe
our latest THz experiments in the conference.

(a)

(c)

(b)

(d)

(e)

(g)

(f)

(h)

(i)

Figure 1: Simulation method to detect (a)–(b) the “Dark mode”, and (c)–(i) comparisons between FDTD
simulations, microwave experiments, and the effect model in different coupled systems.
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Multi-layer Transmission of Spoof Surface Plasmon Polaritons
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Abstract— Spoof surface plasmon polaritons (SSPPs) show a low-pass transmission property
with a remarkable stop frequency due to the asymptotic property of the dispersion relationship.
A series of SSPPs waveguides and their applications have been reported such as high efficiency
transmission, ultra-thin waveguides and active device researches. However, in order to show more
potential in combining with the traditional integrated circuits and achieve new-type plasmonic
circuits, the SSPPs signal needs to be transmitted between multiple layers efficiently. Here, we
propose a method to transmit such surface modes from one side of the substrate to the other
side efficiently. In our design, a metallic hole in layed inside the substrate is used to connect
the traditional corrugated metallic strip waveguide on both sides of the substrate. The metallic
hole could provide a decoupling effect near the transition parts between the two waveguide on
different sides since the electromagnetic field distribution is remained. The simulation results
show that our design could transmit the SSPPs wave from the top layer of the medium to the
bottom layer without significant loss. On the other hand, through the modulation of the position
of the metallic hole, a series of absorption peaks during the transmission frequency band appears
because of the coupling in the superposition section of the two waveguides. It’s simulated that
such design could provide a broadband high-efficient multi-layer transmission with a controllable
absorption and such absorption is only related to the superposition area of the corrugated metallic
strip. Based on our design, SSPPs with ultra-short wavelength and high-confinement property
are able to play a more important role in the plasmonic integrated circuits.
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Electromagnetic Metamaterial Absorbers for High Temperature
Applications
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Abstract— Electromagnetic metamaterial absorbers exhibit distinct absorbing properties com-
pared to the traditional electormagnetic absorbers, such as thin thickness, adjustable or even
real-time controllable absorption, and circumstance responsible absorption [1]. These proper-
ties endow the metamaterials with important applications in sensing, stealth, electromagnetic
compatibility and communications [2]. However, existing metamaterial absorbers are nearly
all designed for room temperatures since they are mostly made of heat-vulnerable polymer di-
electrics and low-melting-point metals such as copper, silver and gold.Those metamterials will be
distructed or work improperly at temperatures no higher than 1000◦C, which restricts their high
temperature applications [3]. However, few research efforts are made on refractory metamaterials
till now [4].
As a meaningful start, we reported a refractory metamaterial optical absorber for high tem-
perature of more than 1000◦C in solar thermophotovotaics. The broadband and polarization
independent metamaterial absorber uses a plasmonic material of Titanium Nitride (TiN) instead
of traditional noble metals. We measured an absorption of more than 95% in average over the
entire visible spectrum (400–800 nm). The high temperature stability of the metamaterial is
demonstrated experimentally. Our investigation suggests that TiN, which exhibits lower plas-
monic resonant frequency and higher thermal stability than noble metals, and merges the benefits
of better impedance match from bulk plasmon and losses caused by localized surface plasmon, is
more favorable in broadband optical absorption.
In microwave regime, we proposed a rafractory metamaterial made of titanium boride (TiB2) and
alumina (Al2O3). Without the help of plasmonic resonance, the metamaterial absorber achieved
a nearly perfect absorption through standing wave resonance at X band with a thickness of
less than 1mm at 1000◦C. The absorption changes from around 40% to 99% with temperature
rising from room temperature to 800◦C. These features enable the metamaterial to be used in
temperature sensing and hyper sonic aircraft stealth applications.
These two works extended the metamaterial research to high temperature and opened a path
to the application of ultrathin broadband absorbers in various high temperature applications
sincluding solar thermophotovoltaics (STPV).
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Enhancement of Polarizabilities of Cylinders with Cylinder-slab
Resonances
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Abstract— If an object is very small in size compared with the wavelength of light, it does not
scatter light efficiently. It is hence difficult to detect a very small object with light. Meanwhile, a
superlens type metamaterial slab is impedance matched with background, so it is also difficult to
detect with light. However, the effective polarizability of a small cylinder can be greatly enhanced
by coupling it with a superlens type metamaterial slab and this is shownusing analytic theory as
well as full wave numerical calculations. This kind of enhancement is not due to the individual
resonance of the metamaterial slab, nor due to that of the object, but is caused by a collective
resonant mode of the cylinder and the slab. The enhancement ratio is limited by factors such as
the absorption of the metamaterial slab and the cylinder, and the radius of the cylinder relative to
the wavelength of light. The condition of this hybrid resonance mode is derived using an analytic
model where we only consider the monopole moment of the cylinder. The analytically derived
condition is confirmed with full wave simulations. We find that this type of particle-slab resonance
is actually closely related to the reverse effect known in the literature as “cloaking by anomalous
resonance” which can make a small cylinder undetectable. We also show that the enhancement of
effective polarizability of the cylinder can lead to strongly enhanced electromagnetic forces that
can be attractive or repulsive, depending on the material properties of the cylinder.As the force
enhancement is quite strong (four orders of magnitude) at the resonance condition, the system
can behave as a light-enabled “force shield”, where the energy barrier as the particle approach
(or recede from) the slab is significant.
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Quantum Dot Optical Frequency Comb Laser (QD-FCL) for
Simultaneous Multiple-wavelength Peak Generation

Naokatsu Yamamoto, Kouichi Akahane, Toshimasa Umezawa, and Tetsuya Kawanishi
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4-2-1 Nukui-Kita, Koganei, Tokyo 184-8795, Japan

Abstract— High-capacity and high-speed photonic networking and device technologies are es-
sential for constructing advanced metro/access network systems. Additionally, radio-over-fiber
(RoF) systems and short-reach interconnections and/or data center networks require a large
number of channels for their many port-to-port connections. Solutions that satisfy these require-
ments incorporate two technical components to increase the operational optical frequency range:
alternative wavebands and ultrabroadband photonic devices and materials. As an alternative
waveband application, we have proposed the use of T and O bands (T band: 1000–1260 nm;
O band: 1260–1360 nm) because large optical frequency resources (> 70 THz) can be employed
to obtain many wavelength channels in these wavebands. A semiconductor quantum dot (QD)
structure is a potential candidate as an optical gain material for high-performance and ultra-
broadband photonic ICT devices. The QD nanostructures also have interesting optical gain
properties based on the discrete energy state of carriers, which are confined in the QDs, as shown
in Fig. 1(a). By using these discrete optical gain properties of QDs, we successfully developed
a QD optical frequency comb laser (QD-FCL) as a novel functional wavelength division multi-
plexing (WDM) light source, as shown in Fig. 1(b), for stable generation of multiple-wavelength
peaks from single and compact QD gain chips. Fig. 1(c) shows typical multiple-wavelength peak
generation in the T + O band with a stable optical power characteristic. It is clearly demon-
strated that five-wavelength peaks can be obtained from a single QD device. We also successfully
demonstrated error-free optical data transmissions using the developed QD-FCL as a multiple-
wavelength optical carrier generator.
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Figure 1: (a) Atomic force microscope image of the InAs/InGaAs QD structure (1µm2) using the SSNS
technique, and schematic of discrete optical gain properties of QDs for each wavelength. (b) Optical setup
of the QD-FCL using an external-cavity structure. (c) Stable multiple-wavelength peak generation using the
QD-FCL device.
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Broadband High Efficiency Asymmetric Transmission of Achiral
Metamaterials
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Abstract— Asymmetric transmission (AT) effect has attracted great interest in recent years,
due to its potential application in integrated photonics from GHz to optical frequency. To
realize AT effect, numerous metamaterials have been proposed, mainly based on the chirality
of the structure. In this paper, we demonstrate that achiral metamaterials can also have AT
effect. Furthermore, it is shown that modal conversion is more essential than chirality to achieve
AT effect. In particular, we have proposed a mirror symmetric metamaterial with broadband
high efficiency AT effect for circular polarization wave operating at THz region. With further
optimization of the unit cell, > 80% of the central frequency bandwidth and average 74.05
(maximum 150) transmission ratio can be obtained. The idea demonstrated here can also be
applied to other frequency regions and the development of linear polarization devices.
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Analysis of EM Shielding Effectiveness of CNT Films Based on
TEM Cell Electric and Magnetic Coupling Fields
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Abstract— In this paper, we evaluated the electromagnetic (EM) shielding effectivenesses
(SEs) on various CNT-based films which are prepared with deposits densities and thicknesses
of the carbon nanotubes (CNTs) films. The test environment based on a TEM cell is adapted
for a comparison of the standard ASTM test and the near-field test using electric and magnetic
coupling fields and differences of CNT films’ SEs on electric field and magnetic field according to
near end or far-end tests by the rotations of a microstrip patch antenna as a DUT. In addition,
the effect of CNT’s composites and their film thickness on the SEs are investigated with TEM
cell electric and magnetic field coupling to the DUT.
Figure 1 shows the test environment and measured EM SEs according to composites and thick-
nesses of CNT films. The antenna as an EM source is devised with a 2-layers PCB and the test
repeats four times in the 0, 90, 180, and 270 degrees. The SEs are calculated with the equations
as follows, SE [dB] = P1 [dBm]−P2 [dBm] where P1 and P2 mean the transmitted power without
and with that of CNT-film shielding, respectively. Measured SEs shows that EM powers are more
reduced with increasing CNT composites than film thickness. Also a comparison of the standard
ASTM test and the near-field test at the antenna rotation of 90 degree shows similar measured
results. The tests with 0 or 180 degrees, however, show the different results between those of
ASTM tests and the near-field test. The measured SEs of CNT films at 0 and 180 degrees are
very lower levels than those of 90 and 270 degrees because the eddy currents on CNT films give
the additional magnetic coupling effect. The 4 rotated test results can be explained as CNT films
don’t effectively prevent magnetic fields but CNT films can reduce electric fields. Also, the SE
characteristics of CNT films are changed according to CNT composites and maximized SE peak
points moves low frequency to high frequency as the CNT composites are increasing. The SE
levels are changed, but the maximized SE peak doesn’t change according to thicknesses of CNT
films.
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Figure 1: Test Environrmnt and measured EM SEs according to densities and thicknesses of CNT films at
antenna rotation of 90 degree..
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Abstract— Molding the electromagnetic features of spatially propagating waves or the prop-
agating surface waves is considerable important due to its significant importance for scientific
exploration and technological advancement. Photonic crystals and metamaterials are the typical
candidates to tailor the photonic dispersions by introducing, respectively, the wavelength-scale
periodic structures and the subwavelength resonant building blocks. A great quantity of exotic
phenomena and potential applications are realized based on the concept of photnic crystals and
metamaterials. Nonetheless, due to the size mismatch of the photonic crystals based circuits and
the electronic integrated circuits, an inevitable deficiency comes into appearance for the integra-
tion compatibility of photonics and electronics. Although metamaterials can manipulate photons
at subwavelength scale, the loss is still an inherent disadvantage owing to the resonating nature
of the building blocks.
The recent emerging “flat optics” offers an alternative way in engineering optical components,
which is capable of circumventing the essential issues obstructing the development of PCs and
metamaterials such as strong loss, high cost, and even integration compatibility. It enables full
control of the electromagnetic waves via engineering the amplitude, phase, and polarization of
photons. In this presentation, we provide a newly designed gradient metasurface made of fer-
rite materials, quite different from the previous design with dielectric and metallic composite
structures. Due to the time reversal symmetry breaking nature of the magnetic system under an
external magnetic field, unidirectional magnetic surface plasmon can be excited, resulting in the
construction of gradient magnetic plasmonic metasurfaces (GMPMS). We demonstrate that a re-
markably enhanced unidirectional coupling of a Gaussian beam to the GMPMS with the coupling
efficiency about 80 percent can be realized. The underlying physics lies in that the dispersion
features can be tailored by optimizing the gradient of the GMPMSs, which strongly reinforces
the interaction between the photons and GMPMSs, resulting in the excitation of unidirectionally
guided edge states.
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Abstract— Metamaterial absorbers (MAs) play an important role in stealth technology in
microwave bands. Although MAs absorbs incident RF power, they usually convert it into the
heat which might be a disadvantage for counter-measurement against remote thermal imaging
systems. In this study, we present the design, simulation, fabrication and RF/thermal imaging
measurement of a narrowband MA absorber in the microwave region. MA consists of a two
dimensional periodic array of a well-known metallic split ring resonator (SRR) and a ground
plane separated by a dielectric layer. It is found that the RF simulation results are in good
agreement with the measurements such that near-perfect absorption occurs at 4.75GHz when
the incident electric field vector is perpendicular to the SRR gaps. On the other hand, near-zero
absorption is obtained when the incident electric field vector is parallel to the gaps. Thermal
imaging of these two cases are carried out using a commercial thermal imager which has a
longwave infrared sensor between 8–12µm wavelengths. Surface temperature map of the MA are
extracted from the recorded thermal images of the MA at these two cases. It is shown that a
slight temperature difference happens with respect to the ambient temperature for the MA of
the near-perfect absorption whereas the MA of the near-zero absorption has zero temperature
difference. Physical mechanisms of the RF absorption and the RF induced heat loss are explained
using further electromagnetic numerical simulations and heat transfer model. Results are going
to be presented and discussed in the conference paper.
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Abstract— Plasmonic modulators and switches have attracted considerable attention because
they offer ultra-compact size in the order of a few micrometers, high speed with bandwidths in
the order of THz and potentially low power consumption in the order of a few fJ/bit. However,
the debate as of which concept is most efficient is ongoing and it ultimately might depend on
the application as of what concept might be most advantageous. In this review we shed light on
some of the recent findings and try to categorize the various mechanisms.
An ideal optical switch should feature a small footprint, offer high speed operation and operate
with the least possible power consumption. However, to this day, optical switches have relatively
large footprints compared to λ and are not really power efficient nor can they achieve THz
bandwidths.
More recently, plasmonics has emerged as a potential solution to some of those issues [1–10].
Plasmonic waves can be confined to sub 100 nm2 dimensions, which offers a way to build devices
with footprints of µm2 and to take advantage of strong nonlinearities that are a direct consequence
of the ultra-compact confinement. More recently the first high-speed plasmonic devices have
emerged [11, 12].
In this paper we review waveguide structures and concepts to build optical modulators. We will
discuss plasmonic devices based on the thermo-plasmonic effect [1], the free carrier dispersion
effect [8, 13, 14], the Pockels effect [11, 12, 15], the phase-change effect [16–18] and the electro-
chemical metallization effect [19, 20]. We will then compare them with respect to speed, power
efficiency and footprint.
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Abstract— Recent research reveals that elaborately controlling microstructure coupling effect
between neighboring elements enables metamaterial to exhibit not only frequency shift but also
an analogy of electromagnetically induced transparency (EIT) of classical quantum effect of
atomic system. To resemble classical quantum behaviour, various metamaterial based approaches
including “trapped mode” and destructive interference between bright and dark (superradiant or
subradiant) resonators were developed.
In the first part, we investigated coupling effect of asymmetric SRR metamaterial dimer whose
elements differ from magnetic resonance frequency. An electromagnetically induced transparency
(EIT)-like transmission spectrum with one transparency peak located between two dips is ob-
served. Due to interplaying effect between asymmetric SRRs, a steep normal phase occurs,
resulting in an enhancement of group delay with respect to SRR alone. Furthermore, local field
demonstrates a suppressed mode formed by opposite local magnetic dipoles of two SRRs can
explain the underlying physics.
To produce different dissipation loss between magnetic resonance elements, barium strontium
titanate (BST) and calcium titanate (CaTiO3) are chosen as the bright and dark EIT resonators,
respectively, due to their different intrinsic dielectric loss. Under incident magnetic field excita-
tion, dielectric metamaterial exhibits an EIT-type transparency window which is accompanied
by abrupt change of transmission phase.
At last, instead of electromagnetically induced transparency, analogy effect of electromagnetically
induced absorption (EIA) will be addressed. An EIA effect is observed inside a metal/dielectric
hybrid microstructure. Meanwhile, an enhanced group delay of more than 20 ns for X band is
verified experimentally and numerically.
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Analog Multiplexer with an Improved High Linearity Bootstrapped
Switch for Multi-channel Neural Signal Recording

Feng Yuan1, Zhi-Gong Wang2, Xiao-Ying Lü2, and Yu-Feng Guo1

1College of Electronic Science and Engineering
Nanjing University of Posts and Telecommunications, Nanjing 210023, China

2Southeast University, Nanjing, China

Abstract— The acquisition of neural signals has received significant interest from the neuro-
science research community very recently. Usually, the micro-electrode array is used to acquire
electric signals from neurons and transmits them to multichannel micro-electronic recording sys-
tems for amplify, filter, and digitization. Since the number of the electrodes should be affirma-
tively much larger than the number of recording channels, the multiplexer is necessary in such
systems. An analog integrated multiplexer and a bootstrapped switch as an indispensable ele-
ment for the input analog interface of multi-channel neural signal recording system in a 0.5µm
CMOS process is presented in this situation. Considerable attention is paid to low distortion
performance of the multiplexer as it is the importance part delivering the amplified neural sig-
nals to the analog to digital converters. However, most switches suffer from the distortion of
passing signals from the non-ideality of the MOS transistor. Bootstrapped switch is attractive
as a circuit technique to alleviate the poor conduction and varying on-resistance of many tra-
ditional switches such as single MOS transistor switch or complementary MOS transistors pair
switch. In this article, the bootstrapped switch is improved to suit the specific environment,
which satisfies the requirements of constant clock feed-through, constant charge injection, and
compensation for body-effect. Meanwhile, the switch remains the practicability for less increase
in complexity. An exemplary 4-channels analog multiplexer is constructed based on the proposed
bootstrapped switch for verifying the effectiveness of the optimization. Analysis and discussion
follows the simulation results, which show a higher linearity comparing the proposed switch to
the conventional bootstrapped switches.
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Abstract— High-speed (GSps), medium-resolution (6∼8 b) analog-to-digital converters (ADCs)
are essential in realizing multi-Gbps communication systems. They are also required in some
other applications, including radar, satellite, and test instruments. However, increased devices
mismatch, decreased supply voltage prevent current GSps single-channel CMOS converters from
being extended to 8-bit. Flash- and folding-ADCs are the primary candidates for GSps appli-
cations due to high conversion speed and low latency. As the flash architecture requires 2N − 1
comparators for N bits of resolution, resulting in area and power costs, folding-ADC becomes the
best choice as it can simplify the circuit while maintaining the same conversion speed as flash.
A single channel 2 GSps, 8 bit folding and interpolation (F&I) ADC with digital assisted calibra-
tion designed in TSMC 90 nm CMOS technology was presented in this paper. The ADC utilized
cascaded folding architecture, which incorporated an additional inter-stage sample-and-hold am-
plifier between the folding circuits to enhance the quantization time. A pipelined track-and-hold
amplifier (THA) with bootstrapped switch was taken as the front-end THA. To improve the
stability of THA’s hold-mode voltage, the sub-threshold charging problem was found and the
improved pre-amplifier was taken instead of the normal one. The foreground digital assisted cali-
bration was also employed in this design to correct the error of zero-crossing point, thus to improve
the linearity of the ADC. Chip area of the whole ADC including all pads is 930µm × 930 µm.
Post simulation results demonstrate that under a single supply of 1.2 Volts, the ADC costumes
210mW. For the clock of 2GHz, the signal to noise and distortion ratio (SNDR) is 45.93 dB for
Nyquist input signal frequency.
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10 bit 100 MS/s SAR ADC with Reduced Loop Delay

Dong Li1, Qiao Meng1, Linfeng Wang1, Yi Zhang2, and Wenwei He1
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Abstract— This paper proposes a novel logic control scheme to reduce successive approxima-
tion (SA) loop delay of the successive approximation register (SAR) analog-to-digital (ADC). The
propagation delay in the SA loop is one of the dominant speed limiting factors, it can be reduced
to improve the conversion operation of the SAR ADC. The key path of the SA loop is from the
start of the comparison to the completely settlement of the DAC. In the proposed SAR ADC,
the regeneration of the comparator and the operation of the shift register and the switch-driving
register (SDR) are simultaneous. When the comparator control clock (CLKC) triggers the com-
parator to be in regeneration phase, it also triggers the shift register to generate multi-phase
clocks for SDR. Then the SDR is turned on. Thus, the comparison results of the comparator
are directly transmitted to determine charging or discharging the DAC capacitor array before
the next comparison without waiting for the completion of the comparison. Compared with the
conventional SAR ADC, the valid signal of the proposed technique is only used to pull-down the
corresponding-phase clock to low and is not in the key timing path. So the propagation delay of
the key path of the SA loop is shortened in the proposed SAR ADC. In addition, a novel SDR
is proposed to further improve the conversion speed. The input of the SDR is the output of the
comparator. During the sample phase of the DAC, the output of the SDR is reset to low. The
proposed SAR ADC is realized in 90 nm CMOS process. With the proposed logic control scheme
and SDR, the proposed SAR ADC achieves high conversion rate, low power, leading to SNDR
of 59 dB and SFDR of 72.6 dB at 100 MS/s with 49.7MHz input. The figure-of-merit (FoM) is
39.1 fJ/conversion-rate at 100 MS/s with a power consumption of 2.87 mW.
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High Speed Pipelined ADC Uses Loading-balanced Architecture
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Abstract— Applications such as wireless sensor networks, image recognition and medical in-
strumentation require high-speed high resolution and low power consumption analog to digital
converters (ADCs). Moreover the trend of system on a chip (SoC) based on advanced VLSI
technology requires lower power consumption. Pipelined ADC has been widely used in these
fields because it achieves a good compromise between speed, accuracy and power consumption.
Pipelined ADC also has the advantage of much wider effective-bandwidth performance, because
it can realize single-path sampling of the signal.
Because the speed and resolution of the pipelined ADC is in proportional to the hardware cost
and power consumption, so many circuit techniques such as sample-and-hold Amplifier (SHA)-
less front end, op-amp sharing, capacitor sharing and scaling down capacitor values through the
pipeline have been developed in order to reduce the power consumption.
In this work, a prototype of 10 bit 200MS/s pipelined ADC with loading-balance architecture
is developed, the circuit consists of eight 1.5 bit stages and a 2 bit backend flash. It uses one
op-amp less than the traditional ADC for using SHA-less architecture. The number of op-amp is
reduced from 8 to 4 for op-amp sharing technique is used, the capacitor load of the first stage is
reduced equal to the second stage for capacitor sharing technique, the non-standard inter-stage
gain makes the feedback factor of the first stage increased equal to the second stage. So the load
of op-amp shared by the first two stages is balanced. The load capacitor and feedback factor of
the third and fourth stage are the same. The fifth to eight stage is the same as the third and
fourth stage. From the system view, all the loads of the OTAs shared are balanced. The design
power optimized.
The ADC is implemented in TSMC 0.18 µm 1P6M CMOS process. The power voltage is 1.8 V,
The simulation results show 57.7 dB SNDR and 61.13 dB SFDR, ENOB = 9.3 with an 98 MHz
input operating at a 200MS/s sampling rate, the power consumption is 152 mV, the layout area
is 1.2mm× 1.2mm.
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A 30-GHz Low Phase Noise LC VCO and Frequency Divider in
90-nm CMOS Technology

Junliang Wang, Zhigong Wang, Jian Xu, and Yan Wen
Institute of RF- & OE-ICs, Southeast University, Sipailou 2, Nanjing 210096, China

Abstract— The large wide bandwidth around microwave frequency for high transmission data
rate of multi gigabit per second is very attractive in both academic and industry. In China, the
59 ∼ 64GHz frequency band was assigned for these applications, and recently a 45-GHz band
of Q-band was developed to support both long-range and short range high data rate wireless
communications. More and more up-coming frequency bands are posing the urgent needs and
challenges of microwave chip designing.
In a typical double-conversion low intermediate frequency receiver architecture for the 45-GHz
applications, considering a first intermediate frequency (IF) of 15 GHz and a low second inter-
mediate frequency, two local oscillator (LO) signals can be generated by a 30-GHz LC voltage
control oscillator (LC-VCO) and its divided-by-two frequency divider. This paper presents the
design of a 30-GHz narrow-band VCO and its high speed divider using a standard 90-nm CMOS
process. Two drain resistors are adopted in the VCO to suppress the flicker noise up-conversion.
For the 30-GHz LC-VCO, a single PMOS cross-coupled architecture is implemented. To suppress
the flicker noise up-conversion, two small resistors are inserted in series to the drain of the cross-
coupled MOSFETs. This method avoids the degradation of the start-up margin which is the
start-up transconductance of the MOSFET, and makes the circuit reach remarkable phase noise
suppression. Two sets of varators with different DC biasing are adopted in the VCO to make
the KVCO more linear. The simulated tuning range of the VCO covers from 28.7 to 32.4 GHz in
four tuning curves. The simulated output phase noise at offsets of 10 kHz, 100 kHz and 1 MHz is
−50, −78, and −104 dBc/Hz, respectively. The power consumption of the VCO is 9mW under
a 1.2 V power supply.
A current mode logic (CML) divide-by-two module is designed to operate at 28 to 32GHz.
The tail current is removed to make sure the divider can work under a 1.2 V power supply. The
simulated operating range of the divider covers from 22 to 40 GHz and the self-resonant frequency
is set to 32 GHz.
The layout area of the proposed schematics is 609× 497 µm2. The VCO operates at the supply
voltage of 1.2 V and consumed an average current of 7.5 mA and the divider consumed an average
current of 3.3 mA under the same supply voltage.
The paper is organized as follows: Section 1 is the introduction of the recent development of
microwave wireless communications. Section 2 presents the VCO architecture and the phase
noise enhanced technology. The CML based divider structure and its operation are describe
in Section 3. Simulation results and conclusion are provided in Sections 4, 5, along with a
comparison of the presented work with other recent works.
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A 45-GHz CMOS Low-power LNA Using Active Feedback
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Abstract— In recent years, millimeter-wave (MMW) circuits have been studied widely for its
capability of high data rate communication. Q-LINKPAN which has been included in IEEE
802.11aj (45 GHz) Task Group is a newly proposed communication standard working within the
40∼50GHz. A low noise amplifier (LNA) that provides good noise performance, good matching
and enough gain is necessary in MMW receiver.
The development of deep submicrometer CMOS process makes it possible to implement a CMOS
MMW LNA. Therefore, a 45GHz low power MMW low noise amplifier (LNA) using a 40-nm
CMOS process is presented in this paper. The resistive feedback and active feedback structures
are widely used in wideband LNA. The transconductance of the transistor in resistive feedback
LNA is restricted to 20 mS which is not large enough for better noise performance. So the active
feedback structure for excellent input matching is adopted in the first stage of the proposed 3-
stage LNA. The output matching employs an L-type matching network and a cascode structure
is adopted in the third stage for better reverse isolation.
Simulations have been carried out using Cadence Spectrer. It shows that both S11 and S22 are
less than −18 dB at 45GHz. The die area of the layout is 0.78mm × 0.7 mm. The LNA consumes
18.7mW under a 1.1-V voltage supply, achieving an maximum S21 of 17.9 dB through the −3 dB
frequency band of 41.5∼49GHz. Compared to several recently published MMW LNAs, this work
consumes the least power. The minimum NF is 5.7 dB at 42.5GHz. The simulation results show
that the proposed LNA is promising for the Q-LINKPAN application.
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Operation Regions
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Abstract— When Radio Frequency (RF) interference is superimposed at the terminals of the
Metal Oxide Semiconductor (MOS) transistor, various susceptibility effects take place depending
on RF power level, frequency and the operation region of the transistor. Due to the nonlinearity of
the MOS current-voltage characteristics, RF excitations cause distorted drain current waveform
which leads to a bias point shift. This modification of the average of the drain current called
the rectification effect is discussed. An analytic formulation of the bias point shift has initially
been proposed by Richardson, but only for a saturation region of the transistor. This paper
presents a global study of the rectification effect for all transistor regions of inversion (saturation,
nonsaturation and linear).
Traditionally, the semi-empiric modeling procedure is based on a one variable Taylor series ex-
pansion of the gate voltage-drain current characteristic ID = f(VGS), when the transistor is in
the saturated operating mode. If a microwave voltage is applied at the gate there is a small
increase in drain current. In this operating mode the increase in drain current is proportional
to the variation in transconductance with gate voltage, and the square of the microwave voltage
amplitude. The average of the drain current is given by: ∆ID = V 2

GS

4
∂gm

∂VGS
.

When the transistor is in the nonsaturation and linear operating modes, a one variable Taylor
series expansion is not enough to predict the drain current rectification. The output conductance
becomes an important nonlinear source and must be included in the calculation of the rectified
current. So we use a two variables Taylor series expansion of the gate voltage-drain current and
the drain voltage-drain current characteristics ID = f(VGS , VDS). In these operating modes if
a microwave voltage is applied at the gate there is a small decrease in drain current and its
average value can be expressed as: ∆ID = V 2

GS

4
∂gm

∂VGS
+ V 2

DS

4
∂gd

∂VGS
+ 1

2VGSVDSgmd cosϕ. The
transconductance, the conductance and the cross terms were extracted experimentally from the
characteristics ID = f(VGS) and ID = f(VDS). The derivatives of these terms are then computed
numerically. Our semi-empiric model which predicts the average drain current under RFI (Radio
Frequency Interference) takes into account of the transconductance and conductance nonlinearity.
In fact in the linear or nonsaturation regions of the transistor, the conductance can vary strongly
with bias voltages (VGS , VDS). Our model is limited by the RF voltage amplitude applied at
the gate and the frequency of the RFI. Experiments on a commercial MOS transistor have been
conducted. Drain current shifts in all transistor regions of inversion have been measured and
calculated. Theirs comparisons have shown a very good agreement until RF voltage amplitudes
about 4V and RFI frequencies of 500 MHz.
Finally this model could be used to predict effects of high-power microwave (HPM) coupling on
digital MOS circuit.
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Abstract— In this paper, a compact wideband vertical transition from substrate integrated
waveguide (SIW) to WR12 rectangular waveguide at E-band (77 GHz) is presented. SIW, as
a planar and low profile type of waveguide, has received much attention in recent years and
various kinds of microwave and millimeter-wave integrated circuits such as antenna, couplers and
filters have been realized in this structure. The advantages of SIW are low-loss, low radiation, low
profile, simple fabrication, small size, and compactness compared to standard air filled waveguide.
However, classical waveguide (RWG), which has better power handling compared with SIW
techniques, is still an important transmission line in microwave and millimeter wave circuit design,
and a large number of commercial and existing products are in waveguide format. Moreover,
RWD is especially more suitable for building complicated 3D feeding structure and is more rigid.
So, it is necessary to develop various kind of transition between planar SIW and rectangular
waveguides.
In the vertical transition which is designed in this work, a rectangular cavity resonator with closely
metalized via holes is used to connect the SIW and WR12 waveguide. The energy between SIW
and RW12 is coupled through the slot window etched on the board wall of the rectangular SIW
cavity resonator. In this transition, the substrate of SIW can be easily surface-mounted to the
standard flange of the waveguide; so the proposed component has a simple mechanical alignment.
Moreover, the proposed SIW to RW transition can be easily realized and integrated with standard
double-sided PCB technologies.
Commercial full-wave HFSS software is used for the design and simulation. The simulation
results of designed transition show that the return loss remain below than −10 dB from 72GHz
to 83 GHz (more than 12%) while this value decrease to below than −15 dB from 73 GHz to
82GHz. Insertion loss on the frequency band is always higher than −1.5 dB, which shows good
electromagnetic power coupling from SIW to WR12. The simplicity and compact size of the
designed transition is attractive for development of millimeter- wave circuits and measurements.
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Abstract— A radio interferometer system operating at 12 GHz for educations and possibly
for research is developed. The commercial components are usually used for satisfying a low
cost strategy, and the driving system is made to resist the strong wind, because the installation
site is located near the seaside. The interferometer system consists of three off-axis parabola
antennas, whose diameter is 1.8m. The baselines between antennas are about 4 m, 19 m, and
20m, so about 4’ resolution can be acquired. The baseline vectors are accurately measured by
using a theodolite, a light wave distance measurement, and GPS (Global Positioning System).
The center frequency of the receivers is 12.177 GHz, and the bandwidth is 6 MHz. The receiver is
able to observe the methanol line (12.178 GHz) and continuum from the Sun, the Moon, and the
Galactic plane. The signals of each receiver are sampled and quantized by the AD convertor, and
then software correlation is conducted with the developed parallel process program. The used
libraries for software correlation are Fastest Fourier Transform in the West (FFTW), CompuScope
Software Development Kit (SDK) of Gage Instrument, and Open Multi-Processing (OpenMP).
We succeeded in finding fringes toward the Sun, Moon, Crab Nebula, and Cassiopeia A. By using
a Nobeyama solar radio image taken at 17 GHz with a bright spot at the center of solar disk, we
tried to calibrate uncertainties involving signal cable length, but it was found to be only partially
successful. In order to make images of celestial objects, more careful treatment seems necessary
with the use of phase calibrators or with a method similar to self-calibration without the phase
calibrator.
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A Varactor-based Tunable Microstrip Band Pass Filter

M. Y. Abou Shahine1, M. Al-Husseini2, Y. Nasser1, and K. Y. Kabalan1

1American University of Beirut, Beirut 1107 2020, Lebanon
2Lebanese Center for Studies and Research, Beirut 2030 8303, Lebanon

Abstract— Broadband wireless access communication systems are undergoing a rapid expand-
ing growth. Such systems employ RF filters in their transceivers. Therefore, there is an increasing
demand for low cost and compact size filters. Tunability of these filters is a required feature in
these multi-standard communication systems, as it allows them to tune to several frequencies
and operate for different applications.
A simple tunable microstrip band pass filter is presented in this paper. The basic configuration
of this filter is shown in Fig. 1. A simple microstrip line is designed on a 40 mm× 20 mm Rogers
RO3203 substrate with dielectric constant of 3.02 and thickness h = 1.6 mm over a full ground
plane. The filter is based on a T-shaped slot incorporated in the microstrip line between a pair
of gaps. The slot itself has bandstop characteristics, but the two gaps which act as capacitors
transform the bandstop into bandpass operation. The designed filter operates in the frequency
band from 1.8 to 3 GHz. Frequency tunability is obtained by inserting a varactor in the design
as indicated in Fig. 1 and modifying its capacitance using the shown DC bias lines. The size of
the varactor is compatible with the design and its capacitance ranges between 0.6 and 71 pF.
Figure 2 shows the reflection coefficient plots for different capacitance values of the varactor. As
shown, frequency tunability is achieved and the filter can operate on different frequencies in the
1.8–3GHz band corresponding to different applications such as LTE, UMTS, WiFi, and others.
Detailed and verified results will be included in the full paper.

Figure 1: Microstrip filter configuration.

Figure 2: Simulated reflection coefficients for different capacitance values.
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A Simple Digital Predistortion Architecture for Beamforming
Transmitter

Yasushi Yamao1, Toshiki Hamanaka1, Yuelin Ma1, Koki Tanji2, and Eiichiro Otobe2

1The University of Electro-Communications, Japan
2Samsung R & D Institute, Japan

Abstract— Beamforming (BF) signal transmission using SHF band is a promising scheme for
enhancing the bandwidth and capacity of 5G mobile communications. Since antenna elements
are smaller for SHF, a BF antenna can be composed of a large number of antenna elements. Al-
though it realizes high performance, the same numbers of power amplifiers (PAs) are necessary.
In order to suppress outband radiation caused by nonlinear distortion of PAs, a digital predis-
tortion (DPD) technique should be employed. This paper proposes a simple DPD architecture
for beamforming transmitters that uses only one common digital predistorter for multiple PAs.
Fig. 1 shows the proposed DPD architecture. The predistorter output is divided into necessary
numbers for beam forming and they are modulated by different phases and then input to PAs.
The multiple feedback paths from PA outputs are combined after removing the phase shifts for
beam forming and then digitized by single analog-digital converter (ADC). The concern about
the architecture is sensitivity against deviations of PA nonlinearity characteristics. The following
Saleh’s PA behavior model has been employed for analyzing this issue.

y =
ax√

1 + b|x|2 exp

(
j

c|x|2√
1 + d|x|2

)
(1)

By shifting parameters a, b, c, d in the model, sensitivity of the proposed DPD architecture has
been simulated. Fig. 2 shows AM-AM conversion characteristics of four antenna BF transmitter
when the linear gain parameter a is deviated among four PAs. With the DPD, AM-AM char-
acteristics for all PAs are successfully linearized. On the other hand, when the phase conversion

Figure 1: Proposed BF DPD architec-
ture.

Figure 2: Input/output con-
version characteristics when
the linear gain has a deviation.

Figure 3: Input/output con-
version characteristics when
the phase shift gain has a de-
viation.

(a) (b)

Figure 4: PA output spectra with deviation of PA parameter for (a) linear gain deviation, (b) phase shift
gain deviation.
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gain parameter c is deviated, only the average phase shift among four PAs is compensated as
shown in Fig. 3. The corresponding power spectra output from PAs are presented in Figs. 4(a)
and (b). Outband radiation is perfectly suppressed when the parameter a is deviated. However,
outband radiation is not perfect when the parameter c is deviated.
In conclusion, the proposed DPD architecture is effective to linearize BF transmitter with reduced
circuit size and cost, while the deviation of AM-PM conversion characteristics for PAs needs to
be controlled.
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An Optimized Opamp-sharing in 2nd Order ∆Σ Modulator Based
on Changing the Stages Output Capacitance Timing Strategy

M. Sabaghi1, M. Dashtbayazi2, and S. Marjani1, 2

1Laser and Optics Research School
Nuclear Science and Technology Research Institute (NSTRI), Tehran, Iran

2Department of Electrical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran

Abstract—
Application of ∆Σ Modulators in Power Electronics: An application of delta-sigma mod-
ulators is the Control loop of the DC-DC Switching Converters that tabernacle with PWM
generators and decreases the ripple and noise of the DC-DC converters [1].
The Proposed Opamp-sharing Idea: In this paper, an opamp-sharing technic discussed that
made the delta-sigma modulator with two loop-filters and one opamp. In this structure, the
opamp moved from stage1 (loop filter1) to stage2 (loop filter2) and conversely. Furthermore one
opamp saved that causes power dissipation and area is minimized by factor2. In phase1, opamp
presented in the integrator1 (stage1) and in phase2, the opamp presented in other integrator. In
the loop filter1, noise once shaped and in loop filter2, noise twice shaped than the stage2 requires
fewer output capacitance in the switch capacitor integrator structure and it must have been less
pulse-width (i.e., phase2 pulse-width according to Fig. 1) rather than stage1. Therefore, the
sampling frequency is maximized and the harmonic distortion is minimized with this technic.
Since the pulse-width designed according to integrator output capacitance and opamp conditions
in two stages not changed, the harmonic distortion is minimized.
According to Fig. 1, the pulse-width dedicated to stage2 is less than stage1 and the phases are
madding from the clock signal with very high frequency rather than two phases.
The proposed integrator structure shown in Fig. 2. In this structure, the opamp only required
in one phase and it can move to other stages. According to Fig. 2 based on [2], in the phase
Φ1a, the integrator sampled the input signal on the sampling capacitor (CS) and in the phase
Φ1b, the integrator transfer the electric load from sampling capacitor to integrator capacitor (Cf )
and conversely. Therefore the opamp not require been in the integrator structure at phase2 and
moved to other integrator.

Clk

Phase1

Phase2

Figure 1: Proposed switch-capacitor delta-sigma modulator timing diagram.

Figure 2: Proposed switch-capacitor integrator in
phase1 (Φ1).

Figure 3: Proposed 2nd order delta-sigma modula-
tor block diagram.

Table 1: Simulation results for the proposed 2nd order ∆Σ at 1.2 v power supply.

fBW (Hz) SNDR(dB) Power (µw) FoM (fJ/s-c)
10 k 80.7 69.2 392.2
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Table 2: Simulation results for the proposed 2nd order ∆Σ at different process corners.

Parameters T ·T S · S S · F F · S F · F
fBW (Hz) 10 k 10 k 10 k 10 k 10 k

SNDR (dB) 80.66 81.85 78.70 80.21 78.23
ENOB (bit) 13.11 13.30 12.78 13.03 12.70
FoM (fJ/s-c) 392.25 295.79 540.16 385.39 648.44

Simulation Results: In this paper, the proposed block diagram in Fig. 3 is simulated. Ac-
cording to Fig. 3, the opamp has been in stage1 at phase1 (Φ1) and the opamp has been in the
other stage at phase2 (Φ2). The output capacitance of the stage1 is about six times than stage2.
Therefore, the pulse-width for stage1 is about six times other stage.
The Proposed idea simulated at the 130 nm CMOS model and the simulation results presented
at the Table 1. Also, Table 2 shows the simulation results in the process corners.
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A 4MHz-10-GHz, 10-ps/dec Dynamic Comparator Using Negative
Resistance Combined with CMOS Input Pair

M. Dashtbayazi1, S. Marjani1, 2, and M. Sabaghi2

1Department of Electrical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran
2Laser and Optics Research School

Nuclear Science and Technology Research Institute (NSTRI), Tehran, Iran

Abstract—
Application of Comparator in Power Electronics:

An application of comparators is in the Control loop of the DC-DC Switching Converters. In the
loop of DC-DC Switching Converters, PWM generators uses comparator that compare Triangular
wave with the difference DC-DC output voltage and reference voltage.
Proposed Dynamic Comparator:

A. Structure:
The comparator is consists of two parts that namely pre-amplifier and latch These parts operate
in the same phase. Therefore, comparator can pull the latch. The pre-amplifier output nodes up
to the power supply voltage level in the second phase. Also in this phase, the comparator offset
can be cancelled [1, 2]. Consequently in this paper, the comparator offset effect has not been
considered. Fig. 1 shows the Schematics of circuit diagram that has been used in simulations and
has been obtained from [3] with adding Q2 and Q4, thus a dual rail pre-amplifier is achieved.
Two CMOS inverters have been used to supply capacitive loads for decreasing the loading effect
on the comparator output. The comparator consumes dynamic power Because the comparator
consists of dynamic latch and pre-amplifier [4].
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VDD VDD

Vin+

Clk
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Figure 1: Schematics of the dynamic comparator and CMOS inverters.

B. Transient Behavior:
Figure 2 shows the sketch map of the transient behavior of the dynamic comparator in the
comparison phase. By the switching transistors Q8, Q9, Q12, and Q13 during the reset phase, the
output terminals and the drain side voltages of Q5 and Q6 are all pulled high to VDD, respectively.
The comparison phase begins by turning on the two tail transistors Q7 and Q16. Therefore,
the CMOS input stage transfers the differential small signal to the cross coupled stage. When
the input common mode is lower than the Q1 or Q3 threshold voltage, Q2, Q4 are activating.
Therefore, the dual-rail differential input obtain since they are supplies the preamplifier output.
Based on [5], the comparison transition can be divided into phase 1 to phase 3. During the phase
1, the output terminals are pulled down by two tail transistors Q7 and Q16. Until one of the
two output terminal voltages decreases to (VDD-Vthp), the p-channel transistors Q10 and Q11
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remain cut-off. When the cross-coupled stage composed from Q1, Q3, Q5 and Q6 cannot start,
the Q2 and Q4 activate. Therefore, the speed of proposed idea is more than paper [3]. In order to
enhance the voltage difference between the output terminals, the cross-coupled inverters provide
strong positive feedback in the phase 2. The transition state changes from phase 2 into phase 3
when one of the transistors Q14 and Q15 is cut-off. There is no static power dissipation since
the current flows through these n-channel MOSFETs stop automatically after the transition.
Therefore, the strong positive feedback provided by these two cross-coupled inverters separates
the output voltages. Against paper [3], this design aren’t use from p-wells, thus the cost of
comparator chip is lower.
C. Simulation Results:
In this paper, the proposed comparator (Fig. 1) is simulated and for simulation reliability, the
Post-Layout Simulation (PLS) for layouts in the Fig. 3 is adopted.
The Proposed idea simulated at the 180 nm CMOS model. The post-layout simulation results
versus Sampling Frequency presented at the Table 1.

Figure 2: The sketch map for the
transition behavior of the dynamic
comparator.

Figure 3: Layouts of the dynamic comparator and CMOS inverters.

Table 1: Post-layout simulation results of the proposed comparator versus sampling frequency.

Sampling Frequency (GHz) 0.004 0.01 0.1 1 5 10
Resolution (mv)∗ 27 24 25 27 700 700

Power Supply (v)∗∗ 0.4 0.45 0.55 0.8 1.05 1.8
Power Consumption (µw)∗∗∗ 0.835 2.07 20.7 204.6 795.6 964

∗Resolution calculated at 1.8 V DC power supply.
∗∗Power supply calculated for maximum resolution.
∗∗∗Power consumption calculated at maximum resolution and 1.8 V DC power supply.
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Theoretical and Experimental Study of Tunneling-induced
Optoelectronic Effects in Plasmonic Nanoantennas with
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Abstract— Coulomb coupling between two or more metallic nanoparticles separated by a nar-
row gap introduces great possibilities to tune and optimize the optical response of the whole sys-
tem. When the distance between the different elements of such an optical nanoantenna becomes
nanometric or even subnanometric, however, the well-understood classical behavior is modified
by quantum effects [1–3] such as nonlocal correlations of the electron gas, the spill-out of the
electrons at the metal interface and the electron tunneling current across the gap. In the case
of small systems, these effects can be studied within Time-Dependent Density Functional The-
ory (TDDFT). We recently developed a Quantum Corrected Model (QCM) that allows treating
quantum effects also in large systems [4].

Using TDDFT and the QCM, together with experimental results for subnanometric gaps, we
demonstrate and analyze how electron tunneling can completely modify the optical response of a
plasmonic system, an optoelectronic effect occurring at extreme fast speed and in a nanometric
volume [2, 4, 5]. For gaps limited by spherical surfaces, the charge transfer due to tunneling
leads, already before contact is established, to a gradual transition from the Bonding Modes to
the Charge Transfer Plasmons, strongly modifying the far field response. The charge transfer
also quenches strongly the local fields at the gap. Electron tunneling alters the optical response
of modes of both electric and magnetic nature. The latter has not been studied in the context of
quantum effects.

We discuss these effects for two different experimental systems for which subnanometric gaps are
well controlled (Figure 1). Furthermore, we demonstrate that the morphology of the gaps needs
to be considered to understand the effect of tunneling on the optical response [6]. Notably, while
quenching of the near fields at the gap appears to be a general trend, our calculations for flat
gaps defined by two large planar surfaces predict the inhibition of tunneling-induced optical far-
field effects, in contrast to the results of spherical gap terminations. This difference between flat
and spherical gaps can be critical when trying to identify quantum effects from the experimental
far-field response. Our study thus demonstrates the intriguing properties of plasmonic systems
at the limit, with potential future applications in nanooptics and optoelectronics.

(a) (b)

Figure 1: (a) Experimental and (b) QCM-based theoretical far field spectra [5] of two approaching tips
(bottom to top), showing a similar modal evolution distances dQR > 0 where tunneling becomes important.
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Binary Mixtures of Chiral Gases
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Abstract— According to quantum mechanics chiral molecules, that is molecules that rotate the
polarization of light, should not exist. The simplest molecules which can be chiral have four or
more atoms with two arrangements of minimal potential energy that are equivalent up to a parity
operation. Chiral molecules correspond to states localized in one potential energy minimum and
can not be stationary states of the Schrödinger equation. A possible solution of the paradox can
be founded on the idea of spontaneous symmetry breaking. This idea was behind work we did
previously involving a localization phase transition: at low pressure the molecules are delocalized
between the two minima of the potential energy while at higher pressure they become localized in
one minimum due to the intermolecular dipole-dipole interactions. Evidence for such a transition
is provided by measurements of the inversion spectrum of ammonia and deuterated ammonia at
different pressures. A previously proposed model gives a satisfactory account of the empirical
results without free parameters. In the present paper, we extend this model to gas mixtures.
The main results are as follows.
i. Also in the case of mixtures there is a quantum phase transition between a delocalized (or
achiral, or nonpolar) phase and a localized (or chiral, or polar) phase. At fixed temperature, the
crossover between the two phases is determined by a properly defined critical pressure.
ii. We derive formulas expressing the critical pressure of the mixture in terms of the doublet
splittings of the isolated chiral molecules and of the fraction of the constituents. Different formulas
are derived for mixtures made up of one chiral species and several non polar gases or several chiral
species. In both cases, the inverse critical pressure of the mixture is the fraction-weighted average
of the inverse critical pressures of its components.
iii. We derive formulas giving the dependence of the inversion frequencies on the pressure. These
results are susceptible to experimental tests.
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On the Application of Group Theory to Understand the Optical
Response of a Chiral Nanostructured Surface

Xuezhi Zheng1, Guy A. E. Vandenbosch1, and Victor V. Moshchalkov2

1Department of Electric Engineering (ESAT-TELEMIC), KU Leuven, Belgium
2Institute for Nanoscale Physics and Chemistry (INPAC), KU Leuven, Belgium

Abstract— Symmetry holds a prominent position in defining the electromagnetic response of
a chiral nanostructured metasurface [1, 2]. In this talk, we base our discussion [3] on a powerful
mathematical tool, group representation theory [4], and combine it with the eigenvalue problem
of Volumetric Integral Equations (VIE) [5] that models the light-nanoantenna interaction. We
illustrate how the symmetry allows or forbids the coupling between the metasurface’s eigenmodes
and an incident left/right polarized light and, which leads to so-called circular dichroism (CD).
Further, the effects of symmetry on the energetic coupling (i.e., interference) between the eigen-
modes will be discussed. Specifically, we start our demonstration with a metasurface whose unit
cell is a symmetric cross (which has a D2 group, See Fig. 1(a)). Then, the mirror symmetry of
the cross is removed to form two chiral structures with different handedness (See Figs. 1(b)–(c)).
The eigenmodes of the above structures are extracted with their mutual coupling and their cou-
pling to left/right circularly polarized light discussed in detail. We believe that the present work
enhances the fundamental understanding of the modes in a chiral metasurface and thus allows
the engineering of a metasurface’s spectrum.

(a) (b) (c)

Figure 1: Illustration of the topologies studied in this talk (a) symmetric cross and crosses with (b) left- and
(c) right-handedness.
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Boundary Integral Operators in Linear and Nonlinear Nano-optics
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Abstract— The development of precise nanofabrication methods has enabled the study and
engineering of the optical properties of nanostructured media, i.e., optical metamaterials, which
may display unconventional properties, such as negative index of refraction. The properties often
arise from the geometry of the nanostructure rather than the atomistic composition.
Noble metal nanoparticles display resonances of the electron gas. These, so-called plasmon reso-
nances, can enhance the local electric field near the surface of a particle, which can then amplify
nonlinear optical effects, such as second-harmonic generation (SHG). Consequently, nonlinear
optical metamaterials hold promise for many practical applications.
As the fabrication of nanostructures is slow and expensive, there is a call for accurate and versatile
numerical simulation of their electromagnetic response. For plasmonic materials, this can be espe-
cially demanding due to the presence of resonances. Frequency-domain boundary element method
(BEM), especially the Poggio-Miller-Chang-Harrington-Wu-Tsai formulation (PMCHWT) with
vector basis functions, has been found suitable for such demands [1]. We have extended the
PMCHWT BEM for the modeling of surface SHG in the undepleted-pump approximation from
individual plasmonic particles [2] and it has been further extended by others for the modeling of
periodic structures [3] and the nonlocal bulk response [4].
One advantage of the use of BEM in frequency domain is that the use of focused Gaussian beams
with unconventional polarization states is straight-forward. We have developed algorithms for
the fast simulation of scanning a focused beam over a nanoparticle while collecting the SHG in
reflection by the focusing lens [5, 6]. We have also recently shown that the modeling of SHG
from a periodic metasurface by BEM yields unprecedented agreement with measurements, thus
validating the method in practice [7]. Our recent work also details how geometrical symmetry
can be utilized in BEM to decrease the memory requirements and computation time for both
linear and weak nonlinear response [8].
In addition to modeling the response of a nanostructure to an incident field, it is often of inter-
est to understand the possible outcomes of the system without the specification of an incident
field; the resonances and modes are properties of the structure. We have proposed an approch
based on boundary integral operators for the characterization of resonances and the study of
eigenmodes in the time-harmonic setting [9]. The modes are defined over the compact surface
of the scatterer, thus avoiding many inconveniences associated with direct analysis of Maxwell’s
partial differential equations. We show that the approach is fully compatible with the Mie the-
ory for spheres and with a previously studied quasistatic limit. We also calculated the complex
resonance frequencies and eigenmodes of structures that are elementary, but comparable in size
to the vacuum wavelength.
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Effective Dielectric Tensor of Optically Thick Chiral Composite
Layers
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Abstract— Composite 2D and 3D periodic media are promising candidates for replacing natu-
ral materials since they provide benefits of engineering specific macroscopic anisotropic properties.
Currently there exist reliable technological methods of fabrication and characterization of com-
plex 2D and 3D periodic chiral artificial structures at macroscale [1]. These methods should be
supported by powerful computational techniques being are able to predict and optimize artificial
media optical properties, and there is still a need in research towards better numerical methods.
In this work we continue development of a method for composite 3D protonic crystal homoge-
nization [2]. The method is based on the Fourier space formulation of the Maxwell’s equations
with source terms. Being reduced to a linear algebraic equation system they provide a response
to a given excitation that can be found in linear time relative to the total number of Fourier har-
monics. An efficient resonant analysis of the obtained response provides propagation constants
and propagating mode amplitudes with quite high accuracy.
First part of the talk will cover the formulation of the method with correct treatment of the
electromagnetic boundary conditions in the Fourier space, which results in the following linear
equations system for electromagnetic response:
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where E is unknown vector of the electric field components Fourier images, Einc is the corre-
sponding excitation vector; matrices [ε/εb] and [εb/ε] are the Fourier matrices of microscopic
dielectric permittivity and inverse permittivity in a protonic crystal unit cell with εb being some
constant; matrix K is composed of spatial wavevector components; and matrix Γ contains spatial
Fourier images of normal vector components to microscopic interfaces between different media
provided that normal vector functions are appropriately continued to a whole unit cell. Second
part of the talk will include demonstration of the method numerical behavior as well as examples
of chiral composite layers simulation.
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Phase Matching Opportunities with Hyperbolic Dispersion
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Abstract— Nonlinear frequency conversion is in the core of the modern world of nonlinear op-
tics. For efficient generation of harmonics, phase matching conditions must be satisfied, to ensure
constructive interferences of the generated signal over the entire interaction length. So far, three
main techniques were employed to achieve phase matching: one is the use of birefringence, when,
e.g., an ordinary wave at fundamental frequency and an extraordinary wave at second harmonic
have the same refractive index. This option, however, is only available for a limited range of
nonlinear crystals. The other technique relies on periodic poling of nonlinear crystal, which is
also not universally available. More recently, the advent of metamaterials enabled dispersion
engineering, such as for bi-resonant systems, however this track is barely suitable at optical fre-
quencies. We propose to make use of hyperbolic dispersion, which recently became accessible in
layered metal-dielectric metamaterials (Fig. 1). Hyperbolic media support, in principle, arbitrary
k-vectors, promising novel opportunities for phase matching. Taking second harmonic generation
as an example, we systematically analyse all the possible combinations of the dispersion types
at the two relevant frequencies, and find several configurations appropriate for nonconventional
phase matching (Fig. 2). We analyse the arising possibilities with the available material param-
eters, and point out some specific examples, presenting a parametric analysis on the range of fill
fractions, incident angles and frequencies (Fig. 3). Importantly, this novel approach yields a pos-
sibility to run phase-matched nonlinear processes with materials where conventional birefringent
phase matching is not available. With the rapid progress in fabrication techniques for hyperbolic
metamaterials, we trust the proposed approach will be soon available for practical applications.

(a) (b)

Figure 1: (a) Schematic of the considered structure;
(b) normal surfaces showing: (i) NS hyperbolic, (ii)
EW hyperbolic; (iii) elliptical.

Case FF SH

(a) EW EW

(b) EW elliptical

(c) EW NS

(d) NS NS

Figure 2: The four different configuration which
are appropriate for phase matching in layered.

Figure 3: Fundamental frequency (1064 nm) and second harmonic normal surfaces in k-space. Dashed and
solid curve correspond to constant values of the dielectric permittivity at FF and SH. An example solution
using AgGas2 is shown by the red circle.
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A New Type of Optical Activity in a Toroidal Metamaterial
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Abstract— Optical activity is a phenomenon which is widely observed across both natural
and artificially chiral structures. Microscopically, the presence of optical activity in a system is
conventionally understood in terms of the coupling of excited, co-aligned electric and magnetic
dipoles [1]. Whilst combinations of electric dipoles with higher-order multipoles can also con-
tribute to optical activity, such effects are frequently considered to be negligible. Metamaterial
engineering however, allows for the design of structures where conventional microscopic multi-
pole responses are suppressed in favour of more unusual excitations, including the elusive toroidal
dipole.
First considered by Zel’dovich in 1958 [2], the toroidal dipole has recently been identified as
an integral component in the excitations of metamaterial structures [3]. As the toroidal dipole
radiates as an electric multipole [4], it is anticipated that it could contribute to optical activity in
the same manner as an electric dipole. Here, we report on the first observation of optical activity
in a structurally-chiral metamaterial that cannot be attributed to conventional multipoles, and
can only be accounted for by the inclusion of the toroidal dipole in the multipole expansion.
The metamaterial unit cell studied consists of four split-ring resonators embedded in a low-loss
dielectric, with the unit cells arranged such that the material has a structural chirality. The
metamaterial is studied experimentally in a microwave chamber and computationally using a
commerical Maxwell’s equation solver. By extracting the microscopic multipole response, we
confirm that at resonance a non-negligible toroidal dipole is excited and contributes to the ob-
served circular dichroism in the metamaterial’s transmission spectrum. This is corroborated by
an examination of the material’s polarisation eigenstates and how they vary upon removal of
multipole excitations from the metamaterial’s response.
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Natural Chiral Photonic Structures: Morphology, Self-assembly and
Optical Properties

Silvia Vignolini
Department of Chemistry, University of Cambridge, Cambridge, UK

Abstract— Nature provides a multitude of nanostructures that have been finely tuned by
natural selection and produce structural coloration that play a role in many biological functions
such as mating, signalling or camouflage [1–3]. A recurring design that is found both in the
animal and plant kingdoms is the helicoidal structure, i.e., a multi-layer structure where adjacent
layers rotate along a helical screw [4], see Figure 1(a).
Examples of such structures have been found in different plant tissues [5], in algae, and also in
fish and insects. Two example of photonic chiral structures in insect and plants are reported in
Figures 1(b) and (c), respectively.
In this talk I will review some example of chiral structures in nature, their optical response.
I will discusses on how their common morphology suggests convergent evolution of optimized,
left-handed multilayered structure. Finally, I will present a bio-inspired approach to replicate
such chiral optical response found in natural structures, using the same materials as nature:
cellulose [4, 5].

(d)

(a) (b)

(c)

Figure 1: (a) Schematic diagram showing a wedge of a left-handed helicoid structures (adapted from [2]).
(b), (c) Picture of beetle and Pollia fruit, respectively. (d) Camera picture of cellulose structurally coloured
film obtained by cellulose nanocrystals self assembly, in the inset a cross sectional SEM of the structure,
showing the twisting of the nanocrystals.
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Chiral Reflectors of Circularly-polarised Light in Scarab Beetles of
the Genus Chrysina
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Abstract— Certain species of jewel scarab beetle of the genus Chrysina exhibit a highly-
reflective vivid metallic appearance to the human eye. This specular reflectance is accompanied
by the anomalous preservation of the handedness of circularly polarised (CP) light upon reflection.
Both of these properties result from the elaborate lamellar structure of the insect cuticle, in
which planes of anisotropic chitin-based microfibrils are orientated parallel to the surface and are
assembled such that their azimuth rotates continuously through the outer exocuticle layer The
resulting helicoidal construction forms a chiral dielectric multilayer optical reflector. In this work
we study natural structures that achieve broadband CP reflectance of silver or gold appearance
by means of their helicoidal pitch being chirped. The CP-specific reflectance magnitudes of
the insect elytra are measured experimentally at normal incidence for human-visible and near-
infrared wavelengths. A scattering matrix technique based on the Berreman 4×4 matrix method
for simulating anisotropic multilayers is used to model the optical behaviour. The model is
informed by the experimental quantification of the physical dimensions of the chiral multilayer
configurations using transmission electron microscopy (TEM) performed on the specimens, while
refractive index values are selected from the literature. The origin of the broadband reflectance
is elucidated by the simulations in terms of the role of the helicoidal pitch distribution and its
arrangement in forming the chirped multilayer reflector. A quantitative comparison is made
between the simulations and the reflectance measurements in order to gauge the applicability
of the selected refractive index data to the species studied. The future goal of the realisation
of novel optical devices containing synthetic biomimetic analogues of these natural structures is
served by the development of an understanding of the observed optical behaviour.
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Giant Broadband Chiral Response in Three-dimensional Shell-like
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Abstract— Continuous breaking of the mirror symmetry in a symmetric metal nanoshell can
result in the formation of a new class of three-dimensional shell-like chiral structures (SLCSs).
Here we demonstrate a record chiral response from a large-area plasmonic SLCS sample prepared
through a two-step glancing angle deposition of different metals on a self-assembled microsphere
array. A circular dichroism signal, defined as the ratio of the transmission intensity difference
and sum of the right- and left-circularly polarized lights, of ∼ 0.4 and a chiral parameter of
kchiral > 0.09 are achieved over the whole visible spectral range. Full-wave electromagnetic
simulations reveal that the giant broadband chiroptical effect results from the weighted average
of chirality over many microscopic domains in the plasmonic SLCS samples and the removal of
the disorder arrangement of the microsphere array in long range.
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Surface Enhanced Raman Scattering Induced by Periodic Gratings
with Random Gold Particles
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Abstract— Raman scattering is the fingerprint of a molecular, which is very important for
identifying the composition of materials, especially in polymer, food and biological sciences.
However, the signal of the Raman scattering is very weak. Fortunately, the signal of the Raman
can be enhanced by the metal nanoparticles and nanostructures, such as gold and silver nano
particles. This enhanced Raman scattering is named as Surface enhanced Raman scattering
(SERS). SERS has enormous applications in many areas of chemical and biological sensing,
including single molecule detection, non-intrusive study of reaction dynamics, and identification
of trace amounts of dangerous chemical species in foods. In the presentation, we propose a novel
method to increase the signal of SERS via periodic grating with random gold particles. The
experimental results show that, compared with the random gold particles on a flat surface, if the
particles are sprayed on the periodic gratings, the signal of SERS will be further increased by a
factor of over 10. We also explain this phenomenon via FDTD simulation and the interaction of
different resonant modes.
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Abstract— Two dimensional chiral surfaces exhibit interesting polarization properties and
can, by virtue of their additional symmetry-breaking, give rise to additional second harmonic
generation signals. Here, we describe arrays of chiral nanostructures that form metasurfaces with
dense sub-wavelength features, which can simultaneously exhibit multiple properties, including
plasmonic enhancement and very strong optical activities. These chiral metasurfaces are based
on a parallel fabrication scheme we have recently developed that allows shape-control at the
nanoscale [1]. We have grown arrays of chiral helices that predominately contain silver, gold,
copper, or oxides to name but a few of the materials. However, it is also possible to grow hybrid
structures as well as alloys or magnetic materials. The scalability of the technique is unique as
it permits the rapid structuring of nanophotonic elements at the wafer-scale.
Chiroptical responses in transmission (optical rotation) and absorption (circular dichroism) are
typically small effects. The chiroptical signal may be enhanced using amplification schemes,
including weak value amplification [2], or by increasing the multipolar light-matter interaction
itself. The latter is possible when the chiral object has a size that approaches the wavelength of
light. Since we can fabricate structures that are of a similar length-scale as the wavelength of
visible light, whilst being small enough to minimize scattering, large chiroptical signals can be
recorded even in films that are only about a 100nm thick [1]. We show chiroptical measurements
conducted on transparent substrates of wafer-scale metasurfaces [3–5]. In addition it is possible to
study the same chiral nanostructures as a colloidal suspension, a “metafluid”. Dynamic alignment
of the chiral nanocolloids permits spectral discrimination between those effects that arise in the
chiral signal due to their orientation on a chiral metasurface and those that arise in the isotropic
state.
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Abstract— Cavity polaritons are formed when a confined optical mode within a high Q cavity
strongly couples with exciton within the same cavity. A reversible exchange of energy between
excitons and photons results in new allowed energy eigenstates of the system manifesting as a
mixture of the uncoupled photon and exciton energies while exhibiting an anticrossing at the
point of exciton-photon resonance. Strong coupling regime has been observed in microcavity
structures incorporating both inorganic quantum wells (QWs) as well as organic materials such
as J-aggregates, molecular crystals and polymers [1].
In this work we study hybrid exciton-polaritons that arise from mixing of two different organic-
inorganic excitonic species with the resonant photon mode [2]. A planar microcavity structure
consists of GaAs QWs and Jaggregate molecular dye assembled together in a multi-layered stack
to form the active region. Angle-resolved photoluminescence at 80 K, when the system is ex-
cited almost-resonantly by a low repetition laser pulse at 780 nm reveals clear anticrossing. The
complete structure containing both species exhibits large Rabi splitting of ∼68meV shown in Fig-
ure 1(a), consistent with the presence of large oscillator strength J-aggregate Frenkel excitons.
The measured polariton dispersion relations can be fitted well using coupled harmonic oscillator
model in which both Wannier-Mott and Frenkel excitons couple to cavity photon. Furthermore,
through power dependent measurements we demonstrate for the first time strong nonlinear emis-
sion and onset of hybrid polariton lasing regime with simultaneous line narrowing and interaction
induced energy blueshift shown in Figure 1(b).
Such hybrid excitonic system presents an ideal playground for engineering nonlinear interactions
and at the same time offers concrete possibilities for optoelectronics application. For example,
laser diode designs combining high electrical conductivity of inorganic semiconductors with ex-
citon robustness of organic compounds to maintain strong coupling regime at room temperature
could provide efficient means to achieve electrically pumped organic polariton lasers.

(a) (b)

Figure 1: PL images recorded with Fourier plane projection technic. In Figure 1(a), clear polariton dispersion
is revealed at 80K while in Figure 1(b), clear polariton lasing obtained in similar detuning at 20K.
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Local Optical Activity in Metal Nanostructures Visualized by
Near-field Circular Dichroism Microscopy
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Abstract— Confinement and enhancement of optical fields due to plasmons in metal nanostruc-
tures have great potentials in high-sensitivity spectroscopy, enhanced photochemical reactions,
and so forth. In the past decade, our research group has made efforts to visualize the nanoscale
optical fields in the periphery of the nanostructures, based on near-field optical imaging [1, 2].
Recently, optical activities of chiral nanostructures and chiral optical fields in the periphery of
metal nanostructures have attracted attention of researchers. We are extending the near-field
imaging study of nanoscale optical fields to local chiral optical fields generated by metal nanos-
tructures [2].
For this purpose, we developed a near-field circular dichroism (CD) microscope [3]. The sample
was irradiated by light for observation, which was modulated between left- and right-handed
circular polarizations. The response field near the metal structure was picked up by an aper-
tured near-field probe, and the CD signal was obtained by lock-in detection of the response field
intensity, to construct the sub-wavelength CD image.
We prepared two-dimensional chiral gold nanostructures such as “S” and its enantiomeric mir-
rored structure, and recorded the CD images [3, 4]. Even though the far-field CD signal at the
same observation wavelength was found to be small (10−3 level in absorbance unit) for this
sample, large local CD signal (10−1 level) was observed on the nanostructure. The CD signals
were not uniform in the nanostructures and CD signals of both positive and negative signs were
observed at the same time in single nanostructures. An average of the local CD signal over
the nanostructure yields a CD signal level similar to that observed with macroscopic CD mea-
surements. This finding implies that metal nanostructures in general give locally enhanced CD
signals even if they do not show strong optical activity macroscopically. In fact, we found that
even highly symmetric gold nanorectangles, which gave null macroscopic CD, showed strong local
CD signals [5]. This result is important in view of the selection rule of CD measurements of
materials. The conventional macroscopic CD selection rule that only chiral materials are CD
active is no longer valid for the local optical activity, because it reflects the local symmetry of the
material.
To get information on the origin of local optical activity, we prepared a series of gold nanostruc-
tures composed of two “C” structures with various distances between their ends (it corresponds
to “S” at zero distance between the two partial structures), and measured the near-field CD im-
ages [6]. The local CD signal at the connecting region of the associating structure was enhanced
when the two partial structures were close enough (approx. 300 nm or less), and connection of
the two partial structures was not necessary to get locally enhanced CD. This indicates that the
local CD of the two-dimensional metal nanostructure originates mainly from long-range electro-
magnetic interaction and not from electronic exchange between the partial structures.
The method proposed here and the information obtained may serve as a basis for design and
control of chiral optical fields, which is indispensable to applications of chiral fields to analytical
purposes, optical devices, and so forth.
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Transport and Harvesting of Excitons Mediated by Strong Coupling

Johannes Feist1, Carlos Gonzalez-Ballestero1,
Esteban Moreno1, and Francisco J. Garcia-Vidal1, 2

1Departamento de F́ısica Teórica de la Materia Condensada and Condensed Matter Physics Center
(IFIMAC), Universidad Autónoma de Madrid, Madrid, Spain

2Donostia International Physics Center (DIPC)
Donostia/San Sebastian, Spain

Abstract— The transport of excitons (bound electron-hole pairs) is a fundamental process that
plays a crucial rule both in natural phenomena such as photosynthesis, where energy has to be
transported to a reaction center, and in artificial devices such as organic solar cells, whose power
conversion efficiency can be improved significantly when the exciton diffusion length is increased.
Similarly, excitons can play an important role in heat transport, and understanding and manip-
ulating their role has possible applications ranging from thermoelectric effects to heat-voltage
converters, nanoscale refrigerators, and even thermal logic gates. However, most systems com-
posed of organic molecules are disordered and possess relatively large dissipation and dephasing
rates, such that exciton transport typically is inefficient.
Very recently, an increase of the electrical conductance of an organic material was shown under
strong coupling of the excitons to a cavity mode [1]. Strong coupling is achieved when the
energy exchange rate between exciton and electromagnetic field modes becomes faster than the
decay and decoherence rates of either constituent. Inspired by this result, we demonstrate that
exciton conductance in organic materials can be enhanced by several orders of magnitude when
the molecules are strongly coupled to an electromagnetic mode. Using a 1D model system, we
show how the formation of a collective strongly coupled mode (a polariton) allows excitons to
bypass the disordered array of molecules and jump directly from one end of the structure to the
other [2].
We furthermore show that by designing the electric field profile of the electromagnetic mode
that provides the strong coupling, the transport properties can be tuned to achieve exciton
harvesting and funneling, i.e., to guide excitons from a collection area to a specific location. We
demonstrate this effect using the localized plasmon resonances of a single metallic nanosphere
and a three-sphere structure. The latter provides pronounced hot spots where the electric field
is strongly concentrated. We show that excitons are efficiently transported between these hot
spots, bypassing the rest of the system.
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Thermally-activated Non-local Amplification in Quantum Excitation
Transport
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Abstract— We study energy transport efficiency in 2-D and 3-D configurations of two-level
atoms (real or artificial ones). We show that, if the atomic system is embedded in a common
blackbody radiation, the transport efficiency can be greatly increased with respect to the case
T = 0. To understand this phenomenon we exploited the exact knowledge of field self-correlations,
and showed that excitations can travel along the atomic system due to two alternative physical
effects: in addition to the standard excitation hopping thanks to the atomic dipole interactions,
atoms can affect each other’s internal energy also by collective dissipation induced by non-local
self-correlations of the electromagnetic field. This latter term has been neglected in previous
phenomenological approaches since its effect has been assumed to be negligible. Although this
assumption is well justified for regular systems where the hopping dominates, it breaks down in
more general, non-regular configurations. By using a fully microscopic analysis of atomic dynam-
ics, we show that these non-local terms, triggered by the thermal noise induced by the blackbody
radiation, play a fundamental role in atomic energy transport. This generates a counter-intuitive
temperature-dependence of the transport efficiency, which does not monotonically decrease as in
the case of pure hopping, and gets instead amplified in a certain range of temperatures. By this
effect excitations can travel along paths where hopping is forbidden with efficiencies remarkably
higher than 100%.
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Photonic Heat Transfer and Electronic Cooling in Hybrid
Superconducting Nanostructures

H. Courtois1, C. B. Winkelmann1, and F. W. J. Hekking2

1Institut Néel, CNRS and Université Grenoble Alpes, Grenoble, France
2LPMMC, CNRS and Université Grenoble Alpes, Grenoble, France

Abstract— Electron thermodynamics at the nano-scale is a fast developing topic, in partic-
ular in superconductor-based hybrid devices. For instance, a simple Normal metal-Insulator-
Superconductor (NIS) tunnel junction, when biased at a voltage just below the energy gap of
the superconductor, enables only electrons with a higher energy to flow through. This selective
evaporation process makes the normal metal electronic population as a whole to cool down. Elec-
tronic cooling is limited by electron-phonon coupling in the normal metal and by heat conduction.
In a superconductor, electrons are paired into Cooper pairs so the electron-phonon coupling is
vanishing, just as the electronic heat conductance. Therefore, only photons contribute to the
heat conduction at very low temperature.
With a good matching between source and drain, the conductance of a superconducting transmis-
sion line is equal to the thermal conductance quantum: KQ = k2

BTπ/6 hbar. An inductance can
also be present in some realistic configurations, due to the wiring geometry. We investigate the
photonic heat transfer through a reactive impedance, i.e., a linear coupling circuit that contains
a capacitor, an inductance, a resonant circuit or a transmission line. We follow a simple circuit
approach, valid at low temperatures when the relevant photons have wavelengths larger than the
size of the typical circuit element. The metallic parts can then be treated as lumped elements
characterized by an electrical impedance. We present a quantitative analysis, enabling us to
establish design rules for useful devices, including phonon thermometers or electron coolers. The
photonic channel for heat transfer can in principle couple metallic systems that are galvanically
isolated, e.g., through a capacitor. This effect can be detrimental when one wants to maintain two
electronic populations at different quasi-equilibrium temperatures, but also beneficial in several
cases.
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Optomechanics at Microwave Frequencies: Mechanical Resonators
Coupled to Microwave Cavities and Superconducting Qubits

J.-M. Pirkkalainen1, S. U. Cho2, F. Massel3, J. Tuorila4,
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1Department of Applied Physics, School of Science
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Aalto University, P. O. Box 15100, Aalto FI-00076, Finland

3Department of Physics, University of Jyväskylä, P. O. Box 35 (YFL), Jyväskylä FI-40014, Finland
4Department of Physics, University of Oulu, FI-90014, Finland

Abstract— Micromechanical resonators affected by radiation pressure forces allow to address
fundamental questions on quantum properties of mechanical objects, or, to explore quantum lim-
its in measurement and amplification. A new setup for the purpose is an on-chip microwave cavity
coupled to a mechanical resonator (Fig. 1(a)). Under blue sideband irradiation, we demonstrate
the possibility of building a mechanical microwave amplifier [1], with noise properties approach-
ing the quantum regime. On the red sideband side, we show how one can couple mechanical
resonators via the cavity bus, while simultaneously cooling the mechanical modes very close to
the ground state of motion [2]. A recent development in linear optomechanics is the coupling
of graphene membranes to microwave-frequency cavities. Here, we observe radiation pressure
back-action on the motion of graphene.
One can add intriguing features to the basic optomechanics setup by including a superconducting
qubit made with Josephson junctions. The nonlinearity of the two-level system allows for much
more rich physics than is possible with linear cavities. We have realized a superconducting
transmon qubit interacting with a micromechanical resonator [3]. We operate the qubit in the
circuit cavity quantum electrodynamics (circuit QED) architecture, where the qubit is coupled
also to a microwave cavity. Hence, the combined setup represents an artificial atom coupled to two
different cavities (Fig. 1(b)). We measure the phonon Stark shift, splitting of the qubit spectral
line into motional sidebands, and coherent sideband Rabi oscillations. Another motivation the
tripartite system owes from the challenges to increase the single-quantum coupling strength to
exceed the cavity dissipation rate. Motivated by this goal, we present a new design of the circuit
optomechanical experiment, where the on-chip microwave cavity includes a Josephson charge
qubit [4]. The cavity is coupled to a micromechanical resonator whose motion is visible as
charge, and hence affects the cavity frequency. This way we were able to boost the coupling in
the setup by six orders of magnitude up to the MHz regime.
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Figure 1: (a) A microwave resonator can be coupled capacitively to an arbitrary number of mechanical
resonators. (b) Idea of introducing nonlinearity in optomechanics. Inside the cavity (blue) there is a quantum
two-level system (green) which is mechanically compliant (red).
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Light-matter Interface for Probing Quantum Gases

Gabriele De Chiara
Queen’s University Belfast, UK

Abstract— I propose a scheme to probe many-body quantum states of ultracold gases using
a light-matter interface based on the quantum Faraday effect. The polarisation fluctuations of
light interacting with an atomic ensemble or atoms in optical lattices bear signatures of the
many-body state. These fluctuations, observed with a quantum non-demolition measurement,
allow one to reconstruct the phase diagram of a variety of Bose-Hubbard and spin models. In
particular, I show how the critical point of the Mott insulator to superfluid phase transition can be
accurately extracted from the light measurement [1]. Moreover, I propose a scheme, based on the
same interface, to measure work and heat fluctuation relations, including the famous Jarzynski
equality in ultracold quantum gases. This result opens the way to the exploration of mesoscopic
quantum thermodynamics with cold atoms towards the realisation of quantum engines [2].
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Thermal Emission by a Subwavelength Aperture

K. Joulain, Y. Ezzahri, and J. Drevillon
Institut Pprime, CNRS, Université de Poiters, ENSMA, Poitiers, France

Abstract— We calculate, by means of fluctuational electrodynamics, the thermal emission of
an aperture filled by vacuum or a material at temperature T . We show that thermal emission is
very different whether the aperture size is large or small compared to the thermal wavelength.
Subwavelength apertures filled with vacuum (subwavelength blackbody) have their thermal emis-
sion strongly decreased compared to classical blackbodies. A simple expression of their emissivity
can be calculated and their total emittance scales as T 6 instead of T 4 for large apertures. Sub-
wavelength apertures filled with an opaque material have generally a similar behavior. However,
if the material support surface waves or exhibit resonances, thermally excited evanescent resonant
modes are scattered by the aperture. In this case, the thermal emission tends to be monochro-
matic and is strongly enhanced in comparison to the Planck theory. We think this behavior could
open the way to very useful applications such as very narrowband passive source.
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Thermal Emission of a Hyperbolic Blackbody
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Abstract— The blackbody theory of Planck [1] is revisited in the case of thermal electro-
magnetic fields inside uniaxial anisotropic media in thermal equilibrium with a heat bath using
the fluctuation dissipation theorem [2, 3]. When these media are hyperbolic, we show that the
spectral energy density of these fields radically differs from that predicted by Planck’s blackbody
theory. We demonstrate that the maximum of their spectral energy density is shifted towards
frequencies smaller than Wien’s frequency making these media look colder than classical black-
bodies for a given temperature. Finally, using Rytov’s fluctuational electrodynamics we derive
Stefan-Boltzmann’s law for hyperbolic media which becomes a quadratic function of the heat
bath temperature. We discuss direct consequences for heat transport through vacuum [4] and
through a hyperbolic medium [5].
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Measurements of the Heat Transfer in Near Field Regime

J. Chevrier and P. J. van Zwol
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Abstract— Heat can be exchanged between two surfaces through emission and absorption of
thermal radiation. For distances smaller than the peak wavelength of the black body spectrum,
radiative heat transfer can be increased by the contribution of evanescent waves. This contribu-
tion can be viewed as energy tunnelling through the gap between the surfaces. On the basis of
results published in [1], we shall here present a detailed quantitative comparison between theory
and experiments in the nanometre range. We shall describe an experimental setup that allows
measurement of conductance for gaps varying between 30 nm and 2.5 µm. We shall then show
how the systematic use of this machine has enabled us to measure the heat transfer in near
field regime for different materials including VO2 which presents a prototypical metal insulator
transition. Further we have investigated the change of the near field contribution to heat transfer
when one surface is covered with graphene. Indeed owing to its two dimensional electronic struc-
ture, graphene exhibits many unique properties. One of them is a wave vector and temperature
dependent plasmon in the infrared range. Theory predicts that due to these plasmons, graphene
can be used as a universal material to enhance nanoscale radiative heat exchange for any dielec-
tric substrate. Based on [2], we shall report on radiative heat transfer experiments between SiC
and a SiO2 sphere which have non matching phonon polariton frequencies, and thus only weakly
exchange heat in near field. Heat flux contribution of graphene epitaxially grown on SiC will
be shown to dominate at short distances. The influence of plasmons on radiative heat transfer
is further supported with measurements for doped silicon. These results highlight graphene’s
strong potential in photonic near field and energy conversion devices.
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Experiments on Giant Radiative Heat Flux at the Nanometer Scale

A. Kittel, K. Kloppstech, N. Könne, L. Worbes, and D. Hellmann
Institute of Physics, Carl-von-Ossietzky University of Oldenburg, D-26111 Oldenburg, Germany

Abstract— We report on a precise in situ procedure to calibrate the heat flux sensor of a near-
field scanning thermal microscope. This calibration procedure is based on modulation technique
and utilizes a hot wire method to build a metrologically accessible and controllable heat reservoir.
This reservoir is coupled thermally via near-field interactions to our probe exactly in the same
way as it is coupled in a actual measurement. Thus the sensor’s conversion relation can be
precisely determined which is the thermopower, generated in the sensor’s coaxial thermocouple,
in dependence on the thermal flux from reservoir through the sensor. The achieved accuracy is
about 8%. With such a calibrated sensor we perform quantitative measurements of the heat flux
between a gold coated near-field scanning thermal microscope tip and a planar gold sample at
nanometer distances across a vacuum gap. We find an extraordinary large heat flux which is more
than five orders of magnitude larger than black-body radiation and three orders of magnitude
larger than the values predicted by conventional theory of fluctuational electrodynamics often
used to describe near field effects of heat transfer. Furthermore, experiments show that this heat
transfer can be drastically influenced by a thin layer of material on the surface. The findings
demand modified, or even new models to describe the heat transfer across a vacuum gap at
nanometer distances.
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Casimir Actuation of MEMS between Real Materials

G. Palasantzas, M. Sedighi, W. H. Broer, V. B. Svetovoy, and J. Knoester
Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, The Netherlands

Abstract— Using the measured optical response and surface roughness topography as inputs,
we perform realistic calculations of the combined effect of Casimir and electrostatic forces on
the actuation dynamics of micro/nanoelectromechanical systems (MEMS/NEMS) using as input
optical properties and surface roughness. Our findings play a principal role for the stability of
micro/nanodevices such as vibration sensors, switches, and other related device architectures
operating at distances below 200 nm. In contrast with the expectations, roughness can influence
MEMS dynamics, even at distances between bodies significantly larger than the root-mean-
square roughness. This effect is associated with statistically rare high asperities that can be
locally close to the point of contact. It is found that even though surface roughness appears to
have a detrimental effect on the availability of stable equilibria, it ensures that those equilibria
can be reached more easily than in the case of flat surfaces. Moreover, it appears that surface
roughness can suppress chaotic behavior towards stiction. In addition, the dependence of the
Casimir force on the frequency dependent dielectric functions of interacting materials makes
it possible to tailor the actuation dynamics of microactuators. The Casimir force is largest for
metallic interacting systems due to the high absorption of conduction electrons in the far-infrared
range. For less conductive systems, such as phase change materials or conductive silicon carbide,
the reduced force offers the advantage of increased stable operation of MEMS devices against
pull-in instabilities that lead to unwanted stiction. Bifurcation analysis with phase portraits
has been used to compare the sensitivity of a model actuator when the optical properties are
altered. Finally, computations using the Drude-Plasma models to model low optical frequencies
show differencies that are strongly minimized for weakly conductive systems as are the doped
insulators making actuation modeling more certain to predict.
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Reducing the Casimir Force

S. A. R. Horsley and T. G. Philbin
Department of Physics and Astronomy, University of Exeter, Exeter, UK

Abstract— A considerable body of research has demonstrated that the Casimir force can be
engineered to some extend. Theoretical and experimental work has shown that the choice of
materials and the geometry of material samples can have a significant effect on the magnitude,
and even the direction, of the Casimir force. This work has implications for future engineering
on nanometre scales where the Casimir effect can play a significant role. Here we report on a
theoretical study of artificially engineered non-reflecting coatings as a method of reducing the
Casmir force. The use of artificial materials in Casimir manipulation has been limited by the
need for broadband functioning, which is impossible with many designs based on “meta-atoms”.
The coatings we consider are inhomogeneous with specially chosen dispersion and absorption,
but they do not have a “meta-atom” structure and can function as desired over a broad range of
frequencies.
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Photonic Forces on Magneto-dielectric Nanoparticles at Optical
Wavelengths with Random Fields. Creating Optical Analogous of

Van der Waals and Casimir Interactions and Beyond: Their
Control and Design through the Spectrum and Spatial Coherence

Manuel Nieto Vesperinas1 and Juan Miguel Auñón2

1Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones Cient́ıficas
Campus de Cantoblanco, Madrid 28049, Spain

2School of Physics and Astronomy, University of St. Andrews, North Haugh, Fife KY16, 9SS, Scotland

Abstract— At selected wavelengths, (visible and near-infrared), the Planck energy of optically
produced random light is equivalent to that of the vacuum fluctuations; thus employing a quasi-
monochromatic optical source, the forces on nanoparticles may be made analogous to Casimir-
Polder and Van der Waals interactions.
We show how for some wavelengths, the contribution of the particle induced magnetic dipole
predominates over that of the electric one, and how when Kerker conditions hold, (see [1] and
references therein), the magnetic dipole can cancel to the purely dipole force, the interference
being responsible for the mechanical action on the particle.
We derive new power-laws for the induced dipole forces. Further, we show how controlling the
optical spectrum shape and bandwidth, as well as the degree of coherence of the emitted fields,
one can tailor at will the electric and/or magnetic, conservative or non conservative, attractive
or repulsive, nature of these forces, as well as their magnitude.
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Fluctuation Induced Effects in Nanostructures

Lilia M. Woods
Department of Physics, University of South Florida

Tampa, Florida 33620, USA

Abstract— Fluctuations of observables can give rise to many types of interactions. Dipolar
fluctuations are responsible for Casimir forces, which are of great importance for the operation
of micro-machines and the stability of inert materials composites. Nanostructured materials,
such as graphitic systems, offer a great opportunity to study such effects and discover unique
functionalities. Near-field radiation, which can be characterized as Casimir-like phenomenon
between systems at temperature gradient, is of particular relevance in graphene systems. In this
presentation, we review how the thermo-plasmons tunability can be utilized in order to take
advantage of the graphene transverse electric mode. Utilizing this phenomenon, one is able to
find new ways for radiation control and probe the relaxation scattering times in graphene. In
addition to dipolar fluctuations, charge fluctuations can also be responsible for Casimir-like forces.
We show that such effects are of relevance to capacitor systems especially when nanostructured
materials are involved. Our theory, which utilizes the quantum capacitance concept, demonstrates
novel pathways for probing quantum mechanical and thermal fluctuations effects in materials with
reduced dimensions.
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Probing the Surface with Atoms

Ron Folman
Ben-Gurion University of the Negev, Israel

Abstract— As cold atoms are brought evermore closer to surfaces, they open a wide variety of
possibilities of probing the surface. In this talk I will review past realizations of such experiments
around the world, and the possibilities made available in the near future for probing the CP force,
Johnson noise, the hypothesized short range fifth force, plasmons, and other surface effects.
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Dispersion Interactions with Long-time Tails or Beyond Local
Equilibrium

C. Henkel
Institute of Physics and Astronomy, University of Potsdam, Germany

Abstract— Dispersion forces out of thermal equilibrium can be understood as the rectification
of electromagnetic fluctuations that arise from spatially separated sources (bodies). The forces
are often observed on time scales much longer than the characteristic periods of thermal or zero-
point radiation fields. Such a separation of time scales is a strong motivation for approximate
treatments, assuming that the electromagnetic response of a body to an incident field is fast or
that thermalization takes place rapidly. Many applications of radiative energy transfer on the
nano-scale build on this picture (light harvesting, enhanced near-field heat transfer etc.).
The purpose of this contribution is twofold. (1) We take up the problem of the response time of the
electromagnetic field or of a polarizable object in the extreme quantum limit (zero temperature).
One finds in some cases correlation functions of the zero-point fields that are long range in
time (‘fat tails’), in distinction to the more familiar response (Green) functions. We discuss the
relevance of these tails by focusing on a simple example: the electromagnetic drag force on a
small polarizable particle (quantum friction). The corresponding field theory of photons and a
few-level atom has been analyzed with the help of perturbation theory in Refs. [1, 2].
(2) A fictitious conversation is engaged to scratch for the foundations of dispersion forces in local
thermodynamic equilibrium (LTE). Our focus is on suitable validity criteria and on potential
observations that would illustrate non-LTE physics. As a concrete example, we address radiative
heat transport across the interface between two transparent dielectrics, as discussed in Refs. [3–6].
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The Coherent Effects of the Casimir-Polder Interaction on Driven
Atoms and the Quasi-resonant Van Der Waals Interaction

between Non-identical Atoms

Manuel Donaire and Astrid Lambrecht
Laboratoire Kastler-Brossel, UPMC-Sorbonnes Universités, CNRS, ENS-PSL Research University

Collège de France, 4, Place Jussieu, F-75252 Paris, France

Abstract— In this talk we address several aspects of the Casimir-Polder (CP) and van der
Waals (vdW) interactions which need a time-dependent approach. In the first part of this talk
we will show that the CP interaction of an atom with a material surface may give rise to a
renormalisation of the Rabi frequency of the atom when the atom is driven under the action of
two Raman lasers [1]. Likewise, CP-induced Rabi oscillations may generate between two Zeeman
sub-levels of a free atom in the vicinity of a reflecting surface [2].
In the second part of this talk we will present the vdW interaction between two non-identical
atoms, one of which is prepared in an excited state [3]. Finally, we will give results for the
quantum friction which an excited atom experiences as it moves at constant velocity parallel to
a dilute atomic surface.
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Calculation of Gain in a Lossy Medium

Takuichi Hirano, Jiro Hirokawa, and Makoto Ando
Tokyo Institute of Technology, Japan

Abstract— Characterization of propagation in a lossy medium is demanded in applications
like ground penetrating radar (GPR), ultra wideband (UWB) radar for cancer detection and so
on (see Fig. 1). This paper presents extension of Friis transmission equation [1] from a lossless
medium to a lossy one.

(a) (b)

Figure 1: Friis transmission equation in a lossy medium. (a) UWB radar. (b) GPR.

When two antennas #1 and #2 are separately placed with distance r in a lossy medium as shown
in Fig. 1, the extended Friis transmission equation becomes

Pr

Pt
= G1G2

(
λ

4πr

)2

exp(−2αr) (1)

where G1 and G2 are gains of the antenna #1 and #2, respectively. The λ = 2π/β is the
wavelength which is calculated from the phase constant β in the lossy medium. The α is the
attenuation constant of the lossy medium. The factor exp(−2αr) represents attenuation in the
lossy medium, which does not appear in the conventional Friis transmission equation.
The authors developed the gain measurement algorithm [2], averaging method for the shortened
far-field gain measurement technique, which is applicable for measurement and simulation.

Figure 2: Friis transmission equation in a lossy
medium.

Figure 3: Simulation model of a half-wavelength
dipole antenna.
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For verification of the extended Friis transmission equation [1], the gain of a half-wavelength dipole
antenna in a lossy medium is analyzed. Fig. 3 shows a simulation model of a half-wavelength
dipole antenna. Ansys HFSS Ver.11 is used for the simulation. Table 1 shows calculated gain of
the dipole antenna for several conductivities σ. The method in [2, 3] are used for the analysis of
gain. The gain decreases as the conductivity σ increases. The result is verified by the simulation
with two dipole antennas. Transmission coefficient S21 agrees well each other by that obtained
by Eq. (1) (Pr/Pt = |S21|2).

Table 1: Calculated gain.

σ (S/m) Gain (dBi)
0 2.22

0.001 2.08
0.01 0.86
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A Novel Ka-band Spatial Combiner Amplifier: Global Design and
Modeling

Alberto Leggieri1, Davide Passi1, Franco Di Paolo1, Marco Bartocci2,
Antonio Tafuto2, and Antonio Manna2

1Department of Electronic Engineering, University of Rome Tor Vergata, Rome, Italy
2Elettronica SpA, Via Tiburtina Valeria Km. 13, Rome 7-00100, Italy

Abstract— This article describes the complete design of high performances Ka-Band small size
Spatial Power Combiner (SPC) Amplifier. Several multiple physics aspects are treated in the
proposed study as electromagnetic behavior and thermo-mechanical features, in order to drive the
active devices at full power. The combiner consists of quadruple Fin lines to microstrip (FLuS)
(Figure 1) transitions inserted into a WR28 waveguide T-junction (Figure 2). In this structure,
16 Monolithic Microwave Integrated Circuit (MMIC) Solid State Power Amplifiers (SSPA’s) are
integrated.
When devices operate in high efficiency regime, thermal expansion of materials may induce signif-
icant stresses and strains with consequent displacement of the guiding and combining structures,
resulting in an undesired modification of the electromagnetic behavior of the device. For this
reason, thermal exposition has been controlled by an opportune heat-sinker subjected to a cooling
air flow (Figure 3).

Figure 1: Quadruple FLuS employing the innova-
tive dielectric Parallel QWT.

Figure 2: The complete Ka-band SPC Amplifier.

Figure 3: SPC subjected to the cooling airflow with
temperature distribution (◦C). Since the device has
two symmetry planes, only a quarter of the SPC
structure has been employed for the modeling by
introducing opportune boundary conditions.

Figure 4: Maximum displacement on MMIC and
carrier (µm). Thermal expansion induces a maxi-
mum displacement of 28.7 µm on the carrier.

Thermodynamic and Fluid-Dynamic analysis coupled to structural mechanics computation have
been employed in order to study the effect of these critical factors. A main design has been
followed by FEM simulation using Ansys-Ansoft HFSS and Comsol Multiphysics.
Scattering parameters, stresses and strains have been computed together with the temperature
and airflow distributions. While operating at maximum power, the transistors present a maximum
displacement of 28.7 µm (Figure 4) caused by the thermal expansion of the material due to a
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channel temperature of 125◦C (Figure 5). In such condition, a mean insertion loss of 2 dB for
the passive SPC is achieved with a return loss better the 10 dB in the 31–37 GHz bandwidth
(Figure 6).
In order to allow for the heat dissipation without mismatch between coefficients of thermal
expansion (CTE) for GaAs and conductors, MMIC’s are brazed onto CuMo heat spreader and
the whole assembly is brazed onto copper carriers.

(a) (b)

Figure 5: Temperature distribution (◦C) on carrier
and MMIC in (a) plane section and (b) 3D view.
When the active devices operate at full power, the
channels reach a maximum temperature of 125◦C
(below maximum rating).

Figure 6: SPC insertion loss and return loss in dB.
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Analysis of Bandpass Filters Consisting of Air Holes in Post-wall
Waveguides

Ken’ichiro Yashiro1 and Ning Guan2

1Chiba University, 1-33, Yayoi-cho, Inage-ku, Chiba 263-8522, Japan
2Fujikura Ltd., 1440, Matsuzaki, Sakura 285-8550, Japan

Abstract— A post wall waveguide is a promising candidate for the development of low cost
circuits in the millimetre-wave region. The post wall waveguide consists of metallized dielectric
substrate and arrays of metallic posts. If some air holes are set up in the post-wall waveguige, they
have a filtering function. It is prospected to fabricate air holes easier than post-wall waveguide
itself.
In this paper, we analyse the air-hole bandpass filter shown in Fig. 1. To do so, we developed
the technique based on the method of moments. In order to treat the penetrating circular
cylinders such as dielectric cylinders in the same way as perfect conductive cylinders, we assume
the equivalent surface currents on the surface of each cylinder. By using Green function, that
is a Hankel function of 0-th order, the scattered fields are given in the integral form in terms of
the equivalent surface currents. The surface current density on each cylinder is expanded into a
series of global basis functions in the local polar coordinate system. The global basis functions
were used to reduce the number of unknowns per cylinder and the necessary computer memory
is also reduced. The integrals for the scattered fields are calculated analyticaly by using Graf’s
addition theorem. We introduce the surface impedance so that the boudary condition is imposed
at the surfaces of all of cylinders in the unified manner, Furthermore, the Galerkin method was
used to obtain a sytem of linear equations. That is, the global basis functions were also used as
weighting functions. When the field point and the source point locate on the different cylinders,
the Graf’s addition theorem was used again to evaluate the elements of the coefficient matrix
analytically.

Figure 1: Air-holes in post-wall waveguide.

Several filters with the different number of air holes were analyzed and the frequency character-
istics of them will be given. Furthermore, the electric field distributions are given for both cases
of passband and stopband.
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Bending-loss Improvement of Subwavelength Grating Waveguides
by Using a Modified Structure

Hung-Hsuan Chen and Chin-Ping Yu
Department of Photonics, National Sun Yat-Sen University, Kaohsiung 80424, Taiwan

Abstract— Silicon on insulator (SOI) structures with high index contrast can efficiently reduce
the device sizes to realize highly integrated optical circuits. However, due to their high confine-
ment of lightwave, optical devices based on SOI structures suffer serious scattering losses resulted
from the rough surfaces. In addition, the coupling effects and sensing abilities of SOI devices
are relatively small due to only a few light field extended into the cladding regions. Recently,
subwavelength grating (SWG) waveguides formed by periodically interlacing silicon segments at
the subwavelength scale have been proposed to guide light in the SOI structures with larger ex-
tended filed in the cladding regions. In addition, it has been demonstrated that the propagation
loss of SWG waveguides can be as low as 2.1 dB/cm for their delocalized mode field can reduce
the scattering losses caused by the roughness of the vertical walls. However, the delocalization of
mode filed in SWG waveguides may result in high bending losses, which limits the applications
of SWG waveguides. In this study, we propose a modified bending SWG waveguide to reduce the
bending losses. Along the bending, the rectangular segments are replaced by trapezoid segments
with their bases are a and m, respectively. The numerical results obtained ny a 2-D finite element
method (FEM) demonstrate that the larger base m can concentrate more field along the inner
side of bending to prevent radiation losses as light propagates along the bending waveguide. We
will also discuss the bending losses of our modified bending SWG waveguide for variant bending
radii to help the development of optical devices based on SWGs.
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Power Evaluation of a Metal Disc-shaped Terahertz Surface Wave
Splitter

J. Shibayama, D. Kusunoki, J. Yamauchi, and H. Nakano
Faculty of Science and Engineering, Hosei University, Tokyo 184-8584, Japan

Abstract— Surface plasmon polaritons (SPPs) propagate along a metal-insulator interface
at optical frequencies. At terahertz (THz) frequencies, however, SPPs cannot be supported
along the metal-dielectric interface owing to negligible penetration of the electromagnetic fields.
This is because THz frequencies are far below the plasma frequency of metal. Note, at THz
frequencies, that spoof SPPs are supported on a metal surface with an array of holes, the sizes
of which are much smaller than the THz wavelength [1]. For spoof SPP waves, bi- and multi-
directional frequency splitters consisting of metal gratings with finite thickness have been studied
numerically and experimentally [2]. The grating structures have also been investigated for slow
wave devices [3].
Very recently, we have proposed novel splitters consisting of metal discs with a center hole and
radially placed gratings [4, 5]. It has been shown that the discs act as frequency splitters at
two, three and four frequencies. However, we have not evaluated the power propagating in each
direction. In this presentation, we calculate the power based on the Poynting vector to investigate
the splitting characteristics in detail. In addition, we illustrate the spoof SPP waves propagating
along the disc, paying attention to the frequency splitting behavior.
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Formation of One-dimensional Image by Pulsed Light Diffraction on
Running Sound Wave

Victor Petrov1 and Roman Kijan2

1St.-Petersburg Politechnical University, St.-Petersburg, Russia
2Laser Zentrum Hannover e.V., Hannover, Germany

Abstract— The advanced system for formation of a TV image on a projection screen is an
acoustooptic system that relies on the principle of exposure of the entire TV 1D image by one laser
radiation pulse and further deflection of 1D images across the frame will be presented. A general
solution of the integral equation for a diffracted field for the case of wide-band anisotropic light
diffraction by a slow shear elastic wave near the optical axis of an acoustooptic modulator (AOM)
made from a crystal of paratellurite TeO2 was found by us. We will discuss the solution for the
diffracted field and consider the problem of formation of the image of an amplitude-modulated
1D image that fills the AOM aperture on the projection screen. For the practical realization a
light source, a copper-vapor laser with wavelength λ0 = 0.5106 µm and generation pulse duration
τ0 = 10 ns was used.
In the approximation of a low diffraction efficiency, a two-dimensional field distribution in the
(+1)st diffraction order in the focal plane of the input cylindrical lens and also time-average
distribution of intensity of light from a pulsed coherent source in the image plane have been
calculated. Calculations of the modulation-transfer function of the acoustooptic system for the
1D image formation including a pulsed copper-vapor laser and AOM from a paratellurite crystal
(TeO2) for different light pulse durations, carrier frequencies of ultrasound, acoustooptic interac-
tion lengths, and also cones of angles of light incidence on the AOM in the plane orthogonal to
the scattering plane have been carried out.
Numerical calculations have shown that an increase in the light pulse duration leads to a decrease
in the contrast in transfer of amplitude-modulated signals at high frequencies. An increase in the
contrast at high frequencies results from a decrease in the piezotransducer width and decrease in
the carrier frequency of ultrasound. It approaches the frequency of two-phonon interaction.
It has been shown that in the case of incidence of a plane light wave on the input cylindrical
lens, a dip of intensity associated with specific features of interference of diffracted elliptically-
polarized light beams that propagate at different angles ±α0 to the optical axis of the gyrotropic
TeO2 crystal is observed at the centre of the light intensity distribution along the y coordinate.
When a light beam with angular divergence is incident on the input lens, the dip in the transverse
distribution of intensity becomes less pronounced.
Requirements to the choice of the parameters of the optical components and AOM for the used
geometry have been formulated.
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Multi-physics Simulation for Evaluating High-density Magnetic
Recording Methods

S. Ohnuki, Y. Takano, A. Kuma, K. Tatsuzawa,
Y. Ashizawa, K. Nakagawa, and A. Tsukamoto
College of Science and Technology, Nihon University

1-8-14 Surugadai, Kanda, Chiyoda-ku, Tokyo 101-8308, Japan

Abstract— High-density magnetic recording is an indispensable technology to develop storage
devices for current big data demand. Some kinds of energy-assisted schemes using recording
media with high magnetic anisotropy have become recent trend. In this presentation, we will
discuss magnetization reversal process of high anisotropy recording media using micromagnetic
and electromagnetic simulation and numerically verify a high-density recording method with
assisted microwave irradiation. To evaluate exchange and magnetic dipole interactions efficiently,
a fast computational method will be proposed and the effect of assisted microwave will be clarified.
We will also discuss another novel method, all-optical magnetic switching (AOS) with circularly
polarized light, which has been recently discovered by one of the authors [1]. To localize the po-
larized light for triggering AOS beyond the diffraction limit, the higher density over 2 Tbit/inch2

can be achieved [2–4]. Using FDTD electromagnetic simulation with the auxiliary motion equa-
tion of electrons, robust and efficient plasmonic antennas to generate the localized light will be
designed. The surfaces of antennas are assumed to be perturbed considering nano-fabrication
process. Characteristics of antennas are evaluated in terms of the Stokes parameters.
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Surface Plasmon Resonances in Cylindrical Periodic Nanocylinders
System

Vakhtang Jandieri1, 2, Kiyotoshi Yasumoto3, and Jaromir Pistora1

1Nanotechnology Centre, VSB — Technical University of Ostrava
17. listopadu 15, 708 33 Ostrava, Poruba, Czech Republic

2Department of Electrical and Computer Engineering, Free University of Tbilisi
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3College of Information Science and Technology, Nanjing Forestry University, Nanjing 210037, China

Abstract— Interaction of light with the metallic nanostructures and nanoparticles gives rise to
various unique and surprising effects in photonics and optoelectronics [1]. The surface plasmons
characterize the unique response in collective motions of electrons on a metal-dielectric interface,
which is allowed when the permittivity of the metal is negative for the wavelength of excitation.
Recently, much attention has been paid to the light scattering from metal-dielectric layered
structures, because of their novel applications in sensors, super-scattering and invisible cloaking.
Surface plasmons are accompanied by localized enhancement of the electromagnetic field. This
leads to developing metallic nanostructures that can control light at the nanoscale in direct
analogy to traditional optical components such as lens, mirrors and waveguides. Many of these
applications rely on a planar geometry in practice.
An alternative of the planar configuration is a cylindrical configuration. In this regard, in the
manuscript we investigate the light scattering by metal (silver)-coated dielectric nanocylinders
periodically distributed along the cylindrical surface. The rigorous formulation uses T-matrix
of a circular scatterer in isolation and it is taking into account all cylindrical Floquet modes
and their interactions through the scattering between the nanocylinders periodically distributed
along the circular ring [2]. The structure is under our interest from the viewpoint of its practical
applications as plasmonic waveguides, plasmonic lasers and plasmonic ring resonators.
We investigate up to four metal (silver)-coated dielectric nanocylinders periodically located along
the circular ring in a free space. Firstly, the scattering and absorption cross sections of three and
four metal (silver)-coated nanocylinders are studied at various distances between the nanocylin-
ders keeping their radii the same. The resonances appearing in the short wavelength region cor-
respond to the plasmon resonances of metal-coated nanocylinders in isolation and the resonance
wavelengths does not change by changing the separation distance between the nanocylinders. The
spectral responses show some interesting profile characterizing the cylindrical configuration of the
nanocylinders. When a separation distance between the nanocylinders is small (the nanocylin-
ders are located very close, but not touching each other), there appear resonance peaks in the
long wavelength region for both scattering and absorption cross sections. These resonances are
characterized as the resonances intrinsic to the cylindrically periodic system. Other resonances
appearing in the intermediate wavelength region describe the resonant coupling of the surface
plasmon fields in the multiple nanocylinders systems.
Based on the analyses of the spectral responses, the near field distributions are calculated at the
particular wavelengths corresponding to the resonance wavelengths. A deep physical insight is
given to a) enhancement of the near fields at the inner (metal-dielectric) and outer (metal-free
space) interfaces (corresponding to the resonances in the short wavelength region); b) localization
of the excited field in the gap region between the nanocylinders through the coupled plasmon
resonance (corresponding to the resonances in the intermediate wavelength region); c) strong
confinement of the field inside the cylindrical structure (corresponding to the resonances in the
long wavelength region). The latter uniquely characterizes the cylindrical configuration of the
nanocylinders.
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Comparative Study on Boundary Conditions for Terminating
Photonic Crystal Waveguides

Zhen Hu1 and Ya Yan Lu2
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Abstract— Photonic crystal (PhC) devices often use PhC waveguides as input and output
ports. These periodic waveguides create a significant problem for numerical simulations of PhC
devices, since they cannot be easily truncated to obtain a finite computation domain. The
perfectly matched layer (PML) technique is extremely powerful for truncating unbounded homo-
geneous media in numerical simulations of waves [1], and it has been tried on PhC waveguides [2],
but it fails to accurately simulate outgoing Bloch modes in PhC waveguides [3]. On the other
hand, it is possible to numerically calculate a rigorous boundary condition for terminating a PhC
waveguide. Joly et al. first applied the so-called limiting absorption principle [4] to calculate
such a boundary condition. We have used Bloch mode expansions to find the same boundary
condition [5]. The rigorous boundary condition can be used arbitrarily close to the main part
of the device, but it is nonlocal, and is rather expensive for slab-based PhC devices. In [6], we
developed a simpler and approximate boundary condition that models the outgoing Bloch modes
accurately, but assumes that the evanescent modes and other radiating field can be ignored. In
this paper, we compare different methods for truncating PhC waveguides, analyze the limitations
of various methods in terms of accuracy or computational cost. The results are illustrated by
numerical examples.
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Study on Polarization Splitter and Converter Using Square Lattice
Elliptical-hole Core Circular-hole Holey Fibers
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Abstract— Recently, the importance of silicon photonic integrated circuits has been widely
recognized, especially in silicon-on-insulator (SOI) platform due to its advantage of hight-index-
contrast and CMOS-compatible processing. However, the polarization dependent characteristics
limit the application of silicon photonics devices. To overcome this problem, polarization diversity
scheme is often used, where polarization converters (PCs) are the fundamental components.
Photonic crystal fibers (PCFs), also known as holey fibers (HFs), which consisting of single
material with periodical array of air holes around the fiber core, have attracted a lot of attention
in the last two decades due to their flexible structure and the special properties that cannot
be obtained by the conventional fibers. In recent years, elliptical-hole core circular-hole holey
fiber (EC-CHF), a novel single-polarized holey fiber with a core filled with elliptical-holes, has
been proposed for achieving the single polarization transmission easily [1]. In this research, we
propose a novel PC using square lattice EC-CHFs with a short conversion length and a simple
structure distribution. In addition, we combine the PC with a polarization splitter which we
have proposed [2] to achieve the polarization separation and conversion at the same time.
In this research, we introduced elliptical-holes whose major axis rotated 45◦ counterclockwise
against x-axis into the core region to achieve the polarization conversion. The ellipticity is set to
dmajor/dminor = 2, and the holes in cladding is circular air holes. Since the large birefringence can
be realized in the core region by using ellipses, our proposed PC has a short conversion length
which consists of only two kinds of air holes. The air hole size dependence of conversion length
has been discussed by using full-vector finite-element method (FV-FEM). From the analysis
results, we note that if the diameter of cladding hole is set to be a constant, the conversion
length has a minimum value with the variation of ellipses in core region. The shortest conversion
length can be up to 31.7 µm. The propagation behaviors by using full-vector finite-element
beam propagation method (FEBPM) shown that an x-polarized incident light can be completely
converted into a y-polarized light through our proposed PC. Moreover, we demonstrated that
the polarization splitter in [2] can completely divide an arbitrarily polarized light beam into
two orthogonal polarization states based on square lattice EC-CHFs. In the future, we consider
a kind of polarization splitter and converter based on square lattice EC-CHFs to achieve the
polarization separation and conversion at the same time.
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Broadband Line Imaging with Subwavelength Resolution Using
Plasmonic Waveguides
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Abstract— In this paper we design a high-resolution line imaging device allowing for broadband
operation at near-infrared wavelengths ranging from 1µm to 2 µm utilizing the advantage of
subwavelength light confinement in plasmonic waveguides. The device consists of an array of
air-guided plasmonic waveguides in gold with fanned-out geometry (see Fig. 1(a)) [1]. In the
main part of the device the separation between waveguides increases gradually from the input
towards the output. High resolution is achieved on the input side by tapering down the periodicity
between channels to 150 nm, while simultaneously maintaining propagation losses of a few dB.
The proposed design also minimizes optical cross-coupling between waveguides; each channel
thus transmits optical fields independently allowing for high signal-to-noise ratio imaging. At the
low-resolution side properly tailored output couplers are designed to enhance optical coupling to
free space. This is also shown to be an effective method to reduce back reflection, thus minimizing
Fabry-Pérot effects in the waveguides and allowing for broadband operation.
The imaging capacity of the device is demonstrated using finite-element simulations (see Fig. 1(a)).
The numerical model shows that up to 90% of the light from two closely spaced point dipole emit-
ters can be coupled into the corresponding waveguides on the high-resolution side and can be
transmitted to the low-resolution side with moderate losses and low cross talk. Thus, two point
dipole sources separated by 150 nm can be effectively distinguished by such a device. More-
over, consistent operation in the whole wavelength range from approximately 1 µm to above
2 µm is demonstrated. Fig. 1(b) shows total losses of each channel calculated for a set of wave-
lengths. At wavelengths near 1 µm the loss increase is caused by gold material absorption, while
at wavelengths above 2 µm cross-coupling between channels limits the device performance. For
the proposed device dimensions (shown in the inset in Fig. 1(b)), the array can contain up to 19
channels, which is limited by cross-coupling and losses caused by sharp channel bending.
Exhibiting large coupling efficiency and moderate transmission losses, the device allows for imag-
ing of weak sources with a resolution of 150 nm over a broad bandwidth in the near-infrared
range. This device can be effectively applied as a high-resolution linear image detector or, by
operating in the reverse, for high-resolution optical writing.

(a) (b)

Figure 1: (a) Optical power flow inside the plasmonic waveguides excited by two incoherent point dipole
sources emitting at 1.55 µm and separated by 150 nm. (b) Propagating loss of each channel for wavelengths
between 1 µm and 2 µm. Inset shows the device dimensions.
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Surface Plasmon Resonance Sensing in the THz Regime

J. Shibayama, K. Shimizu, J. Yamauchi, and H. Nakano
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Abstract— The characteristics of surface plasmon polaritons (SPPs) are quite sensitive to the
property of a dielectric material on a thin metal layer. Using these characteristics, surface plas-
mon resonance (SPR) sensors have widely been investigated [1] and already been made available
commercially. Note that the SPPs are excited along a metal-dielectric interface at optical frequen-
cies. On the other hand, at terahertz (THz) frequencies, InSb exhibits a negative permittivity
as in metal at optical frequencies. In addition, an interesting feature of InSb is its permittivity
varying with temperature. Recently, THz plasmonic filters and lenses consisting of InSb have
been studied theoretically [2–4].
In this article, we investigate an SPR waveguide sensor with InSb at THz frequencies. The
dispersion of InSb is efficiently taken into account using the frequency-dependent FDTD method
based on the trapezoidal recursive convolution technique [5]. It is shown that the sensor exhibits
an SPR response versus THz frequency, the peak frequency of which is around 1 THz. We also
calculate the SPR curves with varying temperature, showing a possibility of realizing an SPR
sensor in the THz regime.
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Abstract— Inductive Output Tube (IOT) is a vacuum electron tube device capable of ampli-
fying RF power with very good efficiency. The major components of an IOT are electron gun,
input/output cavities, input/output couplers, focussing magnet and collector.
IOT has been extensively used in TV services as UHF transmitters to amplify both audio and
video signals. Its power gain, high efficiency and long life make it suitable for this application.
Besides that, this tube has been proving its capability and reliability in scientific areas like in
high energy particle accelerators and fusion plasma heating purposes.
The paper will present the RF design of input cavity of a low frequency IOT carried out at CSIR-
CEERI. It is an important component of the device. The cavity should be smartly positioned
so that the cathode-grid gap plays the role of cavity drift gap and contributes to the interaction
between electron beam (emitting from the electron gun) and the input RF signal (applied at
the cathode-grid gap). One key issue is that the cavity operates in grounded mode and in this
case, the inner wall of the cavity is connected to the cathode and grid, having high negative
potentials, hence proper isolation of the input circuit is mandatory for its successful operation.
The simulation of the cavity has been carried out in CST and MAGIC2D codes. The CAD
drawings have been prepared and the cavity structure has been fabricated. The details of design
approach using CAD tools and cold test results shall be presented in this paper.
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Quantum Optics with Solid-state Spins and Photons

Mete Atatüre
Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge CB3 0HE, UK

Abstract— Spins confined in solids, such as quantum dots and atomic impurities provide
interesting and rich physical systems. Their inherently mesoscopic nature leads to a multitude
of interesting interaction mechanisms of confined spins with the solid state environment of spins,
charges, vibrations and light. Implementing a high level of control on these constituents and
their interactions with each other creates exciting opportunities for realizing stationary and flying
qubits within the context of spin-based quantum information science. I will provide a snapshot
of the progress and challenges for optically interconnected spins, as well as first steps towards
hybrid distributed quantum networks involving other physical systems.
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Abstract— A quantum-dot (QD) strongly-coupled to a cavity mode is an extremely sensitive
device whose optical properties can be controlled with single incident photons. A key requirement
in this context is the fabrication of state-of-the-art cavity-QED devices using micropillars: indeed,
pillar cavities can demonstrate a maximized light-matter interaction (thanks to deterministic
coupling techniques [1]) together with high coupling efficiencies and quality factors [2]. The
optical properties of these devices can then be probed using high-resolution resonant spectroscopy
techniques [3], and be exploited for various applications such as few-photon optical nonlinearity [4]
or optical nanosensing [5].
In this presentation, we will focus on the development of a cavity-based spin-photon interface [6],
making use of the rotation of optical polarization (Faraday or Kerr rotation) induced by a single
spin in a cavity-QED device. This approach allows interfacing the spin with a photon generated
by an external source, thus opening new possibilities in quantum optics. Up to now, however,
Faraday/Kerr rotations induced by a single spin were reported only recently, with rotation angles
in the few 10−3 degrees range.
Here, thanks to the cavity-QED enhancement of the spin-photon interaction, we report a huge
amplification of the spin-photon interaction. As illustrated in Fig. 1(a), the reflected probe beam
polarization is rotated clockwise or counter-clockwise depending on the spin state. Fig. 1(b)
shows the Kerr rotation angle as a function of the probe energy: a macroscopic Kerr rotation of
±6◦ (depending on the spin state) is demonstrated for the reflected probe beam, three orders of
magnitude higher than the previous state of art [6].

(a) (b)

Figure 1: (a) Spin-dependent polarization rotation for the reflected probe beam. (b) Demonstration of giant
Kerr rotation induced by a single spin. The spin state is pumped in the up or down state by a resonant
pump beam, and a spin-dependent Kerr rotation up to ±6◦ is observed.

In addition, cavity-QED calculations allow us to predict that an optimized device will be able to
act as a spin-photon entangler with a unity-fidelity. It will also be possible to perform a perfect
quantum non demolition measurement, projecting the spin qubit on either its up or down state,
using a single photon detected by a photon counter. This novel way of interfacing a flying qubit
and a solid-state quantum memory opens the road for a wide range of applications for quantum
information processing and long-distance quantum communication.

REFERENCES

1. Dousse, A., L. Lanco, J. Suffczynski, E. Semenova, A. Miard, A. Lemâıtre, I. Sagnes, C. Roblin,
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Nitrogen-vacancy Defects in Diamond Coupled to Open
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Abstract— The realisation of an efficient spin-photon interface using the negatively charged
nitrogen-vacancy centre (NV-) in diamond requires the resonant coupling of the zero phonon line
(ZPL) of the centre to an optical microcavity [1]. The cavity serves to encourage emission into
the ZPL in preference to the phonon sidebands, and potentially also to increase the homogeneous
linewidth via a reduction of the lifetime (the Purcell effect) thus assisting in the generation of
indistinguishable photons. Cavity coupling thus has potential to improve by orders of magnitude
the speed with which entanglement can be created between spatially remote NV-centres [2], and to
enable other mechanisms for realising spin-photon interfaces via non-demolition measurements [3].
Some previous demonstrations of ZPL coupling have been reported in monolithic cavities [4–6],
but it is difficult to achieve optimal positioning of the emitter and resonant tuning in these
structures.
Here we report on the coupling of ZPLs of single NV-centres to open microcavities at low tem-
perature. The NV-centres are in nanodiamond produced by high pressure high temperature
methods, while the open cavity is of a plano-concave design with the concave mirror substrate
produced by the focused ion beam milling method [7]. The cavity has a mode volume around
2 µm3 and a quality factor of about 1000. The cavity mirrors are mounted on piezoelectric actu-
ators that enable tuning of the cavity mode wavelength and positioning of the nanodiamond in
the confined cavity mode in-situ, whilst cooled to 77K. We use registration marks on the planar
mirror (onto which the nanodiamond is spin cast), to enable characterisation and recording of
the positions of nanodiamonds of interest so that direct comparison can be made between the
free-space and cavity-coupled behaviour of the same NV-centre, giving a direct measure of the
effect of the cavity.
We will present data showing the change in fluorescence properties (spectrum, lifetime) as the
cavity mode is tuned through resonance with an NV-centre ZPL. A significant enhancement of
the emission into the cavity mode is observed on resonance. The ZPL is increased by about a
factor of 10 relative to free-space emission as a result of the cavity coupling, so that it constitutes
almost half of the total fluorescence and up to 15,000 photon counts/s on the detector. We will
discuss the outlook for further enhancements and the prospects for realising a highly efficient
quantum interface between the NV-spin state and an optical photon.
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Abstract— The spontaneous emission rate of an emitter depends on the local photonic en-
vironment and can strongly be modified when the emitter is placed in the vicinity of a planar
reflecting interface such as a silver mirror. By recording the spontaneous emission rate as func-
tion of the emitter mirror distance, information on the decay rate modification can be used, for
instance, to determine the emitters dipole orientation, its intrinsic quantum efficiency, and to
reveal higher order transition moments.
In this contribution we report on modifications of the spontaneous emission rate of nitrogen
vacancy (NV) centers embedded in diamond crystals and placed in the vicinity of a planar silver
mirror. The silver mirror was prepared on the end facet of a cleaved optical fiber and mounted
on a piezo stage. At room temperature the emission spectrum of NV centers is characterized by
a zero phonon line at 637 nm and a red shifted broad phonon sideband centered around 700 nm
with a bandwidth of approximately 150 nm. When recording the decay rate as a function of NV
center mirror distance we only observe small spontaneous emission rate modifications. These
small modification we associate with the NV centers broad emission spectrum and averaging over
the entire bandwidth. In contrast to the total decay rate, the broad emission spectrum is strongly
modified in the vicinity of the mirror. To model our findings we use a rate equation approach
taking into account scattering of photons on the broad phonon spectrum associated with the
diamond lattice.
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Infrared Counting and Imaging at Single-photon Frontier with
Superconducting Nanowires

Alessandro Casaburi
University of Glasgow, UK

Abstract— Advances in materials growth and nanopatterning have enabled the creation of a
new class of ultra-sensitive optical detector: the superconducting nanowire single-photon detector
(SNSPD) [1]. These devices offer exquisite sensitivity and low noise at infrared wavelengths, far
outperforming off-the-shelf alternatives such as semiconductor avalanche photodiodes and pho-
tomultiplier tubes [2]. The potential of SNSPDs has been demonstrated in a range of important
scientific applications, including quantum cryptography [3], remote sensing [4] and laser-based
cancer treatment [5]. Our efforts are focussed on the development of next generation SNSPDs
employing state-of-the-art nanofabrication techniques, sensor configurations and innovative ma-
terials.We will review the results obtained with these innovative sensors in the recent years and
describe how these devices can be modified to satisfy the stringent requirements of future ap-
plications. In this work, we will give a short overview on our recent results concerning direct
detection of singlet oxygen luminescence [6], fibre Raman temperature sensing [7, 8] time-of-flight
depth imaging [9]. We will also present results on the realization and characterization of a 2× 2
SNSPDs array [10] to scale up the sensitive area of the detector at 60 × 60 µm2 for multimode
fibre optical coupling on the perspectives for next future applications.

 

(a)

(b)

(c)

Figure 1: Next generation Superconducting Nanowire Single Photon Detectors (SNSPDs) under develop-
ment at the University of Glasgow, UK. (a) Meander type single pixel (10 micrometre width) SNSPD. (b)
Waveguide integrated SNSPD concept. (c) 2× 2 SNSPD array (30× 30 µm2).
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Experimental Demonstration of Chiral Light-mater Interaction:
Towards On-chip Non-reciprocal Photonic Elements and

Quantum-information Processing

I. Söllner1, S. Mahmoodian1, S. Lindskov Hansen1, L. Midolo1, A. Javadi1, G. Kiršanskė1,
T. Pregnolato1, H. El-Ella1, E. H. Lee2, J. D. Song2, S. Stobbe1, and P. Lodahl1

1Niels Bohr Institute, University of Copenhagen
Blegdamsvej 17, Copenhagen DK-2100, Denmark
2Center for Opto-Electronic Convergence Systems

Korea Institute of Science and Technology, Seoul 136-791, Korea

Abstract— Quantum dots (QDs) in photonic nanostructures open a promising route towards
realizing all-solid-state scalable quantum networks for quantum-information processing [1]. In
such networks single photons will serve as ying qubits, while the internal spin state of a single
electron or hole trapped in the QD serves as the stationary qubit. For this vision to be realized
it is necessary to create a spin-photon interface such that different spin states within quan-
tum dots interact with orthogonal optical modes with near-unity efficiency. We have recently
shown that photonic crystal waveguides (PCW) allow near-unity coupling efficiency, β ∼ 1, with
an embedded quantum dot [2]. However, interfacing different QD spin states with orthogonal
modes with near-unity efficiency remains a challenge [3]. Here we show that by manipulating the
geometry of a conventional PCW, we can design a new waveguide whose modes have a broad-
band in-plane circular polarization. Due to time reversal symmetry, E−k(r) = E∗k(r), and thus
counter-propagating modes have orthogonal circular polarizations in this new design. In an ex-
ternal magnetic field, applied along the QD-growth direction, QDs have two orthogonal transition
dipole moments with opposite circular polarizations. As illustrated schematically in Fig. 1(a) or-
thogonal circular dipoles couple to counter-propagating modes in the above discussed PCW, thus
exhibiting chiral light-matter interaction. We demonstrate this experimentally in Fig. 1(b) where
the emission spectra are simultaneously recorded from the two opposite ends of the waveguide.
The QD emission is highly directional as can be seen by the two orthogonal transition dipoles,
QD+/−, coupling almost exclusively to counter-propagating modes [4]. We extract the average
directionality factor, Fdir = 91%. This quanties the likelihood that the emission from a given
circular dipole into the waveguide, propagates into the direction indicated in the schematic of
Fig. 1(a).
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Figure 1: (a) Illustration of directional photon emission where the propagation direction of the single photon
depends on the rotation direction of the circular transition dipole. The level structure of the quantum dot is
shown schematically and the position of the quantum dot is indicated by the red spot. Single photons emitted
from (a) the σ−-transition only couple to the left-propagating (orange) mode whereas photons emitted from
(b) state σ+-transition only couple to the right-propagating (green) mode. (c) Experimental verication of
the directional photon emission [4]. The QD in this structure has highly directional emission as can be seen
by QD− and QD+ coupling almost exclusively to counter-propagating modes, indicated by the two different
colors.

Perhaps the most exciting aspect of the chiral light-matter interaction relates to the single photons
scattering properties. The transmission coefficient for on-resonant narrowband photons is [5]

t0 = 1− 2βdir , (1)
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where βdir = Fdirβ is the fraction of photons channelled into the directional mode of interest, as
opposed to all other modes. For βdir → 1, Eq. (1) implies a large transmission amplitude and a
π phase shift, for a photon propagating to the left and on resonance with the σ−-transition, cf.
Fig. 1(a). However, when reversing the propagation direction of the photon it does not interact
with the emitter. This forms the basis of non-reciprocal photonic elements with applications in
on-chip quantum information processing [4].
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Tunable Narrow-linewidth Photonic Microwave Oscillators Using
Optically Injected Semiconductor Lasers at Period-one Dynamics

Yu-Han Hung1 and Sheng-Kwang Hwang1, 2

1Department of Photonics, National Cheng Kung University, Tainan, Taiwan
2Advanced Optoelectronic Technology Center, National Cheng Kung University, Tainan, Taiwan

Abstract— Period-one (P1) dynamics excited in an optically injected semiconductor laser have
been widely investigated not only for academic interest in understanding nonlinear dynamics but
also for practical interest for novel technological applications. Thanks to the self-sustained mi-
crowave oscillation of the laser intensity, P1 dynamics can be applied for photonic microwave
generation. While the microwave frequency can be broadly tuned from a few to tens and even
hundreds of gigahertz by simply adjusting the optical injection power and frequency, optical
single-sideband modulation is so feasible as to mitigate microwave power fading over fiber dis-
tribution. However, owing to the inartistic laser noise, the linewidth of the photodetected mi-
crowaves is typically on the order of tens to hundreds of megahertz. To stabilize the photodetected
microwaves, several stabilization schemes have been proposed, including direct modulation, op-
toelectronic feedback, and optical feedback. However, these proposed schemes suffer from either
device bandwidth restriction or significant frequency jitter, limiting respectively the highest lock-
able microwave frequency, up to 25 GHz, or the lowest stabilized microwave linewidth, down to
the order of kilohertz only. In this study, we propose to use modulation sideband injection locking
scheme to stabilize the P1 dynamics. A 3-dB linewidth of 1Hz is experimentally demonstrated
for microwave generation up to 32GHz using an electronic microwave reference at a small frac-
tion, such as one-eights, of the generated microwave frequency. A higherfrequency microwave
generation is feasible, such as 100 GHz or more, using devices of higher bandwidth.
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Optical Fibre Limits: An Approach Using ASE Channel Estimation

N. Mac Suibhne, M. E. McCarthy, S. T. Le,
S. Sygletos, F. M. Ferreira, and A. D. Ellis

Aston Institute of Photonics Technologies, Aston University, Birmingham, B4 7ET, UK

Abstract— In this talk we investigate the usage of spectrally shaped amplified spontaneous
emission (ASE) in order to emulate highly dispersed wavelength division multiplexed (WDM)
signals in an optical transmission system. Such a technique offers various simplifications to large
scale WDM experiments. Not only does it offer a reduction in transmitter complexity, removing
the need for multiple source lasers, it potentially reduces the test and measurement complexity
by requiring only the centre channel of a WDM system to be measured in order to estimate
WDM worst case performance.
The use of ASE as a test and measurement tool is well established in optical communication sys-
tems and several measurement techniques will be discussed [1, 2]. One of the most prevalent uses
of ASE is in the measurement of receiver sensitivity where ASE is introduced in order to degrade
the optical signal to noise ratio (OSNR) and measure the resulting bit error rate (BER) at the
receiver. From an analytical point of view noise has been used to emulate system performance,
the Gaussian Noise model is used as an estimate of highly dispersed signals and has had consider-
able interest [3]. The work to be presented here extends the use of ASE by using it as a metric to
emulate highly dispersed WDM signals and in the process reduce WDM transmitter complexity
and receiver measurement time in a lab environment. Results thus far have indicated [2] that
such a transmitter configuration is consistent with an AWGN model for transmission, with mod-
ulation format complexity and nonlinearities playing a key role in estimating the performance of
systems utilising the ASE channel emulation technique. We conclude this work by investigating
techniques capable of characterising the nonlinear and damage limits of optical fibres and the
resultant information capacity limits.
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Impact of Phase Noise in High Capacity Optical Coherent
Transmission Systems

Gunnar Jacobsen1 and Sergei Popov2

1Acreo Swedish ICT, Box 1070, Kista SE-16425, Sweden
2Royal Institue of Technology, Stockholm SE-16440, Sweden

Abstract— Laser phase noise from the transmitter and Local Oscillator lasers strongly limits
the performance of high capacity, high constellation coherent optical transmission systems. Using
Digital Signal Processing techniques it is possible to mitigate the influence with specific form of
the DSP for different modulation formats. In this paper we will present a number of possible
mitigation techniques, applicable for such modulation schemes as N-level PSK and N-level QAM.
It will specifically be shown that the circular QAM configuration has inherent significant added
phase noise tolerance compared to the classical square configuration. The research has also been
performed considering the so-called Equalization Enhanced Phase Noise, which appears as an
added phase noise based impairment for coherent transmission systems with optically induced
dispersion and digital (electrical) dispersion compensation. A novel understanding of the origin
of EEPN and of straightforward mitigation techniques will be presented.

(a) (b)

Figure 1: Bit Error Rate versus OSNR for a 28 GS/s DQPSK transmission system with (a) post- and
(b) pre-compensation of chromatic dispersion influence (see [1, 2]). The transmission distance is 2000 km. It
is observed that the phase noise influence of Tx and LO lasers is reversed for the pre- and post-compensation
cases.
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Higher-order Raman Amplification for Unrepeatered and Long-haul
Super-channel Transmission

J. D. Ania-Castañón, G. Rizzelli, M. Camarasa-Gómez, and D. Hernangómez-Pérez
Instituto de Óptica “Daza de Valdés”, IO-CSIC, Serrano 121, Madrid 28006, Spain

Abstract— Over the past 5 years, coherent super-channel transmission has become a comer-
cial possibility, with companies announcing Tb/s capabilities and spectral efficiencies as high as
3.4 b/s/Hz [1]. In this context, distributed Raman amplification, and in particular higher-order
solutions such as those based ultralong Raman fiber lasers [2], have shown great promise for
super-channel communications, demonstrating full compatibility with super-channel techniques
such Nyquist-WDM both in long-haul and unrepeatered schemes [3]. Still, the optimal ampli-
fication scheme configuration can be expected to depend strongly on the particular choice of
super-channel implementation, desired system capacity, fiber base and distance requirements.
In this paper we explore these and other dependencies for the optimal design of amplification
solutions for super-channel transmission systems.
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Channel Model and Lower Capacity Bound for the Transmission
Based on Nonlinear Fourier Transform (Invited)
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Abstract— The integrability of the nonlinear Schrödinger equation (NLSE) by the inverse
scattering transform shown in a seminal work [1] gave an interesting opportunity to treat the
corresponding nonlinear channel similar to a linear one by using the nonlinear Fourier transform.
Integrability of the NLSE is in the background of the old idea of eigenvalue communications [2]
that was resurrected in recent works [3–7]. In [6, 7] the new method for the coherent optical
transmission employing the continuous nonlinear spectral data — nonlinear inverse synthesis —
was introduced. It assumes the modulation and detection of data using directly the continuous
part of nonlinear spectrum associated with an integrable transmission channel (the NLSE in
the case considered). Although such a transmission method is inherently free from nonlinear
impairments, the noisy signal corruptions, arising due to the amplifier spontaneous emission,
inevitably degrade the optical system performance. We study properties of the noise-corrupted
channel model in the nonlinear spectral domain attributed to NLSE. We derive the general
stochastic equations governing the signal evolution inside the nonlinear spectral domain and
elucidate the properties of the emerging nonlinear spectral noise using well-established methods
of perturbation theory based on inverse scattering transform [8]. It is shown that in the presence of
small noise the communication channel in the nonlinear domain is the additive Gaussian channel
with memory and signal-dependent correlation matrix. We demonstrate that the effective spectral
noise acquires “colouring”, its autocorrelation function becomes slow decaying and non-diagonal
as a function of “frequencies”, and the noise loses its circular symmetry, becoming elliptically
polarized. Then we derive a low bound for the spectral efficiency for such a channel. Our
main result is that by using the nonlinear spectral techniques one can significantly increase the
achievable spectral efficiency compared to the currently available methods [9].
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Transoceanic Fibre-optic System Capacity with Electrical Power
Constraints

Steve Desbruslais
Xtera Communications Ltd., UK

Abstract— Recent progress in maximising submarine optical fibre transmission capacity has
benefited from significant gains using advanced coding techniques and coherent detection. The
methods have not only allowed a dramatic increase in system capacity, but have enabled these
gains to be made with little effect on the power requirements of the submarine plant. But now
that these methodologies have been pushed close to their limit and demand is still increasing, we
have to face the inevitable tenet that increasing transmission capacity requires an increase in total
signal power. Each channel will have a modulation format dependent signal power requirement
and so the more channels we implement, the greater the total optical power requirement will
be. We can increase the system bandwidth, the number of transmission modes per fibre, the
number of cores per fibre or else the number of fibres. We can also trade signal power with the
type of modulation format. But no matter which of these methods we use the total signal power
must inevitably increase. There is a direct relationship between the optical signal power and the
electrical power required to generate it at the output of each repeater. But it is clear that we
cannot increase the power delivered to the submarine plant without limit. The two approaches
we can use to overcome this difficulty are to seek savings in energy conversion efficiency and seek
improvements to the way the electrical power is delivered. Here we consider the latter.
We consider methods for maximizing the transmission capacity that is achievable in a system
of given length subject to the constraints inherent in the powering of submarine repeaters. The
way the power is distributed has a large bearing on the efficiency with which the available power
can be utilised. Nevertheless, we come to the conclusion that the ultimate limits to long distance
submarine transmission capacity are not optical nonlinearities or any other optical phenomena
but rather electrical power constraints.
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Machine Learning Approaches for Nonlinearity Mitigation and
Component Characterization

D. Zibar and M. Piels
DTU Fotonik, Technical University of Denmark, Kgs. Lyngby DK-2800, Denmark

Abstract— Machine learning is an area of intelligent signal processing which uses advanced
statistical and probabilistic methods to identify, learn, and track patterns about the underlying
system from measured/observed data. The area of machine learning has, so far, had a great
impact on our modern society. The Google search engine, for example, uses machine learning
to predict the notably nonlinear behavior of internet users. There is a good reason to expect
that machine learning can have similar impact on optical fibre communication. In this paper, we
link powerful methods used in machine learning community to the future challenges in optical
communication. Moreover, methods from machine learning can be used to learn the impairments
from the observed data and built a probabilistic model of the impairment. One of the tools that
we will consider in this paper is Bayesian filtering and parameter estimation using expectation
maximization algorithm. Bayesian filtering allows for tracking of time-varying parameters such
as amplitude and phase noise as well as self- and -cross phase modulation. The expectation
maximization algorithm allows for maximum likelihood estimation of constant parameters. A
significant advantage of Bayesian filtering is that it can be applied to nonlinear systems and
account for non-white and also non-Gaussian noise. We will demonstrate how Bayesian filtering
in combination with expectation maximization can be used for optical fibre channel nonlinearity
mitigation and component characterization. Three special cases of Bayesian filtering are consid-
ered: particle filtering, extended Kalman filter (EKF) and extended Kalman smoother (EKS).



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 495

Predicting System Performance — An Art or Playing the Lottery?

André Richter and Hadrien Louchet
VPI Photonics, Carnotstrasse 6, Berlin 10587, Germany

Abstract— For many years, modeling and numerical simulation play an important role for
characterizing equipment and dimensioning performance limitations of high-speed optical trans-
mission systems. We try nothing less but to emulate in a computer environment what will
happen in real life under real-world conditions, evaluate the performance of alternating transmis-
sion methods and corresponding technologies, and based on that make strategic decisions about
the way to move forward.
How can modeling and numerical simulation actually address this challenging demand? Fore-
most, a good understanding of all relevant effects influencing the information transmission —
from the initial digital (or analog) source to the corresponding sink — is required. If this is
known and interactions are understood, one needs to determine, what it takes to emulate these
effects realistically in a modeling environment and to obtain reliable measures predicting system
performance. So, one needs to determine the required level of modeling abstraction as well as
efficient and accurate means for implementing the emulation process.
Clearly, extensive numerical simulations should go hand-in-hand with equipment and system
characterizations, and laboratory or field transmission experiments. Where possible, experimen-
tal data, either pre-recorded or measured live during simulation, can be integrated with numerical
studies in order to deliver realistic and reliable performance predictions.
What characteristics should be evaluated in order to be able to draw the right conclusions? The
range of options is large: optical spectra and required OSNR, (time-dependent) statistics of eye
openings and constellation diagrams, symbol or bit error ratios, Q factor and EVM, or mutual
information? And then, how should those characteristics be calculated/estimated/displayed?
When reviewing the evolution of technology over the past years, we see that the perspective
changed significantly about what are important limitations and how should they be evaluated.
Up to the end of the last century (dense) WDM transmission of N × 10Gbit/s channels over
dispersion-managed fiber links using OOK-based NRZ or (chirped) RZ modulation and direct
detection receivers represented state-of-the-art. Optical loss and noise, CD and Kerr nonlinear-
ities represented the main limiting effects. Soon after, channel rates of 40 Gbit/s using DPSK
and later DQPSK modulation combined with balanced detection became popular. With this,
limitations due to PMD and nonlinear phase noise became important. A few years later efficient
means for IQ-modulation have been introduced and coherent optical detection has been rediscov-
ered, which allowed using spectrally efficient modulation formats and moving key functionality
for pulse shaping and mitigation of limiting performance effects to then available high-speed elec-
tronics. Nowadays, we develop systems with channel rates of 400 Gbit/s and more using many
different types of single- or multi-carrier based two-dimensional and coded modulation formats,
sophisticated multi-stage DSP and soft-decision FEC algorithms.
These developments made the task of reliably predicting system performance using modeling and
numerical simulation a lot more challenging. With this paper we discuss numerical techniques
for estimating the signal performance for high-speed optical transmission systems. We illustrate
how the perspective about ‘good methods’ and ‘reliable criterions’ changed over the years with
the advancement of technology. Further we highlight major challenges for estimating signal
performance in today’s transmission systems and discuss techniques to overcome them.
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Interleaving to Reduce Code Overhead in DQPSK Systems

M. Y. Leong1, 2, K. J. Larsen3, S. Popov2,
G. Jacobsen1, 2, D. Zibar3, and S. Sergeyev4

1Acreo Swedish ICT, Sweden
2KTH Royal Institute of Technology, Sweden

3Technical University of Denmark (DTU), Denmark
4Aston University, United Kingdom

Abstract— A method for selecting interleavers and BCH codes for systems with cycle slips.
Recently, both phase noise and Gaussian noise are considered in code design [1–3]. However,
codes in [3] have high overheads due to correlation. We use interleaving to reduce overhead.
We add an interleaver of length L code blocks with nB,S bits/block after the Bose-Chaudhuri-
Hocquenghem (BCH) encoder in [3]. It reorders the bits using randomly-generated permutations.
A deinterleaver before the BCH decoder restores the bit order. We fit the probability density
function (PDF) Pr(YG = yG, YC = yC) as in [3]. Let the random variable (RV) YA represent the
number of bit errors in a code block, Pr(YA = yA) =

∑
(yG,yC):2yG+yC=yA

Pr(YG = yG, YC = yC).
Let YL represent the number of bit errors in L blocks. Pr(YL = yL) is the L-fold convolution
of Pr(YA = yA). After deinterleaving, the yL bit errors are distributed randomly over L blocks.
Let the RV Z` represent the number of bit errors in the `-th block. Pr(Z` = z`|YL = yL) =(

yL

z`

)
(1/L)z`(1 − 1/L)yL−z` if z` ≤ yL, and 0 otherwise. The PDF of Z` is Pr(Z` = z`) =

∑∞
yL=0 Pr(Z` = z`|YL = yL) Pr(YL = yL). A code corrects up to τ bit errors. Let X` be a

RV that is 1 if τ + 1 ≤ Z` ≤ τ + 3, and 0 otherwise. Let X =
∑L

`=1 X`. The expectation of
X is E[X] = L · Pr(τ + 1 ≤ Z` ≤ τ + 3). Post-forward error correction (FEC) bit error rate
(BER) Ppost ≈ [(τ + 1)/nB,S ] · Pr(τ + 1 ≤ Z` ≤ τ + 3). Suitable interleavers and codes are the
combinations of nB,S , τ , and L that meet a target post-FEC BER.
As an example, a 28 Gbaud system optimized for linewidth < 100 kHz uses a 41-tap moving
average filter for Viterbi-Viterbi [4]. We assume the worst-case “poor phase estimate (PE)” curve
has linewidth 25.2 MHz. Simulations use VPI [5]. Our interleaver-code combinations achieve 2 ×
BER target (Fig. 1).

(a) (b)

Figure 1: (a) BER vs. signal-to-noise ratio (SNR). We design interleaver-code combinations for “poor phase
estimate (PE) pre-FEC” triangle (/). In post-FEC simulations, B2 is BCH(8190,7943) with L = 2, and B6 is
BCH(8190,7969) with L = 6. Pre-FEC BER is calculated on 106 bits, and post-FEC BER on 107 post-FEC
bits. (b) Trade-off for / in (a). Interleaver delay is proportional to L. Interleaver-code combinations for
target post-FEC BER 10−5 are marked with a star (∗). B2 and B6 are simulated in (a).
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Polarization Sensitivity Mitigation for AM-CO-OFDMA PON
Uplink Transmission
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Abstract— In the optical coherent detection, the basic detection process is optical beating
between the optical field of uplink signal and optical field of the local oscillator (LO) laser at
the receiver. This detection provides the phase diversity and polarization diversity which lead to
high spectral efficiency with higher order modulation. During this optical beating process, the
polarization states between the signal optical fields and optical field of LO has very important
relationship. Because the LO optical field and signal fields are divided as X-polarization compo-
nents and Y -polarization components relative to the fiducial polarization axis, each polarization
components beats each other during the photo detection process and generate the electrical signal
for each polarization. But, in the multiple access system, the polarization diversity could cause
serious issue. In the adatively modulated coherent optical orthogonal freuqency division multiple
access (AM-CO-OFDMA) passive optical network (PON) system, the multiple access function
is easly achieved just by dividing subcarrier subbands of its signal frame. However, the received
uplink optical fields of ONUs could not have same polarization states each other because of its
different transmission path and responses of the devices in the link. These variously polarized
optical fields lead to reduce SNR after photo-detection and crosstalk between the multiple access
user signals. In this work, we proposed a mitigating technique for the polarization mismatch of
the uplink optical fields in the coherent AMO-OFDMA-PON. By using the trigonometric fea-
tures of polarization states, we experimentally demonstrated stable transmission performance of
uplink multiple access.
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Optically Controlled Triple Notched UWB Antenna

Heba Zakaria1, Moataza Hindy2, and Adel El-Henawi1

1Faculty of Engineering, Ain Shams University, Cairo, Egypt
2Electronics Research Institute, Cairo, Egypt

Abstract— A new printed reconfigurable ultra-wideband (UWB) antenna was designed on a
35× 28mm FR4 substrate with relative dielectric constant of 4.6 and thickness of 1.5 mm. This
design proposes triple narrow notched bands at center frequencies 3.5 GHz “WIMAX”, 5.5 GHz
“WLAN” and 8.4 GHz (7.4 GHz WPAN and 7.15–9 GHz) [1, 2]. The coplanar fed microstrip
UWB antenna is shown in Fig. 1(a) while Fig. 1(b) illustrates the optically controlled design.
The proposed UWB can work at eight modes using controlling switches ON and OFF. The optical
switches are made by placing 0.5mm×0.5mm silicon wafers over the slots of the resonator. When
laser is applied the switches are in the ON state (as shown in Table 1) the notches disappear and
the antenna operates in full ultra wideband frequency range. In case, all diodes are OFF all the
notches are activated. Moreover, the average gain of this antenna is 5.5 dBi and UWB ranges
from 3 to 11 GHz. The antenna was simulated, fabricated, and measured results well agree with
the simulation.

L = 35 mm

(a) (b)

L = 35 mm

W = 28 mm

S1

2
3S S

Figure 1. The geometry of the proposed ultra wideband antenna. (a) The origin design, (b) UWB antenna
without 3 switches.

Figure 2. VSWR of UWB antenna made1 UWB
“case1” mode2 “case2” UWB from 2.8 to 11.8GHz.

case Notched Band S1 S2 S3

1 3.5 & 5.5 & 8.5 GHz OFF OFF OFF
2 None ON ON ON
3 3.5 GHz ON OFF ON
4 5.5 GHz OFF ON ON
5 8.5 GHz ON ON OFF
6 3.5 & 5.5 GHz OFF OFF ON
7 3.5 & 8.5 GHz ON OFF OFF
8 5.5 & 8.5 GHz OFF ON OFF

Table 1.
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Silicon Photonics at the University of Southampton
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2School of Electronics and Computer Science, University of Southampton
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3Caliopa, Technologiepark 19, Zwijnaarde 9052, Belgium

Abstract— Over the past decade silicon photonics has gone through a period of rapid techno-
logical advancement coinciding with significant research effort worldwide from both academia and
industry. Motivations for silicon photonics are the potential for low cost manufacture of photonic
integrated circuits (PICs) and the prospects for photonic-electronic convergence. Several of the
building blocks required to produce high PICs in silicon have been demonstrated from high speed
optical modulators and detectors to filters, multiplexers and hybrid laser sources. The Silicon
Photonics Group at Southampton University has been active across a breadth of activities within
the field. In this talk an overview will be given of recent research efforts and results of the group.
Previously we have demonstrated optical modulators based on carrier depletion operating up to
speeds of 50 Gbit/s. Devices such also need high speed electronic amplifiers in order to drive
them with the required voltage levels. We have recently been working on the heterogeneous
integration of CMOS electronic drivers with silicon optical modulators based on wire bonding.
A fully integrated silicon photonics data link operating up to 10 Gbit/s has been demonstrated
We have shown that coarse wavelength division multiplexers (CWDM) based upon angled mul-
timode interference (AMMI) structures can be advantageous in terms of fabrication simplicity
and tolerance to fabrication variations. Recently we have demonstrated a bi-directional AMMI
structure which results in two CWDM devices that share the same multimode region. Almost
identical spectral responses are obtained from the two devices. This can be highly advantageous
in applications where two (DE)MUX structures are required with matching spectral responses for
example in polarisation diversity based receivers. We have also recently demonstrated a 50Gbit/s
four channel receiver based on the integration of an AMMI and germanium based photodetectors.
Wafer scale testing of PICs is essential in mass-production to ensure high yield is achieved and
fabrication costs are minimised. To date few solutions have offered an efficient scheme which
allows testing of individual components within an optical circuit. In our work we demonstrate a
solution to this based on grating couplers formed by selective ion implantation induced amorphi-
sation of silicon. Respectable coupling efficiencies have been achieved and it has also been shown
that the amorphous silicon can be recrystallized through localised laser annealing and as a result
the coupling gratings are erased.
Another area of research we have been highly active in is the use of silicon waveguides at mid-
infrared wavelengths. We have demonstrated a range of waveguides and photonic components at
different wavelengths beyond those traditionally used for telecommunications.
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Athermal CMOS-compatible Silicon Photonics for Computing and
Networking Applications

S. J. Ben Yoo
Department of Electrical and Computer Engineering, University of California, Davis, USA

Abstract— We will discuss athermal CMOS-compatible silicon photonic integrated systems
designed for computer interconnects and networking applications. In particular, we will discuss
CMOS-compatible athermal silicon photonic waveguides that can be building blocks for athermal
modulators, lasers, and multiplexer/demultiplexers necessary for practical and scalable comput-
ing and networking systems. We will first discuss the design and fabrication processes utilizing
a titanium dioxide overcladding layer on silicon photonics where full compatibility with CMOS
fabrication steps have been implemented. Then, we will discuss an example of fabricated silicon
photonic resonant ring modulators for athermal operations at 1550 nm and 1310 nm, respectively.
We will follow up by discussing athermal silicon-photonic RFPhotonic lattice filters, arrayed grat-
ing waveguide mux and demuxes, and DBR gratings for InP/Si hybrid lasers, all designed and
fabricated for large-scale integrated athermal silicon photonic systems on a die. Finally, we
will discuss athermal silicon photonic optical-arbitrary waveform generation and measurement
(OAWG and OAWM) system on chip for elastic optical networking applications, and prospects
for future computing and networking systems.
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Quantum Dot Lasers for Silicon Photonics

Yasuhiko Arakawa
Institute for Nano Quantum Information Electronics, The University of Tokyo

4-6-1 Koamaba, Meguro-ku, Tokyo 153-8505, Japan

Abstract— We discuss our recent advances in quantum dot lasers [1] for silicon photonics. High
temperature stability and high feedback-noise tolerance due to small α-parameter of the quantum
dot lasers are unique features for application to silicon optical interposers. High-temperature
operation of silicon optical interposers showing the bandwidth-density of 15 Tbps/cm2 up to
125C was successfully demonstrated by integrating quantum dot lasers with flip-chip bonding
method [2]. High performance operation of the quantum dot lasers on silicon by wafer-bonding
technique was also examined [3, 4].
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Abstract— Silicon is now considered as a material of choice for photonic applications includ-
ing optical interconnects and telecommunications. These applications are mainly based on the
use of optoelectronic devices (i.e., light sources/modulators/detectors) operating in the telecom
wavelength range. Even if the development of silicon photonics was impressive in terms of device
demonstrations, the integration of all the photonic building blocks is considered to remain as
challenging due to the diversity of needed materials (Si for modulator, Ge for detector and III–V
semiconductors for laser sources). The integration of all these materials on silicon is technically
possible, but as different and sometimes non-compatible processes are used, the resulting scheme
is not cost-effective, and consequently reduces the use of silicon photonics for a broad application
domain.
The use of carbon nanotubes (CNT) as active materials for the development of all optoelectronic
devices on silicon could overcome this integration issue. Indeed, carbon nanotubes exhibit the
major optical properties to emit, modulate and detect light in the telecom wavelength range and
can be integrated into the Si photonics platform.
In this context, we will present recent advances in CNT integration in silicon waveguides and
in optical resonators. Several waveguide geometries including strip waveguides, slot waveguides,
micro-disk and photonic crystal cavities have been studied and analyzed to enhance the optical
interaction between the optical mode guided in the silicon structures and carbon nanotubes
deposited on the top.
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Subwavelength Grating Filters in Silicon Photonics

Lawrence R. Chen
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McGill University, Montreal, QC H3A 0E9, Canada

Abstract— There is an increasing need for integrated solutions in optical communications in-
terconnections, and sensing applications. In the past few years, a variety of active and passive
devices as well as integrated subsystems in CMOS-compatible silicon photonics platforms have
been realized. One specific structure that has attracted considerable interest is the subwavelength
grating (SWG). An SWG is based on a periodic arrangement between two different materials with
a period much smaller than the wavelength of the light. SWG waveguides have the potential for
low loss and provide significant flexibility in tailoring the effective index. Indeed, a number of
SWG-based building blocks in silicon-on-insulator (SOI) have been developed, including waveg-
uide crossings, bends, couplers, mode transformers, polarization converters, and modulators. In
this paper, we review recent progress on developing SWG filters based on ring resonators as well
as Bragg structures. We compare the performance of conventional ring vs. racetrack resonator
designs and discuss applications in sensing. We also describe narrowband reflection filters based
on interleaving two SWG waveguides to create a periodic variation in refractive index, i.e., a
Bragg grating. These filters add significantly to the SWG ’toolbox’ and should enable the devel-
opment of more complex wavelength selective devices with enhanced functionality, e.g., optical
add/drop multiplexers.
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Silicon Photonics for Data Center Networking Applications
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Abstract— Data center, a new concept of warehouse scale computing, offers economic and
efficient solutions to the rapid expanding Internet applications. If Internet is a human body,
data centers are the organs of the body. Currently, data center is one of the most rapid growth
areas in information technology. The servers and storage devices in a data center are connected
by clos switches built by high radix switch chips. As the number and speed of the servers and
storage devices grow, the electronic clos switch fabric can no long keep up with the networking
demand. One of the possible solutions of this data center network bottleneck is to utilize optical
technology — a hybrid optoelectronic switch system. In this talk we will describe the concept
of a WDM based wavelength switch solution based on silicon photonics platform. Issues and
challenges of developing this novel data center networking system will be discussed.
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Photonic Topological Insulators

Mordechai Segev1, Mikael C. Rechtsman1, Yonatan Plotnik1, Yaakov Lumer1,
Miguel A. Bandres1, Julia M. Zeuner2, and Alexander Szameit2
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Abstract— The recent experiments on photonic topological insulators signified a new direction.
The progress on experiments and theory in this area will be reviewed, with an emphasis on
universal ideas common to optics, cold atoms and quantum systems.
The discovery of topological insulators relying on spin-orbit coupling in condensed matter systems
has created much interest in various fields, including in photonics. In two-dimensional electronic
systems, topological insulators are insulating materials in the bulk, but conduct electric current
on their edges such that the current is completely immune to scattering. However, demonstrating
such effects in optics poses a major challenge because photons are bosons, which fundamentally do
not exhibit fermionic spin-orbit interactions (i.e., Kramer’s theorem). At microwave frequencies,
topological insulators have been proposed [1, 2] and demonstrated [3] in magneto-optic materi-
als, relying on strong magnetic response to provide topological protection against backscattering
— in the spirit of the quantum Hall effect. However, at optical frequencies the magneto-optic
response is extremely weak, hence a photonic topological insulator would have to rely on some
other property. Indeed, numerous theoretical proposals have been made for photonic topological
insulators [4–8], but their first observation [9], made by our group, relied on a different idea:
Floquet topological insulators [10, 11]. Later that year, another group reported imaging of topo-
logical edge states in silicon photonics [12, 13]. These experiments have generated much follow
up: predictions of nonlinear waves [14]; and of storage and release of information in such sys-
tems [15]. The purpose of this talk is to review this recent progress, discuss new conceptual ideas,
and suggest applications.
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Enhancing and Inhibiting Stimulated Brillouin Scattering in
Photonic Integrated Circuits

Benjamin J. Eggleton
Centre for Ultrahigh Bandwidth Devices for Optical Systems (CUDOS)
Institute of Photonics and Optical Science (IPOS), School of Physics

University of Sydney, NSW 2006, Australia

Abstract— On-chip nonlinear optics is a thriving research field, which creates transformative
opportunities for manipulating classical or quantum signals in small-footprint integrated devices.
Since the length scales are short, nonlinear interactions need to be enhanced by exploiting ma-
terials with large nonlinearity in combination with high-Q resonators or slow-light structures.
Here, we exploit the frequency dependence of the optical density-of-states near the edge of a
photonic-bandgap to selectively enhance or inhibit nonlinear interactions on a chip. We demon-
strate this concept for one of the strongest nonlinear effects, stimulated Brillouin scattering using
a narrow-band one-dimensional photonic-bandgap structure: a Bragg grating. The stimluated-
Brillouin scattering enhancement enables the generation of a 15-line Brillouin frequency comb.
In the inhibition case, we achieve stimulated Brillouin scattering free operation at a power level
twice the threshold.
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Evolutionary Photonics: From Black-body Lasers to Ultrafast
Subwavelength Rogue Waves in Photonic Seas

Andrea Fratalocchi
PRIMALIGHT, Faculty of Electrical Engineering, Applied Mathematics and Computational Science

King Abdullah University of Science and Technology (KAUST)
Thuwal 23955-6900, Saudi Arabia

Abstract— Chaos and disorder are often perceived as detrimental effects, which are typically
unwanted in man-made applications due to their unpredictable character. Millions of year of
evolution of natural systems, however, enabled pathways where these effects are exploited con-
structively and efficiently. In this invited talk, I will summarize my research activity in the field
of evolutionary photonics, where I developed new types of applications that leverage on different
aspects of chaos and randomness. I will begin my talk by discussing a new mechanism of energy
harvesting, based on the unpredictable motion of light rays in chaotic cavities, and that is able to
dramatically enhance the trapping performances of micro and nanoscaled systems [1, 2]. By using
this technology, we are developing new applications in the field of solar cells [3], extreme localiza-
tion of light [4], and new concepts in laser devices [5]. The traditional design of a laser exploits
a cavity with single or multiple resonant modes, and their coherent amplification in a feedback
structure. Following an evolutionary approach, we demonstrated a system where lasing does not
result from a cavity or a resonance. In particular, we considered the possibility to achieve lasing
from a black-body material. We fabricate the latter by combining a biomimetic approach with
transformation optics. Measurements in the visible between 200 nm to 800 nm under isotropic
illumination angles show that this material has a flat absorption > 98%, behaving like an almost
ideal back-body. In performing light emission experiments, we diluted a standard dye inside the
black-body metamaterial, and then illuminate the system by a pulsed laser operating at 532 nm,
characterized by a repetition rate 10 Hz and pulse duration 10 ns. We selected Rhodamine B
(RhB) as a gain material, with fluorescence peak at 625 nm. We observed a strong emission peak
that from an initial fluorescent emission 60 nm wide, creates an almost monochromatic line with
5 nm bandwidth. Further theory showed that such regime is the characteristic emission of the
system, which occurs by a new mechanism of light “condensation” that coherently gathers all
energy from the amplifier, confining it to a single frequency.
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Soliton Explosions in Normal Dispersion Fibre Lasers

Antoine F. J. Runge, Neil G. R. Broderick, and Miro Erkintalo
Dodd-Walls Centre for Photonic and Quantum Technologies, Department of Physics
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Abstract— Mode-locked fiber lasers can be host to numerous exotic dissipative structures,
and they have thus become ideal testbeds for the exploration of complex dissipative dynamics [1].
Among all such dynamics, soliton explosions display perhaps the most astonishing characteristics.
In this regime, a quasi -stable dissipative soliton circulates in the laser cavity for a number of
roundtrips, but then suddenly undergoes an abrupt structural collapse. Remarkably, after a few
roundtrips the collapsed pulse self-recovers and returns back to its initial form [2]. However,
the extreme transient nature of the explosions makes them difficult to capture in laboratory
measurements. In fact, so far only one observation has been reported, in a solid-state Ti : Sapphire
laser [3]. Here we report on the first observation of soliton explosions in a mode-locked fiber laser.
We also show that explosions manifest themselves in the time-domain as abrupt, measurable
temporal shifts of the pulse train.
The laser used in our experiment is an all-normal dispersion, all-PM-fiber device that is passively
mode-locked using a nonlinear amplifying loop mirror. Depending on the pump power, the laser
can sustain either stable or noise-like operation. By carefully adjusting the pump power to lie in
between these two regimes, we observe a new mode of operation. It is in this transition regime
that soliton explosions occur, as shown in Fig. 1(a). Here we plot the shot-to-shot spectra of 100
consecutive pulses emitted by the laser, recorded in real time. When an explosion occurs, the
broad spectrum of the quasi-stable dissipative soliton collapses into a much narrower profile with
larger amplitude, but after a few roundtrips returns back to its previous state. This is further
highlighted in Fig. 1(b), where we show four consecutive spectra around a particular explosion
event. Time domain measurements are shown in Fig. 1(c). We find that each explosion event
gives rise to an abrupt temporal jump in the output pulse train: the pulse completes a cavity
roundtrip approximately 40 ps later than in the quasistable regime.
We will present numerical simulations demonstrating how these explosions are generated by gain
competition between an already existing pulse and a new one that grows parasitically on the
shoulder of the first. These results demonstrate the universal nature of explosions in dissipative
systems such as mode-locked lasers and should help to illuminate complicated dynamics elsewhere.

(a) 100 measured single-shot spectra (b) Explosion example (c) 100 measured single-shot pulses

Figure 1: (a) Experimentally measured single-shot spectra of 100 consecutive pulses with the laser operating
in the transition regime. (b) Example spectra at indicated roundtrip numbers around a particular explosion
event. (c) Experimentally measured temporal evolution relative to the average roundtrip time over 100
roundtrips.
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Interplay between Raman and Plasma Effects in Gas-filled
Hollow-core Photonic Crystal Fibers
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Abstract— Hollow-core photonic crystal fibers (HC-PCFs) with Kagome-style cladding struc-
ture have granted strong guided interactions between light and gaseous media over relatively-long
propagation distances with low transmission losses and pressure-tunable dispersion in the visible
region [1]. Stimulated Raman scattering processes in gases are characterized by having a very
long molecular coherence relaxation time, of the order of hundreds of picoseconds or more. In
this work, we analyze the propagation of two non-overlapped pulses, temporally separated by a
delay smaller than the relaxation times, in HC-PCFs filled with Raman-active gases. The leading
pulse is an ultrashort strong ‘pump’ fundamental soliton with a temporal width shorter than the
Raman oscillation period of the gas, while the trailing pulse is a weak ‘probe’ pulse with negli-
gible nonlinearity. The pump induces a lagging sinusoidal temporal modulation of the medium
refractive index, which has been observed experimentally [2], due to Raman polarization. This
soliton is uniformly accelerated with acceleration g1 as a result of its Raman-induced spectral
redshift. In the reference frame of soliton, we have found that the probe governing equation is the
exact analogue of the time-dependent Schrödinger equation of an electron in a periodic crystal
in the presence of an external electric field [3]. In our case, we deal with a spatially dependent
Schrödinger equation of a single particle ‘probe’ in an induced temporal crystal by the accelerated
pump.
Consider the propagation of an ultrashort soliton in a H2-filled HC-PCF. Exciting the rotational
Raman shift frequency δ in the fiber via this soliton will induce a long-lived trailing temporal
periodic crystal with a lattice constant Λ = 56.7 fs. In the absence of the applied force, the
solutions are the Bloch modes, while in the presence of the applied force, the periodic potential
is tilted, and the eigenstates of the system are the Wannier functions portrayed as a 2D color
plot in Fig. 1(a), where the horizontal axis is the time and the vertical axis is the corresponding
eigenvalue. After an eigenvalue step g1Λ the eigenstates are repeated, but shifted by Λ, forming
the Wannier-Stark ladder. Each potential minimum allows a single localized state with weak
tails. A large number of delocalized modes with long and strong tails exist in between. An

(c)(a) (b)

Figure 1: (a) A fundamental pump soliton with central wavelength 1064 nm, and full width at half maximum
(FWHM) 15 fs is propagating in a H2-filled HC-PCF that has a flat-to-flat core diameter 18µm, gas pressure
7 bar, and rotational Raman frequency ωR = 17.6 THz. (a) A portion of the absolute eigenstates of the
Raman-induced temporal periodic crystal with a lattice constant Λ = 56.7 fs in the presence of a force
with magnitude g1 = 0.1408 in the positive-delay direction. The vertical axis represents the corresponding
eigenvalues −q. The dotted-dashed line is the tilted potential. (b) Control over the Raman coherence wave in
presence of Raman and plasma effects, and (c) control over the pulse spectrum due to the interplay between
Raman and plasma effects as a function of pump energy.
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arbitrary weak probe following the soliton will be decomposed into these Wannier modes. The
evolution of a delayed probe is depicted in Fig. 2(b). Due to beating between similar eigenstates
in different potential wells, Bloch oscillations arise with a period 34.7 cm. After each half of this
period, an accelerated radiation to the left due to Zener tunneling is also emitted. The Zener
tunneling is dominant over the Bloch oscillations, because the potential wells are relatively far
from each other, hence, the overlapping between the localized modes are small.
When the intensity of light overcomes a certain threshold, the gas becomes ionized and generates
an electron plasma, which in turn will influence nonlinearly the pulse. This leads to a soliton
self-frequency blueshift and can be used to push energy into the blue part of the spectrum. We
discuss the interplay between the Raman effect and the plasma effect, which leads to a very
interesting control of the temporal and spectral domain of the pulse. Our novel theories on these
two combined effects reveal all the main ingredient of supercontinuum generation in Raman- and
plasma-active gases.
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Multicomponent Rogue Waves
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Abstract— Rogue or extreme waves have been extensively investigated in recent years in
various application contexts, ranging from oceanography to nonlinear optics. A new frontier in
the study of rogue waves is provided by multi-component wave systems, where the transfer of
energy among the various components of a vector field may lead to novel and unexpected complex
phenomena. In this presentation we discuss our recent advances in the theory and experiments
on multi-component rogue waves, with a special focus on the case of vector propagation in
randomly birefringent optical fibers, and in periodic Bragg gratings. Polarization coupling in
telecommunication fibers is described by the vector nonlinear Schröinger equation or Manakov
system. We have found a new class of coupled wave rogue wave solutions in both the anomalous
and in the normal dispersion regime of the fiber. We have experimentally demonstrated the
generation of black vector rogue waves by using standard telecom components. Pulse propagation
in periodic fiber Bragg gratings is described by a variant of the massive Thirring model. We
recently found the rational rogue wave solution of the massive Thirring model, which may open
the way for the observation of rogue waves in periodic optical media, in oceans with a periodic
bottom, as well as in relativistic fields.
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Non-instantaneous Polarization Decay in Resonant Dielectrics

J. Hyyti1, 2, M. Hofmann3, S. Birkholz1, M. Bock1, S. K. Das1, 4, R. Grunwald1,
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Abstract— We experimentally demonstrate and theoretically analyze the appearance of a
lasting polarization response in a dielectric material. This previously unreported finding stems
from a resonance condition of the third harmonic of the input light with the bandgap of the
material. Polarization decay times up to 7 fs are observed for an effect that has previously always
been considered to be unmeasurably fast.
Introduction: Third-order optical nonlinearities are extensively utilized in generation and char-
acterization of ultrashort optical pulses, e.g., for frequency-resolved optical gating (FROG), which
can be based on a variety of χ(3) effects. FROG intrinsically relies on the instantaneity of the
polarization response. Here we demonstrate that resonant third harmonic excitation in a dielec-
tric medium may exhibit a surprisingly slow polarization decay, with a relaxation time constant
that exceeds the duration of the shortest pulses generated to date.
Results: We used a collinear variant of third harmonic FROG (THFROG) [1] to characterize
7.5 fs Ti:sapphire laser pulses. Employing an identical THFROG setup, we focus either onto a
TiO2 half-wave layer or onto an uncoated SiO2 substrate. From the recorded THG spectrum,
we retrieve the intensity profiles [2] and observe that the pulse appears significantly broadened
in TiO2 relative to the measurement in SiO2, despite of an otherwise identical setup. Decon-
volution with a single-sided exponential kernel then allows determining a polarization lifetime
τpol = 6.5 fs. For deeper understanding of this surprising effect, we solved the time-dependent
Schrödinger equation (TDSE) for the parameters of the two dielectrica, which clearly identifies a
resonance condition as responsible for the lasting response in TiO2. Using the same deconvolution
approach on the TDSE data, a time constant of 8 fs is reproduced in our theoretical treatment.
Furthermore, extraction of the fundamental polarization reveals a similar lasting response also
for self-refraction.
Conclusions: In conclusion, our results indicate a surprisingly slow few-femtosecond polariza-
tion decay of dielectrics in case of resonant excitation of the third harmonic. This previously
unreported affect may impact χ(3) based characterization methods, in particular at short visible
or ultraviolet wavelengths [3]. Moreover, similar effects in the Kerr response may also limit the
efficiency of few-cycle pulse generation schemes when they are based on self-refraction. Resolution
of the measured ≈ 7 fs time constants is among the fastest ever reported effects at near-visible
wavelengths, demonstrating the remarkable capability of FROG of resolving the temporal dy-
namics of nonlinear processes at the few-cycle scale.
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F-band Millimeter-wave Signal Generation for Wireless Link Data
Transmission Using On-chip Photonic Integrated Dual-wavelength

Sources

Robinson Guzman1, Guillermo Carpintero1, Carlos Gordon1,
Katarzyna Lawniczak2, and Xaveer Leijtens2

1Tecnoloǵıa Electrónica, Universidad Carlos III de Madrid, Leganés, Madrid, Spain
2Photonic Integration, Technical University of Eindhoven, Eindhoven, The Netherlands

Abstract— The upper millimeter-wave band (> 60GHz) signals generation used for either
broadband wireless or wired communications links has recently become a very attractive field
having a significant interest among diverse groups comprising broadcasters, enterprise users,
astronomy, security, defense issues and others; due to all the potential applications which they
can be used for. However, generation of these signals is not possible by conventional techniques
due to electronic limitations [1], so new devices and techniques are needed. Between the possible
millimeter-wave signal generation sources are Photonic Integrated Circuits (PIC) which have a
key advantage enabling the integration of multiple photonic building blocks within a single chip
to develop compact systems with increased functionality and performance [2] Eliminating the
need to fiber couple these photonic building blocks has a huge impact on the cost and component
footprint.
Photonic integration allows us to develop compact and cost efficient transmitters, generating the
wireless carrier frequency at the remote location where the antenna is to be located. There are sev-
eral photonic techniques that are available for this task, and some photonic integration advances
have already been reported [3]. Here, we shall present a photonic source for millimeter-waves
signal generation using on-chip photonic dual-wavelength sources based on arrayed waveguide
grating (AWG) using Multimode Interference reflectors (MIR). Furthermore, this paper presents
our progress in F-band wireless link system technologies that contribute to extending the trans-
mission distance of the wireless links.
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Design and Simulation of Ultra-compact 25-Gbit/s
Directly-modulated V-cavity Tunable Laser at 1310-nm Band
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Abstract— Tunable semiconductor lasers have been intensively studied for next-generation op-
tical networks. Besides their use for source sparing with the advantages of reduced inventory and
cost, they are also the key components for wavelength-agile access and communication between
data centers. However, tunable lasers based on grating or MEMS structure are expensive for the
need of complex fabrication process and complicated tuning algorithm.
In this paper, we design and investigate a high-speed directly-modulated tunable V-cavity laser
working at 1310-nm band, which is based on AlGaInAs multiple-quantum-wells. The V-cavity
laser is ultra-compact with device size of only 300 µm×200 µm, and it does not require grating and
multiple epitaxial regrowth. This structure consists of a channel selector cavity and a reference
cavity with different optical path lengths, which are coupled by a reflective 2×2 half-wave coupler.
By employing the time-domain traveling-wave method, the static and dynamic performances of
the V-cavity laser are investigated. 21 × 200 GHz tuning with ∼ 40 dB side-mode suppression
ratio is achieved by simple single-electrode-control using carrier injection effect, when the lengths
of the channel selector cavity and reference cavity are 220 and 210 µm, respectively. The layer
structure and ridge waveguide are optimized to obtain a mode confinement factor of 0.16 for better
performance. Small signal response simulation is carried out by an impulse current injection with
a fast Fourier transform algorithm, and the simulated 3-dB bandwidth is 29.9 GHz when the
coupler electrode is biased at 70 mA. Moreover, 10 Gbit/s and 25 Gbit/s direct modulations are
demonstrated with clear eye-opening. The corresponding extinction ratio is about 8 dB when the
injection current is 100mA and 40mA for “1” and “0”, respectively. Error-free 10-km single-mode
fiber transmission is also obtained.
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Self-homodyne Detection in Optical Coherent Transmission Using
Extracted Carrier as the Local Oscillator by Saturated SOA

K. H. Mun, S. M. Jung, and S. K. Han
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Abstract— In the homodyne coherent detection, the wavelength of local oscillator at the
receiver should be same as the transmitted signal; otherwise, carrier frequency offset (CFO)
noise occur and it makes system performance worse. Therefore, in the homodyne system, a
technique which tunes the wavelength of LO to the signal and stabilizes the wavelength is required,
such as optical frequency locked loop (OFLL), or it is required to compensate CFO using DSP.
On the other hand, in case of the self-homodyne detection, the techniques are not required
because LO light which originates the signal source is transmitted from transmitter. However,
the conventional self-homodyne detection requires another single mode fiber or multi-core fiber
for transmission of LO light, so this is inefficient in terms of cost and system realization. In this
paper, we proposed a self-homodyne coherent detection technique using extracted carrier from
the received optical signal as LO by saturated semiconductor optical amplifier (SOA). Saturated
SOA has data erasing characteristic, so LO light can be extracted from the received optical
signal by erasing modulated data of optical signal. In the proposed scheme, there is no CFO
because LO light originating from the received signal has a totally same wavelength with the
signal; thus, expensive OFLL or complex CFO compensation algorithm can be avoided and also
colorless operation is possible. In addition, there is no additional requirement of optical fiber for
LO light transmission, so it is cost efficient. The test bed has been set up and the feasibility was
experimentally demonstrated.
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THz Oscillations in DNA Monomers, Dimers and Trimers
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Abstract— We study [1–3] charge transfer in DNA monomers, dimers and trimers (monomer
is one base-pair) with a tight binding approach (I) at the base-pair level using the relevant on-site
energies of the base-pairs and the hopping parameters between successive base-pairs or (II) at
the single-base level using the relevant on-site energies of the bases and the hopping parameters
between neighboring bases. The parameters can be found in Refs. [1, 4]. We solve numerically a
system of (I) N or (II) 2N coupled differential equations with the eigenvalue method, determining
the temporal and spatial evolution of electrons or holes along a N base-pair DNA segment [1–
3]. With the approach (I), we predict electron or hole oscillations in DNA dimers [1, 2] with
frequency in the range f ≈ 0.25–100THz (period T ≈ 10–4000 fs), i.e., mainly in the mid- and
far-infrared with wavelengths λ ≈ 3–1200 µm [2]. The efficiency of charge transfer between the
two monomers which constitute the dimer is described with the maximum transfer percentage p
and the pure maximum transfer rate pf . For dimers made of identical monomers p = 1, but for
dimers made of different monomers p < 1. For trimers made of identical monomers the carrier
oscillates periodically with f ≈ 0.5–33THz (T ≈ 30–2000 fs) [2]; for 0 times crosswise purines
p = 1, for 1 or 2 times crosswise purines p < 1. For trimers made of different monomers the
carrier movement may be non-periodic [1, 2]. The method can be applied to polymers, too [1, 3]
allowing us to evaluate the extent at which a DNA segment can serve as an efficient medium for
charge transfer. With the approach (II) we investigate carrier oscillations in DNA monomers and
dimers. This (II) approach allows us to examine the system in higher detail; the results agree
in a coarse frame with the results of approach (I). Calculations based (III) on Real-Time Time-
Dependent Density Functional Theory (RT-TDDFT) for the adenine-thymine and the guanine-
cytosine base-pairs are under way; here we present our first results. Similar THz oscillations
within smaller systems, e.g., p-nitroaniline and FTC chromophore [5], zinc porphyrin and green
fluorescent protein chromophores and adenine-thymine base-pair [6] have been presented in the
literature. Applying our methods (I) and (II) in the A-T monomer we get a period of oscillations
in agreement with the prediction of that much more computationally complex technique [6].
Hence, the simpler approaches (I) and (II) catch the key phenomenon, while, we can easily treat
dimers, trimers, tetramers [7] etc. and polymers, something exceptionally time-demanding for
the approach (III). Our results show that a non conventional source or receiver of THz and above
THz electromagnetic radiation can be envisaged.
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Formation of Caustics by Refraction of Structured Laser Radiation
in the Diffusive Layer of Liquid
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Abstract— Nowadays research of optically inhomogeneous media represent great scientific
interest. In such media the refractive index is not the same in any point and light passes due to
refraction not rectilinearly.
It is often important to know what occurs when two or more mediums with different physical
characteristics contact each other, how the refractive index of liquid changes by heating or cooling
objects inside it.
One method of researching optically inhomogeneous mediums is the method of the laser refrac-
tography. It is based on the phenomenon of refraction of structured laser radiation (SLR) in
optically inhomogeneous media and registration of its form deviations with the digital video
camera [1].
In this paper we consider case when optical inhomogeneity created by diffusion. The diffusive
layer of liquid appears near interface of two liquid mediums with various refraction indexes.
Refraction index of more solid liquid is n1, less solid −n2(n1 > n2). The model of diffusive layer
we will describe with special exponential model [2].
In this paper two types of structured laser radiation are considered: laser plane and cylindrical
beam. When probing of the medium by radiation of these types caustics appear. Caustic is
the envelope of light rays. In this method, it is a special line or special surface near which
the intensity of light field increases sharply [3]. It is presented experimental and computer 3D-
visualization of dynamics of caustics’ formation when changing parameters of inhomogeneity and
laser radiation. It is shown how position and shape of caustic’s surface can changes by variation
different parameters such as angle of SLR incidence, size of cylindrical beam, gradient of refraction
index, etc.. Fig. 1 shows experimental setup for registration 3D-refractogram of cylindrical beam
in diffusive layer.
It is very important to know the area of caustics’ occurrence that allows optimizing experiments.
At the consideration experimental refractogram, which was made in diffusive layer, it is possible
to analyze how can mediums diffuse each other and estimate gradient of refraction index.

1 – laser, 2, 4 – lenses, 3 – DOE, 5 – cuvette with diffusive layer of liquid, 6 – cuvette with 

scattering particles in water, 7 – digital camera, 8 – 3D-refractogram, 9 – PC 

1 2 3 4 5 6
7

8

9

Figure 1: Experimental setup.
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Abstract— Broad-area lasers are often necessary for high-power laser applications since in-
creasing of transverse sizes of pumping region entails increasing the output power. However,
for pumping levels well above the lasing threshold broad-area lasers exhibit complicated spatio-
temporal dynamics. This is caused by the development of steady lasing instabilities that turn
to be especially complex in broad-area lasers as transverse space-coupling processes and corre-
sponding nonlinearities become involved. As a result related laser operation leads to degradation
of brightness of these devices and coherence reduction of emitted beam.
In presented work we report on detailed investigation of spatio-temporal instabilities emergence
for steady stationary operation in broad-area lasers. Our analysis was based on Maxwell-Bloch
equations for frequency detuned cavity along with transversely distributed two-level lasing me-
dia. Performed analytical investigations together with numerical modeling demonstrated several
separable dynamical regimes depending on ratios between active media and cavity parameters.
Principally, it allowed distinguishing filamentary instability from pattern forming instability.
Filamentary behaviour is shown to emerge for incoherent light-media interaction when medium
polarization instantaneously follows the intracavity field. This dynamical regime is found to
be induced by modulation-type instability and is accompanied with both temporal and spatial
nonregular dynamics. Filamentation can be often explained by strong gain-index coupling or
by influence of self-focusing nonlinearity in the case of strongly nonlinear regimes. Our results
show possibility of such dynamics in active system for even low electromagnetic field intensity
just above the threshold. Therefore we expect this instability to be one of the possible routes to
filamentation and light threads formation when extending the transverse section in many active
optical systems like broad-area semiconductor lasers and amplifiers.
Pattern formation is found to evolve for coherent light-media interaction according to another
scenario. This type of behaviour arises when steady lasing becomes unstable in favor of self-
oscillating operation and it is in turn supplemented by instability against small spatio-temporal
perturbations with finite wavelength. A number of spontaneously forming regular patterns was
observed in this case like standing autowaves and spiral patterns. Self-organizing can eventually
lead to either stationary or oscillating inhomogeneous intensity profile. Main principles and
formation concepts of these optical patterns in the transverse section of the broad-area laser
emission were elaborated.
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Abstract— Hydrogen gas is an attractive energy source because of its energy conversion effi-
ciency. However, the lower flammable limit of hydrogen gas is 4% in the air at room temperature.
In addition, hydrogen storage is difficult because of its small molecular volume. Therefore selec-
tive detection of small concentrations of hydrogen gas at room temperature with a quick response
is crucial for the public health and the safety of property. In this work, we propose a hydrogen
gas sensor based on polymer optical microdisk resonators fabricated using standard UV pho-
tolithography. The sensing mechanism relies on the shift of optical whispering gallery modes
(WGMs) due to the size change of the resonator which is induced by the volume expansion of
a palladium layer coated on the resonator. These resonators and the waveguides are fabricated
using SU-8 photoresist on a thick-oxide Si wafer substrate. A tunable laser (1500–1630 nm) is
coupled to the waveguide using end-face coupling method. When the transmission spectrum is
measured, transmission dips are observed revealing WGMs. A maximum quality factor of 2000
is measured which can be improved by either controlling the waveguide-resonator separation to
obtain critical coupling or by fabricating much smoother microdisk resonators to decrease the
scattering loss.
Palladium (Pd) layer is coated on these resonators for hydrogen sensing experiments. A lower
detection limit of 0.3% is recorded in nitrogen environment. These sensor devices can reversibly
respond hydrogen concentrations up to 1.5%. After 1.5% the sensor devices suffer from irreversible
changes because of a phase transition in palladium. This phase transition can be delayed to higher
hydrogen concentrations by using palladium alloys instead of Pd.
Hydrogen sensing performance of these sensor devices also tested under humid conditions. At
room temperature and under 100% relative humidity the sensor did not respond to 0.5% hydrogen.
However at 50% relative humidity, 0.5% hydrogen was successfully detected which is important
in terms of practical applications.
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Abstract— An investigation on the power energy injection in a resonator by electron stream
is reported in this paper, by documenting the power transfer between the electron current to
a resonant system. The beam current emitted by an electron linear accelerator (LINAC) has
been monitored through a particular radiation detector. This device was developed for the dose
measurements of a Medical Linear LINAC where monitoring system are required for the real time
control of the dose delivered to the patient [1–4]. The power transfer has been observed employing
the relation of interaction of the LINAC beam current with a passive resonant cavity [5] placed
at the output interface of the accelerator. The LINAC beam current have a bunched form. The
spectral content is a line at the accelerating pulsation ω0 = 2πf and whole-number harmonics [4].
The beam has been used to induce TM010 mode oscillations in a cylindrical cavity at the frequency
f [6]. The current drives the cavity in resonance and the energy exchange is heavily regulated
by the transit time factor T [7] and the coupling factor k [8]. A magnetic loop antenna is
inserted in the cavity in order to perceive the magnetic flux at the TM010 resonance. A voltage
induced on the terminals of the magnetic loop is forwarded to an envelope detector through a
coaxial transmission line loaded (Fig. 1). The envelope detector shows a matched impedance
to the loop-cavity system where a certain amount of power is dissipated. The cavity modeling
has been performed on POISSON SUPERFISH and the whole system consisting of the cavity
and the magnetic loop has been optimized and finally simulated on HFSS version 15 of ANSYS

Figure 1: Block diagram of the operative principle.

(a) (b)

Figure 2: (a) Field profile of a quarter of the re-
entrant cavity modeled in POISSON SUPERFISH
and (b) the whole cavity-loop system in ANSYS-
ANSOFT HFSS 3D model.

Figure 3: Prototype of the proposed detector in main profile views.
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Figure 4: Measured scattering reflection parameters. Figure 5: Measured scattering transmission param-
eters.

Figure 6: Detuned short position elaboration for coupling analysis.

(Fig. 2). A prototype has been fabricated (Fig. 3) and tested through VNA cold measurements
and by shooting a beam current in the while cavity observing the output voltage. The input
characteristic of the cavity system have been measured showing a quality factor Q0 = 2.24 · 103,
a Return Loss of 23 dB a cross talk of −34 dB and a Coupling Factor k = 1.019, (Figs. 4–6). The
output voltage has been digitalized by a microcontroller, obtaining numerical values. The system
has been calibrated by relating the radiation dose, measured by a certified electrometer, to this
digital output, yielding the monitor units [1]. The linearity of the monitor units for different
values of accumulated dose, have allowed to employ this system for the real time measurements
of ionizing radiation emitted by a medical LINAC [1–3].
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Abstract— We propose the analysis, design, and implementation of mechanically reconfig-
urable true-time delay (TTD) phase shifters using micro-fabricated actuators at millimeter-waves
(MMW). TTD phase shifters are key building blocks in many array antenna systems, including
wideband beamsquint-free scanning arrays.
Reconfigurable phase shifters are critical components in modern communications and remote
sensing systems at MMW. In general, advanced reconfiguration capabilities are increasingly re-
quired to dynamically update antenna characteristics, such as coverage, polarization or operating
frequency. Different technologies are currently available for the implementation of tunable phase
shifters, including semiconductors, RF-MEMS, Liquid Crystal, ferroelectrics. However, a com-
mon feature to all these technologies is the significant increased loss, complexity and cost with
regard to non-reconfigurable devices. In this context, low-loss reconfigurability, complexity and
cost are driving factors in the choice of a given technology and can constitute major limitations
to future development of MMW antenna devices.
The proposed mechanical tuning allows to achieve phase shift reconfiguration with very low losses.
Variable phase shift is in fact obtained modifying the physical geometry of the device in order to
affect the propagation constant of a transmission line (TL) section, thus providing TTD. Using
micro-actuators, this can be done by changing the geometry of the device, in order to modify
the effective permittivity of the equivalent TL. Such an approach allows to completely isolate
the actuation part from the electromagnetic (EM) active area, thereby achieving reconfiguration
with losses comparable to the device fixed counterpart.
In particular, the preliminary design and performance of three different reconfigurable concepts
operating at Ka-band is presented. The design of one concept has been further optimized to be
manufactured and tested. The proposed concepts can be potentially implemented using different
technologies for mechanical reconfiguration. For instance electrostatic, magnetic, piezoelectric or
electroactive polymers actuators could be integrated to implement the final device. Here dielectric
electroactive polymer (DEAP) actuators are used to reconfigure the phase shifter concept that has
been successfully manufactured and tested. The fabricated phase shifter provides a maximum
analog phase range (i.e., between maximum and minimum displacement) of around 180◦ at
30GHz with extremely low losses. The insertion loss is in fact always lower than 1.6 dB with
an average value of 0.83 dB over the total frequency range. The return loss is always better
than 11 dB, which means good matching for all the phase shifting states in the whole 10 GHz
(25–35GHz) bandwidth. The low-loss phase shift reconfiguration demonstrated by experimental
results allows state-of-the-art performance in terms of the most important figure of merit for TTD
phase shifters, namely, the phase-shift/loss ratio. Indeed, a mean value of 235◦/dB is achieved
at 35 GHz.
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Abstract— In recent years electrically tunable lenses (ETL) (so called deflectors) for microwave
(MW) frequencies range becomes powerful beam-forming platform that combines the best features
of MW aperture antennas and phase array antennas. This approach allows the radical decrease
of MW losses and greatly simplified design due to absent of dividers and intrinsic feeder lines.
There are two branches for design development of ETL: (i) array lenses (AL) based on lumped
elements (L ¿ λ, where L is a scale of element sizes, λ — wave length) [1–4]; (ii) lenses consist of
distributed elements (L ≥ λ/4), based on material with nonlinear properties in electro-magnetic
field.
In a set of works the ferroelectric (FE) elements are proposed to be used as a base of tunable
lenses [5–7]. Ferroelectrics of BSTO type (BaxSr1−xTiO3) in paraelectric state are promising
materials for this application due to no frequency dispersion of dielectric constant (ε) up to
100GHz and the suitable tunability of ε under electrical control field. Operating principle of
such lenses is based on the variation of phase shift of signal propagated through ferroelectric
material due to the change of its dielectric constant by control voltage. These tunable lenses are
characterized by simplicity of construction and the absence of discrete (lumped) elements that
allows to use them in a wide frequency range.
In this paper the electrically tunable lens based on periodical multilayer ferroelectric structure
FE/LD/FE/LD/FE (LD — linear dielectric) with transparent for MW electrodes between layers
is presented. Control voltage applied to the FE ceramic leads to the change of FE layers permit-
tivity and, as consequence, to the change of the wave impedance and the delay time across the
periodical structure for MW signal. Formation of dielectric permittivity gradient along the plane
of FE layers allows to deflect phase front of the plane wave propagated through the structure. The
use of periodical structure allows to decrease the control voltages value and to increase the scan
angle in comparison with non periodical analogues. The main parameters of device (scan angle
∼ 20 deg.; bandwidth ∼ 1GHz) were obtained by modeling and were confirmed by experimental
testing of antenna prototype at frequency ∼ 30GHz.
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Abstract— Radio propagation will strongly influence the design of the antenna and front-end
components of E-band point-to-point communication systems. Based on the ITU rain model,
the rain attenuation is estimated in a statistical sense and it is concluded that for backhaul
links of 1–10 km, antennas with a gain of 49.5 dBi are required. Moreover, depolarization can
be a limiting factor for backhaul systems that are employing orthogonal polarization in order
to improve capacity. Antenna mast movement becomes a relevant problem due to the narrow
beamwidth of the high gain antennas, which is around 0.7◦. We propose to implement a focal
plane array as feed for the parabolic reflector antenna. This is to tackle the mast movement
by electronic beam steering and to increase EIRP by increasing the number of active antenna
elements, and to assist the mechanical alignment during installation.
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Abstract— Given the large number of wireless communication protocols functioning at mi-
crowave frequencies (0.9 GHz to 30 GHz) and the need for higher data transfer rates, interest on
the millimeter wave frequency range (30 GHz to 300GHz) has increased in both academic and in-
dustrial communities. However, integration of the millimeter-sized antenna with the micrometer-
sized transceiver circuit proves to be problematic due to the high cost per square millimeter
even in low-cost CMOS technologies. Several antennas have been presented in the literature
at millimeter frequencies (DOI 10.1109/APS.2011.5996530, 10.1109/IEEE-IWS.2013.6616744,
10.1109/APS.2014.6904381), but only a few uses a patch topology with easy fabrication.
This work presents for the first time an antenna operating at millimeter wave frequencies,
at 60 GHz using the novel low-cost Metallic nanowire Membrane substrate (MnM-substrate)
(DOI 10.1109/TMTT.2014.2366108). The MnM-substrate consists of a 50-µm-thick-nanoporous-
alumina-membrane filled with copper nanowires, a copper ground plane on its underside connect-
ing all the nanowires and a silicon dioxide layer on its upper side, shown in Fig. 1.
On the top of the dielectric layer, the antenna is defined. When the membrane is filled with
metal nanowires, the slow wave effect appears, confining the electrical field inside the oxide
layer (Serrano, et al., 2014). Although the slow-wave effect reduces the size of the devices, it is
inconvenient for the antenna, which needs to irradiate the electrical field. Thus, there are no
nanowires below the antenna region, only the alumina membrane. The proposed antenna is a
rectangular patch fed through a reentrant line stub transformer in order to match the 50 ohms
characteristic impedance of the feed line. The feed line width at 60 GHz is close to the width of
the antenna patch, degrading the antenna efficiency. Therefore, the nanowires are grown below
the feed line to reduce its width. Since a patch antenna needs a thicker substrate to radiate
properly it was necessary to thicken the membrane, which was done via stacking three rectangular
membrane pieces on a copper-covered silicon base in order to meet the 200 µm designed thickness
and guarantee ground plane continuity, as shown in Fig. 2.
The antenna was simulated in HFSS, Ansys, in order to evaluate its performance. The EM
simulation of the patch antenna showed a maximum gain of 4.5 dB and return loss better than
−20 dB at 60 GHz. Antenna dimensions are 750 µm×730 µm. Although the lower gain comparing
to the ones presented in the literatura, the area is highly reduced, since substrate electrical
permittivity is higher (9.8 for alumina and 2.2 to 1 in onther antennas). It has been concluded
that the nanowire substrate is adequate for antenna manufacturing and operation, being cheap,
easy to manufacture and allowing high performance antennas to be designed. Measurements are
currently in progress.
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Analysis of Sampling Grids for Spherical Near-field Antenna
Measurements

R. Cornelius and D. Heberling
Institute of High Frequency Technology, RWTH Aachen University, Germany

Abstract— Spherical near-field antenna measurements are commonly used to characterize an
antenna under test (AUT). Therefore the electromagnetic field is measured on a closed surface
around the antenna and transformed to the far-field by a near-field to far-field transformation.
The most popular transformation algorithm first calculates a spherical mode spectrum using
Fourier transforms [1]. From this mode spectrum the far-field is derived. Due to the Fourier
transform the transformation algorithm is very fast and efficient but requires equiangular sam-
pling in spherical coordinates. Consequently the sampling point density is high at the poles and
low at the equator. According to the number of unknown spherical modes the sphere is therefore
oversampled approximately by a factor of two and this oversampling increases the measurement
time. This is disadvantageous since long measurement times are a general drawback of near-
field measurement systems. In order to improve the measurement speed more efficient sampling
grids may be used at the expense of different and/or more complex transformation algorithms.
Reformulating the transmission equation in [1] in matrix form as used for truncation error reduc-
tion in [2] is a very simple and straightforward approach. Alternatively, algorithms for general
purpose presented in [3, 4] could be used. Furthermore, near-field interpolation methods could
be utilized to determine the near-field on an equiangular grid [5]. Besides the larger flexibility
new algorithms provide additional features like higher order probe correction, possibility of dif-
ferent measurement distances and position correction. Due to the technical progress in computer
technology the transformation time is usually negligible compared to the measurement time and
therefore a less important factor. Although new algorithms have been verified by simulations and
measurements, a comprehensive investigation of different sampling grids is still missing. So far
only little attention has been paid to the minimal number of required near-field samples and their
distribution over the sphere. This distribution is a very important factor for the measurement
time due to different capabilities of different positioning systems (e.g., roll-over-azimuth, robot
arm).
In the paper we will present different sampling grids, evaluate the required hardware and the
complexity of the grids. Besides the location of the sampling points the polarization will be
investigated. The near-field to far-field transformation algorithm used is based on matrix inver-
sion and calculation of the spherical modes. Therefore the condition number of the grids will
be evaluated and compared. Simulations and measurements will be performed and analyzed for
all grids. Finally the required relative measurement time and accuracy will be specified for the
different sampling grids. It will be highlighted that the measurement speed can be increased
significantly compared to equiangular sampling.
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A Dual V-band Push-push VCO Using the 0.18µm CMOS Process
Technology

Yu-Hsin Chang and Yen-Chung Chiang
National Chung Hsing University, Taiwan

Abstract— In this paper, a dual-band push-push voltage-controlled oscillator implemented in
the 0.18-µm CMOS process for V-band applications is presented. By using a forth order resonance
network composed of symmetric inductors and varactors and a push-push topology, the oscillation
frequencies of the proposed circuit can be switched with only one control signal between two
bands. And the second order harmonic is extracted from the central taps of inductors to achieve
the frequencies of two V-band operations. The tuning ranges of the proposed voltage-controlled
oscillator are from 67.78 to 69.42GHz and from 52.2 to 54.7 GHz, respectively. The measured
phase noise at 1MHz frequency offset are −86.4 dBc/Hz and −90.5 dBc/Hz for 69.42 GHz and
54.7GHz output frequencies, while the corresponding phase noises at 10MHz frequency offset
are −108.4 dBc/Hz and −112 dBc/Hz, respectively. The core circuit consumes a 12.96mW dc
power from a 1.8-V supply.
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Spatial Power Combiner Technology

Davide Passi1, Alberto Leggieri1, Franco Di Paolo1, Antonio Tafuto2, and Marco Bartocci2

1University of Roma “Tor Vergata”, Via del Politecnico 1, Roma 00133, Italy
2Elettronica SpA, Via Tiburtina Valeria Km 13.7, Roma 00100, Italy

Abstract— This article describes the spatial power combining techniques dealing with the
state of the art of Spatial Power Combiners (SPC) considering recent developments. A brand-
new splitting scheme is proposed where different types of SPC are grouped according to the space
where power combining and splitting occur. This paper should provide compendium knowledge
for SPC design and selection of the opportune SPC basing on the target application.

Figure 1: New splitting scheme.

The fundamental SPC Amplifier’s concept is to provide a large power value with minimum losses.
For this aim, SPC has several characteristics that make it unique and innovative. First one is
that the electromagnetic energy coming from input is divided as much as possible in the space,
without using transmission lines, and it is sent to many SSPA. After amplified energy is collected,
it is sent to output port without using transmission lines. Another common feature of SPC is the
presence of probes, antennas or transitions to collect the spatial RF energy and send it to a two
wired transmission line. The system’s quality is usually determined from its efficiency. In SPC
technology efficiency can be defined basing on the portion of power sent to the active devices
respect to the amount of power provided at the input port, such as it quantifies the capability
of the combiner to intercept incoming energy and distribute it to N energy dividing/combining
internal ports.
There are TEM and NON TEM spatial combiners, cavity based, open space and 2D&Half ones.
Non TEM SPC use waveguides to confine RF electromagnetic energy and they can be completely
closed or slotted to couple energy to another slotted waveguide. This type is composed by three
families: the single waveguide family, with longitudinal probes and transverse probes, the coupled
waveguides and the multimodal interference families.
Then RF probes can be realized in several technologies, as monopoles, dipoles, patches or slots
or combinations among them. In many other cases Fin Line transition are realized, especially
when wide band applications are needed.
Two examples taken by our design experience are going to show: an X band and Ka band SPC.
Single waveguide with transverse probes and amplifiers is named Grid Amplifier. The basic
concept in SPC Grid Amplifiers is to intercept the incoming signal with a defined polarization,
amplify it with the active device and then send the amplified signal using the orthogonal polar-
ization respect the incoming one.
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A different type of SPC is the Multimodal Interference SPC, uses the interferences among many
propagating modes in an overmoded waveguide. This multimodal interference effect is also named
“Talbot’s effect”.
The Coupled Waveguides SPC use two waveguides connected between them through two wires
transmission lines, so it is possible to insert amplifying active devices between these two waveg-
uides.
Coupled Waveguides SPC are divided in two subgroups, the distributed probes group and fixed
group of probes. In the first case, probes are located along the waveguide, while in the second
case probes are located just near the shortest wall of the waveguide.
TEM SPC use TEM transmission lines to confine RF electromagnetic energy. The simplest and
well known TEM structure is the coaxial transmission line, here there are going to illustrate two
versions, the classic circular and the square one.

Figure 2: Non TEM and TEM SPC.

Cavity Based SPC use a closed cavity excited by an input port, and the output ports are realized
inserting probes inside such cavity.
This family consists of two different groups and differing from the modality of input port coupling
with the cavity: if the coupling is made through a conical transmission line the SPC is named in
literature as Conical Transmission Line, otherwise it is named Simple Cavity SPC.
Their efficiency is very high due to the fact that they use closed cavities and thus energy is well
confined inside it.
Open Space SPC use amplifiers connected to probes placed in an open space environment. Usually
lens are used to focus the beam to and from grid amplifier.
2D&Half SPC, that are two dimensions and half SPC, remember SIW technology (Substrate
Integrated Waveguide) or micro open space SPC.
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Time-domain Beam Propagation Method Based on Gradient
Smoothing Technique for Dispersive Materials

Khaled S. R. Atia1, A. M. Heikal2, and S. S. A. Obayya1

1Center for Photonics and Smart Material, Zewail City of Science and Technology, Egypt
2Department of Electronics and Communication Engineer, Mansoura University, Egypt

Abstract— In this paper, a novel finite element time domain beam propagation method based
on gradient smoothing technique. The proposed method is described for the analysis of dispersive
materials. It is more accurate and stable than the conventional finite element time domain.
Introduction: The previously introduced time domain beam propagation method [1] uses a sec-
ond order triangular element. However, the first order triangular element (T3) is often preferable
because of its computational efficiency. A smoothed bilinear form for Galerkin formulation has
been introduced [2] to improve T3 accuracy. This paper adopts the smoothed bilinear form to
analyse the dispersive materials in time domain.
Formulation: We consider a TE wave equation and a plasma model under slowly varying
envelop approximation. After Applying Galerkin procedure, The Shape function derivative is
then replaced by the smoothed derivative as follows,

∇N(x, y) =
1

As

∮

Γs

N(x, y)dΓs, (1)

where N(x, y) is the first order shape function, As is the area of smoothing domain, Γs is the
boundary of the smoothing domain. The smoothing domain is constructed by simply connect
the centroid of the element by the two end points of each edge.
Results: The proposed method is tested by computing the reflection and transmission of a
20mm slab of dispersive material. The dispersive material has a plasma frequency and a damping
frequency equal 28.7 GHz and 20 GHz, respectively. An excellent agreement between the reflection
and transmission obtained by the presented method and the analytical solution can be noticed
from Fig. 1.

Figure 1: Reflection and transmission calculated using the proposed method and the analytical solution.
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Statistical Models of Noise Distribution in Broadband PLC
Networks
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Abstract— The recent advancements in digital communication techniques have seen renewed
interest in the possible utilization of the traditional power grid for the provision of broadband
data and voice services. However, the power line communication (PLC) channel (the power
network), presents a very challenging environment for communication purposes. This is due to
the fact that severe noise and distortion effects are inherent in the medium. But, if these noise
and distortion effects can be effectively analyzed and modeled, then the resulting models can
be utilized in the optimal or sub-optimal design of a digital communication system for PLC
applications. In this paper, frequency domain noise measurements done in broadband indoor
PLC networks are presented. The measurement results obtained are then modeled using the
alpha stable distribution, motivated by the flexibility of the distribution as a modeling tool and
the fact that the measured noise distribution is heavily tailed and skewed.
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Localized Surface Plasmon Enhancement of Photoluminescence
Signal from Thin Silicon Nanocrystal Film
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2Faculty of Physics, Lomonosov Moscow State University, Moscow 1199991, Russia
3State Key Laboratory of Modern Optical Instrumentation

Department of Optical Engineering, Zhejiang University, Hangzhou 3100027, China

Abstract— Silicon nanocrystals embedded into SiO2 matrix possess promising luminescence
properties and are a subject of interest for integrated photonics applications [1]. Compatibility
with standard CMOS fabrication technologies is a significant advantage. Though, luminescence
energy output does not exceed several percent from pump source energy in silicon nanocrystals
thin films. One of the ideas to solve this problem is to incorporate plasmonic metal nanostruc-
tures on top of Si NC matrix. Metal nanostructures are supposed to induce localized surface plas-
mons (LSP) which interact with silicon nanocrystals and enhance their light emissivity. Strong
near-field coupling between nanocrystals and metal nanostructures is needed in order to reach
noticeable luminescence improvement. Also, periodicity and geometry of metal nanostructures
play a significant role in luminescence output signal. Another thing to study are quasi-guided
modes in layer with silicon nanocrystals.
The scope of this work is to study the interaction between localized surface plasmons, induced by
light incident on metal nanostructures, and silicon nanocrystals in SiO2 thin film. Mathematical
simulations were run in order to estimate metal nanostructure geometry which supports resonant
interaction with poossibly higher luminescence output. LSP main parameters were characterized
with angle-resolved reflectance spectroscopy. The influence of metal nanostructure geometry and
silicon nanocrystalline film composition on emissivity was investigated with photoluminescence
measurements.

Figure 1: Emissivity spectra calculated for Si NC thin film with gold grating on top (100 nm stripe width,
450 nm period) for 0◦, 5◦ and 15◦ collection angles.
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Discovery of Ionospheric ‘Hubble’ Frequency Shifts and Impact on
Gravity Wave Detection and the Age of the Universe?

Michael J. Underhill
Underhill Research Ltd, Lingfield, UK

Abstract— Measurements have been made with resolutions of a few milli-Herz of the spectra
of various carrier frequencies from 100 kHz to 25 MHz propagated by the Ionosphere. Ionospheric
propagation of the various world-wide Standard Frequency signal sources at 10MHz has been
found to be of particular interest. Some new physical effects have been discovered from extensive
measurements. New concepts, processes and theory have been derived from analysis of these
measurements and what has been observed so far [1–5].

In Figure 1 first note the persistent lower trace which is about 10Hz below the exact (1 in 109)
10MHz of the several worldwide sources all transmitting at that frequency. Also note that the
bandwidth of this signal is <∼ 20mHz implying a Q of > 5× 108. Again note there can be two
overlapping components in the lower trace, on steady and the other oscillating in frequency by up
to ±500mHz or occasionally more. These new discoveries are in need of an explanation, which
will be provided in the full paper and which is based on references [1, 2, 5] expanded further. This
can be said to be a ‘Hubble shift’ as it is to a lower frequency. But it is not a simple Hubble shift
as there are other mechanisms at work [1, 2].

Secondly note the partially repeating ‘diurnal’ variations particularly in the upper less shifted
trace. Shifts and spreading of carrier energy of up to a few Hz are visible on a daily basis.
The magnitude and duration cannot be explained as Doppler shifts, since they would imply
physically impossible movements of the ionosphere. The proposal is that such variations may
reflect variations in gravitational potential. In effect gravity waves may be being detected? Direct
EM wave detection of gravity waves may be possible?

Thirdly these observed and measureable effects imply that the astronomical Hubble shift is not a
‘receding universe’ Doppler frequency shift proportional to distance. But it may be a progressive
reduction in photon or light-wave energy and frequency exponentially proportional to distance.
This contradicts the view that the ‘Big-Bang’ age of the Universe is 13.8 billion years?

Figure 1: Three day (to Jan. 01, 2015) right to left waterfall record of 50Hz bandwidth at 10 MHz of mixture
of carriers from WWV Fort Collins USA (4700 mile NW path), BPM China (5200 miles NE path), PPE Rio
de Janeiro, Brazil (5700 miles SW), WWVH Kekaha, Hawaii (7200miles NNW). From RF Space SDR-IP
receiver using SpectraVue software with 15mHz resolution. Antenna is 83 m perimeter horizontal loop, 15 m
height in Ling field (30 km south of London) UK.
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High Quality InAlAs on InP for High Sensitivity Photodiodes
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Abstract— For creation of high-sensitivity high frequency (HF) photodetectors for use in
telecom, spectroscopy, remote sensing and quantum informatics applications the utilization of
InAlAs/InGaAs heterostructures grown on InP has been proposed. A reduced noise level and
a better temperature stability of avalanche multiplication were predicted for the InAlAs-based
structures. However, it was shown that a high dark count rate, being at least 2–3 orders of
magnitude greater than that of InGaAs/InP diodes, is observed in such structures. Some of
the reports have attributed the high dark count rates to tunneling currents in the InAlAs layer,
possibly via deep levels in the material. Thus, the realization of the predicted advantages of
InAlAs/InGaAs/InP structures requires optimization of the heterostructure growth technology
and, first of all, of the InAlAs layer aimed at obtaining a low concentration of deep levels and
therefore a better multiplying layer.
The epitaxial structures were grown using molecular beam epitaxy (MBE) technique in a Riber-
32P and Compact-21 machines on (100)InP substrates. The quality of the layers was attested
using in situ reflection high-energy electron diffraction (RHEED) and ex situ techniques: atomic
force and electron beam microscopies, double-crystal x-ray diffraction and optical characterization
by low-temperature photoluminescence.
We have studied the influence of the InP substrate temperature and V/III flux ratio on the
crystalline and optical properties of In0.52Al0.48As layers. These investigations show that we
have achieved a substantial improvement in the quality of MBE In0.52Al0.48As grown at a high
substrate temperature of 520◦C and a V/III flux ratio greater than 10.
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Finite Element Analysis of Separation Force on Non-ferrous Metals
Induced by Eddy Current Separator

Ahmet Fenercioǧlu and Hamit Barutcu
Department of Mechatronics Engineering, Gaziosmanpaşa University, Tokat 60250, Turkey

Abstract— Finite element analysis (FEA) of the eddy current separator (ECS) that can sep-
arate non-ferrous metals from waste via the eddy current method have been carried out in this
study. The forces induced in the non-ferrous metals to be separated by the magnetic drum de-
termining the performance of the separator have been analyzed according to certain variables.
These variables are drum speed, air gap between the material and the magnet pole, material
sizes, magnet height and the type of material. The resultant force has been estimated according
to these variables. The increase of drum speed, decrease of the air gap, increase of the separated
metal dimensions and the high conductivity of material increase the separation force. The ECS
design is determined according to the analytic equalities has been verified by these analyses.



550 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

An Easy Way to Obtain the Extinction Cross Section of Radiation
Propagating in a Medium with Nonspherical Particles

Piero Bruscaglioni
University of Florence, Italy

Abstract— Radiation beams propagating in ma medium with non-spherical particles receive
different attenuation according to their polarization. The effect is due to different values of the
extinction cross section σε.

The explicit values of the latter can be obtained by considering the four fmn parameters of the
scattering matrix.
Then a simple method to obtain σε is based on considering a distribution of equal particles along
a plane normal to the direction of the propagating field.
This avoids the complexity of mixing the geometries of a planar incident wave and of a spherical
scattered wave. The procedure considers a plane wave incident normally on a uniform plane
distribution of equal non-spherical particles with equal orientation of their axes. By applying
the principle of stationary phase one obtains a scattered plane wave which proceeds in the same
direction of the incident one. Interference produces a reduction of the intensity of the incident
plane wave.
The reduction of the power density of the incident wave is proportional to the planar density of
the spherical scatterers. Thus one derives the extinction cross section Cext of one scatterer.
By indicating as f11, f12, f21, f22 the elements of the forward scattering amplitude matrix J.
The explicit form of the derived Cext then is

Cext = (4π/k)Im
(
f11|ax|2 + f12ax ay + f21ax ay∗ + f22|ay|2)

with the incident electric field propagating in the z direction given as

E(ax i + ay j) with |ax|2 + |ay|2 = 1,

Equation (2) is equivalent to Equation (31) of Ref. [1] where Cext is given in terms of the
extinction matrix elements K11, K12, K13, K14, on turn related to the Smn elements of the
forward scattering matrix given in the form presented in that reference.
The two polarization modes of radiation propagating with no polarization change in a medium
with non-spherical particles can then be easily obtained, by considering the fmn parameters, and
by imposing that the scattered field in the forward direction maintains the ratio between the field
components normal to the propagation direction.
By considering simple cases of incident radiation with different polarization, simple examples of
polarization change during propagation of radiation will be showed.
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Numerical Estimation of Muscle Conductivity in Terms of Human
Body Internal Resistance
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Abstract— Numerically-anatomical human models have been often used for wide band fre-
quency electromagnetic dosimetry. For the dosimetry calculation, furthermore, typical dielectric
properties such as conductivity and permittivity have been used for tissues that are assigned to
each voxel of the human models. In our previous study, calculated results of human body internal
resistances between hand and foot were two times larger than measured results (500–700Ω). One
possible explanation for this is that there are few voxels assigned as blood, having relatively higher
conductivity, because of the limitation that blood vessels with a diameter of less than 2 mm could
not be included in the model. Human body impedance is given as internal impedance combined
in series with skin impedance. At low frequency, the resistive components of internal impedance
are more dominant than capacitive components, and skin impedance changes greatly depending
on contact area and surface wetness. Hence, we focus on internal resistances at 60 Hz in the
study, ignoring skin impedance and capacitive components of internal impedance. Therefore,
with consideration for the fact that conductive currents in a body flow mostly through muscle,
and the assumption that conductivities of blood and extracellular fluid should be mixed into the
muscle conductivity, we calculate human body internal resistances between the left hand and
left foot in the present paper, with changing muscle conductivity: 0.35–2.0 S/m. Here, 0.35 S/m
for muscle, 0.7 S/m for blood, and 2.0 S/m for extracellular fluid have been used as the typical
conductivity values at 60 Hz. It is found for both absolute values and relative scale that the
newly calculated internal resistances with muscle conductivity of 0.8–1.0 S/m are much closer to
measured values. In contrast, the internal resistances did not vary when conductivity values of
other tissues which distribute through the body, such as adipose tissues and bones, are changed.
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Quantum Friction in Different Regimes
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Abstract— Quantum friction is the velocity-dependent force between two polarizable objects
in relative motion, resulting from field-fluctuation mediated transfer of energy and momentum
between them. Due to its short-ranged nature it has proven difficult to observe experimentally.
Theoretical attempts to determine the precise velocity-dependence of the quantum drag experi-
enced by a polarizable atom moving parallel to a surface arrive at contradicting results. Scheel [1]
and Barton [2] predict a force linear in relative velocity v the former using the quantum regres-
sion theorem (QRT) and the latter employing time-dependent perturbation theory. Intravaia [3],
however, predicts a v3 power-law starting from a non-equilibrium fluctuation-dissipation theorem
(NFDT).
The main difference brought along by either relying on a quantum regression or a non-equilibrium
fluctuation-dissipation theorem, is the long-time behavior of correlations of the type 〈d(t)d(t′)〉,
where d is the atomic dipole operator. The former approach means assuming that these cor-
relations decay exponentially, whereas the latter approach means acknowledging a power-law
behavior of that decay for very large times. We want to find a general form of 〈d(t)d(t′)〉 in order
to see which assumption is proper in which regimes and where exactly the transition takes place.
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A Necessary Condition for Application of Topological Derivative in
Limited-aperture Inverse Scattering Problem
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Abstract— Throughout various works, topological derivative-based non-iterative imaging algo-
rithm has demonstrated its applicability in full- and limited-aperture inverse scattering problems.
However, most of researches have considered full-aperture problem. So, in the limited-aperture
inverse problem, this applicability has been relied through the results of numerical simulations,
and the reason behind this applicability has not been theoretically explained. Motivated from
this, we consider the topological derivative for imaging of arc-like perfectly conducting crack for
Transverse Magnetic (TM) polarization case in limited-aperture inverse scattering problem, and
correspondingly explore a necessary condition of application. This is based on the relationship
between topological derivative imaging function and infinite series of Bessel functions of integer
order of the first kind. This relationship leads us explored necessary condition is highly depend-
ing on the shape of unknown crack. Numerical results are demonstrated in order to support our
explore.
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Figure 1: Imaging results via topological derivative with various settings of incident directions.
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Subspace Migration for Imaging of Thin Electromagnetic
Inhomogeneities without Shape Information

W.-K. Park
Department of Mathematics, Kookmin University, Seoul 136-702, Korea

Abstract— Subspace migration is a stable and effective non-iterative imaging technique in
inverse scattering problem. But, for a successful application of imaging of thin electromagnetic
inhomogeneities, a priori information of tangential and normal directions to unknown targets
must be considered beforehand. Without this consideration, one cannot obtain good results via
subspace migration. Due to this reason, various test vectors are applied to the subspace migration
and select a vector which maximize the value of imaging functional. However, this requires large
computational costs and sometimes the results are poor. Motivated this fact, we consider the
structure of single- and multi-frequency subspace migration without any shape information of of
unknown targets and explore its certain properties.
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Figure 1: Imaging results via single- and multi-frequency (subspace migration with (left column) and without
(right column) consideration of shape of thin inclusion. (a) Single-frequency, (b) single-frequency, (c) multi-
frequency, (d) multi-frequency.
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Analysis of Matching Media Effect on Microwave Brain Stroke
Imaging via a Spherically Symmetrical Head Model

E. Bilgin, A. Aygun, A. Yapar, and I. Akduman
Electrical and Electronics Engineering Faculty, Istanbul Technical University, Istanbul, Turkey

Abstract— The objective of this study is to analyse the effectiveness of the microwave imaging
in detecting stroke areas in the human brain. Microwave tomography can represent an alternative
to commonly used imaging techniques such as computerized tomography or magnetic resonance
imaging [1]. The researches on the subject are motivated by the need to make continuous control
of the patient’s state possible [2]. Since non-hazardous and portable imaging systems can be
designed using microwave technology, an imaging tool operating on microwave frequency would
be suitable for long term monitoring [1, 2].
Microwave imaging techniques rely on the difference in the electromagnetic properties between
healthy tissues and stroke areas in the brain [1]. This difference results in a variation in the
scattered field when the head region is excited by an external source operating in the microwave
frequencies. Therefore, it is of crucial importance to maximize the penetration of the electro-
magnetic field into the inner parts of the human brain where the strokes occur. To this end,
a matching medium with suitable electromagnetic parameters can be used. The effect of the
matching medium is usually assessed by using 2-D head models [1, 2]. However 3-D models can
provide a more realistic structure to test both the relevancy of using a matching medium, and
the effectiveness of microwave imaging techniques in general.
In this work, a four layered piecewise homogeneous sphere has been used as a head model. In
order to assess the feasibility of the microwave imaging techniques, the related three dimensional
scattering problem must be solved. However, given the high contrast values of the brain tissues,
the solution of the 3-D scattering problem by classical techniques, such as method of moments, is a
computationally expensive procedure. Therefore, in this study the problem has been transformed
into a one dimensional form by taking advantage of the spherical symmetry [3]. As an alternative
method, the dyadic Green’s function related to the layered spherical structures has been used to
verify the results [4]. After solving the scattering problem, the effect of the matching medium
on the field distribution in each layer has been analysed via both methods. Also, by modelling
the stroke area by an internal source, the possibility of brain stroke detection through microwave
imaging has been assessed.
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Field Invariants, Amplitude Mapping, and Perfect Transmission in
Media with Local Symmetries

C. Morfonios1, P. A. Kalozoumis2, P. Schmelcher1, and F. K. Diakonos2

1Centre for Optical Quantum Technologies, Hamburg University, Germany
2Department of Physics, Athens University, Greece

Abstract— A theoretical approach for generic wave propagation in systems with local spatial
symmetries is developed and applied. The concept of local symmetry refers to the presence of
subsystems which obey certain symmetries while the total system is non-symmetric under the
same transformations. Groups of neighboring subsystems may form additional local symmetries,
emergent at a larger scale, leading to the notion of different local symmetry decompositions of
a composite setup. Local mirror and translation symmetries are here shown to yield invariant
quantities that characterize wave propagation in one effective dimension. The symmetry-induced
spatial invariants map the wave amplitude between symmetry-related points and thereby enable
a generalization of the parity and Bloch theorems to the case of broken global symmetry.
The novel theoretical framework applies generically to wave propagation in continuous or discrete
media, with particular relevance for the field of micro- and nanophotonics where wave localization
and transmission control are desired for devices with flexibility in setup geometry. Indeed, such
designed systems are usually decomposable into locally symmetric pieces; representative examples
are photonic crystal structures and dielectric multilayer systems, where pioneering applicational
aspects combine with fundamental theoretical investigations. Also structurally complex photonic
setups with long-range aperiodic order or even partially disordered systems feature inherent local
symmetries and thereby encompass corresponding field invariants.
As an application to photonic multilayer systems with local mirror symmetries, the approach
is used to classify light scattering modes according to the symmetry decomposition of the field
profile. In particular, the spatial distribution of perfectly transmitting resonance (PTR) states
is shown to follow the underlying local symmetries when the derived local invariants align along
the medium of propagation. This connects the occurrence of PTRs to the corresponding spatial
structure of the amplitude in an unambiguous manner based on symmetry principles. Further, the
simultaneous presence of different local symmetry decompositions in a given device is exploited
to develop a construction scheme for the design of multiple PTRs at prescribed wave frequencies.
The connection of wave transmission properties and amplitude distribution to the local symmetry
structure of the medium of propagation opens the perspective for novel types of optical device
designs. More generically, the proposed local symmetry approach may lead to a deeper under-
standing of signal response and wave localization phenomena in media with order on multiple
scales.
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High Resolution Ka-band Backscattering Measurement of
Deciduous and Coniferous Tree

Wei-An Chuang1, Hsuan Ren1, 2, Kuan-Liang Chen1, and Jhih-Syuan Huang1

1Institute of Space Science, National Central University, Taiwan
2Center for Space and Remote Sensing Research, National Central University, Taiwan

Abstract— In this paper, we present high resolution Ka-band backscattering measurement of
deciduous and coniferous tree on National Central University (NCU) campus for ground-truth
validation in vegetation monitoring. The coherent radar system, designed and configured based
on a vector network analyzer N5245A PNA-X (10 MHz–50 GHz) is operated in a continuous-
wave mode, was used to generate the transmitting signal and to detect scattered signals both
in amplitude and phase for V V , HH, HV polarizations at incidence angles between 30 and
80 degrees. In measuring process, the radar system has typical trace of the frequency ranges
from 28 to 38GHz of the received power for a given footprint of tree canopy. For this ultrawide
bandwidth, the wind-induced Doppler effects can be ignored. By this feature, the propagating
depth through the tree can also be precisely determined so that the effective propagation constant
and attenuation factor can be estimated. A reference measurement was taken at normal incidence
using a conducting sphere as a calibration target, showed that the measurement capabilities of
this system are satisfactory. The calibration was conducted both in anechoic chamber and in-situ
measurements. Ensemble average of 2000 samples was taken to estimate the mean return power
and later by inverting the radar equation to obtain the backscattering coefficient as functions of
frequencies and incident angles are then estimated. To simplify the matrix inversion, a narrow
beam is realized with dish antenna. Based on the measured results, backscattering characteristics
and statistical properties were analyzed for the cases of deciduous (banyan) and coniferous (pine)
trees.
To obtain backscattering coefficient for tree canopy, measuring system was mounted on the top of
a 15 m-height roof. From this platform, the radar had an unobstructed view of the selected tree
targets. The banyan and pine trees were substantially larger than the footprint of Radar with 2.6-
degree antenna beamwidth. Target trees were selected where adjacent unwanted scatters (ground
and tree) could be conveniently rejected by range gating in time domain. In the proposed study,
frequency, polarization, incident angle, and canopy parameters are the primary factors affecting
backscattering properties. The results indicated that cross-polarized returns generally presents
higher dynamic ranges over the frequency and angular behavior. At Ka band, its wavelength
(1.1 cm∼0.7 cm) is much smaller than leaves and branches. For banyan tree, leaf stems constitute
a very small proportion of the target areas, and the corresponding return signal may be reasonably
ignored. However, leaf stems of the pine trees constitute a larger portion of the beam areas. The
contributions from multiple backscattering are larger than those of banyan trees.
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Investigation of Switched Reluctance Machine for EV Propulsion
Unit with Torque Smoothening Strategy

M. Ruba and D. Fodorean
Department of Electrical Machines and Drives

Technical University of Cluj-Napoca, Cluj-Napoca, Romania

Abstract— The paper deals with the investigation of a 30 kW switched reluctance machine
(SRM) designed to be used in the automotive industry, as propulsion unit for electrical vehicles
(EV). The paper details the most important steps when designing such an electrical machine, and
validates the structure using advanced co-simulation techniques, coupling finite element analysis
software (Cedrat Flux2D) with software used to implement the controller (Matlab/Simulink).
As the advantages of the SRM are known, its main drawback, the torque ripples, are reduced
as much as possible using a dedicated control strategy, the direct instantaneous torque control
(DITC). The solution offered by the paper highlights the possibility of using a cheap, reliable
and robust electrical machine for propulsion unit.
Introduction: As already stated in the abstract, in the past years, many studies revealed the
considerable advantages of the SRM against the other electrical machines, such as simplicity in
design and building, low cost, simple control, robust and reliable operation, etc. [1–4]. Considering
all these, implementing this machine as propulsion unit in EVs became a challenge that worth to
be investigated. The increased torque ripples that are present when phase commutation occurs,
makes the machine impossible to be used with its natural control strategy. However using special
control strategies, this problem can be completely solved.
The SRM in Study: The design of the SRM is focused on the torque production with regards
to the total volume of the machine. Hence, proper sizing of the machine will reach the optimal
dimensions in order to achieve the required mechanical power. The developed torque is computed
function of the machine’s main dimensions, of the current and the number of turns per phase:

TSRM = (Nf · I)2 · Dg − gx

2
· µ0 · ls

2 · gx
(1)

In Fig. 1, the preliminary validation of the SR machine in study is highlighted. As it can be
seen, it develops the required torque but whit the already mentioned ripples. For the final
paper, the DITC method will be implemented to prove that the machine can reach linear torque
characteristic.
Conclusions: The paper will present a complex study for design, analysis and wise control of
the SRM in order to place it in the field of traction motor for EV industry.
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Figure 1: The FEA model and the currents and torque developed with simple hysteresis controller.
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Achieving Tunable Mode Splitter and Omnidirectional Absorber by
Semiconductor Photonic Crystal

Guo-Wen Ding1, Shao-Bin Liu1, Hai-Feng Zhang1, 2,
Xiang-Kun Kong1, Bo-Ri Bian1, and Hai-Ming Li1

1College of Electronic and Information Engineering
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China

2Nanjing Artillery Academy, Nanjing 211132, China

Abstract— In this paper, the properties of one-dimensional (1D) photonic crystals (PCs) com-
posed of the semiconductor (GaAs) and dielectric layers are theoretically investigated by the
transfer matrix method (TMM). The absorption of semiconductor layers is investigated theo-
retically. Due to the magneto-optical Voigt effect, the dielectric constant of the semiconductor
is modified differently in different modes and frequency ranges. If the frequency range of the
incident wave is larger than the plasma frequency, TE and TM modes of the incident wave will
be absorbed in a wide incident angle. TM wave will be absorbed but TE wave will be reflected
while the frequency range is less than the plasma frequency. The absorption of semiconductor can
also be tuned by varying the external magnetic filed. The proposed PCs have a reconfigurable
application to design a tunable omnidirectional absorber and mode splitter at same time.
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Tunable Electromagnetically Induced Transparency Like
Transmission in Graphene Metamaterials with Indirect Coupling
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Bo-Rui Bian1, and Hai-Ming Li1

1College of Electronic and Information Engineering
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China

2Nanjing Artillery Academy, Nanjing 211132, China

Abstract— Novel graphene-based metamaterials with tunable electromagnetically induced
transparency (EIT)-like transmission are numerically studied in this paper. The designed struc-
tures consist of a graphene layer composed of coupled cut-wire pairs printed on a substrate.
The simulation confirms that an EIT-like transparency phenomenon occurs in the metamaterial
owing to indirect coupling and the proposed structure can be used in terahertz frequency range.
More importantly, the transparency windows for the structures with indirect coupling can be
dynamically controlled over a broad frequency range by varying the Fermi energy levels of the
graphene layer (through electrostatic gating). The proposed metamaterial structures offer addi-
tional opportunities to design novel applications such as active plasmonic switching and optical
sensing.
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Cylindrical Metasurface Absorber Using Home Inkjet Printing
System

Hyung Ki Kim and Sungjoon Lim
School of Electrical and Electronic Engineering, Chung-Ang University

221 Heukseok-dong, Dongjak-gu, Seoul 156-756, Republic of Korea

Abstract— A novel cylindrical metasurface absorber will be presented. The proposed meta-
surface absorber is inkjet-printed on a flexible polymer film using a commercial EPSON WF-7011
home printer as shown in the following figure. A silver nanoparticle ink is used for conductive
patterns. The unit cell of the metasurface is designed with a modified Jerusalem-cross ring res-
onator. The absorber’s flexibility and absorption performance are demonstrated by measuring
the absorption ratio after coating the proposed absorber on a cylindrical object with a radius of
4.56 cm. An absorption rate exceeding 99% is achieved at 9.21 GHz for both flat and cylindrical
surfaces. In addition, the cylindrical model attains an absorption rate higher than 96% for all
polarization angles, and a high absorption rate of 95% is preserved until the incident angle is less
than 30◦.

(a) (b)

(c)

Figure 1: SEM images (a) before sintering and (b) after sintering; (c) the fabricated sample absorber coated
on a PET cylinder and a microphotograph of the sample absorber.
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Reversal of Microwave Propagation Nonreciprocity in
Metastructures by Voltage Application under Ferromagnetic
Resonance Excitation near Resonance of Dipole or Chiral

Elements

G. A. Kraftmakher, V. S. Butylkin, and Yu. N. Kazantsev
Kotelnikov Institute of Radioengineering & Electronics, RAS, Russia

Abstract— In recent years, there has been increasing interest in the study of metamaterials
containing resonant conductive elements, of nonreciprocal metamaterials, containing combination
of ferrite and resonance elements, with tunable or switchable characteristics for development of
microwave devices such as filters, nonreciprocal isolators and circulators. The emphasis is novel
functionality as the fast electric control of amplitude-frequency characteristics in comparison
with traditional magnetic control of ferrite by external static magnetic field. In the case of
magnetic control time switching is not so fast because one depends on not fast complex processes
of magnetization and remagnetization as a result of which reversal of sense of spins precession
occurs.

At present there are also ideas about artificial Faraday rotation in magnetless metamaterials
without gyrotropic component.

In real microwave devices and under consideration nonreciprocal effect is due to the ferromag-
netic resonance (FMR). In this case circular or elliptical polarization of microwave magnetic
field h is necessary. Waveguide nonreciprocal devices contain transversely magnetized ferrite
plate at distance of ±λ/8 from the side wall in a rectangular waveguide, where polarization of
microwave magnetic field is circular. In the case of metastructures necessary h-field is formed
by the grating of resonant elements at frequencies near their resonance. Besides metastructures
show amplification and possibility of electric control of nonreciprocity [1].

In this paper electrically controlled reversing the sign of the nonreciprocity of microwave propa-
gation is proposed and confirmed by direct experimental proofs on ferrite plate/varactor-loaded
dipoles metastructures placed along rectangular waveguide axis in the presence of static mag-
netic field H. Dipoles of various shapes (butterfly, loop, snake, double split rings) with differ-
ent type-varactors have been investigated. In Figs. 1(a), (b) we see photos of metastructure
ferrite plate/varactor-loaded split Butterfly dipole (a) and ferrite plate/varactor-loaded double
split rings (b). The nonreciprocity δ is defined without reversal of the propagation direction
(single-channel measurements). In this case nonreciprocity δ (dB) is defined as the difference
between transmission coefficients T = |S21|2 corresponding to the opposite direction of magne-
tization, when senses of h-field rotation are the same but senses of spin precession are opposite,
δ (dB) = T (H−)− T (H+). H+ and H− correspond to opposite directions of the external trans-
verse applied field H and provide opposite senses of spins precession. Results of measurements
contain dependences of δ on frequency at different bias conditions. It has been shown that inver-
sion of the nonreciprocity sign occurs by the application of a bias voltage to a varactor in order to
provide jump of resonance frequency of a dipole through the ferromagnetic resonance frequency
as a result of which reversal of sense of rotating elliptically polarized h-field takes place.
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Millimeter-wave Metamaterial Antenna in Standard CMOS
Technology

Kazuki Hiraishi, Takehiro Kawauchi, and Eiichi Sano
Research Center for Integrated Quantum Electronics, Hokkaido University, Japan

Abstract— The crowded bands of 2.4 and 5 GHz will push the operation bands of wireless
communication systems to the millimeter (MM)-wave region (e.g., 60 GHz). Reduced sizes of
antennas in the MM-wave region enable them to be monolithically integrated with CMOS RF
and baseband circuits. However, the low-resistivity (∼ 10Ωcm) Si substrates commonly used in
standard CMOS processes degrade the antenna gain. The antenna gain at 60 GHz remains below
−10 dBi in standard CMOS technology [1]. Thus, an ingenious development is needed to increase
the gains of antennas fabricated on low-resistivity Si substrates. A metamaterial-based antenna,
such as a composite right-/left-handed (CRLH) antenna, has a reduced size [2], which results in
reduced loss in the metal wire in the antenna. The antenna size in standard CMOS technology
can be further reduced by using small-size lumped elements such as metal-insulator-metal (MIM)
capacitors for the metamaterial components. In this study, a CRLH monopole antenna was
designed and fabricated in 0.18 µm CMOS with six metal layers. The series capacitances for the
left-handed (LH) mode were composed of the MIM structure between the 5th and 6th metal
layers while the shunt inductors in the LH mode and the shunt capacitances/series inductances
in the right-handed (RH) mode were composed of the 6th metal layer. The CRLH unit cell
was 300 × 420 µm. Two unit cells were used to construct the monopole antenna. The designed
CRLH monopole antenna had LH and RH radiation modes at 41 and 65 GHz, respectively.
The fabricated antenna was measured on wafer by using a network analyzer, RF probe, and
a horn antenna. The gain of the CRLH monopole antenna was calibrated by comparing the
transmission (S21) measured between the CRLH monopole and horn antennas with that measured
between two horn antennas. The measured gains of the CRLH monopole antenna were −5.8 dBi
in RH mode and −14.4 dBi in LH mode. A conventional slot antenna using the 6th metal
layer was also designed and fabricated for comparison purposes. Its measured gain was −20 dBi
at 60GHz. These results clearly demonstrate the advantage of the CRLH monopole antenna.
Further increase in the gain can be achieved by optimizing the component values in the CRLH
antenna.
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3D Emission Profiles of Disk-limacon-coupled Resonators
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Abstract— Microcavity lasers made of dielectric disk-shaped resonators with sizes in the mi-
crometer range have gained a lot of interest in recent years. A drawback of pure disk resonators
for microlaser applications is their isotropic light output. To overcome this problem, deformed
cavities were proposed such as limacon-shaped resonators which display directional light emission
attractive for microcavity lasers.
In this work we study the coupling of a disk resonator to a limacon-shaped cavity using three
dimensional FDTD wave-calculations. For this purpose a limacon resonator is placed on top of a
disk resonator, a whispering gallery mode with high Q-factor is excited inside the disk resonator
and its coupling into the limacon cavity is analyzed for different geometric configurations.
Furthermore we investigate the directional light emission and its tuning in such microcavity
arrangements. In detail we calculate a full three dimensional emission profile with respect to the
limacon cavity size and its position on the disk resonator. Thus we obtain the direction of light
output in 3D and its benefit for microcavity laser applications.
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Reliability Study on LED Packages Using Real-time Monitoring of
Internal Quantum Efficiency

Byungjin Ma and Kwan-Hun Lee
Reliability Research Center, Korea Electronics Technology Institute, Korea

Abstract— It is very important to know the effect of the reliability of semiconductor LED chip
on the LED packages. But it has been impossible to estimate the LED chip’s effect on the total
optical degradation of the LED packages quantitatively.
We have already proposed a new method for the internal quantum efficiency (IQE), used to inves-
tigate the mechanism of an optical degradation of the LED packages, which is based on the precise
measurement of electrical, optical and thermal properties and a computational fluidic dynamic
simulation [1]. IQE can be driven as a function of the junction temperatures and the optical
output powers of LED packages. This IQE model is basically based on energy conservation.
We implemented our IQE testing algorithm into a real-time reliability tester for LED packages.
Not only the electrical and optical properties but also the junction temperature and the internal
quantum efficiency can be monitored at any time we want to measure.
Furthermore, we carried out a 2,500 hour lifetime test at 85◦ as shown in Fig. 1. Although there
was an about 10% optical degradation after 2,500 hour aging time, there was no evidence of the
IQE degradation of GaN LED chip. Thus, we could separate the effect of the LED chip on total
optical degradation of the LED package for the first time. And we could conclude that a main
origin of the optical degradation of the LED package affecting the lifetime of the LED packages
is not from the LED chip but from other component materials in our LED packages.

Figure 1: Relative optical output power and IQE monitored during a 2,500 hours lifetime test.
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Performance Comparison of InGaN LEDs Containing V-and
U-shaped Quantum Wells with and without Electron Blocking

Layer and Emitting in the 400–500 nm Range
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Abstract— The solid state device, such as light emitting diode (LED) is one of the best
candidates to substitute the conventional incandescent and fluorescent lamps [1, 2] due to many
advantages, e.g., compact size, low power consumption and long lifetime [3, 4]. However, the
optical performance of III-nitride LEDs still suffers from poor light emission as a result of different
mechanisms including: electron current leakage as a result of piezoelectric effect [5], non-radiative
recombination in the wells due to the Auger recombination [6] and limited injection efficiency of
holes [7].
In this paper, we report on the performance comparison between v-shaped quantum well (VSQW)
and u-shaped quantum well (USQW) light emitting diodes with and without electron blocking
layer emitting in a wide wavelength range from 400 nm to 500 nm. The physical reasons for
improving the efficiency of VSQW LEDs compared to USQW LED structure are analyzed nu-
merically using the commercial software APSYS (Advanced physical model of semiconductor
devices) [8].
The simulation results showed that the devices containing VSQW have superior performance in
terms of optical power and internal quantum efficiency droop compared to the devices containing
USQW. The optical power of the LEDs containing USQW increases gradually and reaches a
maximum at 460 nm, however the optical power of the LEDs with VSQW improves gradually and
the maximum is obtained in a window from 420 to 436 nm as a result of radiative recombination
enhancement. The simulation results suggest that the higher performance of the VSQW is a
result of piezoelectric field reduction and an enhancement of electron and hole wavefunctions
overlap.
The incorporation of the electron blocking layer in the case of VSQW structure improves the
performance only for wavelength shorter than 436 nm and it’s useless for λ ≥ 440 nm. However
in the case of USQW LEDs, the electron blocking layer is necessary to improve the efficiency as
long as λ ≤ 470 nm. This suggests that the VSQW design is a better choice for implementing
InGaN LEDs compared to USQW design.
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Enhanced Group Velocity Characteristics of a ENG Cladded
Metamaterial Loaded Helical Guide

D. K. Sharma and S. K. Pathak
Microwave and ECE Diagnostic Division, Institute for Plasma Research, Gandhinagar, India

Abstract— In recent years much attention have been given towards slow wave structures [2, 3]
for the dynamical control of EM wave velocity and power flow for numerous engineering appli-
cations in microwave to optical frequency spectrum [1].
In this paper, we propose, an ENG Cladded Metamaterial Loaded Helical (CMLHG) Waveguide,
as shown in Fig. 1, to achieve enhance slow wave in THz spectrum. Both analytical as well as
numerical computation has been reported to characterize the dispersion behavior. It is observed
that the waveguide supports forward wave (FW) mode having parallel phase and group velocities
over a wide bandwidth with an enhanced slow wave characteristics. A comparative study of
slow wave behavior has been done between the ENG CMLHG waveguide and two other cases
— (i) when helix is in free space and (ii) when helix is cladded with DPS material and loaded
with metamaterial, as shown in Fig. 2. It is found that present structure provides almost 4 times
lesser group velocity in comparison to the helix in free space. Engineering design feasibility of
manufacturing these types of waveguides are also discussed and reported.

(a) (b)

Figure 1: (a) Cladded metamaterial loaded helical guide (CMLHG) structure. (b) Dispersion characteristic
(β vs frequency) is plotted for different cases (i) conventional case, helical guide in free-space (ii) helix is
cladded with DPS material and loaded with metamaterial and (iii) ENG CMLHG waveguide represents in
blue, red and black color respectively.
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Optical Heterodyning in Microwave Photonic Receiving Channel
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Universitetsky prosp. 13, Moscow 119992, Russia
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Abstract— Direct analog-to-digital conversion of microwave signals with subsequent digital
processing looks very attractive for microwave receivers due to clear structure and minimal num-
ber of steps for analog signal transformation. However, microwave frequencies require photonic
analog-to-digital converters (ADCs) which can provide now 5–6 effective bits only. At the same
time, in many practical applications, it is necessary to receive a signal with a relatively small
bandwidth and carrier frequencies of tens of gigahertz. In particular, such microwave signals with
a pronounced carrier frequency are widely used in radar systems. In this situation, a microwave
signal can be first converted to intermediate frequency using photonic heterodyning and then
digitized with a relatively slow electronic ADC. In a sense, this approach corresponds to the
usual methods of microwave signals processing using electronic devices when the received signal
is frequency down converted.
The key point for building a photonic receiver is the development of an optoelectronic circuit
for converting the microwave signal to an intermediate or low (envelope) frequencies [1–3]. We
consider a microwave photonic receiver comprising a continuous wave (cw) laser together with
amplitude modulators and narrow band optical filters. An amplitude modulation of the cw
optical carrier with microwave signal results in creation of the signal sidebands. Then, the
optical carrier and one of the sidebands can be suppressed using optical band-pass filter based
on, e.g., microresonators or fiber Bragg gratings. To create an optical reference signal necessary
for heterodyning, part of the laser beam is modulated by the second amplitude modulator with a
microwave signal whose frequency is close to the microwave carrier frequency. Then this part of
the laser beam is also filtered to suppress the optical carrier and the same side band. After that,
two optical signals containing radar signal and radar carrier can be mixed at a photodetector
and digitized with a slow electronic ADC.
Performance capabilities of the microwave receiving channel with optical heterodyning are es-
timated analytically. Different modes of receiving channel operation are discussed and optimal
parameters are derived. It is shown that homodyne as well as heterodyne methods for transfor-
mation of the spectrum of the input microwave signal to the low frequency region can be used
and linearity of the transformation for these methods is studied. Also, the regime of the optical
carrier suppression in modulators is considered. In this case, it is not necessary to use narrow-
band optical filters in the scheme. For the photonic receiver using modern optical elements the
signal-to-noise ratio at the output can reach 60–70 dB and more that corresponds to 9–11 effec-
tive bits in the digitized signal with the carrier frequency of tens of gigahertz and the frequency
bandwidth of 100 MHz and more.
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Influence of Optical Fiber Dispersion on Mamyshev Type
Regenerator Performance

Piyush Baypajee, Jurgis Porins, and Andis Supe
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Abstract— Optical signal degrades considerably during propagation in the telecommunications
fiber line. It is caused by many factors: fiber attenuation, dispersion (group-velocity dispersion,
material dispersion, waveguide and polarization mode dispersion) that broadens the pulses, ac-
cumulated amplified spontaneous emission that is a broadband noise source induced mostly by
amplifiers and, of course, different nonlinear optical effects. Distortions induced by optical fiber
nonlinearity actually can be the most significant and the most difficult avoidable, especially in
the high data rate multichannel transmission, used in dense wavelength division multiplexed sys-
tems. Nonlinear effects cause the undesired crosstalk between adjacent transmission channels as
well as new harmonic generation in the signal frequency bandwidth. Such distortions cannot be
filtered out, therefore optical signal regeneration is needed especially in a long haul transmission
systems.
In this research we present results from the study on optical signal regeneration by using Mamy-
shev type regenerator and its dependence on fiber dispersion. Fiber dispersion is a very important
parameter in the regeneration process since it influences the self-phase modulation nonlinear ef-
fect. This effect in turn provides the signal quality improvement by ensuring different transfer
functions for useful signal and noise. Setup of investigated regenerator consists of a high power
erbium doped fiber amplifier, highly nonlinear fiber and an optical bandpass filter that is slightly
shifted away from the signal central frequency. Signal used for regeneration was an on-off key-
ing return-to-zero code manipulated 40 Gbit/s pulse sequence covered with white noise. We have
performed simulations and experimental characterization of regenerator by obtaining it’s transfer
function and output optical signal to noise ratio for different optical filters and fiber dispersion
coefficients.
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Characteristics of Femtosecond Pulse in Silicon Nanowire Embedded
Photonic Crystal Fiber: Variational Approach
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Abstract— Waveguides with sub-wavelength dimensions known as photonic nanowires are
among the most attractive optical structures for ultrafast nonlinear optics. Due to their small
sizes, nanowire exhibits tight optical confinement, large effective nonlinearity and strong waveg-
uide dispersion. Nanowires are fabricated from different materials such as silica, silicon, etc..
Silicon has excellent transmission properties compared to silica and hence, would require rela-
tively lesser input power for the desired nonlinear applications. The silicon photonics has be-
come the current topic of research as the silicon waveguides. Such a dielectric waveguide of
sub-wavelength diameter upon being embedded into the photonic crystal fiber called photonic
crystal fiber nanowire (PCF-NW) results in enhanced optical properties and the same has sub-
sequently been demonstrated. From the literature, it is very clear that the small core silicon
nanowire embedded photonic crystal fiber (SN-PCF) structures has been a good candidate for
nonlinear applications such as soliton-effect pulse compression and supercontinuum generation
In this paper, we investigate the propagation characteristics of femtosecond pulses using the pro-
posed SN-PCF. The pulse propagation in SN-PCF is governed by the well known higher order
nonlinear Schrödinger (HNLS) equation. Using variational analysis, we study the propagation
characteristics of an hyperbolic secant pulse, namely, pulse amplitude, temporal position, width,
chirp, frequency and phase.
Theoretical model: The pulse parameter equations in SN-PCF are given by:
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A Novel Improvement Technique Using a Commercially Available
Phosphorescent White LED for High Speed Visible Light

Transmission Systems

Nobuhiro Fujimoto and Daiki Nakamura
Kinki University, Japan

Abstract— The white light emitting diodes (LEDs) have been dramatically developed. In
specially, a low-cost phosphorescent white LED that consists of a phosphor layer and a blue LED
is expected to replace incandescent or fluorescent lights in offices, homes, cars, and traffic lights.
According to these backgrounds, visible light communication (VLC) system using white LEDs is
one of promising infrastructure for Ubiquitous Network. In the network, they are used for both
illumination and wireless data transmission.
There are many approaches to realize high-speed VLC system. A phosphorescent white LED
especially is difficult to modulate at high-speed. A 230Mbit/s on-off-keying (OOK)-NRZ-based
transmission experiment [1] was demonstrated with a phosphorescent white LED. However, this
experiment required filtering the low-speed phosphorescent component to increase the bandwidth
of the VLC system. Then, owing to the insertion of a lossy and expense blue optical filter, its
transmittable distance is decreased and its total cost is increased.
Here, we propose the two improvement techniques to realize a long distance and low-cost high-
speed VLC system using a phosphorescent white LED without a blue filter. Fig. 1(a) shows a
frequency response of a phosphorescent white LED (LED Engin, LZ1-10CW00). It consists of a
frequency response of a phosphor layer and that of a blue LED. That response of the phosphor
layer has a greater gain than that of the blue LED. Our first proposed technique focuses on
a frequency response of a phosphorescent white LED to get a longer transmission distance by
adding a pre-emphasis circuit for a LED driver [2] without a blue filter. Fig. 1(b) shows the
improved 3 dB down frequency from 2.3 MHz to 41.9 MHz keeping a flat gain of 24 dB. On the
contrary, the blue LED has a higher 3 dB down frequency than that of the phosphor layer. The
second proposed technique focuses on the frequency response of a blue LED to get a higher
transmission speed by adding a pre-emphasis for a LED driver and a post-equalizing circuit
for a receiver circuit without a blue filter. Fig. 1(c) shows the improved 3 dB down frequency
from 2.3 MHz to 82.8 MHz having a little lower flat gain of 20 dB. And the measured bit error
rate characteristics are shown in Fig. 1(d). For example, it is confirmed a 100 Mbit/s error-free
operation with a bit-error ratio of less than 10−7 at a longer distance between a LED and a
Si-PIN-PD of 66 cm by the 1st proposed technique than that of the 2nd technique. And we have

(a) (b)

(c) (d)

Figure 1: Measured results of a proposed high-speed visible light communication system. (a) Frequency
response of a phosphorescent white LED. (b) Improved response by the first technique. (c) Improved response
by the second technique. (d) Bit error rate characteristics of the system.
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first confirmed the maximum transmission speed of 315 Mbit/s error-free operation by the 2nd
proposed technique. This 315 Mbit/s operating speed of a simple OOK-NRZ based modulation
using a single commercially available phosphorescent LED is a world record. These experimental
results show that our proposed techniques are suitable for simple, low-cost, and high-speed VLC
systems.
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Optical WDM-PON Access System with Shared Light Source

Sandis Spolitis, Lilita Gegere, Anita Alsevska,
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Abstract— We report on 16-channel wavelength division multiplexed passive optical network
(WDM PON) with shared amplified spontaneous emission (ASE) light source, which is spectrum
sliced by an arrayed waveguide grating (AWG), see Figure 1. In this research ASE source is
generated by two cascaded erbium doped fiber amplifiers which parameters were manipulated
in such a way obtaining flat spectrum in wavelength range from 1545.32 nm to 1558.98 nm (C-
band). It must be mentioned, that spectrum slicing technique is one of available techniques in
WDM-PON systems in order to reduce cost of components and simplify the architecture of PON
network.
Investigated optical transmission system can be considered as energy efficient and cost effective
in the way that single seed light source (ASE) is shared among many users instead of using
individual light source for each user, for example, distributed feedback lasers or vertical-cavity
surface-emitting lasers. After ASE slicing operation slices are modulated by an optical modulator
(electro-absorption modulator or Mach-Zehnder modulator), multiplexed by second AWG, trans-
mitted over standard single mode fiber transmission line, demultiplexed and received by optical
receivers located in user premises. In this research, we propose 16-channel spectrum sliced optical
access system based on ITU T G.694.1 DWDM frequency grid. Proposed solution shows good
performance (bit error ratio BER < 10−10) and is capable to provide data transmission at least
over 20 km long fiber span with data transmission speed up to 10 Gbit/s per channel, that fit the
needs of next generation passive optical networks (NG-PON).

Figure 1: Operational principle of WDM PON transmission system with single light source.
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Estimation of EDFA Performance in 40Gbit/s 8 Channel DWDM
Transmission System

Ingrida Lavrinovica, Jurgis Porins, and Girts Ivanovs
Institute of Telecommunications, Riga Technical University, Azenes st.16/20, Riga LV-1048, Latvia

Abstract— Erbium Doped Fiber Amplifier (EDFA) obtained a wide range of applications in
research and commercial applications in optical fiber communication systems. It has been con-
sidered as an attractive solution because of several major advantages — immunity to cross talk
among wavelength multiplexed channels, insensitivity to light polarization state, high energy
efficiency (> 50%) and time constant enough to cover modulation noises, which is suitable solu-
tion for the simultaneous amplification of all dense wavelength division multiplexing (DWDM)
channels. However, the presence of amplified spontaneous emission (ASE) limits the peak gain.
EDFA gain spectrum is wavelength dependent and it applies as SNR differential between chan-
nels after passing through a cascade of EDFA. Number of cascaded amplifiers is limited by the
noise accumulation [1, 2].
In this research the performance of an EDFA in a 40 Gbit/s 8 channel DWDM transmission
system with NRZ-OOK modulation format and 100 GHz channel spacing was investigated. The
experimental part was focused on optimization of EDFA parameters. Experimental measurement
scheme is shown in the Fig. 1.
Optimal length depends on doping level and pump power, therefore different doped fiber lengths
(10m, 15m, 20m, 25 m, and 30 m) and excitation source power (200 mW, 300 mW, 400 mW,
500mW) were used in order to reach the highest amplification value.
The obtained results have shown that at the pump power of 400 mW and 500 mW EDFA has
already reached its saturation regime and gain is almost constant: 41–42 dB. The highest gain of
43 dB was gotif doped fiber length is chosen to 30 m. In order to reach higher gain values-longer
fibers and more powerful excitation sources should be used.

Figure 1: The experimental setup used for investigating the DWDM transmission.
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Bidirectional Radio-on-Fiber Transport Systems Using Fiber
Nonlinearity and Injection Locked Technique

W. S. Tsai and G. C. Lin
Department of Electrical Engineering, Ming Chi University of Technology, Taiwan

Abstract— We propose a novel bidirectional transmission system based on stimulated Brillouin
scattering (SBS) effect and injection locked distributed-feedback (DFB) laser to achieve optical
single sideband (OSSB) modulation for downlink transmission. For uplink transmission, we
reuse transmitting light by phase modulation (PM) to avoid signal interference each other in
bidirectional transport. After 25 km single mode fiber (SMF) transmission, we can observe the
sideband power ratio (SBPR) > 15 dB for downlink transmission and system’s power penalty
is < 2.8 dB. Good performances for bit error rate (BER) analysis are observed in our proposed
bidirectional transmission system.
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Transponder and 3R Regenerator Impact on Energy per Bit and
Optical Bandwidth Required for Data Transmission over

10-40-100Gbps Mixed-line Rate WDM Links

Aleksjes Udalcovs and Vjaceslavs Bobrovs
Institute of Telecommunications, Riga Technical University, Riga, Latvia

Abstract— Although the mixed-line rate (MLR) design of wavelength division multiplexing
(WDM) optical networks has proved itself as a cost-efficient solution for dealing with the het-
erogeneity of continuously growing traffic demands, however some MLR configurations might
not be the best in term of energy consumption per bit (or power efficiency in W/bps) required
accumulating the aggregated traffic. In general, power efficiency of MLR solutions depends on
the number of factors, such as power consumption of transponders and 3R regenerators, number
of the 10 Gbps, 40 Gbps, and 100Gbps wavelengths, and the overall transmission distance. De-
pending on the configuration and the link length the MLR-based WDM system could outperform
some of the 10 Gbps, 40 Gbps and 100 Gbps single-line rate (SLR) solutions or not. Therefore, it
is important to use the proper criteria (e.g., transponder’s or regenerator’s power consumption;
spectral efficiency which could be achieved with a particular modulation format; optical band-
width required for the wavelength allocation in a transmission spectra) for choosing the number
of different wavelengths. Hence, in this paper we aim at exploring the impact of transponders
and 3R (re-timing, re-shaping, re-amplification) power consumption on the transmission’s power
efficiency for the set of link’s lengths and on the optical bandwidth required for the allocation of
the wavelength channels.
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Diffraction Effects on a Dual External Cavity Tunable Laser ECTL
Source
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Abstract— Fabrication of mirrors by using Deep Reactive Ion Etching DRIE technology al-
lowed for production of monolithically integrated chip that contains mirrors, actuators and laser
on the same die. These configurations has great importance in optoelectronics. There are many
characteristics required in tunable laser also such as wide wavelength tuning, high tuning speed
and minturize the device dimensions. Wide tuning range improve suitability for all practical
application. New effects appear due to miniaturization of External Cavity Tunable Laser ECTL
source. Diffraction effect is the important one. So in this paper presents the diffraction effects
on the performance of an dual external cavity tunable laser source, whose external cavities are
constructed by micro electro mechanical systems (MEMS). One of the main problems in these
structures is the optical diffraction as the emitting surface of the laser diode is usually quite lim-
ited in the transverse directions. The emitted beam diffracts rapidly in the air and only a small
amount of light is coupled back to the source that usually limits the tuning range of the source.
We use flat mirror in our model. Device characteristics such as tuning range (λmax–λmin),
wavelength shift and sensitivity are evaluated. New expression are used and multiple reflection
inside external cavities are considered. The simulation results have shown that single external
cavity has limited tuning range. It is shown that multiple reflection has significant effect in our
model. To get a better engineering for the dual ECTL dimensions, diffraction effects must be
taken into account.
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Measurement and Prediction of Non-scaling Differences between
Thermal and Radiation Efficiencies of Various Antennas

Michael J. Underhill
Underhill Research Ltd., Lingfield, UK

Abstract— A previous paper put forward an explanation and theory for the significant differ-
ences found between thermal and radiation efficiencies particularly of small antennas [1]. The
important discovery reported in [1] is that the ‘missing’ RF power is converted to a combination
of broadband ‘white noise’ and enhanced ‘spurious’ sidebands. This paper reports comparative
field strength measurements of the gains and associated radiation efficiencies of various types of
small and large monopoles, dipoles and loop antennas, both tuned and untuned. Figure 1 shows
some of the antennas measured with the MiniVNA Tiny (f) which can be used to measure and
compare antenna gains and directivities at different frequencies between 1 and 1500MHz. The
coaxial cable choke balun (e) used to feed the antennas above 50MHz is also shown. All the
antennas tested have thermal efficiencies better than 95% to 98% so that gain is < 0.2 dB less
than directivity.

(f)

(g)

(a)

(b)

(c)

(d)

(e)

Figure 1: (a) 106 cm half-wave dipole. (b) 109 cm half-wave folded dipole. (c) 220 cm full-wave perimeter
loop. (d) 10 to 20 cm adjustable diameter tuned loop with ‘gamma-match’ feed. (e) Choke balun feed
used on all the VHF/UHF test antennas. (MRS Radio Solutions MiniVNA Tiny used for gain and antenna
impedance measurements from 1MHz to 1.5 GHz. (g) Antenna rotator for pattern measurements.

Notable results so far (with more to follow in full paper and presentation) are:

1. Full-wave perimeter loop (c) gain is ∼ 4.5 dB greater than half-wave folded dipole (b) gain.
Measured and computed directivities are < 1 dB different. (Measured at ∼ 140MHz.)

2. Minimum radiation efficient size of a small tuned loop (d) empirically is ∝ 1/f1/2 between 2
and 200 MHz. Thus efficient small tuned loops do not scale conventionally, size with wave-
length.

3. The radiation efficient diameter De of a tuned loop is reduced as the square root of the tuned
loop Q thus De ∝ 1/Q1/2.
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A Generalized Vector-potential Integral Formulation for the
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Abstract— This paper develops a generalized vector magnetic potential integral formulation
for the paraboloidal reflector antenna, using the elliptic paraboloid geometry as basis. First,
parametric expressions informed by the problem geometry are specified for the conventional
‘field’ and ‘source’ points, and the ellipse’s major and minor axes are described by a common
expression, also based on the geometry. When the expressions are utilized in the integral equation
for the vector magnetic potential for the problem, and following the usual ‘magnitude’ and
‘phase’ approximations, an expression for the radiation field, which may be described as a general
expression for certain special cases, emerges. It is shown for example, that when the ellipse’s
eccentricity is set to zero to prescribe the circular paraboloid, the corresponding expression for
the radiation agrees with those available in the open literature [1, 2]. A moment-method solution
of the associated radiation field’s integro-differential equation is also presented in the paper.
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Abstract— The new technology in wireless communication has brought a lot of portable devices
in the future, such as a mobile phone that will possess Long Term Evolution (LTE) function for
the voices and data transmissions [1]. Conventionally, the unbalanced planar inverted F antenna
(PIFA) is one of the most popular candidates for compact internalized antennas for mobile
handsets due to its unique characteristic that makes it suitable for use in portable wireless
device especially on mobile handsets. However, PIFAs use the ground plane as a part of the
radiator, enabling very small antennas to achieve adequate gain and bandwidth [2]. Therefore,
radiating currents are induced on both the ground plane and the antenna element, resulting in
currents flowing on the human body, which degrade the performance of the antenna’s radiation
characteristics and introduce losses and uncertainty in its matching [3].
To solve these problems, a balanced structure is introduced to not only to eliminate such con-
straints but also to avoid the degradation of antenna performance in aforementioned unbalanced
antennas. In this kind of antennas, currents cancel the effect of each other, the current flows
only on the antenna element and not on the ground plane. Therefore, the coupling between
the antenna and the user’s body will be neglected when the mobile is held by its user which
leads in no effect on the performance of the antenna. Lately, several mobile antennas with the
balanced technique have proved the enhanced stability of antenna performance, compared to the
unbalanced type especially when the handset is positioned in a close vicinity to the human head
and/or hand [4, 5]. However, these balanced antennas are not capable to meet the frequency
bands of LTE. Thus, the proposed work has been investigated to offer a low profile antenna for
Long Term Evolution (LTE) applications at 700 MHz and 2600 MHz bands using the balanced
antenna concept.
The proposed antenna will be implemented based on built-in planar dipoles with two folded
slot arms structure. Fig. 1 shows the geometry of the balanced antenna for a mobile phone.
The antenna was designed first and then was mounted 4 mm on top of a finite ground plane
with dimension of 100 × 50 mm2 which acts as the mobile handset chassis or what today we
would identify as the ground plane of a practical mobile phone handset, as seen in Fig. 1. The
dimensions of the proposed antenna geometry were found comparable to the practical handset
size as illustrated in Fig. 1. The slot has a uniform width of 2mm. The antenna was constructed
from a copper sheet with thickness of 0.15 mm. The objective of the embedded slot was to tune
the radiator structure to resonate at our targeted bands of LTE 700/2600 MHz. This was achieved
through multiple simulated attempts, by conducting several modification of the authors’ previous

(a)

(b)

(c)

Figure 1: Basic antenna structure;
(a) 3D, (b) folded slotted arms,
(c) unfolded slotted arm, dimen-
sions in mm.

Figure 2: Reflection coefficient of
folded arms slotted proposed an-
tenna.

(a) (b)

Figure 3: Surface current dis-
tributions for the proposed bal-
anced antenna at (a) 700MHz,
(b) 2600MHz.
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work in [5] to move toward the desired outcome of developing highly compact and dual-band
antenna for use in LTE applications. It is obvious that the S11 of proposed antenna generated
by HFSS agrees well with the one obtained from the CST as shown in Fig. 2. The analysis of the
current surface on the ground plane of the proposed antenna was studied using the EM simulator
at the 700MHz and 2600MHz, i.e., the targeted frequencies within this work as shown in Fig. 3.
One can clearly note that, most of the current is induced exactly underneath the two folded
slotted arms at both resonant frequencies while it is more or less vanished on the rest of the
ground plane in which proves the concept of balanced antenna whereby it reduces the coupling
between the handset and the user’s hand.
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Abstract— Antennas constitute a very important part of Radio Frequency Identification
(RFID) systems. Coming in various forms and types, they are usually designed and intended
to ensure maximum effective and efficient communication links between tags or transponders
and their associated readers or interrogators. One of the primary challenges in the design and
development of antennas in RFID applications as it is in other wireless applications is having
an antenna with optimised parametric features that are desirable and in consonance with laid
down specifications and functional requirements. These parametric features include but are not
limited to: profile, gain, directivity, bandwidth and polarisation.
Radio Frequency Identification (RFID) systems which connote the physical interaction between
a tag and a reader for automatic identification operate within the global bandwidth of (860–
960)MHz as specified by the International Standards Organisation (ISO). It should also be noted
the RFID systems function adopting a non-contact application of radio-frequency does not require
a line-of-sight channels. Thus, in order to optimise an RFID system, the orientation of the
tags and associated readers must be fully established through the polarisation characteristics of
their corresponding antennas. RFID tags are often designed to have linearly polarised dipoles.
Consequently, their orientation in a typical RFID system is not always predictable.
The quadrifilar helical antenna (QHA) has been identified by previous works as a suitable an-
tenna for tag reading in RFID and other wireless applications, due to its ability to give circular
polarisation over a wide angular area [1, 2]. Another excellent property of QHAs in terms of the
symmetry of their geometry is their ability to give a cardioid-shaped radiation pattern regardless
of the axial length and diameter. It has also been established that the inherent cardioid-shaped
radiation patterns of QHAs can be made conical by extending the resonant fractional turns of the
QHA to an integral number for improved characteristics [2]. Consequent to the aforementioned,
a novel compact QHA was designed and optimised over a perfect ground to function optimally
within the RFID global bandwidth of (860–960) MHz. The novel QHA antenna is named linearly-
shifted quadrifilar helical antenna (LSQHA) because its elements are linearly-shifted and made
compact as revealed in Fig. 1(b). With reference to its helical elements and as can be observed,
the proposed LSQHA design does not take the form of the conventional QHA. Specifying a finite
ground and feeding of the LSQHA via an integrated feed network is proposed, to avoid the intri-
cacy and losses associated with multiple feed points of a centre feed. At the risk of repetition, the

(a) (b)

Figure 1: Antenna configurations examined:
(a) QHA; (b) LSQHA.

Figure 2: Computed VSWR
for the proposed LSQHA.

Figure 3: Computed gain
radiation patterns of the
proposed antenna for one
vertical cut plane.
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novel antenna structure is achieved by linearly-shifting the helical elements of the conventional
QHA by 90◦ using a defined phase quadrature distance. This design is expected to reduce the
axial length and overall volumetric equivalent of the LSQHA, while retaining good axial ratio,
high power gain and wide beamwidth coverage.
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Abstract— The gain of a radiator can be improved by placing a partially reflecting surface
(PRS) at an appropriate distance from the ground plane. The maximum radiation in the broad-
side direction occurs when the reflectivity of a PRS is maximized, and a cavity structure achieves
in-phase electromagnetic wave transmission. The main characteristics of the antenna, such as
the impedance and gain bandwidths, and radiation patterns are determined by the properties
of the radiator and PRS. It is well-known that the PRS should be placed at a half-wavelength
distance from the ground plane for optimum performance, and the maximum gain increase is
accompanied by a decrease in the operation bandwidth. Therefore, it is very difficult to achieve
both gain and bandwidth enhancement at the same time.
Recently, a method for using multiple dielectric slabs to form multiple PRSs has been proposed.
This method uses several superstrates to create multiple resonances with multiple cavities, and
achieved a broad 3-dB gain bandwidth. However, the design of the PRSs with multiple dielectric
slabs requires a complicated optimization process. Even though a wide gain bandwidth can be
achieved with multiple dielectric slabs, the size of the antennas is large, and there may have
fabrication difficulties.
In this paper, a high-gain circularized polarized bowtie crossed dipole with wideband character-
istics is proposed. A planar conducting screen acting as the ground plane is placed behind a
crossed bowtie dipole radiator and a reflecting screen acting as a superstrate is placed in front
of the radiator. The antenna employing a half-wavelength-thick PRS achieves wide reflection
coefficient, axial ratio (AR), as well as gain bandwidths. The final design with an overall size of
80× 80× 28.35mm3 yielded a −10-dB impedance bandwidth of 40% (5.6–8.4GHz), a 3-dB AR
bandwidth of 25.6% (6.3–8.15 GHz), a 3-dB gain bandwidth of 42.7% (5.7–8.8GHz).
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Abstract— In this paper, a compact circularly polarized (CP) crossed dipole antenna loaded
with a parasitic element is proposed for use in GPS L1 (1.575 GHz) and GLONASS L1 (1.605 GHz)
bands. The dual-band operation is obtained by combing two CP bands; one from the crossed
dipole driver and other from the parasitic element. A meander line and an arrowhead shaped
ending were utilized to achieve a compact size in both driver and parasitic elements. The antenna
was demonstrated to be well matched to a 50-Ω coaxial line without any matching network and to
have reasonably high radiation efficiency. The antenna was characterized using a finite-element
method-based full-wave electromagnetic solver, Ansoft HFSS. Both crossed dipole and parasitic
elements were designed on a Rogers RT/Duroid 5880 substrate with a permittivity of 2.2, a
thickness of 0.508 mm, and a loss tangent of 0.0009.
The final design with an overall size of 38 mm×38mm×1.016mm yields a−10-dB |S11| bandwidth
of 1.505–1.695 GHz and a 3-dB axial ratio bandwidth of 1.555–1.635 GHz with two CP center
frequencies at 1.575 GHz (AR = 1.0 dB) and 1.605GHz (AR = 0.9 dB). The antenna radiated a
bi-directional electromagnetic wave at both bands; it radiated a right-hand circular polarization
wave at the broadside direction whereas it radiated left-hand circular polarization wave at the
back direction. Additionally, the antenna yielded gains of 1.45 and 1.78 dBic, and radiation
efficiencies of 88.3% and 93.5% for the lower and upper bands, respectively. With compact size,
good impedance matching, and good CP radiation, the proposed antenna can be widely used in
GPS and GLONASS applications.
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Abstract— In this paper, a compact tri-band monopole antenna with three meander lines is
proposed and investigated for wireless local area networks (WLANs) and worldwide interoper-
ability for microwave access (WiMAX) system applications. The designed tri-band antenna is
realized by using three meander line structures that are connected to the 50-Ohm microstrip feed
signal strip line to generate the desired triple resonance frequencies. By adjusting the dimen-
sions of the proposed three meander lines, the expected resonant frequencies can be tuned for
WLAN and WiMAX communication applications. The experimental results demonstrate that
the optimized tri-band monopole antenna can give three impedance bandwidth for S11 6 −10 dB
of 160 MHz (2.39–2.55 GHz), 450MHz (3.30–3.75 GHz) and 730 MHz (5.14–5.87GHz), which can
be applied to cover both 2.4/5.2/5.8-GHz WLAN bands and 3.5/5.5-GHz WiMAX bands. Fur-
thermore, omnidirectional radiation patterns and stable gains can be achieved, which make the
designed tri-band monopole antenna promising for integrating into modern portable devices.
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Abstract— Nuclear magnetic resonance (NMR) spectroscopy is a broadly used research tech-
nique that exploits the magnetic properties of atomic nuclei with non-zero spin in order to
determine the physical and/or chemical properties of the molecules in which they are contained.
Specifically, it can provide detailed information regarding the structure, dynamics, reaction state,
and chemical environment of the molecules, while its spectra are (at least for small molecules)
well-resolved, analytically tractable and highly predictable. However, NMR has fundamental sen-
sitivity limitations, as a consequence of the small energy difference between nuclear spin states.
This drawback has always restricted its application to complex structures, like large biomolecules
(proteins, nucleic acids etc.).
Dynamic nuclear polarization (DNP) has emerged as a widely applicable technique to improve
the sensitivity of NMR experiments (involving RF currents in the region of few hundreds of MHz)
by transferring the relatively large polarization of electron spins to bulk nuclei, a process which
requires the excitation of electron paramagnetic resonance (EPR) transitions with high-power
millimeter-wave (MMW) radiation. The result is a significant enhancement of the original NMR
signal, thus leading to an important reduction of the corresponding spectrum acquisition times.
Such experiments have been made possible in the past few years due to the development of stable,
high-power gyrotrons as MMW sources and low-loss waveguides which transfer the power to the
sample. DNP enhancement values depend on a number of factors, but most importantly on the
intensity of the MMW magnetic field, which is oscillating in resonance with the electron spins,
throughout the sample.
In this paper, we develop a 2D simulation model in order to analyze the MMW performance
of a typical NMR solenoid coil operating at cryogenic temperatures. The structure is approxi-
mated by a single unit cell — corresponding to one turn of the coil — together with appropriate
periodic boundary conditions, while a plane wave with the proper electric field polarization is
considered for the MMW excitation. Then, this model is succesfully utilized to examine the
reflection/transmission characteristics of the coil, visualize the field distributions, estimate and
maximize the average magnetic field in the sample region and, hence, optimize the geometry
of the device in a very fast and convenient way. The results of our analysis show very good
agreement with those of a more realistic — yet computentionally intensive — 3D model of the
same setup, while our conclusions can serve as the basis for the development of more advanced
NMR coils, which can deal efficiently with the crucial issue of sample heating. All simulations
are performed with the RF module of COMSOL Multiphysics, a simulation package based on the
Finite Element Method (FEM).
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I.U. F́ısica Aplicada a las Ciencias y las Tecnoloǵıas, Universidad de Alicante, Spain.
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Abstract— The increasingly known transmission line called SIW (Substrate Integrated Waveg-
uide) [1, 2] is a low-cost realization of the traditional rectangular waveguide, taking the advantages
of planar lines for easy integration with other circuits, and low radiation losses of waveguides.
Furthermore, this new technology has been used for making a large number of microwave devices
such as filters, antennas, multiplexers, etc. [3–5].
This paper presents the design and practical implementation of a waveguide-based microwave
filter in Substrate Integrated Waveguide technology. The use of SIW technology for implementing
waveguide filters makes the presented design specially aimed for being used in undergraduate
courses related to microwave engineering and filter designing. Their low cost and easiness from
the filter fabrication point of view allows their use in microwave laboratory courses where students
can implement their own theoretical filter designs and measure their frequency response.
The requiring mechanics in the manufacturing of microwave filters in waveguide technology (both
rectangular and circular) makes its use practically unfeasible in academic laboratories for various
reasons (cost, high frequency operation . . .), despite the abundant literature dealing on waveguide
filters implementation [6]. For this reason, a practical design example of a waveguide iris filter
using the impedance inverter model is proposed in this paper for academic laboratories, using
SIW technology. This is a low cost and easy to manufacture technology. The overall process
includes the design of the ideal band-pass prototype filter using the impedance inverter and its
implementation in an inductive iris-coupled waveguide filter, by using a developed electromag-
netic simulator based on the mode-matching technique [7]. Finally, the equivalent filter in SIW
technology is obtained and optimized by using HFSS simulator [8]. Since the response of the
designed filter is going to be measured using a vector network analyzer, a SIW to microstrip
transition is designed at both ends of the filter, at which ends are connected SMA connectors.
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Abstract— In this paper, we propose an RLC matched GaN HEMT broadband power amplifier
using silicon-based integrated passive device (IPD) technology. For broadband operation, the
RLC type bridged-T all-pass network is used at the input matching network [1]. The initial
values are calculated by a formula from the reference [1] with an input capacitance (Cgs) of
the GaN HEMT. Based on the calculated values, the proposed power amplifier is designed and
optimized to obtain broadband characteristics. Also, the LC ladder-typed topology is employed
at the output matching network, as shown in Figure 1.
The X-band power amplifier was implemented using thin-film IPD technology, as shown in Fig-
ure 2. The passive elements at the input and output matching networks were implemented us-
ing metal-insulator-metal (MIM) capacitors, spiral inductors, and thin-film resistors. The GaN
HEMT and two matching networks were attached using high-K conductive epoxy and intercon-
nect between them was done by wire bonding. This approach provides several key properties
such as high integration, which is very close to MMIC dimension, high design flexibility, low cost
by standard silicon technology, and so on. The measured impedance contours of the fabricated
matching networks are shown in Figure 2. The dimension of the input and output matching
networks is 1.4mm × 1.2mm and 2.2 mm × 1.6mm, respectively. The thickness of the matching
networks is only 0.15mm. A more than 1.5-GHz bandwidth with an output power of 37 dBm
at X-band can be obtained by this input RLC matched network and output LC ladder-type
topology.

 

Figure 1: Schematic of the broadband power amplifier.

(a)

(b)

(c)

Figure 2: Proposed power amplifier structure, process and measured impedances.
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Abstract— Ferrite-piezoelectric layered structures are known to be magnetoelectric (ME) due
to interaction of ferrite magnetization and piezoelectric polarization via elastic deformations [1].
The applicability of ME composites for signal processing devices, such as phase shifters and
filterswas reported recently [2]. The present paper focuses on the ferrite-piezoelectric bilayer
based LF-band filter performance. This structure enables one to control the filter characteristics
in a wide range of input signal amplitude by means of bias magnetic field.
The filter considered consisted of a ferrite-piezoelectric bilayer placed into a solenoid. Bias mag-
netic field up to 2000 Oe was generated by an electromagnet. DC magnetic field H is necessary to
provide non-zero piezomagnetic coefficient for magnetic layer and obtain the resonant character-
istics. The ferrite-piezoelectric bilayer was formed by single-crystal Zn0.2Ni0.8Fe2O4 (NZFO) and
piezoelectric lead zirconate-titanate (PZT). PZT and NZFO had dimensions of 24× 24× 2mm3

and 30×20×2.25mm3, correspondingly. Electrodes were placed on lateral surfaces of piezoelectric
layer to measure the output voltage across the piezoelectric layer. Bilayer geometry corresponded
to electromechanical resonance (EMR) frequency of 86 kHz. The measurements were carried out
with Agilent DSO-X 2002A oscilloscope.
The resonance pick at frequency of 86.8 kHz corresponds to the longitudinal mode of EMR and
has the bandwidth of 2 kHz. The output voltage was equal to 2.53 V at zero bias magnetic field
and input ac voltage of 10V. The output voltage increased to 12.62 V at dc magnetic field of
170Oe and input ac voltage of 0.714 V. The resonance value of ME voltage coefficient equaled
0.47V/(cm·Oe). Thus, the proposed filter design enables one to achieve the peak transmission
coefficientregulation of 10 dB. The obtained results can be further used in practical applications.
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Abstract— Micro-electro-mechanical system (MEMS) resonators have emerged as a potential
candidate technology for implementation of high-Q tunable filters that are able to solve power
consumption and miniaturization issues [1]. Electrically tunable filters with a wide operational
range are crucial elements in both multiband communication systems and wideband tracking
receivers because they have the ability to replace filter banks [2]. Silicon carbide (SiC), due to its
excellent electrical, mechanical and chemical properties, is one of the most promising materials
for high efficiency MEMS resonators [3].
Recently, we have demonstrated a silicon carbide MEMS based resonator filter that is actu-
ated electrothermally and sensed piezoelectrically [4]. Electrothermal technique for induction
of mechanical vibrations has been attracting increasing attention as a means of allowing simple
fabrication process, low actuation voltages, impedance matching and effective frequency tuning.
Piezoelectric transduction allows active generation of electrical potential in response to an applied
mechanical stress (no bias voltage source is needed), and it enables stronger electromechanical
coupling and simpler fabrication process compared to the electrostatic transduction.
In this work, we present a two-port SiC MEMS resonator device electrothermally actuated with
u-shaped designed electrode in order to provide tunable filter function with wide operation range
(Figure 1). Two-port transmission frequency response measurements have shown that, by in-
creasing the DC bias of the actuating voltage from 3 to 7 V, the operating frequency of a 1.4 MHz
device can be adjusted up to 31%. Details of the design, fabrication processes and measurement
setup will be presented. Moreover, the origin of resonant frequency change induced by tuning
DC voltage will be studied.

Electrothermal

    Actuator Piezoelectric

    Sensor

Double-clamped

     SiC Beam

Figure 1: SEM of the fabricated resonator with the electrothermal actuator (input port) and piezoelectric
sensor (output port) placed on the top of SiC double-clamped beam.
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B. Sviličić acknowledges financial support of Croatian Science Foundation and University of Rijeka.

REFERENCES

1. Van Beek, T. M. and R. Puers, J. Micromech. Microeng., Vol. 22, 013001–35, 2012.
2. Mansour, M. M., H. Fengxi, S. Fouladi, W. D. Yan, and M. Nasr, IEEE Microw. Mag., Vol. 15,

70–83, 2014.
3. Sarro, P. M., Sens. and Act. A, Vol. 82, 210–218, 2000.
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Yagi Rectenna Application to Increase the Battery Lifetime of
Sensor Nodes

R. Fernández-Garćıa and I. Gil
Departmentof Electronic Engineering, Universitat Politècnica de Catalunya

08222 Colom 1, Terrassa, Spain

Abstract— In the last years a massive increase of the use of wireless communications has been
produced in industrial and domestic applications. Specifically, one of the latest applications of
the wireless communication is the Wireless Sensor Networks (WSNs) [1]. The WSNs consist of
small communication nodes. These nodes contain a sensing part, a microcontroller, communi-
cation components and power supply (typically a battery). Moreover, these nodes should fulfil
restrictions of low-cost and low-power consumption to guarantee its usefulness. In this sense, the
RF energy-harvesting technology [2] can help to increase the battery lifetime of sensor nodes and,
in some cases, even to avoid using the battery. The main RF energy harvesting element is the
rectenna, which consists of an antenna plus a rectifier to convert the RF signal to DC voltage.
In this work, a Yagi rectenna to harvest the RF energy of the GSM system at 1.8GHz is proposed.
The rectenna has been designed by means of the commercial Keysight Advance Design System
(ADS) software. Fig. 1 shows the proposed Yagi antenna implemented of commercial FR4
substrate (dielectric constant εr = 4.6, thickness h = 1.53 mm). Fig. 2 plots the simulated
return loss, bandwidth of 250 MHz (1700 MHz to 1950 MHz) it is observed at S11 = −10 dB
with antenna gain from 4.5 dBi to 7 dBi (5.78 dBi at 1.8GHz). At 1800 MHz the antenna input
impedance corresponds to 62.74+j6.31 Ω. Fig. 3 shows a voltage double RF-DC converted base
on HSMS-286c Schottkydiodes. Note that in order to design correctly the matching network
between antenna and RF-DC converter the parasitic impedance of diode packed SOT-323 has

Figure 1: Antenna return loss.
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been included. The RF-DC converter input impedance at 1.8 GHz is 2.01−j 224.16 Ω. Therefore,a
LC matching network with 20 nH and 8.2 pF is used. In Fig. 4 the dependence of DC voltage
with the RF power density of the designed antenna at 1.8GHz is drawn, 200mVDC are obtained
for a power density of 1.5mW/m2.
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A Model-free Method for Real-time High Precision Carrier Phase
Observation

Tianyi Zhang, Qiao Meng, Quantao Yu, Jifei Tang, and Wei Liu
Institution of RF-&OE-ICs, Southeast University, Sipailou 2, Nanjing 210096, China

Abstract— Carrier phase observation is a ranging method with high accuracy that used in
various applications including radar ranging, satellite orbits determination, high precise relative
GPS positioning and mobile communication location system. It achieves the radial distance
between target and receiver by measuring and tracking the changes to the carrier phase. Relative
velocity could be obtained from instantaneous frequency (IF).
Carrier signal of target in motion is a typical nonstationary signal and its model is difficult to
determine. This paper describes a model-free method of obtaining total phase and IF of carrier
signal in real-time with high resolution. The estimation of signal model is unnecessary, which
reduces the computation and complexity. Frequency rate, initial frequency and fractional phase
are estimated using de-chirp algorithm in fixed short-time interval called integral time. The
de-chirp algorithm is based on ambiguity function (AF) and high resolution frequency estimator
is used. Total phase are calculated and filtered by Savitzky-Golay smoothing filter to reducing
measure noise. Meanwhile, instantaneous frequency with better accuracy could be obtained by
deriving the smoothed total phase which can also be implemented by a FIR filter like Savitzky-
Golay filter. The degree of polynomial used to design smoothing filter should be chosen cautiously
and the integral time should be designed wisely. This method is adapted to be implemented using
hardware.
Monte-Carlo simulation using polynomial phase signal (PPS) model with additive white Gauss
noise (AWGN) shows the validity of the method. The simulation results also indicate that the
proposed approach could obtain accuracy total phase and IF at low signal-to-noise ratio (SNR).
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Real-time Processing Technique for Panoramic Infrared Imaging
System

G. Sun, G. Li, W. H. Wang, X. L. Fan, and Z. P. Chen
Science and Technology on Automatic Target Recognition Laboratory
National University of Defense Technology, Changsha 410073, China

Abstract— High-resolution, multi-pixels and large view field infrared detector is an important
research direction that would improve the detection capability of infrared imaging alarm system.
However, along with the aggrandizement of view field, especially for the omnidirectional search
system of surrounding-view infrared imaging, the background composition of the infrared image
is very complicated, and the difficulty of target detection increases correspondingly, at the same
time, the data quantity of infrared image in large view field also increases rapidly. This makes the
traditional spatial filtering methods those based on pixel operation or transform process methods
meaningless when processing the infrared image under large view field, besides that the real-time
performance and engineering realization also face more rigorous challenge.
Panoramic infrared imaging system (PIIS) based on the 1152 × 6 long linear array long-wave
detector is introduced. Due to the real-time processing and high-speed data transfer demanding,
we propose a high-performance processing platform based on field programmable gate array
(FPGA) + multicore digital signal processor (DSP) architecture. To reduce the platform’s power
consumption, dynamic power monitoring technology is used to provide variable core voltage
management for DSP. Then mapping an application to the platform is illustrated, which is guided
by parallel-task segmentation mechanism of multi cores system. We show that, the designed
platform with the optimization strategies achieves powerful capabilities of data throughput and
processing performance.
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Monitoring for Resonant Mode of High-way System at Impulsive
Impact

Shigehisa Nakamura
Kyoto University, Japan

Abstract— This note concerns on monitoring for a resonant mode of a high-way system at an
impulsive impact. This work might be helpful for elementary finding of a key to show an advanced
techniques at design, constructing, and maintaining of the life line systems which should be in a
resonant mode for safety of public use even under any severe seismic condition on the surface of
the earth.
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Examples of Electromagnetic Field Sources in an Indoor
Distribution Substation

Rauno Pääkkönen1, Marko Lundström2, Jari Mustaparta3, and Leena Korpinen1

1Tampere University of Technology, Tampere, Finland
2Tampereen Sähköverkko Oy, Tampere, Finland
3Turku Energia Sähköverkot Oy, Turku, Finland

Abstract— In indoor distribution substations, there are typically extremely low frequency
(ELF) electric and magnetic field sources, e.g., transformers and cables. However, nowadays there
can also be smart meters or collector meters. These smart meters most often send information
or communicate using either a radio frequency (800–3000 MHz) aerial signal to masts or a 50–
100 kHz electromagnetic field signal via cables. The aim of this paper was to present example
measurements of electromagnetic field exposure to sources in an indoor distribution substation.
We used the magnetic field meter MFM 3000 by Combinova, with a separate probe version,
video recording with RMS values, and spectrum (Samsung smart phone type Samsung Galaxy
S III), the Narda EMR-300 with probe T-33C, and a Holaday 3603 VLF Survey meter. We
performed measurements at three places. Place A was near the fuse panel, where we made
measurements with (1) frequency bandwidth 40 kHz–100 kHz (57 measurements) and (2) 5 Hz–
100 kHz (62 measurements). Place B was on the surface of the collector meter (15 measurements),
Place C was near the antenna of the collector meter (7 measurements) and Place D on the surface
of the antenna (24 measurements). In Place A, using the bandwidth (1) we got eleven values,
which varied from 0.011–0.039 µT, other values were 0.0038–0.0052 µT. The source of those values
can be the collector meter, which signals via cables. Using the bandwidth (2), the magnetic fields
were 67–74 µT. In Place B, the magnetic fields varied from 0.022 to 0.083 µT, and the frequency
bandwidth was 40 kHz–100 kHz. In Place C, the radio frequency maximum field was 1.0 W/m2,
and in Place D, it was 1.8W/m2. To evaluate the possible effects of electromagnetic fields, it is
possible to use guidelines of the International Commission on Non-ionizing Radiation Protection
(ICNIRP), and measured values were below guidelines. In the final paper, we will present more
details of the measurement results.
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Emission of Smart Meter Electric Fields (50–100 kHz) in Finland

Rauno Pääkkönen1, Marko Lundström2, Jari Mustaparta3, and Leena Korpinen1

1Tampere University of Technology, Tampere, Finland
2Tampereen Sähköverkko Oy, Tampere, Finland
3Turku Energia Sähköverkot Oy, Turku, Finland

Abstract— Discussion of the possible health effects of electromagnetic field (EMF) exposure
caused by smart meters has become livelier as the use of smart meters has increased, for example,
in Finland. The International Commission on Non-ionizing Radiation Protection (ICNIRP) has
published guidelines, which are possible to use to evaluate EMF exposure. The aim of this
paper was to present example measurements of electric field exposure to smart meters for cable-
transmitted (50–100 kHz) signal emissions. We used the directional electric field meter Holaday
3603. The measurement distance was at the surface of the meter because the values were so
small, it was not possible to get values from other distances. The operator of a utility company
remotely read the smart meters when we measured electric fields. Altogether, we measured 27
smart meters, which used Power Line Communication (PLC). Meters used plan and lon protocols.
The highest electric field was 5.2 V/m, which is only 6% of the recommended public exposure
limit according to the ICNIRP guidelines. However, the smart meter readings were very short
(about 20 s); therefore, the possible exposure time is also very short. This is important to take
into account when we analyze the measurement results and compare to guidelines. Based on our
measurements, it is possible to conclude that there is no specific need to improve the sheltering
of the meters from the public or to measure electromagnetic field emissions from smart meters.
In the final paper, we will present more examples and details of the measurement results.
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Smart Receiver for Multi-antenna Transmitters with Constellation
Shaping

Paulo Montezuma1, 2, 3, Sara Ribeiro1, Mario Marques da Silva2, 4, and Rui Dinis1, 2

1DEE, FCT Universidade Nova de Lisboa, Portugal
2IT, Instituto de Telecomunicações, Av. Rovisco Pais, Lisboa, Portugal
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Abstract— Power and bandwidth constrains in wireless communications systems can be miti-
gated by MIMO (Multiple-input multiple-output) systems. Still, high spectral efficiency is only
attainable by multilevel constellations that may impose restrictions on power amplification, since
efficiency in power amplification usually implies that amplifiers must operate in non-linear zone
or near saturation. Thus, constant or quasi constant envelope signals are needed. This problem
can be overpassed by a transmitter structure with a power efficient amplification stage where
multilevel constellations are decomposed on M BPSK (Bi-Phase Shift Keying) sub constella-
tions, which are amplified and transmitted independently by an antenna. Being uncorrelated the
BPSK components, instead changes on radiation pattern there is a constellation shaping which
optimizes the transmitted constellation only on the desired direction. This means, that we have
directivity at information level, i.e., at the transmitted constellation. This directivity depends
on the coefficient values associated to the set of M BPSK components and the constellation’s
shaping changes dynamically with changes on these coefficients or errors due to phase imbal-
ances. Consequently, this transmitter has inherent security since the transmitted constellation
is only optimized in the desired direction. Under these conditions, the receiver must know the
set of constellation’s coefficients gi, i = 1, . . . , M , associated to each BPSK component and the
array phase configuration used by the transmitter, otherwise the received constellation suffers
a uncompensated nonlinear distortion due to phase rotations of components associated to each
amplification branch (it should be noted that these phase imbalances also change the distances
between constellation’s symbols which has impact on system performance).
Therefore, for successful data reception it becomes crucial a smart receiver based on an algorithm
that estimates the set of coefficients used at the transmitter. We propose a “smart receiver” using
an algorithm that can estimate the set of coefficients applied in constellation shaping introduced
at the transmitter. Simulation results show that the good performance is attainable by the
proposed receiver and corresponding algorithm, even when the directivity increases with the
number of BPSK components used in the decomposition of the multilevel constellation.
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Impact of Aeronautical Mobile Telemetry System on MFCN SDL
Operating Co-channel in Frequency Band 1452–1492MHz

M. Zilinskas1, E. Stankevicius2, and S. Oberauskas3
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2Vilnius Gediminas Technical University, Sauletekio al. 11, Vilnius LT-10223, Lithuania
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Abstract— This paper presents the co-channel compatibility analysis between International
Mobile Telecommunications (IMT) system and Aeronautical Mobile Telemetry (AMT) system in
the frequency band 1452–1492 MHz.
There is a growing mobile technology development and increasing demand for radio frequencies
to mobile services. Broadband mobile communications systems (e.g., LTE) are developing at
staggering rates. Companies have the resources to expand their mobile networks, but it becomes
increasingly difficult to avoid interference between adjacent stations due to ever growing density
of all other applications. Mobile operators always search for new possible frequency bands to
expand their networks.
World Radiocommunication Conference in 2012 (WRC-12) approved Resolution COM6/6 which
contains the agenda for next conference in 2015 (WRC-15). Under agenda item 1.1 additional
frequency bands for IMT systems could be identified. For this purpose it is proposed to consid-
ered frequency bands 1429–1452 MHz, 1452–1492 MHz, 1492–1518 MHz and 1518–1525 MHz as
possible candidate bands.
Frequency band 1452–1492 MHz is attractive for communications due to the qualified radio prop-
agation conditions. The usage of this frequency band for IMT system enables Mobile/Fixed
Communications Networks (MFCN) to provide additional Supplemental Downlink (SDL) which
will increase downlink throughput to carry more data. However this band is already used by
other technologies such as radio relay links, broadcasting networks and aeronautical networks.
Nevertheless this frequency band is also allocated to mobile (except aeronautical mobile) service
on a primary basis in Radio Regulations, however co-channel and adjacent channel electromag-
netic compatibility have to be evaluated in order to identify possible harmful interference from
currently existing services Electromagnetic compatibility between AMT and IMT is one of the
most sensitive issues regarding the decision to designate this band to Mobile Services.
Frequency band in consideration for IMT identification is proposed only for downlink communi-
cation component hence in order to protect IMT system the study scenario will be limited to the
case where only IMT user equipment (UE) receivers experiences the interference from telemetry
system.
This paper compares two possible ways to evaluate the electromagnetic compatibility in co-
channel operation between UE receivers of IMT system and airborne transmitters of AMT system
based on Minimum Coupling Loss method and statistical Monte-Carlo method. The results show
that the compatibility is feasible in particular configuration of mobile networks.
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The Influence of Atmospheric Radio Refractivity on the WiMAX
Signal Level in the Areas of Weak Coverage
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Abstract— Radio refractivity of the atmosphere, N , is an important parameter in design of
telecommunication systems. Gradient of N determines the curvature radius of the propagation
path. Variations of N -value might influence propagation path and quality of the signal. The
method for determination of N -value has been proposed by International Telecommunication
Union (ITU). In the ITU method, the data of air temperature, pressure, and relative humidity
are used.
As it was already emphasized in some papers, various phenomena in the radio wave propagation
such as ducting, scintillation, radar acquisition, refraction and fading of electromagnetic waves
are due to refractivity variations in the troposphere. Atmospheric refractivity consists of two
parts — a dry term and a wet term. Therefore, the influence of weather conditions is significant.
Lithuania is situated in the intermediate zone between maritime Western Europe, continental
Eastern Europe and Asia climates. Lithuania, being in the transitional geography zone from the
Baltic Sea climate to Atlantic and continentals East Europe climate, distinguishes by variable
humid climate. Therefore, it is very important to examine the meteorological impact on variation
of the N -value, and reliability of the wireless networks, as well.
The data of measurements are presented. Reliability of the fourth generation wireless network
(WiMAX technology) has been investigated. The power level of the received signal was continu-
ously measured and compared to the calculated values of atmospheric radio refractivity. It was
examined if changes of signal level and variations of the N -value occur at the same time. N -
values were calculated using measured values of air temperature, pressure, and relative humidity.
The long-term measurements were carried out at the same time and place. The experiment was
carried out in an area of weak coverage.
It was concluded that in the areas of weak coverage WiMAX signals are strongly influenced by
variations of the atmospheric radio refractivity.
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Evaluation of LTE 700 and DVB-T Electromagnetic Compatibility
in Adjacent Frequency Bands
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Abstract— The 2012 World Radiocommunication Conference allocated the 694–790 MHz (700
MHz) band for the mobile service on a co-primary basis with other services in Region 1 (Europe,
Africa, the Middle East). However, countries of Region 1 will also be able to continue the use
of these frequencies for their digital terrestrial television services, if necessary. This allocation
will be effective immediately after the WRC-15. The objective of this paper is to assess the
electromagnetic compatibility of Digital Video Broadcasting-Terrestrial (DVB-T) operating be-
low 694 MHz and mobile broadband (LTE) operating in 700 MHz band. The study contains an
assumption of a preferred frequency division duplex (FDD) channelling arrangement which con-
tains confined 2×30MHz block: 703–733 MHz (uplink) and 758–788MHz (downlink). The model
consists of two elements, a LTE network and a DVB-T system. An adjacent channel scenario
was analyzed in this paper: possible impact of LTE user equipment (uplink) to DVB-T receiver.
The Minimum Coupling Loss method and Monte Carlo simulation within SEAMCAT software
was used for interference analysis. The Minimum Coupling Loss method was chosen to calcu-
late worst case (most conservative scenario) in order to understand most critical points of these
two systems. The Monte Carlo simulations show more relaxed electromagnetic compatibility
scenario. During simulations more appropriate propagation model was used (Recommendation
ITU-R P.1546), which allows to analyse also non line of sight radio propagation conditions. The
results obtained provide the minimum coupling distance required between LTE and DVB-T in
the 700 MHz band to maintain the necessary performance level of the DVB-T system.
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Möbius Strip with Back-to-back CPW Transmission Line:
Simulation and Microwave Characterization

M. Sabrera and L. C. Kretly
Department of Communication, DECOM, University of Campinas, UNICAMP

Campinas, State of Sao Paulo, Brazil

Abstract— The objective of this work is to investigate special EM behavior of the Möbius
Strip devices using simulation and measurements. This kind of device exhibit a series of inter-
esting phenomenon not totally determined but, with practical applications. This work presents
some insight into these behaviors by EM simulations using the method FIT, Finite Integration
Technique adopted by some commercial software packages. The Möbius strip used in microwave
band can exhibit a series of phenomenon, depending on the layout and engraved lines on it. The
Möbius strip can emulate an infinite transmission line characteristics capable of retaining a large
bandwidth frequencies, special resonators, and in a stritu sensu antenna or radiators. The Möbius
strip is a one-sided non-orientable surface with Euler characteristic χ = 0. Topologically, the
Möbius strip can be defined as the square [0, 1]× [0, 1] with its top and bottom sides identified by
the relation (x, 0) ∼ (1− x, 1) for 0 ≤ x ≤ 1. See Figure 1(a).
One of the most critical challenge related to the Möbius strip is how excite the device by means a
connection to the generator. This problem was investigated by simulation and measurements with
a VNA — Vector Network Analyser. Several Möbius strip devices were made with different length.
A more sophisticated device based on Möbius strip topology is the CPW Back-to-Back Möbius
Strip shown in Figure 1(a). Due to this special topology, antenna with Möbius strip configuration,
if properly bisected could presents approximately the double of electrical length when compared
with conventional ring radiators. This could improve, for example, miniaturization of RFID
antennas. Several devices were simulated, fabricated and measured showing EM behavior as
depicted in Figure 1(b).

(a) (b)

Figure 1: (a) Back-to-back CPW Möbius strip — B2B CPW-MS and (b) insertion loss results.
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Abstract— Optical fiber-based endoscopic laser technologies have been widely used for op-
eration of the several minimally invasive medical surgeries such as prostatectomy, lithotripsy,
varicose vein surgery, herniated disk surgery in modern medicine [1–4]. Recently, in addition to a
frontal-firing optical fiber, a laterally light-emitting fiber probe has been required for more accu-
rate medical operation. However, the several established methods to fabricate the lateral-firing
configuration cannot be easily implemented due to complication of the fabrication process [3, 5].
In this study, we demonstrated a novel radial-firing optical fiber probe having capability of the
side angle upto 87◦ to the direction of the fiber. The present radial-firing optical fiber probe was
quite simply fabricated by electric arc-discharge process using a commercially available fusion
splicer. A conventional optical fiber was spliced with a hollow optical fiber and then an intagliated
conical shaped fiber region was formed by the gradual collapse of the cavity of the hollow fiber
by discharging electric arcs of the fusion splicer. Then the end-face of the hollow optical fiber tip
was arc-discharged again to form an air pocket, resulting in the uniform radial-firing of a laser
beam (λ = 632.8 nm) with the side angle upto 87◦.
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the Frequency Dependent Activation of Motility Mechanism

Xia Wu1, 2, Juan Du1, Weitao Song1, Sanjun Zhang2, Shude Chen1, and Ruohong Xia1, 2

1Physics Department, East China Normal University, Shanghai, China
2State Key Lab of Precision Spectroscopy, East China Normal University, Shanghai, China

Abstract—
Background: The epidermal growth factor receptor (EGFR) is implicated in cytoskeleton ki-
netics and cell migration. EGFR oligomerization initiates its activationclosely relative to the
actin cytoskeleton assembly (ACA). Our previous work has shown that a weak 50 Hz magnetic
field (MF) induced EGFR clustering in vivo and in vitro and activated its downstream motility
pathways, resulting in a weak actin-cytoskeleton and provoking the cell migration in several cell
lines, suggests that the 50 Hz MF may enhance interactions among EGFRs and depressed the
ACA.
Methods: Immunofluorescence and fluorescence resonance energy transfer (FRET) were used
to inspect the MF effects on the ACA through exerting EGFR clustering under 0.4 mT, 50 Hz
MF, and the field frequency dependent effect on the ACA under 0.4mT MF of 35, 50, 70, 110,
and 140 Hz at the protein/cell levels.
Results: Similar to EGF stimulation, the 50 Hz MF obviously enhanced the FRET signals
among the EGFRs and declined the donor dye fluorescent intensity in/ex vivo, and induced the
cellular EGFR clustering in FL, PC12, and CHL cell lines; however, significantly depressed both
the ACA in cells and the FRET signal among actins. Furthermore, the ACA in FL cells were
mostly depressed under both 50 Hz and 110 Hz MF exposures, not the other frequencies. These
MF-induced EGFR-clustering/actin-cytoskeleton-depolymerization were obviously inhibited by
a EGFR tyrosine inhibitor PD151015 (PD); Hill Plot of EGFR vs. [PD] found that the MF
partially ease the PD inhibition, with increased Kd and IC 50 values.
Conclusion: These results strongly suggest that the MF enhances the EGFR monomer cluster-
ing and eases the PD inhibition, but interrupts the actin assembly mechanism similar to EGF
stimulation, possibly in a MF frequency dependent way.
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Microwave Magnetoelectric Isolator-attenuator Based on Coplanar
Line

A. S. Tatarenko, D. V. Lavrentieva, M. I. Bichurin, and D. V. Kovalenko
Novgorod State University, Veliky Novgorod 173003, Russia

Abstract— An electrically controlled magnetoelectric (ME) microwave isolator-attenuator based
on layered ferrite-piezoelectric structure formed on a coplanar waveguide is considered. The sim-
ulations of different structures of coplanar devices are made for selecting of optimal waveguide
and resonator characteristics.
The task of matching the microwave power source to the load is achieved by using nonreciprocal
properties of ferrites. However, the non-reciprocal ferrite devices control the parameters realized
by magnetic system, so these devices have low speed of operation, high power consumption and
cannot be manufactured by integrated technology. ME non-reciprocal device can obviate the
existing disadvantage of ferrite devices [1].
The difference between the ferrite devices and proposed ME nonreciprocal devices is to replace
the ferrite resonator with magnetic control system by ME resonator and system of electrodes
connected to the source of the control voltage.
Here we discuss the microwave isolator-attenuator. The basic design of ME isolator-attenuator
is coplanar waveguide and ME resonators which have rectangular (or disks) composite samples
based on lead zirconate titanate (PZT) — ittrium iron garnet (YIG). The permanent magnet
creates a required magnetizing field in the area of ME resonator. The control voltage is applied
to the electrodes.
The principle of operation of the isolator-attenuator based on microwave ME effect, is to shift
the ferromagnetic resonance line under the influence of an electric field. ME layered structure in
this case plays the role of a resonator. Shift of magnetic resonance line at applied an electric field
is defined as δHE = AE, where A is magnetoelectric coefficient; E is applied DC electric field.
The simulation of coplanar isolator-attenuator was made. That allows to get the selection of
waveguide substrate parameters and the shape of ferrite and piezoelectric. For experimental
verification of the simulations the coplanar device model was made. The ME resonator are
based on layered structure of YIG with dimensions 13 × 4 × 0.9mm and PZT with dimensions
15× 4× 0.5 mm. The coplanar waveguide has next parameters: the width of the gap S = 3 mm;
distance between slits W = 2mm; substrate thickness h = 2 mm; dielectric permittivity of
substrate ε = 10. Isolation ratio was 20 dB. At applied an electric field E = 10 kV/cm, the shift
of the resonance line corresponded 30 MHz.
To decrease the control voltage and the increase the valve ratio is necessary to reduce the thickness
of the piezoelectric, and hence the thickness of the ferrite.
The use of ME structures in the resonant microwave devices allows electrical control of their
parameters and opens promising opportunities of the new devices for functional electronics.
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Modeling of Microwave Magnetoelectric Devices

A. S. Tatarenko and M. I. Bichurin
Novgorod State University, Veliky Novgorod 173003, Russia

Abstract— Computation, design and manufacturing technology of nonreciprocal microwave
devices intended for application in receiving-transmitting modules of antenna array have a great
interest in current time. Problems, which appear in design of integrated devices, and combine
properties of several microwave signal-processing devices, are analyzed. The possibility for the
development of a complex approach to designing and manufacturing of nonreciprocal microwave
devices with improved radio-engineering characteristics is shown. The main directions for further
research based on the use of modern computer design programs.
Currently, a large development have program High Frequency System Simulator (HFSS) of com-
pany AnSoft, which is designed for the analysis of three-dimensional microwave structures, includ-
ing antennas and non-reciprocal devices containing ferrites and ferroelectrics. Electromagnetic
simulation in HFSS is based on the use of the finite element method (Finite Element Method,
FEM).
Passive microwave devices are units made of segments of transmission lines. In the microwave
range used microstrip line, coplanar line and slot line. The microstrip lines most widely used [1].
However, at creating a non-reciprocal devices using ferrites it requires the microwave field of
circular polarization. In microstrip line this region is absent and need additional elements, for
example in the form of stubs to create area of circular polarization. From this point of view, the
slot and coplanar line are of interest, because they contain the area of circular polarization. Also,
all conductors at these types of lines are disposed on one substrate surface. The design of these
lines is convenient for parallel connection of various lumped elements, including active semicon-
ductor devices. The structure of the microwave field in the slot line and coplanar waveguide is
significantly different from the structure of the wave field in microstrip line. If the area of the
circular polarization of the magnetic field contains transversely magnetized ferrite, it is possible
to create a non-reciprocal device.
The use of modern simulation software allows the fast design of various types of non-reciprocal
microwave devices. We conducted a simulation of various types of non-reciprocal magnetoelectric
devices based on slot and coplanar lines by using HFSS. A comparison with similar devices based
on the microstrip line is made.
For example, the simulation of ME coplanar isolator-attenuator was made. That simulation allow
to get the selection of waveguide substrate parameters and the shape of ferrite and piezoelectric.
The ME resonator based on layered structure of YIG and PZT was used.
To decrease the control voltage and the increase the valve ratio it is necessary to reduce the
thickness of the piezoelectric, and hence the thickness of the ferrite.
The use of computer simulation for ME structures in the non-reciprocal microwave devices opens
promising opportunities for the creation of the new devices.
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Equalization of EDFA Gain Spectrum and Increase of OSNR
through Introducing a Hybrid Raman-EDFA Solution

S. Olonkins, I. Lyashuk, V. Bobrovs, and G. Ivanovs
Institute of Telecommunications, Riga Technical University, Azenes st. 16, Riga LV-1048, Latvia

Abstract— The main goal of this paper is to demonstrate the advantages of a hybrid Raman-
EDFA optical signal amplification solution over the use of conventional EDFA amplifiers. To
achieve this goal a simulation model of a 16 channel 10Gbps DWDM transmission system with
transmission distance of 180 km and an EDFA in-line amplifier, placed 30 km away from the re-
ceiver end, was introduced. The most promising solution of hybrid amplification is supplementing
the existing discrete amplifier with a distributed Raman amplifier, as it not only can broaden and
equalize the gain spectrum, but it also can increase the optical signal-to-noise ratio of the signal
at the output of the amplifier and can provide higher level of amplification. The EDFA in-line
amplifier was re-configured and supplemented with a distributed Raman amplifier with counter-
propagating pumping. While configuring the hybrid amplifier the authors focus their attention
on equalizing the gain spectrum in the wavelength region used for transmission of the 16 channels,
and on obtaining higher values of optical signal-to-noise ratio for all channels. Simultaneously
it was required to provide the level of amplification, which was required to ensure bit error rate
below the 10−12 threshold in all channels. For the solution based on the single EDFA amplifier
the gain for all channels has varied from 38 dB to 39.5 dB, but the hybrid amplifier has provided
38.4 ± 0.05 dB, therefore, the gain difference between the 16 channels was reduced from 1.5 dB
to 0.1 dB. The obtained results have shown, that the implementation of the hybrid solution has
allowed to increase the optical single-to-noise ratio by at least 1.7 dB in all of the channels.
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Beam-footprint Detection for Non-cooperative
Spaceborne/Airborne Bistatic SAR

Feifei Yan, Wenge Chang, and Xiangyang Li
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Abstract— In this paper, we consider non-cooperative bistatic SAR using aircraft as receiver
and spaceborne radar as illuminating of opportunity. As there is no synchronization link between
the transmitter and receiver, the transmitter beam-footprint should be detected in real time to
realize beam synchronization. Theoretical analysis shows that the signal-to-noise ratio (SNR) of
the reflected echoes from the observational area is too low to use the conventional detect method
of linear frequency modulation (LFM) signal. According to the cross-correlation between the
echoes of adjacent pulse repetition frequency (PRF) and M-out-of-N (M/N) detection, a beam
footprint detection method is proposed in this paper. This method can realizethe accumulation
of the signal energy and enormously improve the SNR of scene raw data. Therefore, it can be
used for transmitter beam-footprint detection in real time.
The proposed method consists of the following two main steps:
1. Cross-correlation and CFAR detection. Since the observational area between the adjacent
PRF is almost the same, so the adjacent backscattering echoes have high correlation. As noises
between the adjacent PRF are irrelevant, there will be a peak value in cross-correlation result.
So CFAR detection can be realized to determine whether signal exists. When transmitter and
receiver achieve swath overlap of beam-footprint, the number of backscattering target is very
large. Then peak value of cross-correlation result will be highly increased. So the performance
of signal detection will be highly improved.
2. M/N detection. The cross-correlation result between the adjacent echoes cannot determine
whether the received signal is LFM echo arisen from the spaceborne radar. As the signal band-
width of the spaceborne radar can be get from the direct path signal, then M/N detection is
performed after noncoherent integration to distinguish received signal between LFM signal and
other signal in frequency domain. The proposed detection method can realize the accumulation of
signal energy and enormously improve the performance of backscattering echo detection method.
Monte-Carlo simulation is carried out to test the performance of the proposed detection method.
Simulation results show that the proposed method is superiority over the conventional detection
method; meanwhile, the detection performance is gradually improved with the increase number
of noncoherent integration. Simulation results show that when the overlap between the
beam footprints of the transmitter and receiver exceeds 10%, and the noncoher-
ent integration numbers exceed 30, the backscattering echo can be stably detected by the
proposed method.
We also use raw data of one monostatic SAR to test the propose detection method equivalently.
Monostatic SAR can be equivalently seen as the beam footprint overlap is 100% in bistatic SAR.
Three kinds of scene echo are chosen to test the proposed method. The number of noncoherent
integration is 30. Cross-correlation results show that there is an obvious peak value in cross-
correation result, which is suitable for CFAR detection. At the same time, the bandwidth of
noncoherent integration result is coincide with the bandwidth of the transmitter. The detection
probability of homogeneous scene is slightly higher than heterogeneous scene; meanwhile, as the
beam footprint overlap of monostatic SAR is 100%, so the detection probability is very high.
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Studies of the RF Energy Delivery Mechanism and Its Reformation
in the Low Pressure ICP Discharge

A. F. Piskunkov and V. A. Riaby
Research Institute of Applied Mechanics and Electrodynamics of the Moscow Aviation Institute

(National Research University), Moscow, Russia

Abstract— The model of a cylindrical inductively coupled plasma (ICP) discharge based on
movable current layers travelling towards the axis of discharge space from the steady-state skin
sheath at the external plasma boundary has been proposed. Current layers act like magnetic
electrostatic traps catching electrons with small pinch-angles that are responsible for gas atom
ionization. Movement of the layers induces electric field excites currents. At the optimal driving
frequency magnetic field of a definite sign fills all discharge space during current half-period in
the process of convective diffusion and eventually it is replaced by the field of opposite sign.
Ohmic losses in the current layers are compensated by annihilation of magnetic field. The layers
are formed by the Hall Effect while their boundary areas are shaped in a forceless magnetic field.
They have form of one-turn spirals and their pairs are short-circuited in the edge plasma areas.
Concentration of trapped layer particles is determined from the equation for trapped electrons
entering and leaving the layer by way of single-shot Coulomb collisions at the pinch-angle.
Discharge power loss, ion energy price and electron temperature are calculated at different argon
pressures for the discharge chamber of 35 cm external radius. Comparison with published exper-
imental data showed that the proposed model satisfactorily describes the main ICP discharge
characteristics.
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Single Feed Dualband Miniaturized E-shaped/U-slot Patch Antenna
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Abstract— This letter presents the design of dual band microstrip patch antenna. This antenna
is with single layer E-shaped patch loaded by two U slots. The −10 dB return loss impedance
bandwidths of 2.26% and 1.91% are realized at center frequencies of 10.94GHz and 13.06 GHz,
with gains of 9.12 dBi and 8.54 dBi respectively. The radiation patterns are also presented.
Compared with the published results of the similar scenario, in this design the size is reduced.
The design guidelines are provided.
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Figure 1: (a) Top view and (b) side view geometry of the proposed antenna.
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Simulation and Study of the Effects of EM Radiations on Cantilever
Beams with RF Functionality

Kshitij Chopra, Preeti Singh, Kritika Nigam, Malay Ranjan Tripathy, and Sujata Pandey
Department of Electronics and Communication, Amity School of Engineering and Technology

Amity University, Uttar Pradesh, Noida, India

Abstract— Wireless technology is an indispensable part of modern lifestyle. The exponential
increase in the use of wireless transmission in varied forms of gadgetry has posed a grave interest
in RF functionality producing circuits and systems. The most prominent and promising solution
the wireless transmission and microwaves technology have been through RF MEMS, they produce
radio-frequency through resonating cantilevers.
RF MEMS are Microelectromechanical devices that produce radio waves for wireless transmission
and other applications, these are quintessential in modern circuitry for providing RF function-
ality. The MEMS devices are fabricated using SiO2 and Si3N4 along with other insulators.
The electrostatic charging in these materials poses a challenge to reliability and performance of
MEMS devices. Also, the irradiation due to Electromagnetic waves contributes significantly to
this phenomenon.
The semiconductor when subjected to irradiations produces electrostatic charge that may get
absorbed and hence produce a charging in the device that can alter the dynamic behavior of the
device. This effect is profound when the devices are exposed to ionizing radiations.
This paper is a study of the behavior of the cantilever beams under the influence of Electro-
magnetic Radiation/ionizing radiation and its effect on the working and efficiency of RF MEMS
especially for medical devices where RF MEMS components are used. Also, the sensitivity of RF
MEMS devices towards electromagnetic irradiation is studied. Varied irradiations were studied

Figure 1: Test structure.

(a) (b)

Figure 2: (a) Voltage distribution across the whole structure. (b) Displacement.
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and their effects on the materials were recorded through simulations using multiphysics simulation
software.
Figure 1 shows the part of resonator which is in the shape of cantilever and was tested for
the material properties. Different Piezoelectric materials were used for testing the structure.
Figures 2(a) and (b) show voltage distribution and displacement produced across the whole test
structure.
It was observed that the behavior of the RF MEMS devices changes drastically with the change
in type of different piezoelectric materials used. In the present case Zinc Oxide, Lead Zirconate
Titanate (PZT-2) and Quartz were used. The effect of EM radiations were also evlauted.
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Performances Evaluation of a Magnetic Gear with High
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Abstract— The paper presents a study of a magnetic gear used for high speed applications,
and its performances are analytically and numerically evaluated.
The advantages of the magnetic gear (MG) are clear: There is no need for lubrication, no local
heat (and losses) due to teeth contact and no risk for teeth breaking. Moreover, a MG offers a
higher range of use since for high transmission ratio there is no need to link 2, 3 or more gears
together; thus, globally, the efficiency and power density are improved. Besides, with a specific
configuration of the MG is possible to obtain smooth mechanical characteristics — i.e., torque
and speed.
The attention of the designer, when dealing with a MG, is focused on the used materials, especially
the permanent magnets and the active steel. Here, several rear-earth and non-rear-earth materials
will be evaluated for the excitation of the MG, as well as different steel materials and sheets
thickness. Different magnetization variants will be evaluated too. It is clear that the main loss
component is in the active iron, but for high speed applications the mechanical loss component
cannot be neglected. All these elements will be investigated by looking also at the torque wave
characteristic, which should be as smooth as possible. Thus, we will have a complete picture of
the efficiency and performances of the proposed high transmission ratio MG, used for high speed
applications.
The main data of the application under study are: 22 kW for the output power, input speed is
26’000 r/min and the output speed is 1625 r/min, meaning that the transmission ratio is 1/16.

(d)

(a) (b)

(c)

Figure 1: (a) The field and flux density distribution in the active parts of the MG; (b) input torque and
power; (c) output torque and power; (d) iron losses in the MGs active parts.

Preliminary results of the numerically analyzed MG are presented in Fig. 1. Here, the flux density
distribution, the input & output power and the iron losses are presented. It worth notice that
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the input power is negative, since the inner rotor (high speed one) receives, externally, the input
torque. On the other hand, the output power is positive since the outer rotor (low speed one)
rotates in oposite direction. Very smooth mechanical characteristics are obtained with this MG
configuration. Also, the iron loss level is low: the inner rotor, outer rotor and fixed part poles
iron losses are plotted in Fig. 1. More results and conclusions will be presented in the final paper.
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Abstract— Visible light communication (VLC) has attracted attention of many researchers
in the last years. New technology enables to use light emitting diodes (LED) as light sources
in many applications from illumination of rooms, street lighting to car lights and many more.
These light sources are characterized mostly by their lower power consumption, relatively higher
energy efficiency, switching capability and much wider bandwidth compared to incandescent
bulbs. Hence LEDs are suitable not only for illumination but also for data transmission as well
as localization [1–3].
Typical communications scenario involves a data source, driver, transmitter, detector, tran-
simpedance amplifier and decision circuit. This arrangement is not suitable for communication
where both objects can move and the setting of the system needs rapid adaptability in time.
Camera based receiver can capture the entire scene present in its field of view and acquire the
information data by means of image sequence processing. This dual purpose detection technique
also offers a unique feature, the multiple input and multiple output (MIMO) capability support-
ing multitude of sources simultaneously. Nowadays, almost every smartphone and many new cars
come with a camera which can be also used for data communication. However, camera based
communication offers a low data rate because of the low frame rate of standard low cost cameras.
Thus, it makes them attractive for car-to-car communications, financial transaction, low data
rate navigation, and low content advertisement etc..
This paper aims to experimentally demonstrate the concept of VLC communications with the
camera as a receiver (see in Fig. 1). The transmitter is composed of white LEDs that are intensity
modulated. At the receiver the output of the camera is processed using Matlab to extract the
data information from the captured image. The system performance is validated in terms of
the bit error rate performance under the degraded channel conditions and for a number of LED
configurations.

Figure 1: Arrangement of the measurement.
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An Efficient Progressive Phase Distribution Consideration of
Reflectarray Antennas
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Abstract— Reflectarray is a high gain antenna which combines the unique features of a flat
reflector and an array of microstrip patch elements printed on a thin dielectric substrate. It
is illuminated using a primary feed horn placed at a particular distance from the array. The
reflectarray exhibits a number of significant advantages over conventional parabolic reflector and
phased array antennas such as easy deployability, lower manufacturing cost, scannable beam, and
surface mountability with lower mass and volume. Due to these growing numbers of advantages,
reflectarray has been considered as a potential alternative to the parabolic reflector and phased
array antennas.
The most important aspect of reflectarray antenna design is the design of printed microstrip
elements which can be used for the performance appraisal of the antenna. The individual elements
of the periodic array have to be designed with progressive phase distribution so that the spherical
beam from the horn antenna can be converted into a planar wavefront. The required reflection
phase values from individual elements of an array also depend on the location of the feed horn.
For proper phase requirements, different techniques such as, identical patches of variable-length
stubs, square patches of variable sizes, identical planar elements of variable rotation and identical
rectangular patches with different types of slot configurations have been used. All these phasing
techniques increase the possibility of reflectarrays to become an alternative option to the parabolic
reflectors. However one of the main concerns of a reflectarray antenna is its limited bandwidth
performance as compared to the parabolic reflector antennas. Different configurations have been
proposed by researchers in the past few years for the bandwidth improvement of reflectarray
antennas but considerable efforts are still required to improve the bandwidth performance of
reflectarrays.
This paper provides a novel and efficient procedure for the X-band reflectarray antenna design
emphasizing on the progressive phase distribution which is required to achieve the planar wave in
front of antenna aperture. Detailed theoretical procedure has been provided with mathematical
modeling of the required reflection phase from each of the individual reflectarray elements. The
importance of material properties in reflectarray antenna design has been highlighted and different
novel design configurations has been proposed for the unit cell reflectarray elements. Scattering
parameter measurements and simulated results provide a very close agreement for different slot
embedded designs proposed in this work. Two different configurations of mixed rectangular
and circular slots embedded patch elements have been investigated. The variation in width of
slot in the case of three rectangular slot patch configuration, the measured reflection loss varied
from 2.89 dB to 5.60 dB while in the case of mixed rectangular and circular slot configurations,
measured reflection loss is varied from 7.90 dB to 5.60 dB by varying the radius of circular slot.
Moreover a maximum frequency variation of 2.58 GHz and a dynamic phase range of 345◦ with
the variation in slot dimensions have also been demonstrated.
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Problems of Statistical Decisions for Remote Monitoring of the
Environment
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Abstract— In connection with technical progress and growth of the population of a planet
the anthropogenic stress on biosphere sharply amplifies. Therefore the role of remote monitoring
allowing sharply raises to receive an estimation and the forecast of anthropogenic changes, to
reveal sources of influence and the reasons of these changes. Modern scientific and technical level
gives sufficient means for remote monitoring.
The basic sense of the concept of remote monitoring consists in connection in system of means of
data gathering, methods of their processing, mathematical models of natural objects, computer
implementers of algorithms and models with a wide spectrum of service maintenance at visual-
ization of results of monitoring. Now wide development in the world is received by multichannel
monitoring systems of remote basing. These systems occupy an important place for the study of
sea surface.
The technique of detection offered in given work and identification of the abnormal phenomena
in the water environment (microwave and optical) combines presence with application of possi-
bilities of remote measurements algorithmic and the software, allowing to solve measurement and
detection problems in real time. The effective decision of these problems is impossible without
wide introduction in practice of researches of the automated systems of gathering, storage and
data processing on the basis of modern computer systems with application of technology of open
systems. Already created methods and algorithms possess ability to overcome such difficulties,
as scantiness and not stationarity information, presence small statistically non-uniform samples.
It is obvious that complex research of the given land and remote measurements can raise relia-
bility of estimations of parameters of natural systems and solve a problem of planning of these
measurements. Application of means of remote monitoring in many cases is connected with ac-
ceptance of the statistical decision on presence on a surveyed part of studied space of this or
that phenomenon. One of features of conditions of gathering of the information for such decision
is the impossibility of reception statistical samples great volumes. Therefore working out and
research of optimum algorithms of distinction of the casual signals characterized by samples of
the limited volume, in the conditions of parametrical aprioristic indefinite are necessary.
One of the important features for the detection and classification of phenomena on the sea surface
of the sea is a “spottiness” of the sea surface. Therefore the study of the statistical characteristics
of “spottiness” is important. In this paper the analysis of the statistical characteristics of “spotti-
ness” for certain areas of the Atlantic, Pacific and Arctic oceans. These statistical characteristics
were determined for the most informative thresholds.
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Simulation Evaluation of the IEEE 802.11ac ad-hoc Network for
Voice Communication in Emergency Scenario

J. Jarmakiewicz, K. Maślanka, and K. Parobczak
Military University of Technology in Warsaw, Poland

Abstract— The paper presents simulation study of a voice communication system consisting of
mobile nodes during crisis situation scenario. Nodes’ network interfaces work in compliance with
the IEEE 802.11ac standard in ad-hoc mode, while smartphone devices operate under control of
the Google Inc. Android operating system.
Overview of current Wi-Fi techniques was described, with respect to current mobile market
shares and an indication of further standard evolution. Limitations of the current Wi-Fi ad-
hoc mode implementation in the Android operating system were addressed, with emphasis on
ongoing research projects oriented toward overcoming specific wireless communication protocols
restrictions: the Wi-Fi Peer-to-Peer extension and a multi-hop transmission. Studies of power
management issues were conducted, with particular attention to sustain reliable conditions in
case of multiple “exposed” and “hidden” terminals phenomenon.
An evaluation of network efficiency with Voice over IP service activity during an emergency
scenario was performed in a simulation environment. Lack of cellular connectivity, no external
power access and no special communication equipment availability during rescue operation were
assumed. About 50 smartphone mobile nodes, randomly placed across a 150-meters radius area,
participate in voice-data exchange, with possibility to relay frames through one intermediate node
(two-hop transmission mode) or through two or more intermediate nodes (multi-hop transmission
mode).
Obtained results show insignificant impact of service realization on network resources utilization,
low maximum end-to-end packet delivery delay and jitter values during continuous telephone
conversations. Thus, described assessment shows high degree of IEEE 802.11ac ad-hoc network
applicability in scope of basic voice communication service realization, in case of absence of usu-
ally ubiquitous cellular infrastructure, when only typical communication equipment is available.
Future works are focused on implementation of developed custom software solutions in order to
confirm obtained results in laboratory conditions.
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Improvement of the Radiated Immunity Test Using a Broadband
Signal

Hongsik Keum1, Gunsuk Yoo1, Jungyu Yang2, and Heung-Gyoon Ryu3

1Electromagnetic Wave Technology Institute, RAPA, South Korea
2Department of Radio Environment Safety, Radio Research Agency, South Korea

3Department of Electronic Engineering, Chungbuk National University, South Korea

Abstract— In this paper, we have investigated improvement of the radiated immunity test
using a broadband signals. We have analyzed the recent standardization activity related with
radiated immunity test based on IEC 61000-4-3 and have proposed a new test method using
digitally modulated broadband signals to improve the testing time and frequency step. The
possibility of this new test method has been practically verified through a radiated immunity
test on GTEM cell. The results show that the devices were influenced same or much more by
digital modulation signal than by AM or PM signal. It shows that we can use the broadband
signal for a radiated immunity test and it is possible to improve the RS test using new method.



624 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Study of a Wide-band Strip Line Couplers’ Susceptibility Based on
the Number of Transmission Lines with Non-uniform Impedances

Javad Soleiman Meiguni and Ehsan Faalpour
Faculty of Electrical and Computer Engineering, Semnan University, Semnan, Iran

Abstract— Hybrids and couplers are commonly used in the microwave applications as very
important elements. These elements are made of various forms and used at the specific appli-
cations. The strip line structure is one of the cheap structures for couplers and hybrid’s design
due to their less radiation loss and interference on the micro strip. Presented is a wideband
stripline directional coupler which is of interest in any measurement application. The suscepti-
bility parameter of this coupler at 2–6GHz band, have been reported based on the number of
transmission line with non-uniform impedances.
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Fluctuations of GPS-derived Atmospheric Integral Water Vapor
versus Ground Meteoparameters Variability

O. G. Khutorova, G. M. Teptin, V. E. Khutorov, V. V. Kalinnikov, and A. A. Jouravlev
Kazan federal University, Russia

Abstract— Water vapor is one of the most important constituents of the troposphere which
effects the weather in various ways. Water vapor is a greenhouse gas. Over the past decades,
considerable progress has been made in satellite navigation systems monitoring technology, which
is significantly increasing the atmospheric information. The integral water vapour (IWV) is an
important parameter of the atmosphere and directly or indirectly reflects the weather processes
and variations.
This paper presents a hardware and software complex for continuous measurements and pre-
diction of atmospheric thermodynamics. The main part is a network of ground-based spatially
separated GPS-GLONASS receivers, which allows the remote sensing zenith tropospheric delay
one per second. The network of weather stations measure meteorological parameters at the same
points synchronously and allows determining the integrated humidity. Comparing the results
with remote sensing data of weather stations, radiosonde and reanalysis showed good agreement.
GPS-Derived integral water vapor shows the mesoscale spatial and temporal fluctuations and
its seasonal variability. Variations of atmospheric integral water vapor were found. Greatest
intensity as mesoscale and diurnal IWV variations observed in summer and the minimum — in
the winter. Intensity IWV fluctuations in the summer is 21% higher, and in winter 13% less than
in other seasons. A relationship with the fields of humidity and pressure fields of wind speed is
found.
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Steady-state Analysis of Permanent Magnet Synchronous Machine
for Integrated Starter-alternator Applications

Florin Jurca and Daniel Fodorean
Department of Electrical Machines and Drives, Technical University of Cluj-Napoca, Romania

Abstract— Due to their high efficiency and reliability, permanent magnet synchronous machine
became more and more used in the automotive applications in the last decade. There are two
main reasons for this trend: the reduction of the fuel consumption and the increase of the travel
comfort. In this study we consider the approach of the electromagnetic design of a special
topology of permanent synchronous machine (radial flux machine with outer rotor) suited for
automotive applications.
A preliminary design procedure will be presented and its results will be used in order to perform
a numerical analysis using finite element method in order to analyze the performances of the
machine: magnetic field density, saturation level, torque, distribution of magnetic flux density
in the air-gap. Starter-alternator applications require operation at high speed in the generator
regime. This is a sensitive issue for any type of electrical machine, since by increasing the
frequency the iron losses increase considerably with a negative effect on efficiency value. In order
to reduce these effects we consider the possibility to use various materials capable of operating at
high frequencies. The main drawback of the permanent magnet synchronous machine (PMSM)
is the price of rare earth permanent magnet. In this context it is necessary to investigate for this
type of machine the use of new types of advanced materials in the construction of magnetic core
in order to maintain a low cost for PMSM construction at high energy efficiency and the use of
considerably weaker permanent magnets than those of rare earth type.
The thermal behavior is another problem in the automotive application. For this machine we
have developed a thermal model in order to study the thermal stresses as a consequence of the
level of losses (iron, copper), in conditions of high temperatures of ambience for the vehicles with
internal combustion engine.
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Prediction of Temperature and Stress in a Multi-stage Depressed
Collector under Different Enviornmental Conditions

Vishant Gahlaut1 and Sanjay Kumar Ghosh2

1Department of Physics, Banasthali University, Banasthali, Rajasthan, India
2CSIR-Central Electronics Engineering Research Institute (CEERI), Pilani, Rajasthan, India

Abstract— Increasing requirement of traveling-wave tubes (TWTs) with miniature size, less
weight, high efficiency, high power, high gain, etc., increases complexity of packaging for ther-
mal modeling. Specially, high power TWTs has to have very good heat dissipation from its
sub-assemblies, specially, from the collector where the spent beam is collected (Figure 1) [1].
Moreover, collector, may be, conduction and or radiation cooled, should have metallic jacket or
packaging such that weight should be less with efficient cooling which is very much important
for TWTs is to be used for space applications. In this paper authors have temperature distribu-
tion and stress developed, during operation, in a multi-stage depressed collector for typical space
applications.
In this paper, temperature distribution in different electrodes has also been studied under different
environmental conditions. However, under the extreme condition, say, at 80◦C, the temperature
in all the collector electrodes in much more compare to other two conditions and which needs
to be proper packaging of the TWT. Moreover, expansion of electrodes and stress developed at
different braze joints have also been studied. Heat dissipation, expansion and stresses developed
among the collector electrodes in a typical MDC, under different environmental conditions, under
development for space applications. Present study has been made using COSMOS which provides
one screen solution for thermal, stress, frequency and harmonic analysis. It has post processing
options to give the results as per convenience. 3-D model of the complex geometry with symmetric
is constructed in Solid Works [2] and imported in COSMOS finite element analysis (FEA) [3].

Figure 1: Schematic view of four-stage MDC.
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Study on Thermal-mechanical Issues of Co-axial Interaction Cavity
for High Power Gyrotron

Vishant Gahlaut1, A. R. Choudhary2, and S. K. Ghosh2
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Abstract— The fast wave microwave tube, gyrotron, as a source of high-power microwave
radiation, plays an important role in controlled thermonuclear fusion energy research and is found
to be an efficient tool for heating of magnetically confined fusion plasmas (electron cyclotron
resonance heating), to drive a noninductive plasma current Electron Cyclotron Current Drive
(ECCD) and to suppress instabilities in the plasma [1]. As this device deals with very high
thermal loading hence, efficient thermal management of gyrotron and its constituent parts is
very important.
In this manuscript thermal-mechanical analysis of co-axial interaction cavity operating in TE22,8

mode has been presented using the ANSYS code. The analysis of temperature built in the
cavity and the study of its structural deformation has been carried out in order to address the
thermal and mechanical issue which arises due to the heat dissipation at the cavity wall. In the
interaction cavity, some amount of RF power is lost due to the finite electrical conductivity of
material (called as ohmic wall loss). The ohmic wall loss for the above mentioned operating mode
has been calculated. A 3-D interaction cavity with and without grooves has been modelled in
ANSYS Workbench 10.0. In the simulation, the conduction mechanism is applied to transfer the
heat from inner wall to outer wall of the interaction cavity whereas from outer wall to the coolant,
convection mechanism is applied. The DI water (288K) has been used as a coolant. Iterating
repeatedly, the heat film coefficient, the hydraulic diameter and the water flow rate have been
optimized. Figure 1 shows the 3D cross sectional view of the co-axial cavity with radial grooved
for the above mentioned optimized values of the thermal parameters.

Figure 1: Cross-sectional view of co-axial cavity.
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Erbium-doped Fiber Laser with Distributed Feedback from a Fiber
Grating Array
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Abstract— An erbium-doped fiber laser with low coherence, low threshold, high efficiency
and narrow linewidth is demonstrated for the first time based on distributed feedback from a
fiber Bragg grating (FBG) array. The FBG array contains tens of FBGs with identical Bragg
wavelength but very weak reflectivity of ∼1‰, inscribed along a normal single-mode fiber with
random separations. Low pump threshold power of 3mW and high slope efficiency of 24% are
achieved, which are comparable with that of normal erbium-doped fiber lasers but much better
than that of conventional random fiber lasers based on distributed Rayleigh scattering.
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Antenna Factor Measurements for Electrically Small Antennas
Immersed in a Lossy Medium

R. Mouthaan and B. Loader
National Physical Laboratory, UK

Abstract— Wireless body area networks are increasingly being leveraged to try to provide
telemedicine solutions to contemporary healthcare problems. Applications include heart rate
monitors, accelerometers and temperature sensors, whereas implanted technologies include pace-
makers, glucose sensors and insulin pumps. Both body-mounted nodes and the implanted nodes
present measurement challenges when the antenna and communication link are considered. It
is important to simulate the presence of the body by or around the antenna when trying to
characterise its resonant frequency, bandwidth, channel performance or radiation pattern. This
is done using a phantom with similar permittivity ε and conductivity σ to the human body.
Measuring the antenna factor of an implanted antenna presents further challenges, and these
shall be discussed and addressed.
The antenna factor of an antenna is defined as the electric field required to induce a unit voltage
across the terminals of the antenna. The antenna factor is a function of the design of the antenna
and also of the properties of the surrounding medium. In the case of a lossy medium such as a
phantom it can be difficult to correct the free-space properties to obtain an accurate description
of how the antenna would behave once immersed. Instead, an antenna intended for use inside a
lossy medium must be directly calibrated inside the medium.
A standard field method using a matched waveguide system (Fig. 1) is proposed here. Exciting
the input port of the waveguide with a known voltage allows the electric field induced inside the
liquid to be calculated. The antenna under test can then be introduced into the known field
and the antenna factor calculated from the voltage induced across the terminals of the antenna.
Using a network analyser allows the antenna factor of the antenna under test to be measured
across the entire waveguide band. The described system operates in the 490MHz to 750 MHz
range, but the relevant theory can be applied to different waveguide sizes.
An electrically small dipole antenna is used as a test antenna for which the antenna factor is
measured at a number of heights inside the liquid section of the waveguide. The antenna factor
is calculated by taking a weighted average of the individually measured antenna factors. The
weighting factors used are based on the uncertainties associated with each individual measure-
ment. The approaches used to calculate both the uncertainties associated with the individually
measured antenna factors and the uncertainty associated with the average antenna factor shall
also be presented.

Figure 1: Schematic of the waveguide system.
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Analysis of Optimized Embedded Antennas Using Radiation and
Energy Storage Modes

K. R. Schab and J. T. Bernhard
University of Illinois at Urbana-Champaign, USA

Abstract— In many wireless devices, antennas occupy small volumes embedded within a larger
device volume also containing circuit boards, screen components, batteries, and other antennas.
These are frequently referred to as embedded antennas and often analyzed as electrically small
antennas mounted on or near other conducting scatterers. Several approaches have been taken
to incorporate contemporary electromagnetic theory (such as source-based Q calculations and
characteristic modes) into the optimized design of such antennas. Many of these techniques are
based heavily on the use of method of moments solvers. As such, a common step in many analyses
is subdomain reduction, by which a fixed component of the system (e.g., a circuit board acting
as a finite ground plane) is modeled as a distributed load on the antenna being optimized. In
this way the order of computation can be greatly reduced by removing the need to reanalyze
the ground plane during each iteration. However, this reduction also removes the intuition and
potential design improvements to be gained by leveraging the innate properties of the chassis or
finite ground plane.
In this presentation, we present the analysis of electrically small antennas and finite ground planes
using radiation and energy storage modes derived from method of moments based radiation and
energy storage operators. We discuss and give examples of using these modes in the analysis of
single embedded antennas and multiband, collocated multi-antenna systems produced by various
optimization methods. In particular, we use these modes to understand the role of finite ground
planes and other internal scatterers in designing for parameters such as reactive current local-
ization, pattern diversity, and pattern reconfigurability. We then propose methods to efficiently
specify such properties as additional costs in optimization routines for antenna design.
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A Universal Method for the Design of Antenna Arrays

Geyi Wen
Research Center of Applied Electromagnetics

Nanjing University of Information Science and Technolgy, Nanjing 210044, China

Abstract— The major target of antenna designs for telecommunication systems is to achieve
maximum possible power transfer between the transmitting antenna and receiving antenna in
the systems. For this reason, the power transmission coefficient between two antennas, which is
defined as the ratio of the recived power to the transmitting power, can be used as a performance
index or a target function for antenna designs. In this presentation, we demonste how the power
transmission coefficient may be used to design antenna arrays in complicated envirionments for
various purposes, such as beam steering, energy focusing, patten systhesis etc.. The design
process is based on the optimization of the power transmission coefficient betwee the antenna
arrays to be desgined and a testing antenna introduced in the desired direction in which radiation
must be enhanced. The power transmission coefficient may be expressed as a Rayleigh quotient,
by extremizing which an eigenvalue equation can be obtained. The solution of the eigenvalue
equation gives the optimized distribution of excitations for the antenna arrays in the specified
direcition. The optimized distribution may be realized by various feeding techniques. A number
of design examples for various applications are expouned to illustrate the design procedure.
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Optimal Array Antennas for Mask-constrained Shaped Beams: A
Review

T. Isernia and A. F. Morabito
DIIES, University ‘Mediterranea’ of Reggio Calabria, Italy

Abstract— A huge amount of synthesis problems could be defined for arrays according to the
degrees of freedom one has at his/her disposal (excitations, locations, excitations and locations,
and so forth) and to the kind of pattern one wants to realize (pencil, difference, shaped, reconfig-
urable) [1]. In all cases, one is interested in a kind of ‘optimal’ synthesis, which means to optimize
some performance parameters for given resources (and constraints) or, vice versa, to minimize
the resources, e.g., the number of elements, for given radiation performances and constraints.
In order to enlarge the degrees of freedom available to the designer, specifications in terms of
a ‘mask’ for the power pattern have to be preferred to the pursuit of a fixed (field or power)
nominal pattern.
In [2, 3] it has been shown that the optimal synthesis of a mask-constrained shaped beam by
means of a uniformly-spaced array can be conveniently tackled in terms of a linear programming
problem (establishing the feasibility of the given problem) followed by a factorization allowing to
determine all the possible solutions to the given problem.
Recent extensions of the basic theory include a class of planar arrays [4] as well as the synthesis of
circularly symmetric planar apertures radiating shaped beams [5]. Interestingly, the capability to
get all the different solutions has allowed establishing a new framework for the optimal synthesis
of reconfigurable arrays [6], as well as to choose particularly convenient reference solutions for the
case where locations and excitation phases (rather than the complex excitations) are the degrees
of freedom of the synthesis problem [7].
Contribution will briefly discuss basics, relevance (per se as well as for creating reference solutions
for more cumbersome synthesis problems), and possible extensions of the results above.
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Antenna Q and D/Q Bounds for Small Antennas with Electric and
Magnetic Sources

B. L. G. Jonsson1 and M. Gustafsson2

1Electromagnetic Engineering Lab, School of Electrical Engineering
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2Department of Electrical and Information Technology, Lund University, Lund, Sweden

Abstract— Small antennas are today an essential part of data and voice communication and
they appear in, e.g., cellular phones, computers, watches, clothes and shoes. Often there are
constraints on the physical size of these antennas, and worse they are also often electrically
small. The smallness is known to limit the available matching bandwidth of the antennas. It is
therefore interesting to examine the essential elements in this type of bandwidth limitations.
The physical bounds on bandwidth of small antennas have had some recent development. It
was shown in [1], that passivity as a system property yields on set of bandwidth limitations on
the absorption cross-section. For small antennas with separate resonances this bound can be
expressed in terms of the partial directivity over the antenna quality factor, D/Q.
The classical Chu-bound for antennas bounded by a sphere use both electric and magnetic sources.
An alternative approach to passivity based bandwidth bounds is to dene a stored energy for
small antennas [2]. Using such an approach it is possible to obtain bandwidth limitations on the
antenna Q and on D/Q. In our recent paper [3], we proposed a method of how to include both
electric and magnetic sources in the bounds on antenna Q. In the present paper we compare
optimal D/Q with optimal antenna Q in the presence of both electric and magnetic sources.
Each of these problems results in explicit optimization problems, which strongly depend on the
enclosing geometry of the antenna and the choice of sources in the domain of the antenna. The
D/Q optimization is a convex problem, and the optimal Q-problem is an eigenvalue problem.
Analytical and numerical solutions are shown.
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Topology Optimization of Wideband Directive Antennas
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Abstract— There is a growing interest in using microwave detection and imaging systems,
especially for medical applications. Wideband directive antennas are key elements for such sys-
tems to function efficiently. There are only few antenna types that are characterized as being
wideband and directive. One example is the famous Vivaldi antenna introduced by Gibson [1].
These antennas can be described with a small number of parameters, which limits the possibility
to find satisfactory designs by optimizing only these parameters.
On the other hand, topology optimization techniques allow parameter-free optimization to the
whole layout of a device hosted in a given design domain. In other words, to optimize a specific
objective function, topology optimization techniques decide on each point in a given design
domain whether to hold void or a predefined material. Topology optimization was first introduced
for structural optimization [2]. Recently, the approach has been extended to design various
antenna types [3–5].
Here, we present a topology optimization approach to design, from scratch, wideband directive
antennas for the purpose of near-field sensing. The antenna design is formulated as an optimiza-
tion problem with the objective to maximize the coupling coefficient between two neighbouring
antennas separated by a specific distance, and also to minimize the reflection coefficient of each
antenna. We use the FDTD method to numerically solve the 3D Maxwell’s equations and the
design variables are the local conductivity at each Yee edge in a given design domain. Design
problems with more than 100,000 design variables are solved, in less than 200 iterations, by using
a gradient-based optimization method. The objective function gradient is computed based on
solutions to an adjoint-field problem, which is also a FDTD discretization of Maxwell’s equations
but with a different excitation. For any number of design variables, the objective function gra-
dient can be computed with only two FDTD simulations. The optimization problem is solved
iteratively through solutions to a series of subproblems, in which the design variables are updated
by using the globally convergent version of Svanberg’s Method of Moving Asymptotes [6].
By using this approach to design planar antennas, we obtain novel antenna topologies that show
wideband directivity and matching over more than two octaves. When used to detect a nearby
phantom, experimental and simulation results show that the optimized antennas give more than
400% improvement in signal strength compared to a standard wideband antenna with comparable
size.
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Investigation of the Optimal Matching Impedance for Finite Array
Antennas
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Abstract— The growth of data rates for communication demands a more efficient use of the
bandwidth spectra, and also of a higher lateral concentration and flexibility of the coverage. One
solution to these problems is to use array antennas in base-station applications. Such arrays
should be efficient preferably optimally efficient both from an environmental point of view and in
their use of the available spectrum. Optimality on matching bandwidth for small antennas has
recently became better understood with the Gustafsson bound [1]. However, for array antennas
many optimality questions remain open. A recent result here was the array figure of merit [2].
In this paper we investigate the behavior of the matching impedance for finite array antennas. The
goal is to absorb as much power as possible of the incoming waves. The absorption cross section
of an array is limited over any frequency range, as is shown by the sum rule for extinction [1].
Here we use CST Microwave Studio to simulate the arrays and their extinction and absorption
cross sections. The results are validated by a comparison with the result in [3, 4]. We examine
several antenna elements, their array, on its influence on the absorbed power and associated
optimal matching resistance. Since the absorbed power over a frequency interval is bounded,
there is an optimal resistive matching. We use here the same resistance on all elements, as a
simplification. We explore the properties of the best resistive matching as a function of element
number, element shape and array configuration.
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Antenna Current Optimization and Optimal Antennas

Mats Gustafsson
Department Electrical and Information Technology, Lund University, Box 118, SE-221 00 Lund, Sweden

Abstract— Design of small antennas is challenging because fundamental physics constrains
the antenna performance [2, 11]. Physical bounds provide basic restrictions on the antenna per-
formance solely expressed in the available antenna design space. Here, an overview of antenna
current optimization for physical bounds and antenna optimization is presented [3, 7]. Physical
bounds are presented for antennas in free space, antennas integrated in metallic structured, and
antennas embedded in lossy dispersive media. The physical bounds are compared with numerical
data for several antennas.
Several proposals for the definition and interpretation of stored energy have been presented the
last years [1, 4–6, 9, 10]. Here, the stored energy is derived from a state space representation
generalizing previous expressions to more general cases [8]. The stored energy expressions are
also used for antenna optimization and several antenna designs are presented.
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High Gain Printed Monopole Arrays for Wireless Applications
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Abstract— Linear monopole arrays are extensively used in many antenna systems due to their
simplicity, low cost, polarization purity, reasonable bandwidth, and power handling capability.
In this work we show a novel antenna array design in which N + 1 parasitic monopoles, properly
placed in a linear array of N active elements, allow a broadside radiation reaching a gain value
close to that one of a standard 2N + 1 active element array. For each active element we place
symmetrically on both sides of the monopole (at a distance of λ/4) two parasitic metallic strips
which are protrusions of the ground plane. Since currents in active and parasitic radiating
elements are required to oscillate in phase, meandered lines are inserted between the feeding
microstrips and the active monopoles: in such a way, the correct phase lag for the currents in the
elements is obtained.
The uniqueness of this design is due to its simple feeding network since a balun section is not
necessary: for a 2N + 1 array only N elements will be fed reducing the problem of spurious
radiation and losses. The N active elements, the meanders and the feeding network can be
fabricated on the front of a standard FR4 substrate, whereas the ground plane and the parasitic
elements are fabricated on the back of the same substrate (see Figure 1). We present two designs
of broadside array working in the wireless local area network (WLAN) band around 2.4 GHz.
The microstrip arrays composed of 5× 1 and 9× 1 linear monopoles with their feeding network
have been simulated by using CST. In order to obtain a unidirectional pattern, a metallic plane
reflector is placed at a distance of λ/4 from the array board: predicted gain (11 dB for 5 × 1
linear array and 15 dB for 9×1 linear array) and bandwidth (around 400 MHz) are larger than for
conventional microstrip patch arrays (having similar board dimensions). The proposed antenna
arrays are also compact: the size of a 9 × 1 array working at 2.4 GHz is 27 × 9 × 3.2 cm as in
Figure 1, where 3.2 cm is the distance between the array board and the reflecting plane.

Figure 1: 9× 1 monopole linear array.
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Technology Advances in GNSS High Precision Positioning Antennas

D. V. Tatarnikov
Topcon Positioning Systems, Russia

Abstract— Currently, typical error of differential positioning with the Global Navigation Satel-
lite Systems (GNSS) is of the order of 1–2 cm in real time. In open sky environments, multipath
reflections from the earth surface are recognized to be the largest error source. With the GNSS
signals below the ambient noise floor, antennas employed for positioning are to accommodate the
signals with the smallest possible losses and to possess the decreased gain in directions below the
local horizon to mitigate the reflections. Three types of antennas are currently in use: compact
rover antennas, field base station antennas and reference station antennas. Novel developments
in regards to these types are discussed in the paper.
To achieve 10–12% bandwidth in the Lower GNSS band and 4–6% in the Upper band for patch
antenna stacks, artificial dielectric substrates are employed in the form of dense grids of metal el-
ements. Homogenization techniques to estimate the effective dielectric constant of the structures
have been discussed in the paper. Antenna design examples are also presented. One of novel an-
tenna types is a compact end-fire helix antenna with the size of the order of a quarter-wavelength;
it allows a 15 dB multipath suppression in the direction downwards.
Field base station antennas are to provide with improved precision in practical environments;
besides mitigation of the reflections, antennas are to have the decreased field intensity in the
near field region underneath. A novel antenna with a semi-transparent ground plane combined
with an artificial magnetic conductor structure has been designed and developed. For practical
applications such an antenna ensures the phase center stability in vertical coordinate on the level
of 1 mm.
Convex impedance ground plane reference station antenna is to provide with multipath suppres-
sion typical for the common choke ring structures along with the improved gain for low elevated
satellites; the surface impedance is provided by a grid of straight pins. The internal volume of
the antenna allows accommodating high-Q cavity filters for interference protection.
Antennas with a cutoff pattern are to provide improved multipath suppression starting from low
elevations. The purpose of their development is to achieve the mm-level precision of positioning
in real time. Thus far, the antennas are known to be spacious in the wavelength scale. New
results for large impedance ground plane antennas are presented. There is also given a discussion
of potentials to achieve the cutoff pattern in the antennas of practical size.
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Travelling Wave Antennas with Semitransparent Surfaces for
Forming a Cutoff Pattern

D. V. Tatarnikov and I. M. Chernetsky
Topcon Positioning Systems, Moscow, Russia

Abstract— Antennas with a cutoff pattern are of special interest to various applications, in par-
ticular, to high-precision positioning with the Global Navigation Satellite Systems (GNSS). Since
ground reflections are the largest error source, antennas with a cutoff pattern allow approaching
millimeter-level precision of real-time positioning.
Solutions known so far involve structures of 10–15 wavelengths span. Such are a vertical array
antenna of [1] or a large impedance ground plane antenna of [2]. However it has been found out
that by employing semi-transparent surfaces with pure reactive grid impedance a travelling-wave
antenna with the size of about 1.5 wavelengths would serve the purpose. Thus, systems with
millimeter-level precision in real time would be considered as practical. The relevant discussion
and results achieved is a purpose of the paper.
An electromagnetic model of a parallel-plate waveguide with semi-transparent endings has been
developed. By means of optimization techniques it has been shown that if the endings are of
about 1.5 wavelengths span, then grid impedance varying along the endings could be synthesized
such that a cutoff pattern would be achieved along with the proper return loss levels.
Quadrifilar helix antenna has been chosen as a principle for practical implementation. The
antenna has lumped impedances embedded into the strip conductors. Antenna forms a homoge-
neous pattern within the top semi-sphere with about 20 dB drop of the gain while crossing the
local horizon. A proper functionality within the bandwidth of about 10% has been achieved.
Precision of GNSS positioning in open-field environment has been evaluated. RMS of the error
in real time was found to be below 1 mm.
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Parametric Analysis and Optimisation of a 8–18 GHz Quad-ridged
Horn Antenna
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Abstract— In this paper, parametric analysis and optimization of a 8–18 GHz ultra wide band
(UWB) quad-ridged horn (QRH) antenna is presented. As an initial configuration a horn antenna
is designed with boxed dimensions of 5.4× 5.4× 8 cm as defined in [1]. The gain of the antenna
varies between 10 dBi–13 dBi over the entire bandwidth. To analyze these effects the parametric
analysis simulations are performed with HFSS.

Introduction: Horn antennas can be used as a feed and provide high gain, relatively wide band-
width. In this paper, the parametric analysis and optimization of a QRH antenna is presented.
A QRH antenna is designed based on the design explained in [1]. The dimensions of the antenna
are described in Figure 1. The physical sizes of the antenna are given in Table 1. The horn fed
by coaxial cable.

The gain of QRH antenna is presented in Figure 2. In 8–18 GHz frequency band, the gain varies
between 10 to 13 dBi.

The outer dimensions A1 and B1 is selected to be equal and the gain patterns for five cases are
given for 8 GHz and 18GHz at Figure 2 respectively.

This analysis is repeated while A1 = 5.6 cm and constant, B1 is varying from 2.6 cm to 8.6 cm.
The numerical values of gain are presented at Table 2.

Table 1: The physical sizes of QRH antenna for initial configuration.

Parameter Length (mm) Parameter Length (mm)
A 1.6 L1 4
B 1.6 L2 4
A1 5.6 d 0.3
B1 5.6 w 0.14

Figure 1: The description of horn antenna’s dimen-
sions.

Figure 2: The gain of QRH antenna at 8–18 GHz.

Table 2: Gain vs dimensions for A1 = 5.6 cm.
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(a) (b)

Figure 3: Gain pattern for (a) 8 GHz, (b) 18GHz.

In this case to obtain the maximum gain, B1 can be selected around 5.6 cm, while A1 is constant.
The parametric analysis are performed also for d and w parameters as they were described at
Figure 1.
Conclusion: In this paper, the quad ridged horn antenna design is performed, parametric
analysis are simulated and the results are presented. The simulation tools are very useful for this
kind of parametric analysis. With the help of such tools the best performance of the antenna can
be achieved.
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Si Nanoparticles with Optical Resonances for Dielectric Photonics

Andrey B. Evlyukhin, Urs Zywietz, Carsten Reinhardt, and Boris N. Chichkov
Laser Zentrum Hannover e.V., Hollerithalle 8, D-30419 Hannover, Germany

Abstract— Strong resonant light scattering by Si nanoparticles is experimentally and theoreti-
cally demonstrated, revealing pronounced resonances in the visible spectral range associated with
the excitation of magnetic and electric modes in these nanoparticles. In this work we discuss the
origin of the magnetic dipole resonance in dielectric nanoparticles. Our consideration is based on
the approach of quasi-static electromagnetic field and Mie theory.
Theoretical and experimental results concerning the resonant optical properties of differently
shaped Si nanoparticles are presented. The role of magnetic and electric modes in the scattering
optical spectra is clarified. A new theoretical approach allowing multipole analysis of light scat-
tering by arbitrary-shaped nanoparticles located on flat substrate surface is demonstrated. This
approach is applied to investigations of light and surface plasmon polariton (SPP) scattering by
Si nanoparticle structures. It is shown how the particle resonant magnetic mode can affect spatial
distribution of the scattered SPPs and light. Applications of Si nanoparticles for realization of
nanoantennas and metametrials will be discussed.
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Interrogating Nanoparticles with Focused Doughnuts
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Abstract— The propagation of electromagnetic radiation in free-space is described by the
source-free Maxwells equations. In contrast to conventional solutions such as infinite-energy plane
waves and Gaussian pulses, there exists a family of exact solutions which represent localised
transmission of finite electromagnetic energy [1]. One such solution is known as the Focused
Doughnut (FD) pulse a peculiar single-cycle electromagnetic perturbation with a unique toroidal
field topology and 3-dimensional, polynomial energy localisation [2]. Here, for the first time we
present a comprehensive study of the FD pulse: we investigate the propagation dynamics and
interactions of these complex electromagnetic pulses with homogeneous and structured media.
The FD pulse exhibits a number of intriguing properties. Its purely single-cycle nature results
in an ultra-broadband frequency spectrum and a well defined spatial-chirp. In fact, the spatial
dependence of the pulse is inseparable from its temporal dependence. In addition, the toroidal
topology of the pulse gives rise to significant longitudinal field components at the pulse that
hold potential for particle acceleration applications [2]. Although the FD pulse has remained
a theoretical curiosity since its first prediction, successful experimental realisation could lead
to its use in a variety of settings, such as microscopy, communications, directed energy transfer,
spectroscopy, and particle trapping and acceleration. Further interest in the FD pulse stems from
the burgeoning field of toroidal electrodynamics, owing to the topological similarities between the
FD pulse and the near-field configuration of the toroidal dipole excitation [3].
The intriguing light-matter interactions of the FD pulse are examined from several perspectives.
We present a full evaluation of the transformations the FD pulse undergoes due to interactions
with dielectric and metallic interfaces. This has revealed the unusual behaviour of both the
TE and TM pulses under reflection, with respect to the reversal of the azimuthal and radial
field components. Furthermore, the interactions of FDs with small dielectric and plasmonic
particles are considered, where the broadband nature and complex field topology of the pulses is
expected to play a significant role in mode excitation. Recent work has demonstrated broad modal
excitation within the nanostructures and distinct differences between the interaction with TE and
TM pulses. Possible experimental realisations of these complex electromagnetic perturbations
resulting from the theoretical/computational treatment presented here will be discussed.
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Dielectric Mie Antennas

N. Bonod
Aix Marseille Université, CNRS, Centrale Marseille, Institut Fresnel UMR 7249, Marseille 13013, France

Abstract— Dielectric antennas are composed of subwavelength sized particles that feature
electric and magnetic Mie resonances. These antennas can be used to enhance at subwavelength
scales either the electric or the magnetic field counterparts, to accelerate the spontaneous emission
or to shape the emission pattern of light emitters.
Introduction: The interplay between electric and magnetic resonances in dielectric resonators
offers novel opportunities to control the light scattering. In particular, when coupling Mie res-
onators to a dipolar source, the excitation of both electric and magnetic dipoles (or multipoles)
permits to achieve very high gain in directivity [1]. It can be also proved that by tuning the emis-
sion frequency, light can be emitted either toward the forward or the backward direction [1, 2].
Interestingly, the presence of magnetic modes can lead to strong magnetic Purcell factors [3].
In the case of lanthanide ions that feature electric and magnetic transitions, enhancing prefer-
entially the magnetic Purcell factors could promote a magnetic transition. Reciprocally, when
illuminated from far field, dielectric antennas can strongly enhance the magnetic field, without
enhancing the electric field counterpart [4].
Fabrication: The development of fabrication methods of Mie antennas made of semi-conductors
is very challenging. Recently, we followed a bottom-up strategy to fabricate over wafer scales
monocrystaline Si-based resonators. The technique is based on the dewetting of thin silicon layers
over silica at high temperature. The dewetting can be spontaneous, assisted by electron-beam
lithography or by FIB to fabricate individual resonators or oligomers. This technique is well
adapted to large samples since the time process does not depend on the size of the sample.
Theory: Silicon mie antennas are very promising to design light cavities. In this context, it is
important to quantify the Purcell factor silicon particles doped with quantum emitters. For that
purpose, we derived the effective volumes as a function of the normal modes of the Mie resonator.
It is seen that when Mie resonators are doped with electric dipolar emitters, the electric modes
provide stronger Purcell factors than the magnetic ones [6].
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Abstract— Plasmonic structures enable control and manipulation of light at the nanoscale,
allowing for strong enhancements of the electric field for interactions with molecules and materials
in their vicinity [1]. Unfortunately, these large enhancements come with the cost of high optical
losses due to absorption in the metal, severely limiting some real-world applications. Specifically,
localized heating strongly limits the total power that can be delivered to a nanoscale field hot
spot before the nanostructure melts and reshapes, affecting their suitability for applications such
as lighting and photonic modulation [2]. Moreover, the emission properties of molecules placed
near the nanoantennas, can also be modified by this local heating [3]. Here we present a method
to overcome these heating issues via the realization of a novel nanophotonic platform based
on the low absorption dielectric nanostructures (silicon, germanium or gallium phosphide) that
we theoretically proposed in [4, 5] to form efficient non-plasmonic nanoantennas with ultra-low
light-into-heat conversion. We show that silicon-based nanoantennas produce both high surface
enhanced fluorescence (SEF) and good surface enhanced Raman scattering (SERS), while at
the same time producing a negligible temperature increase in their hot spots and surrounding
environments compared to gold [6].
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Abstract— High refractive index dielectric nanoparticles have risen to prominence in the
nanophotonics toolkit for control of light in the near-field [1–3]. Compared to metallic nanostruc-
tures employed in plasmonics, the near-fields in dielectric nanostructures immediately adjacent to
the particles are less intense but can have larger far-field scattering cross sections [4]. Dielectric
nanoparticles can reduce quenching and provide higher quantum efficiency of localized emitters
than plasmonic structures that can be important for engineering emission at the subwavelength
scale [4].
We present for the first time to our knowledge the experimental evidence of near-field enhance-
ment of the magnetic fields with silicon resonant nanodimers at visible frequencies. The response
of the system has been studied as a function of wavelength, polarization, and gap [5]. Theory and
numerical simulations predict that such a structure should have a strong magnetic response [4, 5].
The near-field measurements show a very good correlation with the simulations. When the sim-
ulated near-fields are broken down into their components, it is confirmed that the resonance
measured in the near-field is strongly magnetic in nature, for both polarizations.
Additionally, we have conducted a complete analysis of the modes excited inside the dielectric
nanodimer system by means of the multipole decomposition. This analysis reveals the excitation
of a toroidal dipole moment which interferes with the Cartesian electric dipole moment resulting
in a dip in the total electric dipole radiation. This is the first reporting of toroidal dipole
excitation in dielectric nanodimer antennas. The dimer system is the basic building block for
many nanophotonics systems. The results demonstrated in this paper lay the groundwork for
future engineering of the magnetic field response at optical frequencies with high-index dielectric
nanostructures for the ultimate control on the subwavelength scale.
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Dual and Chiral Dielectric Scatterers for Optical Activity in
General Directions
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Abstract— We demonstrate a route to design structures exhibiting optical activity in gen-
eral scattering directions. When the structure is illuminated from an arbitrary direction, the
polarization of the field measured in another arbitrary direction is a rotated version of the in-
cident polarization. The angle of rotation depends on both incident and scattered directions.
The design guidelines are based on two necessary conditions for optical activity: Lack of spatial
inversion symmetries, and helicity preservation, i.e., zero coupling between the states of opposite
polarization handedness of the incident and scattered plane waves [1]. In forward scattering,
helicity preservation can be achieved by geometrical means: Scatterers with discrete rotational
symmetry with degree equal to or higher than 3 preserve plane wave polarization handedness.
In an arbitrary scattering direction, helicity preservation is achieved by scatterers with electro-
magnetic duality symmetry [2]. While materials meeting the exact duality condition are usually
not available, it is possible to purposefully design electromagnetically small scatterers to show
approximately dual behavior [3–5]. Particles with such properties have attracted attention, par-
ticularly in the context of zero backscattering and the Kerker conditions [3, 4, 6, 7]. We show
that approximately dual symmetric structures can be built using small dielectric spheres whose
dipolar response is dual symmetric. We show that a chiral arrangement of such spheres exhibits
optical activity in general scattering directions. In our work, the electromagnetic responses of the
designed structure is calculated through rigorous techniques which allow to compute its scatter-
ing matrices to an arbitrary multipolar order [8], and renders our analysis and conclusions valid
up to the approximations inherent in the macroscopic Maxwell’s equations. We believe that the
consideration of the electromagnetic duality symmetry is a valuable addition to the research in
optical activity, to both its fundamental and practical sides.
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Refractory Plasmonics for Harsh Environment

U. Guler1, J. Liu2, H. Eragamreddy2, A. V. Kildishev2, A. Boltasseva2, and V. M. Shalaev2

1Nano-Meta Technologies Inc., 1281 Win Hentschel Boulevard, West Lafayette, IN 47906, USA
2School of Electrical & Computer Engineering and Birck Nanotechnology Center

Purdue University, West Lafayette, IN 47907, USA

Abstract— Plasmonic materials and their response to electromagnetic radiation has been a
hot topic over the last decades mostly because of the exciting properties and useful functionalities
arising from the interaction of electrons with light. The deviation from bulk material properties
dramatically increases as the lengths in one or more dimensions become sub-wavelength. More-
over, once the material properties change with downsizing to the nanometer scale the structures
get more vulnerable against the environmental effects such as temperature, mechanical stress and
contaminants Changes in thermal, mechanical, and chemical properties of the material result in
reduced durability of the elements. Increased surface to volume ratio leads to corrosion due
to enhanced chemical interaction with the surrounding medium, melting point depression and
deformation. The problem gets more serious due to the softness and solubility of noble metals
which otherwise could’ve been able to provide desired plasmonic properties in the visible and
near infrared regions of the spectrum.
Although the initial stages of research on plasmonics was focused on noble metals, it has been
evident that a richer pool of materials would be required in order to cover the needs of a wide vari-
ety of proposed applications. Harsh environmental factors such as high temperatures, aggressive
chemistry, and extreme local forces require harder plasmonic materials. Transition metal nitrides
are well known for their refractory properties and they are used in a wide variety of industries
where hard surface coatings are required in order to enhance material durability. Recent advances
in the development of high quality thin films of transition metal nitrides resulted in improved
optical properties and enabled the use of nitrides as refractory plasmonic materials. Exhibiting
plasmonic properties in the visible and near infrared regions of the electromagnetic spectrum,
transition metal nitrides allow the use of plasmonic components, which would otherwise suffer
from extreme local thermal and chemical properties, in emerging technologies.
Plasmonic components based on refractory materials will be discussed in this talk. Spectrally
selective refractory metamaterial absorbers and emitters for solar energy harvesting, spectral
manipulation, and optical sensing will be introduced. Use of transition metal nitrides as near
field transducer for light confinement applications such as heat assisted magnetic recording will be
discussed. Photothermal properties of titanium nitride colloidal solutions with plasmonic dipolar
resonance in the biological transparency window will be presented.
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Measuring Chromatic Aberration in Imaging Systems Using
Plasmonic Nano-particles

Sylvain D. Gennaro, Tyler R. Roschuk, Stefan A. Maier, and Rupert F. Oulton
The Blackett Laboratory, Department of Physics, Imperial College London, London SW7 2AZ, UK

Abstract— We demonstrate a method to measure chromatic aberrations of microscope objec-
tives with metallic nano-particles using incoherent white light. Extinction spectra are recorded
while scanning a single nano-particle through a lens’s focal plane. We show a direct correlation
between the focal wavelength and the longitudinal chromatic focal shift through analysis of the
variations between scanned extinction spectra at each scan position and peak extinction over
the entire scan. The method has been tested on achromat and apochromat objectives using
aluminum nano-particles.
Chromatic aberration in optical systems arises from the wavelength dependence of a glass’s re-
fractive index. Polychromatic rays incident upon an optical surface are refracted at slightly
different angles and in traversing an optical system follow distinct paths creating images dis-
placed according to colour. Despite the capability to correct chromatic aberration in individual
lens components, its accumulation within imaging systems is difficult to assess. While longi-
tudinal chromatic aberration is readily measured with interferometry, less elaborate methods
are attractive for their ease of use and low cost. These involve measuring transmission spectra
through a pinhole or optical fibre placed at the focus. Unfortunately, the sensitivity of these
techniques diminishes rapidly with aperture size limiting their usefulness, especially in high mag-
nification imaging [1]. This limitation can be circumvented by applying Babinet’s principle. In
a chromatic aberration measurement, we can consider replacing the aperture with a scattering
object and measuring extinction instead of transmission. Although Rayleigh scattering by small
particles suggests this approach has a similar limitation to Bethe’s, it has been shown that dipole
scattering in a focused beam allows near perfect extinction [2, 3]. Metallic nano-particles are
particularly attractive dipole scatterers as they support surface plasmon resonances that provide
strong extinction cross sections in the visible spectral range. Moreover, due to the fast radiative
rates and electronic damping in metallic nano-particles, extinction spectra can be octave span-
ning enabling assessment of chromatic focal shift across the entire visible spectrum in a single
measurement. We retrieve the longitudinal chromatic focal shift of high numerical aperture (NA)
achromatic (not shown here) and apochromatic (See Fig. 2) corrected microscope objectives from
the extinction spectra of metallic nanoparticles placed within the focal plane. We show that the
technique is accurate even for the finest measurements on high NA objectives with apochromatic
correction. The method enables rapid assessment of the chromatic aberration of any microscopy
system since it uses incoherent illumination and is straightforward to implement.
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A Study in Asymmetry: Resonances in Arrays of Asymmetric Disc
Dimers
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Abstract— Symmetry is one of the most fundamental concepts in nature. From elementary
particles to complex protein molecules it impacts on the properties of a physical entity and on the
interaction with its environment. In photonics, for example, the symmetry of a system determines
if and how strongly it couples to an electro-magnetic field. In the specific case of a symmetric
plasmonic antenna, which can support several multipolar eigenmodes only modes with a non-
vanishing net dipole moment can couple to a normally-incident plane wave; all other modes are
non-radiating, or dark, meaning that although the antenna can support these modes they cannot
be observed under the given conditions. However, one can render such modes grey, i.e., weakly
radiating, by symmetry breaking, either by deviating from normal incidence and thus lowering
the symmetry of the excitation or by introducing an asymmetry to the antenna itself. There has
recently been significant interest in grey modes because their small net dipole moment results in
narrow spectral features with high quality factors, which are desirable for many applications.
In this paper we study the resonance behaviour of asymmetric disc dimers (ADD), both as indi-
vidual dimer structures and within periodic arrays, ranging from the non-diffractive metamaterial
regime to the diffractive case, where they exhibit interesting surface-lattice resonances (SLR),
which are very narrow and appear as a double resonance for the right excitation conditions. We
discuss the ADD resonances in all three regimes (single dimers, non-diffractive, diffractive) both
experimentally and with additional data from numerical modelling but we focus specifically on
the SLR of asymmetric dimers, for which we have also modified a previous analytical model to
incorporate the effect of an asymmetric two-element base.
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Field Enhancement in Rhodium Tripod Stars and Dimers
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Abstract— During the last two decades, local field enhancements produced by metal nanopar-
ticles have been widely investigated in the visible range for common metals like gold and silver.
Interest in extending nanoplasmonics into the ultraviolet (UV) spectral region has grown in the
past few years [1]. Very recently, the UV plasmonic properties of Rh tripod stars have been ex-
amined, by means of surface-enhanced Raman spectroscopy, surface-enhanced fluorescence, and
photo-induced degradation [2]. These findings confirmed the exciting potential of Rh nanostruc-
tures for UV plasmonic and photocatalytic applications.
In this research, we report results of our numerical study of the plasmonic properties of isolated
Rh tripod stars and dimers. We explore the role of the geometry, shape, angle of incidence
and polarization of the incident radiation on the performance and generation of localized surface
plasmon resonances in the UV, as well as, the possibility of generating hot spots with nanoparticle
aggregates for applications in SERS experiments.
Figure 1 shows a near field intensity map of a tripod star dimer with their points confronted and
separated by a given gap distance. The dimer is illuminated under normal incidence with the
electric field parallel to the line connecting the dimers. The inset shows spectra of the electric
field intensity averaged over the dimer’s surface and the absorption efficiency.

Figure 1: Near field intensity map of a tripod star dimer illuminated under normal incidence with the electric
field parallel to the line connecting the dimers. The inset shows spectra of the electric field intensity averaged
over the dimer’s surface 〈|E|2〉 and the absorption efficiency Qabs.
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Universidad de Santiago de Chile, Santiago, Chile

5Departamento de F́ısica de Materiales, Fac. de Qúımica, UPV-EHU, San Sebastian, Spain

Abstract— We report results on the optical absorption of thin gold nanorods (NRs) produced
with a seed-mediated growth method followed by a filtering process [1]. Gold NRs are obtained
with different aspect ratios and lengths covering the range between tenths to a few hundred of
nanometers. Because of our interest in medical applications, these nanostructures are dispersed
in colloidal solutions, so that molecules are bound to their surfaces and keep them partially
separated. We use well-known solvents: first a CTAB aqueous solution, where gold NRs of
different sizes are grown from Au NP seeds, and then a thiolate solution. Nanorod samples of
different lengths are characterized using HRTEM and UV-Vis-NIR spectroscopy.
The study focuses on the long NR samples (L > 100 nm) obtained after filtering. One of the
main challenges concerning the characterization of their optical response is to understand the
origin of the different peaks in the absorption spectra, in particular a main peak that appears
about 960 nm for several solvents, and their evolution with the Au NR colloidal concentration.
A theoretical analysis is performed by using the boundary element method (BEM) to solve the
full electrodynamical problem and obtain the extinction cross section and near field distributions
around the NRs. In the case of the thiolate solution the main peak of the long NR sample, which is
attributed to the n = 3 antenna mode, is split when the surface of the NRs is chemically modified
due to the thiolate coverage around their surface. The use of a dielectric model which incorporates
parameters based on ab-initio calculations of thiolate-gold cluster surfaces allows us to explain
the trends observed in the spectra recorded for the self-assembled thiolate functionalized gold
NRs.
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Second-order Correlations of the Nonclassical Light from a Single
Quantum-dot State

G. S. Solomon1, 2, T. Thomay1, 3, 4, E. B. Flagg1, 5, E. Goldschmidt1,
V. Loo1, O. Gazzano1, A. Migdall1, 2, and S.V. Polyakov1, 2

1Joint Quantum Institute, National Institute of Standard & Technology, and University of Maryland
100 Bureau Drive, Gaithersburg, MD 20899, USA

2National Institute of Standard & Technology, Gaithersburg, MD, USA
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University of Maryland, College Park, MD 20742, USA
4Department of Electrical Engineering, SUNY Buffalo, NY, USA

5Department of Physics & Astronomy, West Virginia University, Morgantown, WV, USA

Abstract— Second-order correlations are an essential tool in characterizing the nature of light.
The second-order autocorrelation is important in distinguishing between classical and quantum
light sources, and of particular importance here, the single-photon purity. The second-order
cross-correlation offers insight into the indistinguishability properties of the light. As technology
improves and material system change, these measurements naturally evolve. Here we discuss one
or two evolutions in these techniques.
In typical second-order correlations (g(2)) measurements, a time invariant emission process is
assumed, where the optical field properties depend only on the time difference of the two pho-
ton detections, not when the detections occur. This has been robustly applied to atomic and
parametric down-conversion systems for several decades, but it assumes there are no time dy-
namics in the system. For solid-states sources, such as quantum dots, where resonant excitation
of a state is not always necessary and coupling to environmental reservoirs is likely, there are
time-dependent processes, and new second-order correlation tools are needed. We demonstrate
timeresolved g(2) measurements of the photons emitted from a single exciton in an InAs quantum
dot in a GaAs/AlAs planar microcavity. These measurements shows the dynamics of a nonclas-
sical optical field, quantifying single-photon purity and coherence as a function of when in the
excitation-decay cycle of the QD a photon is detected. The results offer an optimization scheme
by selecting detection regions. Time permitting, we will discuss more efficient and practical
second-order measurement variations and protocols.
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Quantum Dots in Photonic Wires: Highly Efficient Single Photon
Sources for Free-space and On-chip Applications

J. M. Gérard1, J. Claudon1, P. Stepanov1, M. Munsch1, T. Jakubczik1, E. Peinke1,
J. Bleuse1, N. Gregersen2, J. Mørk2, X. Zang3, and P. Lalanne3

1CEA-CNRS-UJF Joint Group “Nanophysique et Semiconducteurs”
CEA, INAC, SP2M, Grenoble 38054, France

2DTU Fotonik, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark
3LP2N, Institut d’Optique d’Aquitaine, U. Bordeaux, CNRS, 33405 Talence, Cedex, France

Abstract— Optimizing the coupling between a localized quantum emitter and a single-mode
optical channel represents a powerful route to realise bright sources of non-classical light states.
Reversibly, the efficient absorption of a photon impinging on the emitter is key to realise a
spin-photon interface, the node of future quantum networks
Besides optical microcavities [1], photonic wires are very attractive in this context [2, 3]. We
introduce the Photonic Trumpet [4], formed by a high-index single-mode waveguide and a conical
tapering. Nearly perfect single mode emission, low-divergence Gaussian radiation pattern, linear
polarization control and high efficiency single photon emission (> 0.75 photon per pulse) are
reported for a single quantum dot embedded in a Photonic Trumpet. We also demonstrate a
broadband tuning of the emission wavelength without efficiency loss using strain-effects. More
generally, this novel photonic microstructure appears as a very promising platform to explore
the unique optical properties of “one-dimensional atoms” [5] and hybrid optomechanical systems
where the interaction between the two-level quantum system and mechanical modes is mediated
by strain [6].
Finally, we will also report experimental work on QDs embedded in ridge waveguides on a chip,
showing efficient control over QD spontaneous emission, which is promising in view of the inte-
gration of efficient QD single photon sources on photonic integrated circuits [7].

Figure 1: Colorized scanning electron micrograph of a GaAs photonic trumpet (from [3]).
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Quantum Optics in One-dimensional Photonic Reservoirs

I. Söllner and P. Lodahl
Niels Bohr Institute, University of Copenhagen, Denmark

Abstract— Here we review the recent experimental progress on the use of quantum dots
coupled to photonic-crystal waveguides [1]. We show that single photons can be channeled into
the waveguide with an efficiency exceeding 98% [2], constituting an almost ideal 1D artificial-
atom. In such a system a single quantum dot couples exclusive to a 1D photonic reservoir,
enabling the experimental demonstration of dipole-induced transparency and strong quantum-
dot-mediated photon-photon interaction. Furthermore, we discuss how chiral photon-emission
can be achieved in specifically engineered waveguides and present experimental results showing
that the directionality of single-photon emission in such waveguides exceeds 90% [3]. Finally, we
discuss the prospects of scaling the platform to larger quantum architectures for applications in
quantum-information processing, such as efficient photon sorting [4] and a deterministic CNOT
gate for photons [3].
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Design and Simulations of Highly Efficient Single-photon Sources

N. Gregersen, J. R. de Lasson, and J. Mørk
DTU Fotonik, Department of Photonics Engineering, Technical University of Denmark, Denmark

Abstract— The realization of the highly-efficient single-photon source represents not only
an experimental, but also a numerical challenge. We will present the theory of the waveguide
QED approach, the design challenges and the current limitations. Additionally, the important
numerical challenges in the simulations of sources with in-plane emission will be discussed.
Introduction: Within optical quantum information processing, deterministic generation of sin-
gle indistinguishable photons on demand is a key functionality. An optically or electrically excited
quantum emitter, e.g., a semiconductor quantum dot, embedded inside a solid-state semiconduc-
tor host material represents an attractive platform for such a single-photon source. However,
for an emitter in bulk material, the symmetry of the system leads to a collection efficiency of
only 1–2%, and efficient light extraction thus poses a major challenge in single-photon source
engineering [1].
Several approaches have been proposed to control the light emission and ensure an efficient
coupling to the collection optics. Within waveguide quantum electrodynamics, the quantum
dot is placed inside a waveguide. By carefully tailoring the waveguide dimensions, the relative
coupling of the spontaneous emission (SE) to the fundamental waveguide mode, known as the
SE β factor, can reach 0.95 in uniform GaAs waveguides. This high β is obtained thanks to a
suppression of the SE contribution to radiation modes due a screening effect [2]. Furthermore, in
photonic crystal waveguides the β additionally benefits from increased SE into the fundamental
mode near the band edge, thus enabling an experimentally measured β above 0.98 [3].
Such near-unity coupling to a waveguide relies critically on correct engineering of the dimensions,
which in turn requires accurate numerical simulation of SE in the considered waveguide. This
simulation represents an extremely demanding task. Whereas determination of the SE contribu-
tion to the fundamental mode is straightforward, the contribution to the radiation modes must
be evaluated for a waveguide placed in an open system. The difficulty lies in that most com-
putational methods require that the computational domain be limited to fit in memory, leading
to parasitic reflections from the surrounding wall. Here, an absorbing boundary condition can
be employed to reduce the influence of the size of the computational domain, and to compute
the correct SE contribution the absorbing boundary condition must perfectly mimic the open
geometry system.
State-of-the-art methods to compute the SE will be discussed with emphasis on the influence of
the size of the computational domain. We will show that proper convergence towards an open
boundary limit is generally not obtained, representing a major numerical challenge in optical
engineering of high-efficiency single-photon sources.
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Design of Slow and Fast Light Photonic Crystal Waveguides for
Single-photon Emission Using a Bloch Mode Expansion Technique
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Abstract— We design slow and fast light photonic crystal waveguides for single-photon emis-
sion using a Bloch mode expansion and scattering matrix technique. We propose slow light designs
that increase the group index-waveguide mode volume ratio for larger Purcell enhancement, and
address efficient slow-to-fast-light waveguide coupling.
Introduction: In the quest to realize quantum information technology and quantum computers,
development of efficient and deterministic single-photon sources is an important step on the
way. Single-photon emission occurs from quantum emitters, like atoms or quantum dots, via
spontaneous emission that inherently is a non-deterministic process. To obtain a deterministic
single-photon source, the spontaneous emission must be controlled, which is typically achieved
by placing the quantum emitter in a suitably designed photonic environment; both resonant
systems (cavities) and broadband structures (waveguides) have been proposed [1]. In cavity
systems, matching of the spectrally narrow emitter and cavity is required, while waveguides
relax this requirement due to their broadband nature. For on-chip emission and detection of
single-photons, planar integration is necessary, and for this purpose semiconductor photonic
crystal (PhC) membranes constitute a flexible and versatile platform. Theoretical efforts [2] and
experimental demonstration [3] of single-photon emission in PhC waveguides have been reported.
In this contribution, we employ the Bloch mode expansion technique [4] for engineering of PhC
waveguide modes as well as of quantum dot light emission. With this technique, one spatial
direction is treated analytically, which makes it highly suitable for long structures like waveguide
based single-photon sources, in contrast to spatial discretization methods as FDTD and FEM. In
addition, direct access to scattering matrices [5] makes the optimization of multi-section structures
particularly transparent, for example when interfacing slow and fast light waveguides in a PhC
waveguide based single-photon source.
Specifically, we address the designs of slow and fast light PhC waveguides that serve the purposes
of enhancing light-matter interactions and photon transport, respectively. In the former, much
attention has been paid to increasing the Purcell factor via large group indices, while little has
been said about designs that minimize the waveguide mode volume [2]. We propose designs that
simultaneously provide large group indices and small mode volumes, and furthermore propose
efficient transmission from slow to fast light PhC waveguides, needed for efficient routing of singly
emitted photons to collection optics.
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Tuning Solid-state Single-photon Sources into Resonance with Each
Other
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Abstract— Single quantum emitters embedded in semiconductor nanocavities represents a
key building block for the generation and manipulation of non-classical light in envisioned quan-
tum photonic circuits. In the past decade, the monolithic integration of quantum dots (QDs)
with photonic crystals has been successfully adopted to demonstrate the basic cavity quantum
electrodynamics (c-QED) phenomena ranging from non-linearities arising in the strong coupling
regime [1] to the static and dynamic [2, 3] control of the spontaneous emission process. Neverthe-
less, the integration and interconnection of multiple c-QED nodes pose the major limitation to
the number of qubits that can be generated within the same chip. One of the leading experimen-
tal challenges in this context resides in the spectral matching of several cavity-emitter systems.
Indeed, for scalable and indistinguishable single-photons, tuning the energy of both emitters and
cavities is crucial in order to overcome the inhomogeneous broadening of self-assembled QDs and
the energy spread in the cavity resonance caused by unavoidable fabrication imperfections. Here
we report the energy control over a full cavity-emitter node, consisting of Stark-tunable QDs
coupled to electromechanically reconfigurable double-membrane photonic crystal cavity [4]. The
all-electrical wavelength-tuning of the emitter over 7.5 nm as well as an 8.5 nm mode shift are
demonstrated on the same device. Furthermore, by bringing a tunable single excitonic line into
resonance with a tunable cavity mode, we demonstrated a ten-fold Purcell-enhancement of its
spontaneous emission rate at two distinct wavelengths [5]. Finally, we discuss the integration of
this fully-tunable architecture with ridge waveguides, needed to build a low-loss photonic channel
between several solid-state qubits.
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Integration of Site-controlled Quantum Dots with Photonic Crystal
Cavities and Waveguides
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Abstract— Integration of semiconductor quantum dots (QDs) with photonic cavities and
waveguides is useful for studying the fundamentals of light-matter interaction as well as for
applications such as quantum light sources, quantum information processing and low power con-
sumption lasers for optical interconnects. Recent progress in the realization of QD systems with
good control over dot position and optical spectra opens new possibilities for on-chip genera-
tion, detection and manipulation of single photons. Here we review such progress achieved with
pyramidal QDs epitaxially grown on pre-patterned substrates. The site-controlled InGaAs/GaAs
QDs are grown by metallorganic vapor phase epitaxy on (111)B GaAs “membrane” substrates
pre-patterned with arrays of inverted pyramids of different configurations [1, 2]. This QD sys-
tem exhibits excellent site control, inhomogeneous broadening as small as < 2meV, reproducible
QD exciton spectra [3], and high in-plane QD symmetry [4] essential for emission of entangled
photons. Photonic crystal (PhC) cavities and waveguides are designed and fabricated on top of
the QD arrays with the aid of alignment marks by electron beam lithography. Spatial alignment
accuracy of better than 50 nm and QD-cavity energy matching of better than few-meV can be
achieved with this approach. The integrated QD systems allow observation of QD-cavity cou-
pling free of spurious multi-excitonic effects, mediated only by phonon exchange [5]. Experiments
and modeling yield insight into the role of pure QD depahsing in the weak-coupling regime [6].
Coupling of several QDs to the same cavity mode is evidenced by the co-polarization of the QD
emission with the related PhC cavity modes [7]. Integration of pyramidal QDs with PhC cavi-
ties for few-QD lasers and with PhC waveguides for multiplexing single photon sources will be
discussed.
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Integration of Site-controlled Quantum Dots in a Photonic Molecule

B. Rigal, C. Jarlov, B. Dwir, A. Rudra, P. Gallo, M. Calic, A. Lyasota, and E. Kapon
Ecole Polytechnique Fédérale de Lausanne, Lausanne CH-1015, Switzerland

Abstract— Since the seminal proposal of Feynman in 1981 [1], different well-controlled quan-
tum computing systems suitable for solving complex quantum physics problems have been pro-
posed [2]. A promising implementation of quantum simulators would be an array of quantum dots
(QDs) interacting through the optical modes of an array of coupled photonic cavities [3]. Con-
struction of such systems requires strict position and spectral control of the QD systems involved
as well as avoiding mode localization due to optical disorder. Here, we present the fabrication and
optical study of a system composed of two InGaAs/GaAs pyramidal QDs [4] deterministically in-
tegrated in two coupled photonic crystal membrane cavities (“photonic molecule”) (Figure 1(a)).
A statistical analysis of the energy splitting between the symmetric and antisymmetric modes of
the fabricated photonic molecules evidenced strong inter-cavity coupling, indicating delocalisation
of the supermodes across both cavities. Scanning micro photoluminescence (PL) spectroscopy
based on the high reproducibility of the QD emission spectra allowed identification of the spec-
tral features of each QD (Figure 1(b), Xi and XXi denote exciton and bi-exciton of dot i.) The
simultaneous weak coupling of both QDs to the delocalized cavity supermode is demonstrated
thanks to the Purcell effect inducing a vertical co-polarization of these otherwise unpolarized
lines (Figure 1(c)). This demonstrates the versatility and scalability of pyramidal site controlled
QDs for integration with nano-photonic elements.
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Figure 1: (a) 3D geometry of the sample, (b) calculated near field of the antibonding photonic supermode,
(c) PL spectra of QD emission for two different excitation positions (see inset), identifying the features
of each QD, (d) vertically and orthogonally polarized PL spectra and degree of linear polarization (DOP)
showing copolarization of QD lines and cavity emission (excitation power: 200µW).
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Quantum Dot Integrated in Photonics Crystal Nanocavity for Single
Dot Photonics
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Abstract— Progress in quantum dot integrated in photonics crystal nanocavity for single dot
photonics are discussed. The presentation includes experimental and theoretical discussion on
single dot lasers with a high-Q photonic crystal nanocavity. Moreover, spontaneous two photon
emission controlled with the high-Q nanocavity is demonstrated. Finally, single photon emission
from a nanowire quantum dot at room temperature is also discussed.
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On-chip Quantum Optics Using Electrically Contacted Quantum
Dot Micropillars
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C. Schneider2, and S. Reitzenstein1

1Institut für Festkörperphysik, Technische Universität Berlin, Berlin, Germany
2Technische Physik, Universität Würzburg, Würzburg, Germany

Abstract— The prospect of studying quantum optics effects in the solid state and the devel-
opment of quantum light sources for applications in the field of quantum communication has
triggered enormous efforts in the fabrication of micro- and nanocavity systems with embedded
quantum dots (QDs). These structures exploit cavity quantum electrodynamics (cQED) effects
and can act as efficient non-classical light sources and as high-β microlasers. Their further de-
velopment towards applications in quantum technology focusses on the realization of triggered
sources of indistinguishable photons and efficient schemes for electrical pumping. Combining
these two goals has turned out to be highly challenging because a high degree of indistinguisha-
bility requires resonant excitation schemes while electrical pumping using pin-diode structures is
intrinsically non-resonant. To tackle this issue we propose an on-chip quantum optics concept
where an integrated microlaser resonantly excites a QD-micropillar cavity acting as non-classical
light source. As such, our approach combines two very active but so far independent routes of
cQED, namely high-β lasing and single QD light-matter interaction at the quantum in a novel,
integrated device concept.
The on-chip device concept is illustrated in Fig. 1(a) and relies on the opportunity that micropillar
cavities allow for the localization of vertically emitting modes and laterally emitting whispering
gallery modes (WGMs). We take advantage of this unique opportunity provided by the micropil-
lar geometry to utilize an electrically pumped WGM micropillar as in-plane laser source. Here,
the integrated WGM microlaser resonantly excites a peripheral QD-micropillar. This specific
configuration allows us to demonstrate for the first time on-chip quantum optics experiments in
the cQED regime by applying an integrated coherent light source (cf. Fig. 1(b)) [1]. Moreover,
we apply pulsed electrical excitation of the integrated microlaser (cf. Fig. 1(c)) to demonstrate
electrically triggered emission of non-classical light from the peripheral micropillar [2].

(a) (c)(b)

Figure 1: (a) Schematic view of device design for on-chip quantum optics. The WGM laser (right) reso-
nantly excites a peripheral micropillar cavity (left) acting as non-classical light source. (b) Demonstration of
Purcell enhancement of a QD-micropillar under resonant pumping via an electrically driven internal WGM
microlaser. (c) Pulsed emission of light from a integrated WGM laser at a repetition rate of 107 MHz.
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Deterministic Coupling of Multiple Quantum Dots to Selected
Modes of a Photonic Crystal Cavity
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Abstract— Quantum information science relies on the possibility to transfer information be-
tween qubits or quantum memories with photons. Advances have been made recently in this
direction in atomic systems [1], however the need for scalability and on-chip integration makes
semiconductor systems better candidates. In this abstract, we present the integration of up to
four site-controlled semiconductor quantum dots (QDs) in linear photonic crystal (PhC) cavi-
ties, and demonstrate the coupling of each QD to the same cavity mode. This is an important
step towards the observation of collective effects in few quantum dot systems, such as QD-based
nanolasers [2].
We rely on the site-controlled nature of InGaAs pyramidal QDs [3] to ensure a finite overlap of
the QD dipoles with the cavity mode field pattern. Furthermore, the high spectral uniformity
of these QDs (∼5meV) is in the range of phonon-mediated coupling interactions [4], ensuring
a finite spectral coupling between each QD and a selected cavity mode. We use the QD-cavity
coupling signatures already observed in systems comprising of a single QD coupled to a PhC
cavity, which include the co-polarization of the excitonic lines with the cavity and off-resonant
cavity emission (Figure 1(a)), to investigate the coupling of up to four different QDs to the same
cavity mode. QDs are identified by monitoring the intensities of the excitonic spectral features
while changing the position of the excitation spot (Figure 1(b)). These excitonic features are
indicated in the photoluminescence spectrum displayed in Figure 1(c). The cavity peak was
identified by performing polarization resolved photoluminescence measurements while varying
the sample temperature. The upper panel of Figure 1(c) shows the degree of linear polarization
of the photoluminescence (DOLP). All the QD features, initially unpolarized, have a positive
DOLP in the presence of the cavity mode, proving the simultaneous coupling of each QD to the
cavity mode.
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Figure 1: (a) Spectrum of a single QD coupled to the mode of a PhC cavity (see inset for design); upper
panel: degree of linear polarization. (b) Design showing the nominal position of the four QDs in the L7 PhC
cavity. The intensity of four QD features as a function of the excitation spot position is shown to illustrate
how the lines were identified. (c) Spectrum of a four QD structure. The upper panel shows the degree of
linear polarization of the luminescence.
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Hybrid Approaches for Single Photon Collection: Diamond Defect
Centers on Fibers, Chips, and Polymer Photonic Structures

Oliver Benson
Nano-Optics, Humboldt-University Berlin, Germany

Abstract— Single photon emitters are a key element for future integrated quantum optical
technology. Until today many different realizations have been demonstrated, for example sin-
gle molecules, semiconductor quantum dots or color defect centers. Requirements for scalable
applications are reliable integration into other optical elements, stability and room-temperature
operation.
Very promising quantum emitters fulfilling all these constraints are defect centers in diamond,
and among them the most prominent ones, the nitrogen vacancy (NV) and the silicon vacancy
(SiV) center. However, compared to the well-established semiconductor technology micro- or
nanointegration and fabrication are still challenging. For this reason a hybrid approach seems
promising, where diamond-based single photon emitters are integrated on a different material
platform.
In this presentation we present two approaches. One utilizes optical fibers where single pho-
tons from color defect centers in nanodiamonds are collected with high efficiency by near-field
coupling [1, 2]. Assembly and experimental challenges will be discussed.
In another approach we use direct laser writing to fabricate various light collecting microstruc-
tures, such as waveguides, modified lenses or microresonators around pre-characterized nanodi-
amonds containing single defect centers. We discuss the potential of this technique to realize
almost arbitrary three-dimensional architectures, which can be aligned on-demand with respect
to several single photon emitters.
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Coupling of NV Centers in Nanodiamonds to Plasmonic Waveguides

Sergey I. Bozhevolnyi
Department of Technology and Innovation

University of Southern Denmark, Odense DK-5230, Denmark

Abstract— Surface plasmon (SP) modes supported by various dielectric-metal waveguide con-
figurations facilitate ultra-strong (subwavelength) confinement of electromagnetic fields, enabling
miniaturization of photonic circuits and also strongly enhancing interaction of emitters with these
modes. The latter feature has important implications in quantum optics, sensing and lab-on-a-
chip applications. Here we report experimental investigations of local SP excitation by nitrogen
vacancy (NV) centers in individual nanodiamonds (NDs) incorporated into different waveguide
configurations. First, we studied the excitation of SPs at a silver-air interface using ND fluores-
cence. In this case, NDs acted as both a source and a scatterer for propagating SPs. Fluorescence
spectra measured from the illuminated ND and from the ND scatterer exhibited significant dif-
ference originating from the wavelength-dependent SP propagation loss. We have further studied
the SP excitation in waveguiding structures such as dielectric-loaded SP polariton waveguides
(DLSPPWs) and V-grooves. Fabricated DLSPPWs were terminated with diffraction gratings
that out-coupled fluorescence excited by an illuminated ND and guided as the DLSPPW modes.
V-groove geometry is one of the most promising plasmonic waveguide configurations for efficient
coupling to quantum emitters. We present fluorescence images, featuring NV centers in one (or
several) ND located near the center of the V-groove and coupled to channel SP modes propagat-
ing towards terminations shaped as nano-mirrors. Also, in these cases, the local SP excitation by
NV fluorescence was evidenced not only by the images obtained but also by the correspondently
recorded fluorescence spectra. In parallel, life-time measurements indicate that NDs containing
multiple NV centers result in different life-time characteristics for different radiation channels,
contrasting the free radiation channel against channels of SP excitation. While we continue fur-
ther experiments with NDs containing multiple NV-centers studying their spectral and life-time
characteristics, we intend in the nearest future to extend our investigations to SP excitation with
single NV centers and present the corresponding results at the conference.
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Exciton Emission from Plasmonic Metal/Organic Multishell
Semiconductor Nanowires

Masoud Kaveh1, Ondrej Dyck2, Gerd Duscher2,
Qiang Gao3, Chennupati Jagadish3, and Hans-Peter Wagner1

1Department of Physics, University of Cincinnati
345 Clifton Court, Cincinnati, OH 45221, USA

2Department of Materials Science and Engineering, University of Tennessee
421 Ferris Hall, Knoxville, TN 37996, USA

3Department of Electronic Materials Engineering, Research School of Physics and Engineering
Australian National University, Canberra ACT 0200, Australia

Abstract— We investigate the emission of excitons in bare and coated plasmonic metal/organic
wurtzite/zincblende (WZ/ZB) InP and zincblende AlGaAs/GaAs shell-core nanowires (NWs) by
intensity- and temperature-dependent time-integrated (TI) and time-resolved (TR) photolumi-
nescence (PL). The ∼ 100 nm diameter III-V NWs were grown using the Au catalyzed vapor-
liquid-solid method. The plasmonic InP NWs were coated with a 20 nm thick Alq3 interlayer
and a Mg0.9:Ag0.1 metal cluster top layer with nominal metal film thicknesses ranging from 10
to 20 nm by organic molecular beam deposition (OMBD). The AlGaAs/GaAs NWs were coated
with a 10 nm thick gold film and various Alq3 spacer thicknesses by OMBD.
Figure 1 shows the PL spectra from uncoated and coated InP NWs at 20K. The incident exci-
tation intensity was 40W/cm2. The red line shows the spectrum of bare InP NWs revealing two
strong emission bands at ∼ 1.48 and ∼ 1.44 eV. These bands, which are separated by the LO-
phonon energy, are attributed to nonthermalized weakly and deeply localized indirect WZ/ZB
excitons due to randomly distributed short WZ and ZB segments within the NW. The PL yield
of both bands increases by a factor of nearly 4 when the InP NWs are covered with an Alq3 layer
(see blue line) which is attributed to surface charge passivation. When the Alq3 coated InP NWs
are subsequently covered with a nominally 15 nm thick Mg:Ag layer, the PL yield of the weakly
and strongly localized indirect WZ/ZB exciton bands is reduced by a factor of ∼ 20 and ∼ 10,
respectively, compared to the Alq3 coated sample, shown by the black line in Fig. 1. Increasing
the nominal thickness of the deposited metal to 40 nm further reduces the PL intensity by a
factor of 2 (dashed black line). The PL intensity quenching of the indirect WZ/ZB emission is
attributed to Förster energy-transfer from mobile or weakly trapped indirect excitons to plasmon
oscillations in the Mg:Ag clusters. TR PL investigations on uncoated and plasmonic InP NW
support this interpretation revealing the shortest lifetime of weakly localized indirect excitons in
metal coated InP NWs while the dynamics of strongly localized indirect WZ/ZB excitons is less
affected.
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Figure 1: Photoluminescence spectra of bare, Alq3 coated and plasmonic InP nanowires as labelled at 20 K.
The excitation intensity of the He-Ne laser was 40 W/cm2 for all NW ensembles.
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Intensity-dependent PL spectra of zincblende AlGaAs/GaAs NWs show a strong and weak emis-
sion band at 1.515 and 1.47 eV at 15K, which are attributed to the GaAs exciton transition and
to an impurity related luminescence, respectively. Plasmonic AlGaAs/GaAs NWs with a ∼ 10 nm
thick Au coating but without Alq3 spacer layer reveal a significant reduction of the PL intensity
for both emission bands compared with the uncoated NW sample. Plasmonic NW samples with
the same nominal Au coverage and an additional Alq3 interlayer of 5 or 10 nm thickness show
a noticeably stronger PL intensity which increases with rising Alq3 spacer thickness. The ob-
served behaviour suggests that again Förster energy-transfer from free GaAs excitons to plasmon
oscillations in the gold film is mainly responsible for the PL quenching.
Controlled energy-transfer from NW excitons to plasmons in the deposited metal has the potential
to compensate for metal losses in novel plasmonic devices.
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Plasmonics towards the Industry: Sensing, Structural Colors and
Solar Light Management

B. Gallinet
CSEM SA, CSEM Muttenz, Switzerland

Abstract— Metallic nanostructures interact strongly with light through surface plasmon modes
and many application fields have been proposed during the past decade, including light harvesting
to sensing and structural colors. However, their implementation for the industry requires the
development of up scalable and cost effective manufacturing processes. The fabrication at wafer
scale of plasmonic nanostructures and metamaterials using nano imprint lithography is reported.
After structuring, one or several evaporations of various plasmonic materials are performed with
a tilt angle with respect to the substrate, which increases the light interactions with the different
metallic layers as well as enlarges the design possibilities. A step and repeat process is used
to increase further the area of nanostructured surface. The measured optical properties of the
fabricated structures show a very good agreement compared to numerical calculations using the
rigorous coupled wave analysis and the surface integral method. These numerical calculations
together which structural characterization, increase the process control and enable the design of
the nanostructures for specific applications. In particular, nanostructures with a shape similar
to split ring resonators and which support high order plasmonic modes showing Fano resonances
are shown to be promising for sensing applications. Another kind of plasmonic substrates is
reported, which shows unique color effects with a large palette of colorations. With a specific
design, the structural colors are associated with a strong interaction between the polarizations
which increases the complexity of the color effect rendered to the user. Finally, the potential of
plasmonic nanostructures for the management of solar light is discussed.
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Theory of Localized Plasmons for Multiple Metal Nanostructures

Masakazu Ichikawa
Department of Applied Physics, Graduate School of Engineering

The University of Tokyo, Japan

Abstract— Many theoretical studies of the localized plasmons in metal nanostructures have
been reported until now [1]. We have also reported a theory of localized plasmons for metal
nanostructures in random-phase approximation (RPA) [2] and have recently developed it to
consider the retardation of the electromagnetic potentials [3]. In this presentation, a theory of
localized plasmons in multiple metal nanostructures is reported, which is the development of the
previous ones.
Considering the retardation of the scalar potentials and the local electron density n(r), an effec-
tive scalar potential ϕeff (r, ω) and an external scalar potential ϕext(r, ω) satisfy the following
equation in the RPA at high-frequency condition (plasmon frequency region) [3]:

ϕeff (r, ω) = ϕext (r, ω) +
∫

dr1G0 (r− r1, ω) ρ (r1, ω) ,

∵ ρ (r1, ω) ≡ − e2

meω2
∇1 · [n (r1)∇1ϕeff (r1, ω)] , (1)

where G0(r− r1, ω) is the retarded Green’s function that satisfies the following Helmholtz equa-
tion.
(∇2

r + ω2/c2
)
G0 (r− r1, ω) = −4πδ (r− r1) , G0 (r− r1, ω) = exp (iω/c · |r− r1|) / |r− r1| .

ρ(r1, ω) in Eq. (1) is the induced electric charge density by the localized plasmon excitation. The
local electron density n(r) is expressed by n(r) =

∑
n n0(r−Rn) for multiple metal nanostructures

where Rn is the position of the each nanostructure. When the quasi-static approximation is
used, neglecting the retardation (c → ∞), the localized plasmon excitations in multiple metal
nanospheres can be analytically studied. When the electron density is assumed to have a step
function shape at the nanosphere surface (r = a), Eq. (1) can be analytically solved by using the
normalized spherical harmonics and the following determinant equation is derived to calculate
the localized surface plasmon frequency:

det

[(
ω2 − ω2

pl

2l + 1

)
δll′δmm′δns −

ω2
pl′al′+1

(2l′ + 1)
Blm; l′m′ (Rn −Rs, a) (1− δns)

]
= 0,

∵ Blm; l′m′ (Rn −Rs, a) =
∫

dΩr
Y ∗

lm (r) Yl′m′ (r + Rs −Rn)

|r + Rs −Rn|l
′+1

∣∣∣∣∣
|r|=a

, (2)

where δll′ etc. are the Kronecker’s delta functions, ωp is the bulk plasmon frequency, Ωr is the
solid angle for r at |r| = a, Y ∗

lm and Yl′m′ are the normalized spherical harmonics, and Rn, Rs

are the central positions of the metal nanospheres. The first term of Eq. (2) gives the surface
plasmon frequency ω = ωp

√
l/(2l + 1) for the individual nanosphere and the second term gives

the frequency shift caused by the interaction between the multiple nanospheres. The calculation
for the nanosphere dimer gives the red frequency shift that is proportional to −(a/|Rs −Rn|)2
in the dipole approximation (l = l′ = 1). The property of the red shift coincides with that of
other studies [1, 4]. We also report the light emission from the nanosphere dimer, a formula of
the localized plasmons for the periodic metal nanostructures using the Bloch’s theorem and a
method to consider the retardation of the scalar potentials using the structural Green’s function
method [5].
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Van der Waals Interaction between Plasmonic Particles with
Diminutive Geometric Features: A Transformation Optics

Approach

Yu Luo1, Rong Kuo Zhao2, and J. B. Pendry3

1School of Electrical and Electronic Engineering
Nanyang Technological University, Nanyang Avenue 639798, Singapore
2NSF Nano-scale Science and Engineering Center, 3112 Etcheverry Hall

University of California, Berkeley, California 94720, USA
2The Blackett Laboratory, Department of Physics
Imperial College London, London SW72AZ, UK

Abstract— Understanding the van der Waals interaction between plasmonic particles with
diminutive geometric features is paramount to many microelectromechanical applications. How-
ever, modelling of this type is widely acknowledged as a difficult task because the plasmon modes
supported by these systems are difficult to describe with traditional electromagnetic methods.
In this talk, I will describe an efficient and accurate approach based on transformation optics [1]
to investigate three-dimensional (3D) sharp plasmonic particles. This approach enables us to
transform an apparently unsymmetrical plasmonic system to a more symmetrical partner with
an identical spectrum and through which the electromagnetic properties can be classified and
calculated analytically. For a pair of plasmonic tips and the tip-plane coupled system, we present
details of this technique and discuss the characteristics of the plasmon modes and van der Waals
forces [2]. The results are compared with the sphere-sphere and sphere-plane configurations [3, 4].
A deviation is observed for tips with a small cone angle.
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Plasmonic and Metamaterial Band Theory: Fundamentals and
Applications

Aaswath Raman, Wonseok Shin, and Shanhui Fan
Ginzton Laboratory, Stanford University, Stanford, CA, USA

Abstract— The past two decades have been extraordinary advances in the study and un-
derstanding of nanoscale photonic structures such as photonic crystals, plasmonic structures
and metamaterials. As researchers have sought to fully characterize and explore the physical
phenomena possessed by such nanophotonic structures, it has become increasingly necessary to
understand how such structures behave over a broad range of frequencies. It is both of intrin-
sic and applied interest to develop an analytical, physical framework capable of describing the
electromagnetic modes of all plasmonic and metamaterial systems in a general way: a plasmonic
and metamaterial band theory.
The need to accurately calculate the eigen modes and band structures of such periodic structures
numerically, and place analytic constraints on the modes of plasmonic systems whose constituent
materials are typically dispersive and metallic, motivates the development of a rigorous plasmonic
band theory. Beyond band structure computation, the development of a plasmonic band theory
would also allow one to fully study and characterize important plasmonic/metamaterial device
applications. In particular, there has been substantial recent interest in using plasmonic struc-
tures for active devices and sensing. Finally, the development of device applications is ultimately
contingent on basic physical limits related to the use of dispersive materials such as metals in
these systems. Understanding limits on the modal loss introduced by these metals is of vital
importance.
In our work, we introduce a rigorous metamaterial band theory. We first demonstrate that the
band structure of dispersive photonic crystals, plasmonic structures and optical metamaterials,
in general, can be obtained by solving a standard matrix eigenvalue problem. In the case where
the material can be approximated as lossless, the eigenvalue problem is Hermitian, which directly
leads to an orthogonality-condition for modes at different frequencies. We next implement the
band theory numerically using a finite difference scheme and demonstrate its effectiveness. We
further build upon the band theory to construct a plasmonic perturbation theory that can gen-
erally treat the effect of small changes in any system parameter, whether geometric or material.
In particular, we use the perturbation theory to predict modal frequency shifts due to changes
in the dielectric constants of dispersive systems involving both metals and dielectrics. Finally,
we prove rigorously that, for any electromagnetic mode of a plasmonic metamaterial structure,
there exists an upper bound on its material loss rate. When the plasmonic material is described
by a multi-pole Lorentz model, the upper bound is a frequency dependent weighted-average of
the damping rates of the oscillators that underlie the poles. We validate this proof by full-field
simulations of a variety of systems including periodic arrays of slot antennas.
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Characteristics of Guided Modes in Plasmonic
Metal/Aluminumquinoline Multilayer Waveguides

Niranjala Wickremasinghe1, Jonathan Thompson1, Xiaosheng Wang1,
Heidrun Schmitzer2, and Hans-Peter Wagner1

1Department of Physics, University of Cincinnati, 345 Clifton Court, Cincinnati, OH 45221, USA
2Department of Physics, Xavier University, 3800 Victory Parkway, Cincinnati, OH 45207, USA

Abstract— We investigated the mode properties of planar plasmonic aluminum-quinoline
(Alq3) multilayer waveguides which have one single or three equally spaced nanometer-thin
Alq3Mg0.9:Ag0.1 composite metal-island layers in or near the center. The waveguides were grown
by organic molecular beam deposition (OMBD) on 0.5 mm thick amorphous Pyrexr substrates
at room temperature. An alloy of 90% Mg and 10% Ag (Mg0.9:Ag0.1) was used for the metal
layers. Atomic force microscopy (AFM) on similarly thin Mg:Ag layers showed that the metal
was deposited as clusters with layer filling factors ranging from 0.7 to 0.9.
Three of the ∼ 2.0 µm thick Alq3 films had one single centered Mg:Ag layer each, nominal
thickness of 8, 10 and 15 nm, respectively. In addition, a ∼ 2.0 µm thick stack of four Alq3

layers (thickness of each: 500 nm) and three embedded Mg:Ag layers (thickness of each: 10 nm)
was grown. Deviations from the nominal total growth thicknesses of the deposited films were
determined using a profilometer prior to the optical investigation and were considered in the data
evaluation. We used the m-line technique at a wavelength of 633 nm to investigate the effect of
the inserted composite metal cluster layer(s) on the effective refractive indices neff of TM and
TE modes and compared the results with a pure Alq3 waveguide as reference. The effective
refractive indices neff and field distributions of each mode were also calculated with a multilayer
waveguide model.
We find that the effective refractive indices neff increase with the thickness of the inserted metal
layer for odd TM modes, because these modes have an antinode at the position of the metal
layer. Since even TM modes have a node at the metal layer, their refractive indices neff remain
nearly unchanged. In TE modes, the metal layer forces a local minimum in the electric field
distribution at the position of the metal film. The resulting field distribution of odd TE modes,
which should have an antinode at the position of the composite metal layer, thus becomes similar
to the field distribution of the adjacent next higher even TE mode (see Figure 1). This leads
to lower effective refractive indices neff for odd TE modes compared to the pure Alq3 reference.
Even TE modes, which have a node at the location of the inserted metal film, have similar neff

values as the pure Alq3 reference. Accordingly, the metal resistivity losses are highest for odd
TE modes, while they are less for even TE modes.
Our investigations suggest that strategically placed composite dielectric-metal or continous metal
layers could be used to selectively increase the effective refractive indices of specific TM or
TE modes, while at the same time decreasing the neff value of others. It is also possible to
excite and/or attenuate certain TM or TE modes in a controlled way: This way mode selective
attenuaters could be realized by inserting metal stripes into a dielectric waveguide during growth.

Figure 1: Calculated squared electric field distribution of guided TE modes in a plasmonic Alq3 waveguide
with a nominal 15 nm thick single Mg:Ag metal layer. The vertical line indicates the position of the composite
metal layer with respect to the air/Alq3 interface at x = 0. Calculated field distributions of TE modes in a
pure Alq3 reference waveguide are given as dashed lines.
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Abstract— Plasmonic nanoantennas create strongly enhanced local fields when pumped reso-
nantly as well as provide highly increased local densities of photon states. By coupling quantum
emitters such as quantum dots, fluorescent molecules or atoms to specially designed nanoanten-
nas, large fluorescence enhancement and effective emission control can be realized. Generally,
the emission spectra of quantum emitters are different from their absorption analogues, which
means, if we want to boost the absorption and control the emission simultaneously, at least two
plasmonic resonances are needed for nanoantennas, one at the excitation wavelength and the
other at the emission wavelength. Here we designed a novel nanoantenna with a dual-wavelength
hotspot, which could be viewed as a combination of two different gap antennas and is featured
by two different resonances sharing one plasmonic hotspot at the same gap region. One of the
resonances at shorter wavelength is expected to be used for excitation enhancement, while the
other one at longer wavelength used for emission control due to modified radiative decay rate.
Another remarkable advantage of this nanoantenna is that by adjusting its shape (each gap an-
tenna’s arm length, width, orientation, etc.), each resonance’s wavelength can be tuned separately.
Finite-difference time-domain simulations (FDTD Solutions, Lumerical) of the antenna-emitter
system were performed. For fabrication, chemically synthesized plasmonic nanoparticles were ac-
curately moved and assembled by using an AFM tip to form this antenna. Finally, we used dark
field scattering spectroscopy to characterize this dual-wavelength nanoantenna. This presented
nanoantenna is a highly promising means for emission control of single quantum emitters.
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Hydrodynamic Model for Nonlinear Plasmonics: From Nonlinear
Mode Coupling to Supercontimuum Generation

Alexey V. Krasavin1, Pavel Ginzburg1, 2, Paulina Segovia1,
Giuseppe Marino1, Gregory A. Wurtz1, and Anatoly V. Zayats1

1Department of Physics, King’s College London, London WC2R 2LS, United Kingdom
2School of Electrical Engineering, Tel Aviv University, Ramat Aviv, Tel Aviv 69978, Israel

Abstract— The electromagnetic response of a free-electron gas leads to the inherent nonlinear
optical behaviour of nanostructured plasmonic materials enabled through both strong local field
enhancements and complex collective electron dynamics [1]. In this presentation, we will overview
our recent results on implementation of the hydrodynamic model for conduction electrons to de-
scribe a broad range of nonlinear effects in metallic nanostructures. It will be started with an
illustrative hydrodynamic analytical approach, defining the nonlinear coupling of the plasmonic
modes in metallic nanoparticles, particularly revealing an important role of the resonance sym-
metries [2]. In the further development, we will report our very recent numerical time-domain
implementation of the hydrodynamic model, which enables non-perturbative studies of nonlinear
coherent interactions between light and plasmonic nanostructures without any simplifications [3].
The effects originating from the convective acceleration, the magnetic contribution of the Lorenz
force, the quantum electron pressure, as well as the presence of the nanostructure’s boundaries
are taken into account leading to the appearance of second, third and higher harmonics in the
scattering field of a metallic nanorod (Fig. 1) [2]. We will also report supercontinuum generation
in resonantly-tuned metallic nanospirals originating from the nonlocal effects [3]. The proposed
time-domain method enables one to obtain a universal, self-consistent numerical solution free
from any approximations, enabling investigations of nonlinear optical interactions with arbitrary
shaped optical pulses, in contrast to the generally employed plane-wave CW pump assumption,
opening unique opportunities to approach realistic experimental scenarios.

Figure 1: Comparison of SHG and THG scattering fieldmaps obtained using hydrodynamic and phenomeno-
logical effective models.
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Three Dimensional Orientation and Rotation of Nanostructures
Using Optical Torques

T. V. Raziman and Olivier J. F. Martin
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Swiss Federal Institute of Technology Lausanne (EPFL), Lausanne-1015, Switzerland

Abstract— Light carries linear and angular momenta, and can impart these to nanoparticles,
exerting optical forces and torques on them. The field of optical nanomanipulation has grown
tremendously in the recent years, and the ability to trap nanoparticles and rotate and orient
them in desired ways promises many practical applications. Here, we present a study on how
optical torques can be used to orient plasmonic nanoparticles in desired directions as well as
continuously rotate them about an axis. The electromagnetic response of plasmonic particles is
simulated using the surface integral equation (SIE) method, and optical forces and torques are
evaluated by integrating the Maxwell’s stress tensor from the SIE surface currents directly.
A linearly polarised plane wave can exert a restoring torque on nanoparticles, orienting them both
in the direction of propagation and perpendicular to it. We analyse how the restoring torques
in the two directions can help achieve full three-dimensional orientation of particles. We find
the equilibrium orientations of the particles and analyse how angular displacements away from
these orientations tend to result in a stabilising or destabilising torque on them, making them
orientations of stable and unstable equilibria, respectively.
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Figure 1: Optical torques on a silver cuboid (Lx = 100 nm, Ly = 40 nm, Lz = 70 nm) due to an x-polarised
plane wave propagating in the z direction when given an angular displacement θ about (a) z axis and (b) y
axis

As an example, consider the torques on a silver cuboid given an angular displacement about the
z and y axes. For displacement about the z axis, as shown in Fig. 1(a), both θ = 0◦ and θ = 90◦
are equilibrium positions for both incident wavelengths of 450 nm and 500 nm. At 450 nm, a small
displacement from 90◦ results in a restoring torque. As a result, the particle executes oscillations
about 90◦, and would settle to the equilibrium position in the presence of damping. On the other
hand, displacement from 0◦ causes the particle to continue rotating in the same direction making
it unstable. The opposite behaviour is seen at 500 nm with the stable equilibrium now occurring
at 0◦. A similar switch of stable equilibrium orientation is seen for displacement about the y axis
as well, as seen in Fig. 1(b). We analyse the switching of the stable orientation as a function of
wavelength, and explain the features in terms of the modes of the system. In addition, we show
how circularly polarised waves can be used to continuously rotate nanoparticles.
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Suppression of Light Scattering with ENZ-metamaterials
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Abstract— Nearly perfect concealing of arbitrary objects in hyperbolic metamaterial acting
as an alignment-free cloak is proposed. The scattering suppression relies on the combination of
normal and additional modes simultaneously existing in a spatially dispersive material.
Suppression of scattering in a specifically design material environment leads to reduced detectabil-
ity of objects, and may, ultimately, result in “invisiblity” if the scattering is absent. The concept
of ‘cloaking’ was introduced in [1, 2] and gained considerable attention due to continuous de-
mand to achieve invisibility for radar waves [3] and visible light [4, 5]. The general approaches
for cloaking rely either on transformation optics concepts [1] or conformal optical mapping of
complex electromagnetic potentials [2]. While the former generally results in the requirements of
highly anisotropic (and sometimes singular) electric and magnetic susceptibilities of a medium
of a cloak, the latter approach requires a position-dependent refractive index variation but is
restricted for two-dimensional geometries by its nature.
Here we demonstrate cloaking of arbitrary shaped and arbitrary (not necessarily subwavelength)
sized objects placed inside a layered metal-dielectric metamaterial. We show that a metamaterial
realization has major influence on the cloaking phenomenon since the electromagnetic response of
those plasmonic multilayers is substantially affected by spatial dispersion effects [6]. Investigation
of the exact numerical model, taking into account material losses and finite dimensions of the
metamaterial realization, shows the possibility of nearly perfect cloaking of arbitrary shaped
bodies with the minimal variations of the phase front of the transmitted/reflected optical wave
and highly suppressed scattering. Analysing the dipolar emission inside spatially dispersive layerd
metamaterial by considering its spatial dispersion (Fig. 1(a)), we show that in contrary to the
free space scenario the radiation patterns have flat uniform wavefronts (Fig. 1(b)). Beeing the
0-order approximation in the scattering analysis, the dipole paves a way for investigation more
complex geometries. Figs. 1(c), (d) show the electromagnetic scattering in the empty cloak and
the one with an object inside. The similarity between transmitted wave fronts verifies the validity
of the general concept.

(a) (b) (c) (d)

Figure 1: (a) Isofrequency contours for multilayered metamaterial (100 nm air and 20 nm Au) at λ = 540 nm.
Red curves show propagation modes: (bright) main, (pale) additional. Green circle represents light cone
in air. Yellow — isofrequency contours, simulated in the effective medium theory. (b) The electric field
(y-component) distributions of the radiating y-polarized dipole situated in the centre of the metamaterial
block of 15× 4 µm size at the wavelength corresponding to the isofrequency contours in (a). Wave numbers
kx and ky are normalized to the Brillouin zone boundaries π/(da + dg). White lines represent the power
flow. (c) Electric field (y-component) distributions for the plane wave illuminating the empty cloak. (d)
PEC object (larger than the wavelength) of an arbitrary shape inside the cloak.

In addition, the nearly perfect operation for 2D objects has been shown to be preserved for rela-
tively long (longer than the wavelength) 3D arbitrary shaped objects. Moreover, other cloaking
scenarios, interplay between local and nonlocal metamaterial dispersion, comprehensive analytical
theory will be presented. The proposed type of cloaking may find use not only in the conventional
concealing applications but also serve as a platform for ‘cloaked detectors’ schemes [7] where bulk
and alignment free cloaks may significantly reduce the complexity of the realisation.
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Abstract— In order to overcome the physical limits, the ways to realize high efficiencies close
to the theoretical limit for solar-to-heat conversion in the solar radiation region have been stud-
ied. In terms of numerical calculations based on the spectral properties of multilayer stacks with
different metal/dielectric materials and film thickness, the optical properties and thermal stabil-
ity of a typical 6-layered metal/dielectric film structure are investigated in this work. A high
optical absorption average of > 98% is achieved in the broad spectral range of 250–1200 nm with
experiment results, in good agreement with our simulated results. The samples have a typical lay-
ered structure of: SiO2(57.3 nm)/Ti(5.7 nm)/SiO2(67.1 nm)/Ti(11.6 nm)/SiO2(51.4 nm)/Cu(>
100 nm), deposited on optically polished Si or K9-glass substrates by magnetron sputtering.
The sample of the 6-layered metal/dielectric film structure has an AM1.5G solar absorptance of
95.5% with the features of low thermal emittance of 0.136 at 700K and good thermal stability,
and will be potentially suitable for practical application in high-efficiency solar absorber devices
in many fields.
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Guided-mode Resonant Nanophotonic Devices: Physics, Design,
Fabrication, and Characterization

Robert Magnusson, Jae Woong Yoon, Manoj Niraula, and Kyu Jin Lee
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Abstract— Many innovative device concepts in nanoplasmonics and nanophotonics rely on in-
tricate resonance effects generated with nanopatterned films. As incident light couples to the film,
attendant resonance effects impose diverse spectral signatures on the output light. The guided-
mode resonance (GMR) concept refers to quasi-guided, or leaky, waveguide modes induced in
periodic layers. Whereas the fundamental GMR occurs in any diffraction regime, subwavelength
architectures enable the most useful spectra. Even though these effects have been known for
a long time, new attributes and application possibilities continue to appear. Wide parametric
design spaces allow precise control of light amplitude, phase, polarization, near-field intensity,
and light distribution on surfaces as well as within the device volume. The output spectra can be
retrieved in either transmission or reflection. Applications such as laser mirrors, multiparametric
biosensors, solar-cell absorption enhancement, tunable filters, narrowband nanoelectromechani-
cal display pixels, nonlinear conversion, surface-enhanced Raman spectroscopy, slow-light control,
leaky-mode nanoplasmonics, resonant Rayleigh reflectors, and many others have been suggested
in the past.
In this paper, we review the physics of GMR device operation, illustrate their design with rigorous
methods, discuss fabrication processes, and present results of physical and spectral characteri-
zation. We indicate the application potential of this field, discuss some past device examples,
and provide new and emerging aspects. In particular, we present new wideband resonant re-
flectors designed with gratings in which the grating ridges are matched to an identical material
thereby eliminating local reflections and phase changes. This critical interface therefore pos-
sesses zero refractive-index contrast; hence we call them “zero-contrast gratings.” For simple
gratings with two-part periods, we show that zero-contrast grating reflectors outperform compa-
rable high-contrast grating reflectors with nearly 700-nm bandwidth achieved at 99% reflectance.
We introduce a new class of reflectors and polarizers fashioned with dielectric nanowire grids that
are mostly empty space. We provide computed results predicting high reflection and attendant
polarization extinction in multiple spectral regions. Experimental results with Si nanowire grids
yield ∼200-nm-wide band of total reflection for one polarization state and free transmission of
the orthogonal state. Finally, resonance elements functioning as simultaneous spatial and spec-
tral filters are introduced and substantiated with computed and experimental results that are in
excellent agreement.
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Abstract— Manipulation and enhancement of light absorption in graphene is a significant is-
sue for applications of graphene-based optoelectronic devices. In order to achieve this purpose in
the visible region, we have proposed a novel optical absorber for graphene inspired by the design
principles of plasmonic perfect absorbers. Based on the design principles of metamaterial ideal
absorbers, the reflectance and transmittance of the artificial structure must reach the minimum,
which is determined by the match of wave impedance between air and the artificial medium.
In an metal-dielectric-metal structure, there is no transmittance, and its reflectionless property
depends on the electromagnetic coupling induced by a gap-plasmon guided mode, which is in-
fluenced by the size and separation period of metal nanoribbon, loss in the metal, and effects of
dielectric spacers. Therefore, with regard to these factors, we investigate the optical absorption
enhancing mechanism of single and multilayer graphene, and discuss the light manipulation ap-
proaches in the proposed nanostructure. The result shows the absorption spectra of graphene is
sensitive to the polarization of incident light but almost independent of the incident angle. Fur-
thermore, the peak position and bandwidth of graphene absorption spectra are tunable in a wide
wavelength range through a specific structural configuration. The research reveals the potential
implementation of plasmonic perfect absorbers for graphene absorption in novel nanophotonic
devices, and provides a guide to design related nanostructures and devices.
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Abstract— Graphene has been considered as a promising alternative for silicon in the next
generation advanced optoelectronic devices. Over the past few years, a considerable number of
optoelectronic devices have been demonstrated based on graphene’s linear optical performance.
However, despite its outstanding quantum efficiency and fast carrier mobility, graphene’s ap-
plication in several categories of designs is still challenging. When designing graphene-based
photodetectors around visible spectra, two typical limitations need to be overcome: The 2.3%
optical absorption of floating single-atom layer graphene is poor for photo-responsivity. Addi-
tionally, graphene shows a considerably at absorption in the visible to near-infrared spectra, and
thus does not provide a frequency selectivity.
As another crucial property, graphene’s nonlinear optical behavior is also under intensive theoret-
ical and experimental studies. Recent investigations show that single layer graphene’s third-order
nonlinear optical response is particularly strong. Previous four wave mixing experiment shows
that the effective third-order susceptibility is in the order of |χ(3)| ∼ 10−15 m2/V2. Moreover,
although the centrosymmetric structure of graphene theoretically forbids the emission of second
harmonic generation, this symmetry can be broken by its adjacent materials. However, few tools
are available for numerically analyzing these interesting nonlinear phenomena within relatively
complex designs.
In this work, effective light absorption engineering of graphene around visible spectrum by local-
ized surface plasmon resonances (LSPR) is first proposed. Based on boundary-integral spectral
element method (BI-SEM), we theoretically investigate the strategy of incorporating periodic
gold nanoparticle (NP) cluster arrays with Bragg reflectors into the prototypes of graphene-
based photodetectors. Numerical simulation shows that the proposed structures can effectively
engineer the light absorption in graphene by tuning plasmon resonances. In the spectra of 300 nm
to 1000 nm, a maximum light absorption of 67.54% is observed inside a graphene layer, while it
is 41% within the visible spectra.
In the meantime, while the photo-responsivity can be improved via LSPR by confining a signif-
icant amount of energy inside the graphene layer, graphene’s nonlinear optical field generation
can also be dramatically enhanced. To study this interesting nonlinear interaction, we further
investigated graphene’s nonlinear performance with accurate numerical analysis. Based on BI-
SEM, the optical fields at fundamental frequency and high order harmonic frequency are solved
iteratively. For a complete nonlinear optical evaluation, both the backward and forward exiting
power and the stored energy of the nonlinear fields are provided. With the spectral accuracy
of BI-SEM, the proposed numerical method is able to solve the optical fields accurately with
a relatively high convergence rate. Meanwhile, the flexibility of spectral element method also
makes this scheme suitable for the simulation of more complex optoelectronic designs.
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Strong Light-matter Interaction in Nano- and Micro-scale
Heterostructures

B. S. Simpkins
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Abstract— Inducing strong interactions between light and matter is at the heart of technologies
such as photovoltaics, sensing, analytic spectroscopies, optical computing, and photo-catalysis for
energy production or pollutant remediation. In this discussion, we review our efforts to design and
probe (i) collective resonances and field distributions associated with visible and near-IR antenna
arrays, (ii) strong polaritonic coupling between a Fabry-Perot cavity and molecular vibrational
modes, and (iv) symmetryforbidden modes in loaded hybrid nanogap antennas.
We will first discuss cooperative effects in nano- and micro-scale resonators where we find universal
coupling behaviors when data is scaled by antenna length and substrate index. In addition
to the oftdescribed radiative to evanescent transition, a transition to a third regime, termed
here as near-field coupling, is observed in which the extension of the resonant mode beyond
the physical antenna end overlaps that of its neighbor. Arrays were integrated with an active
dielectric layer in periodic square arrays of gold nano-squares patterned atop an aluminum nitride
thin film on a gold substrate. The metal-insulator-metal metamaterial surfaces exhibit several
strong absorption bands that correlate well with numerical simulations and are attributed to
a grating-coupled transverse-electric slab-waveguide mode and a transverse-magnetic surface-
plasmon polariton mode.
Next, we examine coherent coupling between an optical-transition and confined optical mode,
which, when sufficiently strong, gives rise to new modes separated by the vacuum Rabi split-
ting. Such systems have been investigated for electronic-state transitions, however, only very
recently have vibrational transitions been considered. Here, we bring strong polaritonic-coupling
in cavities from the visible into the infrared where a new range of static and dynamic vibrational
processes await investigation. We have experimentally and numerically described coupling be-
tween a Fabry-Perot cavity and carbonyl stretch (∼ 1730 cm−1) in poly-methylmethacrylate. As
is requisite for “strong coupling”, the measured vacuum Rabi splitting of 132 cm−1 is much larger
than the full width of the cavity (34 cm−1) and the inhomogeneously broadened carbonyl-stretch
(24 cm−1). Agreement with classical theories provides evidence that the mixedstates are relatively
immune to inhomogeneous broadening. Next, we investigate strong and weak coupling regimes
through examination of cavities loaded with varying concentrations of urethane and demonstrate
coupling to liquids using the C-O stretching band (∼ 1985 cm−1) of Mo(CO)6 in an aqueous
solution.
Finally, we note that theoretical work has identified a new type of hybrid nanoresonator akin to a
loaded-gap antenna, wherein the gap between two collinearly aligned metal nanorods is filled with
active dielectric material. The gap optical load has a profound impact on resonances supported
by such a “nanogap” antenna, and thus provides opportunity for (i) active modulation of the
antenna resonance and (ii) delivery of substantial energy to the gap material. To this end, we
have produced and characterized such nanostructures. In addition to conventional transverse and
longitudinal resonances, these loaded nanogap antennas support a unique symmetry-forbidden
gap-localized transverse mode arising from the splitting of degenerate transverse modes located
on the two gap faces. This previously unobserved mode is strong (E2 enhanced ∼ 20), tightly
localized in the nanoscopic (∼ 30 nm separation) gap region, and is shown to red-shift with
decreased gap size and increased gap dielectric constant. In fact, the mode is highly suppressed
in air-gapped structures which may explain its absence from the literature to date. Understanding
the complex modal structure supported on hybrid nanosystems is necessary to enable the multi-
functional components many seek.
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THz Characterization of ITO Films on p-Si Substrates

E. R. Brown1, W.-D. Zhang1, H. Chen2, and G. T. Mearini2

1Department of Physics and Electrical Engineering
Wright State University, Dayton, OH 45435, USA

2Genvac Aerospace, Inc., 110 Alpha Park, Cleveland, OH 44143, USA

Abstract— This paper reports broadband THz transmission measurements and modeling of
indium-tin-oxide (ITO) thin films on low-doped p-Si (CMOS-grade) substrates. ITO has long
been of interest as a transparent ohmic-contact (TOC) material for infrared detectors and other
optical applications. In recent years the ITO TOC has migrated into the THz region, along
with interesting metamaterial-based component research. A key feature of ITO is that its bulk
conductivity is in the semi-metallic range, σ ≈ 105 S/m, compared to σ > 107 S/m in common
(transition) metals, so that sheet resistances of around 377 Ω/sq can be obtained with thin-film
thicknesses of ∼100 nm instead of the few-nm required of transition metals. However, the electri-
cal properties of ITO depend on several material characteristics, such as the stoichiometry, and
the effect on GHz-to-THz (RF) electrical conductivity is not well understood. In this study, two
ITO films having thickness of 50 (#1) and 100 nm (#2), and DC sheet conductance 260 Ω/sq
(3.85mS/sq) and 56 Ω/sq (17.9mS/sq), respectively, were deposited by ion-beam-assisted sputter-
ing, and the THz conductivity was measured between 0.1 and 1.2 THz using a frequency-domain
photomixing spectrometer. Fig. 1(a) shows the experimental configuration and (b) shows the
transmission-line model used for analysis. Fig. 2 shows the modeled transmittance parametrized
by the RF sheet conductance. The experimental transmission for film #2 is plotted in Fig. 3(a),
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and the modeled transmission in (b), calculated for the real part of the THz conductance equal
to the DC value and the imaginary part dependent upon a Drudian scattering time of 3 fs. The
experimental curve is considerably lower than the modeled, but most of the discrepancy can
be explained by free-carrier absorption in the p-substrate. Similar agreement was obtained for
film #1, suggesting that the Drude model is accurate in the ITO, at least up to 1.2THz.
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Nano-gap Induced Multi-resonant Metamaterials in the Visible and
the Near IR

O. J. Glembocki1, S. M. Prokes1, A. Giles2, J. D. Caldwell1,
R. A. Flynn1, A. Makinen1, and N. Sharac3

1US Naval Research Lab, USA
2NRC Post, USA

3University of California at Irvine, USA

Abstract— Metamaterials have been of significant interest for nearly two decades for use in
subwavelength light confinement and manipulation. Plasmonics allows for high field E-M field
confinement through localized surface plasmons (LSP’s) around well-defined geometric structures
made of coinage metals. In addition, it is possible to create traveling modes using surface plasmon
polaritons (SPP’s) by using thin metal films. An area of high interest and common to both LSP’s
and SPP’s involves the use of narrow gaps to induce light confinement. Recent work using Ag
films deposited by atomic layer deposition have shown that the structural form of the Ag has
a mosaic like pattern that is characterized by Ag islands that are separated by uniform gaps
that are 4–6 nm wide and extend throughout the film thickness. These gaps have been shown to
have very high fields with well-defined optical resonances in the visible, despite being randomly
distributed. In addition, it has been shown that ALD-Ag can be deposited onto other geometries
that would be used in plasmonics and yield dual resonant metamaterials. This form of Ag allows
us to understand the impact of periodicity on light confinement in gap based metamaterials.
Toward this end, we have used both theory and experiments, with lithographically patterned Au
gratings with narrow gaps that would resemble a periodic version of ALD Ag. These structures
allow us to have fine control over the resonances that is not possible in ALD Ag and to serve
as a periodic model for the ALD-Ag geometry. Optically, they exhibit well defined resonances
that can be impacted by the structure of the unit cell and the substrate that they are placed on.
The high fidelity of the resonances enable us to more calculate the band structure and density
of states of the system. The calculations show that gap based metamaterials have both localized
and traveling modes. The localized modes have high densities of states and thus can survive
randomization and still maintain a resonance. Simulations are then extended to ALD Ag using
gap based model, such as rings of air embedded in Ag (coaxial). The results are similar to the
model systems and indicate that a simple model of ALD-Ag as a periodic array of coaxial spoof
material is accurate because of the low impact of randomization on the fundamental mode in
periodic arrays of gaps. The results for both systems show high field localization and potential
for applications where high light confinement is small regions is required. We will discuss the
possible use of these structures for energy harvesting and other applications that require high
light confinement in thin films.
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Coupled Resonator Mediated Transmission of Light through
Sub-wavelength Holes for Multispectral Imaging Applications

W. R. Buchwald and K. C. Kerby-Patel
University of Massachusetts Boston, USA

Abstract— The transmission of light through arrays of sub-wavelength holes in an optically
thick metallic film is in general explained by the excitation of surface plasmon modes at the
incident dielectric/metal interface allowing propagation of energy through the holes and into the
far field via scattering. This effect is known to produce transmission resonances at wavelengths
longer than what would be expected by simply considering classical electromagnetic waveguide
theory In this work, it is shown through numeric simulation of 3µm square holes, with an array
period of 6 µm, that the addition of a 2.4 µm square metallic resonator, centered within the sub-
wavelength hole, shifts the characteristic resonant frequency to longer wavelengths. In addition,
a substantial reduction in resonance line-width is observed when a thick (3µm) background
metal and a thin (100 nm) resonator metal are used. Investigated over the wavelength range
of 2 to 14 µm, full-width half-max values of 2.1 µm are observed for the thin background metal
case, which produced a characteristic resonance at a wavelength of 9.7 µm. Increasing the Au
background metal thickness to 3µm shifted the transmission resonance to 8.7 µm along with a
significant reduction in full-width half-max to 0.322 µm. By adjusting the period and resonator
dimensions tuning of distinct spectral bands over the 7.0 µm to 14.0 µm range are achieved as a
function of in-plane surface dimensions. Such engineered films are being investigated for use in
multispectral imaging spectroscopic systems whereby a distinct spectral line could be allocated
to each pixel of a LWIR imaging array enabling the direct detection and identification of certain
pathogens or adverse chemical compounds in real time at video frame rates impacting cancer
diagnosis and treatment as well as providing front line defense capability for homeland security
applications.
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Harmonic Double-resonance Cones in Hyperbolic Metamaterials

Domenico de Ceglia1, Maria Antonietta Vincenti1, Salvatore Campione2, 3,
Filippo Capolino2, Joseph W. Haus4, and Michael Scalora5

1National Research Council-AMRDEC
Charles M. Bowden Research Laboratory, Redstone Arsenal, AL 35898, USA

2Department of Electrical Engineering and Computer Science
University of California Irvine, California 92697, USA

3Center for Integrated Nanotechnologies (CINT), Sandia National Laboratories, P. O. Box 5800,
Albuquerque, NM 87185, USA

4Electro-Optics Program, University of Dayton, 300 College Park, Dayton, Ohio 45469, USA
5Charles M. Bowden Research Laboratory, AMRDEC, U.S. Army RDECOM

Redstone Arsenal, Alabama 35898, USA

Abstract— The formation of double-resonance cones in nonlinear media with hyperbolic dis-
persion is discussed. We show that an electric dipole near the surface of the medium generates
harmonic signals that propagate into two distinct volume plasmon-polaritons. We identify a
harmonic component that propagates within its own peculiar resonance cone and a phase-locked,
harmonic signal that is trapped under the pump’s resonance cone. The large material anisotropy
induces a significant angular divergence between the two volume plasmon-polaritons, which makes
these structures suitable for subwavelength harmonic imaging microscopy. The effect is shown in
a metamaterial made by a stack of metal-dielectric layers with subwavelength thicknesses. We
use the Bloch theory to highlight the differences between double-resonance cones achievable with
homogeneous hyperbolic media and those formed in discrete hyperbolic metamaterials.
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MM-wave-to-THz Modulation with Graphene-oxide-silicon Etalon
Structures

W.-D. Zhang1, P. H. Q. Pham2, E. R. Brown1, and P. J. Burke2

1Department of Physics and Electrical Engineering
Wright State University, Dayton, OH 45435, USA

2Department of Electrical and Computer Engineering
University of California, Irvine 92697, USA

Abstract— This paper reports a millimeter-wave (MMW) amplitude modulator based on
a graphene-oxide-silicon etalon structure. The device consists of an oxide-pre-coated high-
resistivity silicon substrate with a monolayer graphene film sitting on top of the oxide. The
structure is fabricated as a graphene-channel field-effect transistor (GFET) with source and
drain contacts deposited on the graphene, and a gate contact on the opposite side of the silicon
(backgate). Gate bias voltage changes the graphene sheet conductance which then modifies the
transmission of radiation propagating perpendicular to the substrate. The transmission spectrum
displays Fabry-Perot resonant peaks located at integer multiples of f0 = c/2nL = 112GHz where
L = 392 µm is the silicon thickness, and n = 3.41 is its refractive index. A plane-wave transmis-
sion line model is used to predict the transmission as a function of graphene sheet conductance,
and a large change of transmission (i.e., depth-of-modulation) is found to occur for incident fre-
quency at or near the resonant peaks, i.e., 112GHz, 224 GHz, etc.. The depth-of-modulation
can reach ≈ 11 dB if the sheet conductance is varied from 0.1mS to 5.5 mS (Fig. 1, 112 and
224GHz are overlapped). To test the performance, ∼ 1 × 1 cm graphene films were grown by

Figure 1. Figure 2.

Figure 3.
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CVD and transferred from copper to silicon through a polymethylmethacrylate (PMMA) “fish-
ing” procedure. The experimental setup included a 101 GHz waveguide-mounted Gunn-oscillator
as the source, and a Schottky-rectifier together with mode-matched feedhorn as the receiver
(Fig. 2). The output signal from the Schottky rectifier is coupled to a 1000x-gain low-noise volt-
age amplifier. The model predicts good depth-of-modulation at 101 GHz, just slightly weaker
than the maximum at 112GHz (Fig. 1). This was tested experimentally (Fig. 3), where the
depth-of-modulation was measured to be ∼ 1.3 dB when the gate bias was varied from −4V to
+34V. However, this is less than the predicted value — ∼ 3.1 dB — calculated using the sheet-
conductance change from 0.4mS to 1.6mS (Fig. 3). The discrepancy is attributed to inaccuracy
of the transmission line model, which assumes a TEM mode radiation, while the experimental
MMW beam is actually Gaussian. Nevertheless, there is room for improvement toward a practical
MMW transmission amplitude modulator, approaching 10-dB depth-of-modulation, by obtaining
greater change in the graphene sheet conductance with gate voltage, which may require a top
gate rather than the backgate used here.
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Distributed Brillouin Sensing Using Plastic Optical Fibers

Yosuke Mizuno, Neisei Hayashi, and Kentaro Nakamura
Tokyo Institute of Technology, Yokohama 226-8503, Japan

Abstract— Plastic optical fibers (POFs) can withstand large strain of up to several tens of
percent and are regarded as one of the most promising candidates for the development of flexible
fiber-optic sensors. We here provide an overview of the characterization of Brillouin scattering
in POFs and its application to distributed large-strain sensing with a “memory” function. First,
we review the first observation of Brillouin scattering in POFs at 1.55 µm, clarifying its fun-
damental properties, including a Brillouin gain coefficient, Brillouin threshold power, Brillouin
frequency shift (BFS), and the BFS dependences on strain (relatively small strain and large
strain) and temperature. These results indicate that Brillouin scattering in PFGI-POFs could
be used to develop high-sensitivity temperature sensors and large-strain sensors. We also have a
look at a new phenomenon named “BFS hopping”, with which the BFS abruptly changes from
2.7GHz to 3.2 GHz by applying large strain of up to 60% to POFs. It is shown that, after this
effect, the BFS in POFs becomes more sensitive to temperature change and less sensitive to
strain. Finally, we present our latest results on distributed strain and temperature sensing with a
centimeter-order spatial resolution in a POF based on correlation-based technique. A 10-cm-long
heated section of a 1.3-m-long POF is successfully detected with a theoretical spatial resolution
of 7.4 cm and a sampling rate of 3.3 Hz (per measured point). We also discuss the influence of the
POF characteristics (including BFS, Brillouin bandwidth, propagation loss, etc.) on the sensing
performance.
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Advances in Optical Fiber Reflectometry for Optical Access
Network Diagnostics and Distributed Sensing

Xinyu Fan, Qingwen Liu, Jiangbing Du, Lin Ma, and Zuyuan He
State Key Laboratory of Advanced Optical Communication Systems and Networks

Shanghai Jiao Tong University, Shanghai 200240, China

Abstract— In this talk we will present the advances in research and development (R&D)
activities of optical reflectometry in our laboratory.
A prototype ofphase-sensitive coherent optical time domain reflectometry (φ-COTDR) was de-
velopedfor the purpose of distributed vibration measurement. The performance is reported with
the results of laboratorial tests and field tests. The frequency response of our prototype is 200Hz
at a measurement range of 40 km, and 1 kHz at a measurement range of 8 km. This prototype is
believed to be eligible as being used as an important part of distributed vibration measurement
applications such as a fiber fence security monitoring system, and a pipeline warning system.
Time-gated optical frequency domain reflectometry (TG-OFDR)is developed for the purpose of
optical access network diagnostics. With the advantage of fully utilizing the frequency tuning
range of the source and overcoming the spatial resolution degradation in long FUT, a spatial
resolution of 2 m over a whole measurement range of 55 km was successfully obtained with a very
simple scheme. We are now in the progress of developing it to a prototype for fault detection
after the splitter of passive optical network (PON) scheme.
For high-spatial-resolution application, a broadly linearly-swept optical source based on optical
comb and nonlinear fiber-optics is developed for being used in an OFDR scheme. With the high
order sideband sweeping together with a four-wave mixing (FWM) phenomena to broaden the
frequency sweep span 22-times, a spatial resolution of 0.75 cm is obtained with an original sweep
span of only 638 MHz.
With the progress of the above introduced R&D activities of optical fiber reflectometry in our
laboratory, we are trying to push the cutting-edge technologies be widely used in the industry.



702 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Photonic Arbitrary Waveform Generation Using Optical Pulse
Synthesizer and Its Applications

Ken Kashiwagi1 and Takashi Kurokawa1, 2

1Tokyo University of Agriculture and Technology, Tokyo 184-8588, Japan
2National Astronomical Observatory of Japan, Tokyo 181-8588, Japan

Abstract— An optical frequency comb (OFC) is a light source whose spectral modes are equally
spaced and is the topic of Nobel Prize in physics in 2005. Precise control of its spectral mode
frequencies lead to diverse applications; distance measurement, profilometry, spectroscopy and
optical frequency standard. A major generation technique propagates an intense pulse from a
femto-second fiber laser through a highly-nonlinear fiber for spectral broadening. This approach
can yield a broad spectrum, which typically has narrow mode spacing in an order from 10 to
100MHz. On the contrary, the OFC with a mode spacing in a gigahertz range, which we call
“multi-gighertz comb (MGC)”, has advantages over the narrow-spacing OFC that each comb lines
has higher powers and can be separated by gratings. We have studied optical pulse synthesis at
high repetition rates using an MGC as a light source and an optical pulse synthesizer (OPS) as
a device for frequency domain modulation onto the MGC. The OPS contains the all elements for
the optical pulse synthesis on a single chip; an arrayed waveguide grating and multiple intensity
and phase modulators. First, we introduce the pulse synthesis technique using the OPS and a
variety of synthesized pulse waveforms. We demonstrate the generation of not only common types
of pulses, Gaussian and sech2 pulses, but also special types of pulses, parabolic, dark-soliton, and
saw-tooth pulses. The synthesized pulses are used as a pump to induce optical nonlinearity
in highly nonlinear fibers for signal processing and spectral broadening. Finally, we present our
recent experimental results of ultra-fast wavelength conversion using a saw-tooth pulse for optical
communication signals and a broadband MGC generation for an optical frequency calibrator of
a spectrograph for an extra-solar planet finder.
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High Sensitive Ammonia Gas Sensor Based on Graphene Coated
Microfiber

Xiaohui Sun1, 2, Qizhen Sun1, 2, Si Zhu1,
Ye Yuan1, Zhao Huang1, Xin Liu1, and Deming Liu1, 2

1School of Optical and Electronic Information
Huazhong University of Science and Technology, Wuhan, Hubei 430074, China
2National Engineering Laboratory for Next Generation Internet Access System
Huazhong University of Science and Technology, Wuhan, Hubei 430074, China

Abstract— Ammonia is a kind of common poisonous gas in the atmosphere, thus ammonia
gas sensor has a great demand in the fields of agriculture, chemical industry, medicine, etc.. The
reported detection principles are mostly based on the electrochemical effect. However, miniatur-
ized and electrical magnetic immune ammonia gas sensors become more and more important for
severe environment.
Micro/nanofiber (MNF) featured with small size, tight optical confinement, low optical loss and
large evanescent field transmission, is suitable for subminiature and passive photonic devices.
In this paper, we propose an all-fiber miniature ammonia gas sensor based on graphene coated
microfiber (GCMNF). Benefitting from the super-large specific surface area and fast electron
transfer rate of graphene, the electrical properties and refractive index of graphene can be changed
along with the number of ammonia molecules, leading to the variation of the transmission power
of the GCMNF.
The graphene can be effectively coated onto the microfiber by light induced deposition which al-
lows an interaction between graphene and the evanescent field of microfiber. Firstly, the graphene
solution is confected by mixing 2mg reduced graphene oxide powder with 20ml anhydrous ethanol
with a concentration of 0.1mg/ml and then dispersed by an ultrasonic cleaner for 60mins. Sec-
ondly, by using the flame-heating and taper-drawing technology, the microfiber with the waist
diameter of ∼ 5 µm and the length of 10 mm is fabricated from a standard single mode fiber
(SMF). Finally, make the microfiber dangle in the V groove and drip several drops of graphene
dispersion until the microfiber is immersed into it. The light from high power EDFA is injected
into the microfiber, and then the graphene particles start to be deposited onto the microfiber by
thermal swirl and convection. Until the power remains unchanged, the ethanol evaporates com-
pletely. Consequently, the graphene coating process is finished. Before and after the deposition,
we alternately use alcohol and deionized water to clean the microfiber many times to get rid of
the dust and non-uniformly deposited graphene.
For the experimental demonstration of ammonia gas sensing, the GCMNF is fixed in the air
chamber. Broadband light source injects into the GCMNF and the transmission intensity is
detected by the optical power meter. Under the nitrogen atmosphere, the concentration of NH3

injected into the chamber is changed from 0 ppm to 500 ppm by accurate control of the flow
meter. We repeat the measurements for concentration rising and falling process, respectively.
Experimental results indicate that the response time of GCMNF to NH3 is only millisecond, and
the sensitivity of the ammonia concentration is about 0.1352 dB/100 ppm through linear fitting
of the experiment data. By employing the power meter with high resolution of 0.001 dB, high
detection resolution of 0.74 ppm can be obtained. Furthermore, the sensitivity can be improved
by decreasing the thickness of the coated graphene as well as the selective materials doping.
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High Resolution Demodulation Platform for Large Capacity Hybrid
WDM/FDM Microstructures Sensing System Assisted by

Tunable FP Filter

Fan Ai1, 2, Qizhen Sun1, 2, 3, Jianwei Cheng1, 2, and Deming Liu1, 2

1School of Optical and Electronic Information
Huazhong University of Science and Technology, Wuhan, Hubei 430074, China
2National Engineering Laboratory for Next Generation Internet Access System
Huazhong University of Science and Technology, Wuhan, Hubei 430074, China

3Aston Institute of Photonic Technologies, Aston University, Birmingham, B4 7ET, UK

Abstract— To increase the capacity of FBG sensing units in one single fiber, many methods
have been taken to encode the FBGs such as the WDM, TDM, SDM schemes. In our previous
work, we have reported a hybrid WDM/FDM sensing system by employing the simultaneous
wavelength and frequency encoded microstructures as the sensing units along the fiber. The
microstructure is composed of a pair of identical weak FBGs with certain spacing, resulting
in the central wavelength of the FBG as the wavelength encoder and the cavity length of the
FBG based Fabry-Perot Interferometer (FPI) related to the frequency encoder. However, the
sensing system requires high resolution wavelength and frequency demodulation from the complex
reflected spectrum, which the industrial optical spectrum analyzer cannot realize.
In this paper, we propose and demonstrate a flexible and high resolution demodulation platform
for the hybrid WDM/FDM microstructures based on a tunable FP filter. The demodulation
platform is constructed by an ASE light source, a circulator, a tunable FP filter, a photo detector,
a NI FPGA card, a NI 16 bit AD/DA card and driving circuit for FP filter. The FPGA card is
used to produce the driving signal of the tunable FP filter, and the driving circuit is employed
to ensure steady output of the filter. The photo detector and the AD/DA card are adopted
to gather the light signal reflected from the sensing units along the fiber. The transmission
spectrum of the filter is very small, just like a delta function in wavelength domain. When the
optical signal reflected from the fiber transmits through the FP filter, the output spectrum will
be the convolution of the spectrum to be measured and the delta function. The tunable filter is
driven by a ladder rising signal produced by the FPGA card, of which the central wavelength is
determined by the driving voltage. Owing to the high resolution of AD/DA card, the step voltage
of the driving signal is small enough to achieve high wavelength resolution. The light intensity
data is collected during one step duration at a very high sampling speed and then is averaged
to eliminate the perturbation of the filter and the detector noise. By recording the acquisition
time, the light intensity data corresponding to the wavelength will be obtained, and then the
full spectrum of signal reflected from all the sensing units along the fiber could be demodulated.
Through wavelength grouping, spectrum FFT transformation, frequency filtering, and reverse
FFT transformation, the spectrum of each microstructure can be separately demodulated. In
order to accurately track the wavelength shift larger than one fringe in the interference pattern,
we propose the curve fitting algorithm to get the envelope of it and then the wavelength shift of
the envelope is considered to revise the wavelength shift of the interference fringe.
In order to test the performance of the demodulation platform, 16 microstructures of 4 WDM
and 4 FDM are applied for experiment. The results demonstrate that each optical spectrum of
the 16 sensing units can be extracted and retrieved separately, with a very high resolution up
to 2.5 pm ranging from 1500 nm to 1590 nm at the high demodulation speed of 800Hz. Due to
the improvement in the wavelength resolution of the demodulation system, the capacity of the
sensing units in one single fiber could be significantly enhanced.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 705

Microfiber Resonators for Photonic Filtering and Sensing

Qizhen Sun1, 2, 3, Zhilin Xu1, 2, Weihua Jia1, 2, Haipeng Luo1, 2,
Yiyang Luo1, 2, Deming Liu1, 2, and Lin Zhang3

1School of Optical and Electronic Information
Huazhong University of Science and Technology, Wuhan, Hubei 430074, China
2National Engineering Laboratory for Next Generation Internet Access System
Huazhong University of Science and Technology, Wuhan, Hubei 430074, China

3Aston Institute of Photonic Technologies, Aston University, Birmingham B4 7ET, UK

Abstract— Due to the promising properties of compact size, tight confinement, large evanes-
cent field, high nonlinear effect and low transmission loss, optical microfibers have been emerging
as a novel platform for exploring fiber-optic devices on micro-scale. In this paper, our recent
progress in theory, fabrication of microfiber resonators and their applications in photonic fil-
tering, lasing and sensing are discussed. Firstly, we present the microfiber based Fabry-Parot
resonator, whose spectral filtering is composed of the interference fringes induced by multi-beam
interference and reflection spectrum envelope induced by FBGs. The applications for tunable
microwave generation and dual-parameters sensing are experimentally demonstrated. Secondly,
we propose the “8” shaped resonator consisting of two microfiber Sagnac loop mirrors as the
reflectors and a section of microfiber as the cavity. Owing to the high coupling efficiency induced
by the large evanescent field of the microfiber, a broadband comb filtering spectrum with high
extinction ratio and flat amplitude can be obtained, which has been applied in fiber ring laser
to generate tunable multiwavelength lasing with high channel count. Finally, a compact tunable
comb filter based on cascaded microfiber knot resonators (CMKRs) is designed, theoretically an-
alyzed and fabricated by “Drawing-Knotting-Assembling (DKA)” technique On account of the
Vernier effect, FSR broader than 63.682 nm and the Q value larger than 106 can be expected. In
addition, sensitivity of 6523 nm/RIU and detection resolution up to 1.533× 10−7 RIU for refrac-
tive index detection are realized, which can be widely used for chemical and biological detection,
etc..
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Precision Metrology with Frequency Combs over the Air:
Time/Frequency Transfer and Spectroscopy

Nathan R. Newbury
National Institute of Standards and Technology, 325 Broadway, Boulder, CO 80305, USA

Abstract— The coherence, frequency accuracy, and broad optical bandwidth of frequency
combs have enabled applications ranging from supporting optical clocks, to time/frequency
metrology, to microwave generation, to precision molecular spectroscopy and beyond [1–4]. I
will focus on two very different applications that both rely on frequency combs to provide higher
precision and accuracy than conventional methods. Both applications require the use of two or
more frequency combs and ultimately require operation outside the laboratory. Such applications
are only possible with the continued evoluation of fiber-based frequency combs [5].
First, I will discuss coherent dual-comb spectroscopy. In dual-comb spectroscopy, the complex
linear response of a sample is probed at each tooth of the frequency comb via massively parallel
multi-heterodyne detection. In particular, we are focus on the use of dual-comb spectroscopy
for atmospheric sensing over open air paths. Dual-comb spectroscopy (DCS) offers several favor-
able characteristics for intermediate-path sensing, including a coherent, collimated light source
capable of traversing long path lengths (0.1–10 km), and simultaneous broad spectral coverage
with extremely high resolution to enable coverage of the absorbing wavelength regions of several
species with negligible instrument-derived distortion to the absorption spectrum. I will discuss a
recent demonstration of the use of DCS for simultaneous, quantitative measurements of several
greenhouse gas absorbers over a 2-km path above the NIST Boulder campus using near-infrared
(1.5–1.7 µm) frequency combs.
The second application supports state-of-the-art optical clocks or oscillators, which have reached
remarkable levels of stability and accuracy [6–9]. We have developed a technique to allow for
comparison of two such optical clocks over a free-space link. This method essentially follows
the conventional two-way time-frequency (TWTFT) technique but implemented in the optical
domain rather than the rf domain. Through the two-way exchange of coherent optical pulse
trains over turbulent, but nevertheless reciprocal, free-space links, one can completely cancel any
timing noise associated with turbulence. Recent experiments conducted over a turbulent, 4-km
free space link at the NIST Boulder campus have verified the low residual instability and high
accuracy possible with this method [10]. With further development, this approach should enable
the synchronization of two distant optical locks. This free-space approach can supplement current
fiber-optic based approaches in situations when the remote clock is not located at the end of a
deployed fiber link. In the future, such techniques might also support the use of optical clocks in
satellite platforms.1
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Advances in Passively Mode-locked All Normal Dispersion Fibre
Lasers

Patrick G. Bowen1, Harman Singh1, Antoine F. J. Runge1, Neil G. R. Broderick1,
Miro Erkintalo1, John Harvey1, 2, Richard Provo2, and Claude Aguergaray3
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The University of Auckland, Private Bag 92019, Auckland 1142, New Zealand
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3Alphanov, IOA, Rue François Mitterrand, Talence 33400, France

Abstract— In the last decade, research in high energy, short duration, pulsed fibre laser sys-
tems has yielded significant advances that have allowed fibre laser systems to compete with more
established solid state lasers [1, 2]. Users of these products look for a number of qualities. High
energy and short pulse duration are fundamentally important. Other design objectives include
beam quality, wall plug efficiency, and thermal stability. We have recently demonstrated ro-
bust, passively mode-locked fibre laser designs that achieve these goals [3]. These devices use
nonlinear amplifying loop mirrors (NALMs) for mode-locking, which allows for integrated all-
fibre, all-polarisation maintaining (PM) cavity configurations that are inherently stable against
environmental perturbations.
Here we report on our latest achievements in this area focussing on the excellent long term stability
and adaptability of these sources. Fig. 1 shows our basic design fabricated using all-normal
dispersion fibres and also equally import all-PM fibres making for a environmentally robust
system. Our initial cavity worked at 1030 nm but we have also managed through appropriate
choice of components, to obtain operation at 1060 nm.
A typical output spectrum is shown in Fig. 1(a). The pulses have a spectral bandwidth of about
3 nm, 0.34 nJ energy and a temporal duration of 5.8 ps. Using an external grating-pair compressor,
we obtained comparatively clean pulses with 360 fs duration (FWHM) [see Fig. 1(b)]. The final
figure in Fig. 1 shows the spectrum of our 1030 nm laser after over a period of 500 on-off cycles
demonstrating both that it self-starts 100% of the time and that the resulting pulses are extremely
reproducible.
We will discuss other extensions to our basic design allowing increased power, shorter pulses,
altered repetition rate and operating wavelength etc.. These results emphasise the flexibility of
our design and highlight what can be achieved using an all-fibre approach. Lastly we will discuss
plans to further amplify these pulses to the multi-Watt level suitable for a range of industrial
applications.

(a)

(c)

(b)

Figure 1: Schematic diagram of laser cavity. (a) Output spectrum in linear and (inset) logarithmic scale.
(b) Autocorrelation after recompression. (c) Long term reliability test for 1030 nm laser.
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Thulium Doped Fibers and Components for Fiber Lasers at around
2 µm

Pavel Peterka1, Pavel Honzátko1, Ivan Kaš́ık1, Jan Tarka2,
Grzegorz Sobon2, and Jaroslaw Sotor2

1Institute of Photonics and Electronics, The Czech Academy of Sciences, Prague, Czech Republic
2Wroclaw University of Technology, Wroclaw, Poland

Abstract— Thulium-doped fiber lasers are becoming attractive laser sources in the spectral
region around 2µm with applications in material processing, biological imaging, atmospheric
transmission and LIDAR for pollution monitoring. Among other applications belong pumping
of solid state lasers (crystals, holmium-doped fiber), spectroscopy and efficient generation of
super-continuum in the mid-IR range. Thulium fiber lasers operating at wavelengths around 2
micrometers are coherent light sources with a high slope efficiency reaching 70% and thus they are
challenging the well-established ytterbium-doped fiber lasers operating at around 1 micrometer.
Two-micrometer radiation sources have many advantages over the one-micrometer sources, e.g.,
better eye-safety, relaxed non-linear limits and often more efficient material processing.
In this paper we will review our recent progress in developing thulium-doped fibers. The fiber
preforms were prepared by the modified chemical vapor deposition and solution doping tech-
niques. Several approaches have been investigated in order to modify the the local environment
of rare- earth ions in silica and to increase the quantum conversion efficiency of 3F4 level (upper
level of the 2 µm transition) in thulium-doped silica fibers. We will review also the components
for fiber lasers at around 2 micrometer that are based on fused biconical taper process. Several
applications in fiber- based devices will be presented, namely in monolithic configuration of the
laser cavity and broad band amplified spontaneous emission sources. Special attention will be
given to the mode-locked femtosecond fiber laser with graphene-based saturable absorber.
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Stretched-pulse Operation of an All-fiber Thulium/Holmium Doped
Fiber Laser

Brian R. Washburn
Department of Physics, Kansas State University, 119 Cardwell Hall, Manhattan, KS 66506, USA

Abstract— Thulium/holmium doped fibers are promising gain sources for fiber based lasers in
the near-infrared at 2 µm [1]. The combination of high gain and wide gain bandwidth (1.7–2.1 µm)
make Tm/Ho doped fibers an attractive source for the production of femtosecond duration, high
peak power pulses. Recently, we have demonstrated solitonic [2] and stretched-pulse [3] operation
of a mode-locked thulium/holmium doped fiber laser. Positive net-cavity dispersion was obtained
using a high numerical aperture fiber in the laser cavity that exhibits normal group-velocity
dispersion [4, 5]. The laser dynamics as a function of the net cavity dispersion was experimentally
observed. We clearly observe the transition from stretched-pulse to solitonic operation as the
length of high numerical aperture fiber was reduced. The optimized laser bandwidth was 30 nm
centered at 1.94 µm with a corresponding pulse duration of 450 fs. High numerical aperture
fibers can be also used to simultaneously compensate both the second and third-order dispersion
allowing for even shorter pulses to be generated.
One motivation for developing mode-locked Tm/Ho lasers is the generation mid-infrared (3–
10 µm) ultrashort pulses and frequency combs. Mid-infrared laser sources have long been sought
after for many important applications such as medical diagnostics, molecular identification, or gas
monitoring. Furthermore, due to the success of using direct frequency comb-based spectroscopy
in the visible and near-infrared [6] there is a strong desire to push phase-stabilized frequency
combs to the mid-infrared to cover molecular fingerprint region from 2.5µm to 12 µm. These
applications will require robust and portable systems so fiber lasers are a better choice than
their solid-state counterparts. Unfortunately, the strong mid-infrared absorption of fused silica
fibers and the limited available of non-silica based gain fibers make it difficult produced mid-
infrared pulses directly from a fiber laser. An alternative method is use a low mid-infrared loss,
nonlinear fiber to extend the wavelength a pulsed near-infrared fiber laser to the mid-infrared.
Chalcogenide or fluoride glass fibers could be used since they have low mid-infrared loss and high
nonlinearity. Here, we investigate using the mode-locked Tm/Ho doped fiber laser to generate
short, mid-infrared pulses and the possibility of using this laser as a source for a mid-infrared
frequency comb. High peak power pulses produced by the Tm/Ho doped fiber laser will seed
nonlinear spectral broadening in a ZBLAN fiber. By solving the nonlinear Schrödinger equation
we demonstrate that the Raman soliton formation produce power-tunable, nearly transform-
limited pulses centered in the mid-infrared.
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500 fs Pulses from a 3 µm Mode-locked Fiber Laser

T. Hu1, S. D. Jackson2, and D. D. Hudson1
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Abstract— Ultrafast mode-locked fiber lasers, owing to their high peak power and short pulse
widths, have driven applications in imaging, industrial machining and nonlinear optics. Taking
these systems to the mid-infrared wavelengths (2–20 µm) allows access to other fields such as
sensing and frequency comb based metrology, due to molecules absorbing light strongly at these
wavelengths. However the performance of mode-locked fiber lasers in the mid-infrared has been
limited with no demonstration of femtosecond scale pulses, and little evidence for a direct pulse
measurement [1, 2]. At best an intensity autocorrelation of a 6 ps pulse was measured [3], but
it did not reveal the true pulse shape or any phase information. Here we demonstrate the first
modelocked fiber laser operating at wavelengths > 2.1 µm, producing 497 fs pulses with a peak
power of 6.4 kW, with the electric field completely characterized using a Frequency Resolved
Optical Gating (FROG) technique. This marks the first femtosecond-level fiber laser in the mid-
infrared and highlights fluoride lasers as a strong candidate for ultra-fast mid-infrared sources.

This fiber laser was mode-locked by the use of nonlinear polarisation rotation (NPR) inside the
ZBLAN fiber. The cavity (Fig. 1(a)) consisted of 3µm of erbium doped ZBLAN fiber (7mol.%)
operating in a ring cavity, consisting of polarisation optics to act as an effective saturable absorber
for mode-locking. NPR modelocking was achieved in the standard way [4] where a train of pulses
was produced at 56.7MHz, having a strong rf-beat signal with a signal to noise ratio of 73 dB.
In order to unambiguously characterise the pulses we built a FROG measurement system based
on the second harmonic generation from the mode-locked pulses through a AgGaS2 crystal.
By spectrally resolving the frequency-doubled light a spectrogram was constructed (Fig. 1(b)).
Using standard algorithms the complete temporal and spectral fields were retrieved (Figs. 1(d),
(e)), which revealed a pulse width of 497 fs and a calculated peak power of 6.4 kW. The retrieved
spectrogram was in good agreement with the measured (Fig. 1(c)) as described by the low FROG
algorithm error of 1.8 × 10−4. Not only was this the shortest pulse produced from these fiber
lasers, it was also the first ambiguity-free measurement of the pulses that retrieved the phase
information, revealing characteristics such as pulse chirp. These fluoride fibre lasers will be one
of the key sources of ultrafast mid-infrared laser radiation.

(d) (e)(a)

(b) (c)

Figure 1: (a) Schematic of NPR based mode-locked laser at 2.8 µm. Laser operates in a ring configuration
with polarising optics to create the NPR mode-locking. (b) Measured spectrogram of mode-locked pulses
for the FROG analysis. (c) Retrieved spectrum from FROG algorithm. (d) Retrieved temporal pulse with
a FWHM of 497 fs. (e) Retrieved spectrum and spectral phase.
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SiGe Nonlinear Mid-infrared Integrated Photonics
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Abstract— We report nonlinear measurements of SiGe waveguides in the mid-IR performed
in the picosecond and femtosecond regime and compare the results to numerical calculations.
Nonlinear properties of SiGe waveguides in the mid-IR are extracted. We discuss the potential
of SiGe alloys to become the platform of choice for nonlinear Mid-infrared integrated photonics
(for operation between 2 and 12 µm).
The interest in expanding the spectral window of operation of group IV photonics towards the
mid-infrared (mid-IR), which corresponds to wavelengths between 2 and 12 µm, is rapidly grow-
ing. The strong appeal of this particular spectral range derives from a vast range of potential
applications such as chemical and biological sensing, active imaging, tissue ablation, secure free-
space communication, and multiwavelength light sources [1, 2]. The mid-IR region has also been
welcomed as a promising future regime for silicon based nonlinear photonic devices. The non-
linear loss phenomenon of two-photon absorption, that limits nonlinear optical applications in
the near-infrared region, vanishes at these wavelengths [2, 3], thus opening the door to photonic
devices with new capabilities such as parametric waveguide amplifiers with positive net gain [4].
However, it has recently [5], been shown that, under some experimental conditions, e.g., using
picosecond pulses, nonlinear losses in the mid-IR can still be significant. The free carriers gener-
ated by multi-photon absorption can have a strong impact through free-carrier absorption (FCA)
and thus limit some applications for which a strong nonlinear response is required, as for example
supercontinuum generation [5].
The silicon-on-insulator (SOI) material platform has attracted significant interest to implement
on-chip integrated waveguides operating in the mid-IR thanks to the possibility of a CMOS
compatible fabrication process. However, the increasing absorption of the silica cladding layer of
the SOI at wavelengths longer than 3.5 µm may limit the useful wavelength range of this material
platform. It is therefore crucial to explore other material platforms. In this context, SiGe alloys
on Si are seen as an attractive alternative platform to SOI for applications in the mid-IR due to
their expected lower propagation losses and higher nonlinear response [6, 7].
Recently [8, 9], we reported SiGe/Si waveguides with propagation losses as low as 0.5 dB/cm at
a wavelength of 4.75 µm. Here, in collaboration with CEA-LETI, RMIT Melbourne and the
laser physics center of ANU Canberra we experimentally investigate the nonlinear response of
these SiGe waveguides in the mid-IR including nonlinear transmission and self-phase modulation
(SPM) using picosecond and femtosecond optical pulses centered at wavelengths between 3 and
5 µm [10].
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Diverging and Converging Beam Diffraction by a Wedge. Part II:
Plane Wave Spectral Solutions and Complex Ray Solutions

M. Katsav1, E. Heyman1, and L. Klinkenbusch2
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2Institute of Electrical and Information Engineering, Christian-Albrechts-Universität zu Kiel

Kaiserstr. 2, Kiel D-24143, Germany

Abstract— This two-part paper is concerned with calculating the diffraction of a two dimen-
sional (2D) beam by a perfect conducting wedge. Specifically, we are interested in the case where
the incident beam is converging as it hits the wedge. In a recent paper [1], we have used the
complex source (CS) method to analyze the problem of beam diffraction by a wedge, but as dis-
cussed in Part I of this paper [3], the solution in [1] applies only for the case where the incident
beam is diverging as it hits the wedge.
Following [2], we have explored in Part I [3] the application of the CS approach to the case where
the incident beam is converging as it hits the wedge. We have utilized the multipole expansion
of the conventional Green’s function and have shown that it can be extended to the address the
converging beam case but only if the CS coordinates are defined in a particular way. Specifically,
we have determined the proper value of the CS coordinates for the diverging or for the converging
beam cases so that the complex multipole expansion yields physically meaningful solutions.
In the present paper we establish the validity of the results in [3] by comparing them to solutions
obtained via two alternative approaches: a plane wave spectrum approach and a complex ray
tracing approach. In the former, the field of the incident converging beam is synthesized using the
CS approach in conjunction with the plane-wave spectral analysis, and the diffracted field is then
calculated using a multipole expansion approach. The exact solution obtained via this spectral
technique is then compared with an asymptotic solution obtained via CR tracing augmented with
nonuniform/uniform complex ray diffraction. The CR solution includes also selection rules that
delineate the CR lit and shadow zones for the diverging or converging beam cases.
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Abstract— The circular waveguides, entirely or partially filled with ferrite of azimuthal mag-
netization are apt for the development of nonreciprocal digital phase shifters, operating in the
normal TE 01 mode, since they can provide differential phase shift when switching the remanent
magnetization of their anisotropic load between its two stable states [1–13]. For certain combina-
tions of parameters the multilayered ferrite-dielectric structures could afford an increased value
of this important quantity [1, 2, 4–6, 8, 13]. Due to the complexity of the tasks, however, still the
phase behaviour of these configurations is not sufficiently clarified.
This purpose of this paper is the calculation and investigation of the phase characteristics of a
two-layered circular waveguide, containing a coaxially positioned azimuthally magnetized ferrite
cylinder, surrounded with an isotropic dielectric toroid, in contact with the transmission line wall
that supports normal TE 0n modes. The boundary-value problem approach is employed. The
complex Kummer confluent hypergeometric and the real Bessel and Neumann functions [14, 15]
are accepted as wave functions for propagation in the ferrite and dielectric medium, resp. A
procedure is worked out, making use of the numerically found purely imaginary roots of charac-
teristic equation of the structure, yielding the aforesaid characteristics for both signs of ferrite
magnetization in normalized form. In view of the great number of parameters involved, to facil-
itate the examination, the relative permittivities of both strata are assumed equal. A family of
phase pictures of the geometry is computed and presented as a function of the ferrite cylinder
to waveguide radius ratio ρ. As expected, the phase behaviour of the structure under study
is much more complicated than those of the circular and coaxial waveguides filled with ferrite
solely [7, 12]. Particularly, for both signs of off-diagonal ferrite tensor element α envelope lines
exist at which the phase characteristics terminate. Hence, in contrast to the simpler ferrite con-
figurations [7, 12], the propagation may occur in bounded frequency bands both for α < 0 and
α > 0. This is a results of the appearance of the L± numbers, linked with the roots of charac-
teristic equation [16]. For all values of ratio ρ the curves for negative lie above those for positive
magnetization. For the pertinent normalized phase constants β̄− and β̄+, answering to chosen
normalized guide radius r̄0 and |α| (|α| < 1), it holds β̄− > β̄+. The structure may produce
positive differential phase shift ∆β̄ = β̄−− β̄+ in a wide area of change of both r̄0 and |α|. There
are values of the latter, however, for which no ∆β̄ is provided. To the left of cutoff there is a
backward-wave region where ∆β̄− is a double-valued function of r̄0 [9]. For certain values of
parameters a magnetically controlled cutoff exists.
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Abstract— Understanding the behavior of biomolecules such as proteins requires understand-
ing the critical influence of the surrounding fluid (solvent) environment — water with mobile salt
ions such as sodium. Unfortunately, for many studies, fully atomistic simulations of biomolecules,
surrounded by thousands of water molecules and ions are too computationally slow. Continuum-
solvent models based on macroscopic dielectric theory (e.g., the Poisson equation) are popular
alternatives, but their simplicity fails to capture well-known phenomena of functional signifi-
cance. For example, standard theories predict that electrostatic response is symmetric with
respect to the sign of an atomic charge, even though response is in fact strongly asymmetric if
the charge is near the biomolecule surface. In this work, we present an asymmetric continuum
theory that captures the essential physical mechanism — the finite size of solvent atoms — us-
ing a nonlinear boundary condition (NLBC) at the dielectric interface between the biomolecule
and solvent. Numerical calculations using boundary-integral methods demonstrate that the new
NLBC model reproduces a wide range of results computed by more realistic, and expensive,
all-atom molecular-dynamics (MD) simulations in explicit water. We discuss model extensions
such as modeling dilute-electrolyte solvents with Debye-Huckel theory (the linearized Poisson-
Boltzmann equation) and opportunities for the electromagnetics community to contribute to
research in this important area of molecular nanoscience and engineering.
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Abstract— Pacemakers, spinal cord stimulators, cochlear implants, and deep brain stimulators
(DBS) and other electrical implants are becoming increasingly available as a treatment option
to patients suffering from a wide range of diseases. Despite their remarkable success, one of
the significant limitations of these medical devices is the limited compatibility with magnetic
resonance imaging (MRI), which a standard diagnostic tool in medicine. A major concern when
performing MRI examinations in patients with electrically conductive implants is the increase in
induced currents (“antenna effect”) along conductive leads in the body that are exposed to the
radiofrequency (RF) waves of the MRI. The increase in current flow into the tissue at the point of
contact with the lead (i.e., the electrodes), causing a large amount of RF energy to be absorbed
in the tissue, which in turn causes surges in temperatures that can lead to serious injury [1, 2]. In
this work we present a design based on metamaterials to decreases the antenna performance and
the induced currents along the wire. The new implant exposed to an RF field can be represented
with a hybrid model composed of an antenna attached to a transmission line, which consists of
resistive traces with sharp changes in conductivity to maximize reflections, followed by a load
such as an electrode connected to the tissue. According to our model [3], the equivalent antenna
(i.e., the entire metamaterial) receives the electromagnetic field and injects it into the first port
(i.e., layer) with impedance Z1 of such a network. A portion of the power transmitted to the first
port of the metamaterial lead is reflected back as a result of an impedance mismatch between
the first port and the antenna, while a remaining portion is supplied to the second layer of the
metamaterial lead. The impedance of this second port is intentionally mismatched to reflect the
greatest amount of power back to the implantable pulse generator (IPG) or pacemaker and away
from the electrode that is in contact with the tissue.
In the case of our metamaterial, we will present solutions to the following Pocklington’s integral
equation:

∫ L2

0

I(z)
(

∂2

∂z2
+ k2

)
e−jkR

R
dz′ +

∫ L1+L2

L2

I(z)
(

∂2

∂z2
+ k2

)
e−jkR

R
dz′

= −jωεw(z)
(
‖EB1(z)‖ −

I(z)
Lw(z)σw(z)

)
(1)

where σw(z), εw(z) and Lw(z) are respectively equal to σ1, ε1 and L1 when L2 ≥ z ≥ L1 + L2

and equal to σ2, ε2 and L2 when z < L2. The solution I(z) represents the current density
field inside our lead implant, with the specific design goal to decrease the antenna performance
and the induced currents along the wire. The analytic solution was compared to the numerical
solution and confirmed that the metamaterial produced a lower inductance, which corresponded
to a shorter equivalent antenna length and lower induced currents.
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Coherent Helical Undulator Radiation in Resistive Waveguide
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Abstract— The circular polarized intense radiation produced in helical undulators of advanced
synchrotron light sources and free electron laser has an essential value for structural biology and
molecular biophysics studies. The properties of the undulator radiation in free space and in the
perfectly conducting walls waveguides have been extensively studied during the last decade. An
important feature of the undulator radiation in waveguide is the radiation discrete spectrum
conditioned by the excited waveguide modes. Actually, the waveguide modifies the continious
spectrum of undulator radiation into a number of sharp peaks, each corresponding to an excited
waveguide mode. The selected modes can be enhanced by proper choice of the undulator and
waveguide parameters thus improving the undulator radiation source performance. However, in
a real finite conductinmg wall metallic waveguide the properties of the radiation are changed due
to boundary impedance.
In this paper, the helical undulator radiation in circular waveguide with finite conducting walls in
surface impedance boundary conditions is studied. The solution of Maxwell equations are search-
ing by the help of Fourier transformation of source and radiation fields and their expansion into
modes of the resistive circular waveguide with impedance boundary conditions. The dispersion
relations for the waveguide eigenvalues are given and the unknown amplitudes are determined
using the orthogonality of the modes in impedance boundary condition approximation. The ex-
plicit forms of the point-charge longitudinal and transverse wake functions along the helical orbit
are obtained. For the charge longitudinal distribution the particles within the bunch interact
with the radiated electromagnetic fields that can be evaluated in terms of the wake potentials.
The low frequency part of the wakefields formes the coherent part of the radiation, while the high
frequency part leads to energy modulation within the bunch. The beam coherent radiation and
particle energy modulation for various charge distributions are studied using the longitudinal
wake function. An impact of the waveguide walls finite condcutivity to the helical undulator
radiation performance is analysed.
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Abstract— One section in the book [1] is devoted to the model synthesis of resonant quasi-
optical devices. An approach developed therein, has been originally described in [2] as applied
to microwave energy compressors. The approach includes the following steps: estimation of the
functional capabilities of isolated components, matching these capabilities with the functionality
of the unit as a whole, construction of the corresponding mathematical model, electrodynamic
analysis and synthesis of the unit and its components with due regard for optimization of the
designed device. Mathematically, we deal here, as a rule, with open boundary value or initial
boundary value problems, i.e., the problems whose domain of analysis is infinite in one or more
directions. An efficient technique combining the time-domain and frequency-domain methods
has been proposed to solve this kind of problems. The basic idea was to use the so-called exact
absorbing conditions (EAC) in the finite-difference or finite-element algorithms and to invoke the
analytical results obtained from the time-domain analysis of open resonators. These rigorous
methods allow one to analyze the corresponding initial boundary value problems in bounded
spatial domains and for long time intervals and to obtain reliable numerical data describing the
transient processes under resonant conditions.
It is these methods that are best suited for reliable and precise analysis of the energy stor-
age process in an active compressor, which is a high-Q resonant system excited by long quasi-
monochromatic pulses, as well as of resonant and distributed energy switches. We have also
proposed to apply this technique to the study of the compression of frequency-modulated pulses
propagating long distances in the dispersive guiding structures like passive compressors. The
proposed algorithms are based on exact analytical representations for the so-called ‘transport
operators’ — diagonal convolution operators in the space of evolutionary bases of signals. The
use of the FFT (fast Fourier transform) accelerated schemes is of great aid in their numerical
realization.
The developed methods and algorithms have been implemented in the special-purpose software
packages for 2-D (and partially — for 3-D) simulation and analysis of energy compressors and
resonant radiators of high-power short radio pulses with arbitrary types of (i) cross-uniform reg-
ular waveguides for passive compression, (ii) storage units (waveguide and open resonators with
metal, semitransparent, and frequency-selective mirrors), and (iii) switches (distributed grating-
type switches for compressors on multimode waveguides and for resonant radiators, interference
and resonant switches for compressors with single-mode output waveguides) for active compres-
sion.
Our approach as applied to formation and radiation of high-power short radio pulses we discuss
in detail in this communication. We consider briefly the models that have been employed in the
numerical experiments based on the EAC method too. Detailed discussion of these models and
certain associated analytical results can be found in [1, 3].
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Multi-objective Optimization Applied to RF and Photonic
Components
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Abstract— This study shows the potential of multi-objective optimization in the design of RF
and photonic components. Multi-objective optimizers provide a visualization of the trade-offs
between multiple conflicting objectives, allowing the designer to choose between a set of quasi-
optimal solutions. Robustness and convergence efficiency are crucial for these optimizers to have
real-world applications. In this study, three unique multi-objective algorithms will be compared
in the analysis of a variety of RF and photonic components, including a microstrip patch and
optical lens.
Introduction: Single-objective genetic algorithms have long been a critical tool in the design
and analysis of electromagnetic components [1]. Real-world designs often have a large number
of conflicting trade-offs, most notably performance vs. cost. The traditional single-objective
approach requires the designer to make assumptions about the best way to combine these ob-
jectives, and the result is a single solution. In contrast, multi-objective optimizers require no
assumptions and provide the designer with a set of solutions highlighting the design trade-offs
involved [2]. This gives the designer an insight into the underlying physics of the problem, and
provides them with the flexibility to choose the best design for a given application.
Multi-objective Optimization Applied to Electromagnetism: Electromagnetic simula-
tions often require a large amount of time, making the convergence efficiency and parallelization of
an optimization algorithm critical to its feasibility for real-world design applications. In addition,
the cost functions are often noisy and extremely sensitive to the design parameters, making ro-
bustness another critical factor. Many unique algorithms have been proposed for multi-objective
optimization, notably BORG [3], MOCMA [4] and MOEAD [5]. The convergence efficiency, ease
of parallelization and sensitivity to parameters are compared for a variety of difficult problems,
including an aperture-coupled stacked microstrip patch and GRIN lens.
Conclusion: Multi-objective optimizers provide a new design paradigm which has the potential
to give RF and photonics designers a great degree of flexibility and insight. A study of these
optimizers shows very promising results, but room for improvement as well.
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Abstract— As a natural sequel to an earlier presentation [1], which compared the performance
features of equal perimeter circular- and square-loop antennas located over finite ground planes,
this paper, using the same formulation, examines the same performance characteristics, but
this time, with the antennas being of equal cross-sectional areas; and with loop heights varying
between 0.05λ and 1.00λ at the operating (center) frequency of 1.25 GHz. Computational results
for the antennas’ input characteristics reveal that whereas they share virtually identical input
resistance profiles, input reactance for the square loop has values that are in general, lower than
those for the circular loop, for the entire range of ‘height above ground plane’ considered. Results
for the E- and H-plane radiation field patterns indicate that when the loops are located at heights
beyond 0.3λ above the finite ground plane, the front lobes become distorted; an observation
supported by the profiles of the forward directive gain, which display the ‘notch filter response’
behavior. Furthermore, the results suggest that acceptable front-to-back ratio performance can
only be maintained if loop heights above the ground plane are kept below 0.3λ.
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Abstract— Boundary conditions of electromagnetic fields at the interface between two media
are generally expressed as two separate equations:

(F+ − F−)× n = 0, (α+ · F+ −α− · F−) · n = −∆I±. (1)

Here F ∈ {E,H} stands for electromagnetic field intensity, α ∈ {σ + iωε, µ} defines physical
properties of the media, ∆I± ∈ {∆J±, ∆M±} is the net electromagnetic current on the interface
and n̂ is the interface normal. Eq. (1) shows that the boundary values F± at a contact of two
anisotropic media become the two implicit functions of the interface normal (n) and tensors of
electric permittivity (ε), conductivity (σ) and magnetic permeability (µ). This paper demon-
strates that the two separate and implicit boundary equations can be combined as the following
integrated explicit matrix-form

F∓ = C∓
αF∓ +

(
∆I∓/∆±

α

)
n, (2)

where the matrix have either the normal version
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Here {τ1, τ2} are two perpendicular tangential vectors of the interface. Eq. (2) reveals that
the boundary values of electromagnetic fields are linked by a 3 × 3 boundary matrix which
depends on the interface topography {n, τ1, τ2} and the model property tensors {σ, ε, µ}. In
addition, we demonstrate the mathematical equivalency of these different versions, as well as their
synthetic examples of a hill and a ridge model in geo-electromagnetic analysis, and we highlight
their advantage of being a simpler and more straightforward method of applying electromagnetic
boundary conditions.
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Optimization of Metamaterials for Microwave Devices

B. Vial and Y. Hao
School of Electronic Engineering and Computer Science, Queen Mary University of London

London E1 4NS, UK

Abstract— We report the design of an all-dielectric cloaking device using topology optimization
and provide a quantitative assessment of its performances in the microwave regime. The physical
mechanism leading to the cloaking effect is investigated through a modal analysis. We also
discuss potential improvements and applications of optimization methods, including bandwidth
enhancement and dispersion engineering.
Optimization Technique Applied to Cloak Design: Invisibility cloaks obtained analytically
by Transformation Optics (TO, [1]) require extreme material properties (anisotropic, spatially
varying permittivity and permeability). Such complex properties are not available in nature and
have been achieved based on the use of metamaterials with microstructure much smaller than
the wavelength. Those devices rely on resonances with narrow-band and lossy response and are
difficult to realize in practice, which calls for other approaches for invisibility cloaks.
Recently, gradient-based topology optimization have been proposed to realize all-dielectric cloaks
with low index contrast [2, 3]. We apply this idea to the design of a cloak made of ABS (ε =
2.69 − 0.02i) for TE polarization working at 10GHz. It is designed to cloak an ABS dielectric
cylinder of radius r = λ. The results are presented together with a quantitative analysis of the
performances of the cloak [4]. In addition, we study the cloaking mechanism through modal
analysis, and show that it is different from the one at stake in TO-based cloaks.
We finally discuss potential improvements the optimization technique, and its potential applica-
tions such as bandwidth enhancement, angular tolerance and dispersion engineering.
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Broadband Microwave Absorber Utilizing Metamaterial and
Magnetic Absorbing Material

Tianlong Wu, Wei Li, Jin Yang, Wei Wang, and Jianguo Guan
State Key Laboratory of Advanced Technology for Materials Synthesis and Processing

Wuhan University of Technology, Wuhan 430070, China

Abstract— The bandwidth of microwave absorbing materials is important for the practical
applications [1]. However, the traditional magnetic absorbing materials (MAMs) cannot simulta-
neously show high magnetic loss and good impedance matching in the whole frequency range of
2–18GHz because of the magnetic resonance nature and Snoek’s limit [2]. On the other hand, it
is also hard for metamaterial absorbers (MAs) to achieve a wide absorption bandwidth because
of the resonant absorption nature. In this presentation, by combing the broadband absorption
property of the MAMs in high frequency and easily adjustable advantages of the MAs, we pro-
posed a two-layer hybrid absorber that the top layer of the non-planar MA stands on the bottom
layer of the MAM. In this bilayer hybrid absorber, the MA layer offers strong absorption for low
frequency waves while allowing high frequency waves to propagate through without reflection.
The bottom MAM layer then strongly absorbs the high frequency EM waves. Through combin-
ing different functionalities into the composite design, a broadband, high efficiency, light-weight,
and easily tunable absorber is obtained [3]. To further broaden the absorbing bandwidth and
reduce the thickness, we then advanced a crisscross two-layer composite absorber by two iden-
tical polarization sensitive MAs. The lower frequency is firstly absorbed by the bottom layer
MA as TE absorbing mode and the higher frequency is consumed by the top layer MA as TM
absorbing mode. Consequently, the total reflection is reduced (less than 10%) in a wide fre-
quency range as broad as 3–40 GHz. In our works, a simple patterning method is also proposed
to drastically broaden the absorption bandwidth of a conventional MAM. In such a patterned
absorber, the broadband strong absorption is mainly originated from the simultaneous incorpo-
ration of λ/4 resonances and edge diffraction effects. Simulated and experimental results reveal
an ultra-broadband microwave absorber with more than 90% absorption in the frequency range
of 4–40 GHz which has a thin thickness of 3.7mm [4]. Besides, we have designed a bran-new
planar composite absorber by embedding metamaterial (MM) in the MAM. By optimizing the
structure and shape of the MM to eliminate or weaken the coupling effect between the MM and
the MAM. So the composite absorber possess flexible and adjustable characteristics of the MM
at low frequencies, while retaining the broadband absorbing in high frequencies of the MAM.
Significantly, the thickness of this planar composite design is much smaller than the multilayer
configuration to broad the absorbing band. So, integrating MM with MAM reveal a promising
and flexible method to greatly extend or control the absorption bandwidth of absorbers. By
changing the properties of the MM and the magnetic MAM as well as their arrangement, more
electromagnetic hybrid absorbers can be made to accommodate diverse intended applications.
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A Sharp Bending Device for Broadband Electromagnetic Waves

Youming Zhang1 and Baile Zhang1, 2

1Division of Physics and Applied Physics, School of Physical and Mathematical Sciences
Nanyang Technological University, Singapore 637371, Singapore

2Centre for Disruptive Photonic Technologies
Nanyang Technological University, Singapore 637371, Singapore

Abstract— We demonstrate the condition of unitary transmission between uniaxial epsilon-
near-infinity (ENI) media with double infinite components. We propose that broadband uniaxial
ENI metamaterials at microwave frequencies can be realized by alternatively stacking thin metal-
lic plates and air. Making use of the unitary-transmission condition and broadband ENI metama-
terials, a sharp bending device in rectangular waveguide working for broadband electromagnetic
waves is demonstrated.
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Self-guided One-way EM Wave by Chain of Gyro-magnetic Rods

Rui-Xin Wu, Zhen Li, Qing-Bo Li, and Yin Poo
School of Electronic Science and Engineering
Nanjing University, Nanjing 210093, China

Abstract— Magnetic photonic crystals (MPCs) are of great interest in recent years for their
many unique characteristics, which will lead to great potential applications in microwave and
optics engineering. One-way self-guided propagation for which electromagnetic waves are guided
along the edge of the MPC without any other cladings [1], is one of the most attractive charac-
teristics of magnetic photonic crystals. Most of the one-way self-guided transmission is based on
MPC slabs made of gyro-magnetic rod array [1–3]. The underline mechanisms are topological
electromagnetic (EM) edge states [2], or magnetic surface plasmon (MSP) resonance [3].
As the edge stats is localized on the interface of MPC, we will show here that even for a single
layer of gyro-magnetic rods, i.e., a chain of rods, can support self-guided one-way propagation of
EM waves. We investigate two types of rod chain: one is of zigzag form, another has straight-line
one. The variation of band structures from MPC to rod-chains proves the existence of edge modes
in gyro-magnetic rod-chains. Both simulated and measured results show that the two forms of
rodchain have broadband frequency range of one-way transportation that is robust to the wave
channel bending.
The rod-chain configuration provide a new way to the applications of one-way waveguides, which
has deep sub-wavelength transverse dimension and very flexible to form arbitrary shapes of
oneway waveguide. An example is given. These characteristics make the rod-chain very attractive
for practical applications.
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Hyperbolic Polaritons for Near-field Optical Imaging

Lian Shen, Zuojia Wang, and Hongsheng Chen
The Electromagnetics Academy at Zhejiang University, Zhejiang University, Hangzhou 310027, China

Abstract— We study the behavior of hyperbolic polaritons — an alternative form of light prop-
agation with effective wavelength that is much shorter than λ0/2n — in hyperbolic materials.
We find that the wave vector refraction of hyperbolic polaritons at different hyperbolic medium
interface obeys the Snell’s law which is an effective way to manipulate waves at deep subwave-
length scale. In particular, we develop a bilayer lens by combining Type I and Type II hyperbolic
materials with proper thickness for realizing near-field imaging. Such approach constitutes a
further important step towards practical applications of optical imaging.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 735

Broadband Focusing: On-chip Demultiplexers for SPPs and Guided
Modes

Tao Li, L. Li, Q. Q. Cheng, and S. N. Zhu
National Laboratory of Solid State Microstructures

College of Engineering and Applied Sciences, Nanjing University, Nanjing, 210093, China

Abstract— Recent advances have pushed the optical design from the macro scale to micro/nano
scales, in order to meet the requirement of compact photonic integration. One of the important
techniques in optical intercommunication is the wavelength division multiplexing (WDM), by
which the information carried by the optical signal can be multiplexed with large capacity. Plas-
monics does provide such a solution in routing the optical field in very compact area, and great
successes have been achieved in manipulating the surface plasmon polariton (SPP) field. Among
them, SPP focusing is a basic and useful function that can be adopted to many nanophotonic
devices. Here, I would introduce a recently developed in-plane Bragg diffraction method in ma-
nipulating the SPP beam [1, 2], by which a broadband SPP focusing was successful achieved [3].
Taking good usage of the broadband focusing, a plasmonic WDM was proposed and realized
with a typical wavelength resolution about 12 nm. Although this resolution is not very good, this
device has a relative bandwidth (more than 100 nm) and compact footprint. More importantly,
this method provides people a new and general method in steering the SPP and guided modes.
As consequences, it is extended to manipulate the guided modes in metal/insulator/insulator
hybrid waveguides. According to different mode indices (as well as propagation wave numbers),
multi-modes of a same free spaces wavelength (633 nm) inside the hybrid waveguide were clearly
separated by this focusing design [4]. Therefore, an compact mode division mulitiplexer (MDM)
was achieved. From another viewpoint, both the WDM for SPPs and MDM for guided modes, can
regarded as the integrated spectrometers, which are very important components in the on-chip
integration for the photonic sensing and detection.
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Performance Comparison of Phase-corrected and Classical 1D
Electromagnetic Band Gap Resonator Antennas

Basit Ali Zeb, Muhammad Usman Afzal, and Karu P. Esselle
Centre for Electromagnetic and Antenna Engineering

Department of Engineering, Macquarie University, Sydney, Australia

Abstract— Electromagnetic band gap resonator antennas (ERA), also known as Fabry-Perot
cavity antennas or 2D Leaky-Wave antennas, are planar high-gain antennas that employ a res-
onant cavity formed between a partially reflecting superstructure (PRS) and a fully reflecting
ground plane. The cavity is fed by a small less-directive antenna. Since the pioneering work
of Von Trentini in 1956 [1], several research groups have investigated techniques to improve the
performance figures of ERAs such as antenna bandwidth, peak directivity/gain, sidelobe levels
and aperture efficiency. Our recent investigations indicated that many ERAs have non-uniform
aperture phase distributions, or phase errors, which can be a limitation in achieving the optimal
antenna performance. This motivated us to correct these phase errors [2] to achieve nearly uni-
form aperture phase distribution, and hence to significantly increase the antenna performance,
particularly directivity and sidelobe levels. In this paper, we present a qualitative comparison of
one phase-corrected ERA and a classical ERA with the help of full-wave numerical simulations
in CST MWS. The antenna configurations are shown in Fig. 1. For this study, we used a simple
probe-fed microstrip patch as the feed antenna. The example phase-corrected ERA utilises an
all-dielectric phase correcting structure (PCS) [2] placed on top of the base ERA, which itself
has one unprinted quarter-guided-wavelength-thick superstrate layer placed half a wavelength
distance above the PEC ground. The classical ERA consists of a 1D EBG structure [3] (also
known as a Bragg reflector), i.e., a stack of identical dielectric slabs (two or more) placed quarter
of a wavelength distance apart with alternate layers of low and high permittivity material (air-
dielectric-air). The key results and performance parameters are compared in Table 1. A 9.4 dB
increase in antenna directivity, lower sidelobe levels and better aperture efficiency are achieved
for ERA with PCS over the classical 1D ERA with one slab. The phase-corrected ERA is suit-
able for wideband applications that require directivity greater than 20 dB. For very narrowband
applications, classical 1D ERA with 3 slabs is suitable.

 ε   = 4.5, 3.17 mm
All-dielectric PCS

Classical 1D ERA ERA with PCS

Patch antenna

PEC
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ERA λ   /2 Patch antenna
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0

λ   /40
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r

 ε   = 4.5, 3.17 mmr

 ε   = 4.5, 3.17 mmr
 ε   = 4.5, 3.17 mmr

(ε   = 2.53)r

Figure 1: Configurations of the two ERAs under study.

Table 1: Performance comparison of two different ERAs. Design frequency is f0 = 11.1 GHz.

Classical 1D ERA
ERA with PCS

1 Slab 2 Slabs 3 Slabs 4 Slabs 5 Slabs

Peak Directivity (dBi) 12.5 20.8 24.3 22.6 18.3 21.9

3 dB Directivity Bandwidth (%) 11.2 3.1 2 1.2 0.8 8

Sidelobe level (dB)
E-plane −9.8 −16.1 −20.0 −13.7 −10 −16

H-plane −19.2 −24 −20.2 −13.7 −9 −20

3 dB Beamwidth (deg)
E-plane 34.2 12.3 9.6 10.2 11 13.9

H-plane 35.4 11.9 9.9 9.8 10.1 13.6

Aperture Efficiency (%) 4 23 44 44 11 28

Total Antenna Height (mm) ∼ 16 ∼ 27 ∼ 37 ∼ 47 ∼ 57 ∼ 60
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Electrical-optical Converter Using Electric-field-coupled
Metamaterial Antennas on Electro-optic Modulator
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Abstract— Wireless microwave technology with large bandwidth are always required in high-
capacity communication, precise measurement, and high-resolution radar. The large bandwidth
can be achieved by use of wireless microwave in high-operational frequency such as millimeter-
wave or terra-hertz bands. Additionally, there are availability spectrum of the millimeter-
wave/terra-hertz bands and promising to open for new advanced applications. However, the
bands have large propagation loss in the air and metal cables. The drawback can be com-
pensated for by adopting radio-over-fiber (ROF) technology, where the wireless microwave is
modulated to lightwave and propagated through low loss optical fibers. Furthermore, the large
area can be covered by installing small wireless cells with optical fiber connection. Therefore, a
converter from electrical and optical signals is required in the high-speed ROF technology. The
electrical-optical converter can be composed of microwave antennas and optical modulators. Re-
cently, microstrip patch antennas and electro-optic (EO) modulator using planar structures were
developed for microwave/millimeter-wave bands. The antenna size becomes very small for high
operational frequency. Precise tuning is also required for effective resonance. Therefore, a new
device structure are investigated for high operational frequency.
In this paper, we propose a new electrical-optical converter using electric-field-coupled (ELC)
metamaterial antennas on an EO modulator for wireless millimeter-wave/terra-hertz applica-
tions. By irradiation wireless millimeter-wave/terra-hertz signals, strong millimeter-wave/terra-
hertz electric field can be induced on the ELC metamaterial antennas. The induced millimeter-
wave/terra-hertz electric field can be used for EO modulation when a lightwave propagates into
an optical waveguide located under regions of the induced wave/terra-hertz electric field. The
proposed device has compact structure and passive operation with no external electrical power
supply. Analysis in microwave and optical modulation of the proposed electrical-optical converter
and its fabrication process in experiment are discussed and reported in detail for operational fre-
quency of 100 GHz.
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Broadband Perfect Absorption of Ultrathin Conductive Films

Sucheng Li, Weixin Lu, and Bo Hou
College of Physics, Optoelectronics and Energy

Collaborative Innovation Center of Suzhou Nano Science and Technology
Soochow University, 1 Shizi Street, Suzhou 215006, China

Abstract— Absorption of microwave by metallic conductors is typically inefficient, albeit nat-
urally broadband, due to the huge impedance mismatch between metal and free space. Reducing
metal to ultrathin profile may improve the absorption efficiency, but is still bounded by a max-
imal 50% limit induced by the field continuity. Here, we experimentally show that broadband,
perfect (100%) absorption of microwave can be realized in a single layer of ultrathin conductive
film when it is illuminated coherently by two oppositely incident beams. Inheriting the intrinsic
broadband feature of metal, the complete absorption is frequency-independent in the spectrum
which spans 6–18 GHz in our microwave experiments and may range from kilohertz to gigahertz
frequencies in theory. Remarkably, it occurs in films with thicknesses that are at the extreme
subwavelength scales, ∼ λ/10000 or less.
Furthermore, the coherent illumination (∆ϕ = 0) requires a zero-path-delay interferometer for
the two counter-propagating coherent beams. The critical interfering condition guarantees a con-
structive interference of the electric fields and simultaneously a destructive one of the magnetic
fields at the film position at every frequency, which eliminates the dispersive coupling in conven-
tional interfering absorber designs and can be equivalently regarded as a frequency-independent
magnetic boundary.
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Negative Refraction of Natural Composite Based on Graphene
Barium Ferrite

Karen Oganisian and Wieslaw Strek
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Abstract— In recent decades an interest with the negative refraction materials (metamaterials)
increased due to their exotic features such as reversed geometrical optics, Doppler shifts, Cerenkov
radiation etc.. There are many different classes of metamaterials but one feature is common for all
of them — they have an artificial origin. The natural negative refraction materials may solve the
main problem of their fabrication. Here we present the possibility to obtain negative refraction
in natural physic-chemical synthesis of graphene ferrite composition which can be simply applied
in industrial scale.
The structure, dc magnetic and electromagnetic properties of graphene barium hexoferrite-
BaFe12O19 obtained by a hot pressing were examined by X-ray diffraction, scanning electron mi-
croscopy, dc magnetization and the capacitance and inductance measurements in the frequency
range between 10 and 1 GHz.
It was found that the graphene plates were stacked parallel to each other forming the dense layered
quasi-2D percolated structure along the samples as result of high pressure treatment. The barium
ferrite nanoparticles were inhomogeneously distributed in graphene host. The dc magnetization
loop was characterized by conventional ferromagnetic ordering with relatively high coercivity and
remanence. In turn, electromagnetic investigations revealed electric and magnetic resonances near
500MHz and 100MHz, respectively. The resonances were accompanied by changes of the sign of
permittivity and permeability. Moreover the region with simultaneously negative ε′ and µ′ was
extended up to several GHz.
The observed resonances may be associated to the pressed graphene features because both such
resonances were detected in the pure graphene samples. Recently we have observed the strong
electric resonance in pure graphene samples that may be explained by the creation of 2D plasmons
due to strong coupling between a quasi-2D structure of graphene and perpendicular oriented TE
mode of incident wave. Such a strong interaction may arise from the modification of Fermi energy
in graphene by an external electromagnetic field. On the other hand it also can be related to
Drude relaxation on graphene plates.
However, in pure graphene, magnetic resonance do not change the sign of permeability. Whereas
in graphene ferrite composition, magnetic impurities reduce permeability “background” due to
barium ferrite ferromagnetic resonance which appears at lower frequencies. Therefore even weak
magnetic resonance of graphene may changes the sign of permeability to negative.
Following well known definition the refractive index n =

√
εµ is negative when the real parts of

ε and µ are negative simultaneously in the overlapped frequency range. Thus, it was found that
the refraction of graphene ferrite nanocomposite was negative from 500MHz up to several GHz.
In summary the nanocomposite of graphene barium ferrite obtained by a hot pressing revealed
both negative permittivity and permeability in the overlapped frequency range suggesting on
negative refraction in the broad frequency region from 500 MHz up to several GHz.
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Study of Change in Enzymatic Reaction under
Radiowaves/Microwaves on Lactic Acid Dehydrogenase and

Catalase at 2.1, 2.3 and 2.6 GHz
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Abstract— In modern life, global population is continuously exposed to electromagnetic ra-
diation emitted by mobile phones, computers, radars, smart meters and medical technology
equipment etc. In the last 10 years, use of mobile phone worldwide has increased by almost 200%
resulting in 4.65 billion users in 2014. This rate is further increasing at approximately 5% annu-
ally [1]. Because mobile phone use is so widespread, public concerns about the possible health
effects of mobile phones receive a lot of coverage in the media. Intensive international research
has found no conclusive or convincing evidence that mobile phones are damaging to health in the
short or long term. However, in May 2011, the World Health Organization (WHO) classified RF
radiation as ‘possibly carcinogenic for humans, based on an increased risk for glioma, a type of
brain cancer’ [3].
There is an increasing need to study and evaluate the impact of weak RF at cellular and molecular
levels. Recent reports confirm that even weak RF induces modulating effects on various biological
systems [2, 3]. This study aims to improve our understanding of impact of low power RF radiation
(4G mobile network frequencies) on enzymatic reactions. The selected enzymes play crucial roles
in the biological processes. L-Lactic dehydrogenase is extensively present in blood cells and heart
muscles, and is a marker of common injuries and disease. Catalase enzyme can be found in all
living organisms, it is important for protecting a cell from oxidative damage by reactive oxygen
species (ROS). This in vitro study evaluates the effects of low power RF on kinetics of LDH and
Catalase enzymes irradiated at the frequencies of 2.1, 2.3, and 2.6GHz and two powers of 17
and −10 dBm using the commercial Transverse Electro-Magnetic (TEM) cell. The experimental
findings reveal that RF exposures at the particular studied parameters can induce changes in the
enzymes’ kinetics, which in turn lead to modulation of rate of change in corresponding reactions
these enzymes catalyze. The results of experimental evaluation are presented and discussed in
the paper. This study will contribute towards identifying guidelines for safety measures of RF
exposures.
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Abstract— Energy supply to a biological system excites and sustains a state far from ther-
modynamic equilibrium which is a basic condition of life. Distribution of charges in biological
molecules and structures and exceptional electric polarity of biological objects suggest excitation
of coherent electromagnetic field (EMG) generated by polar vibrations [2]. Microtubules in the
cytoskeleton of the living cell are the generating structures [5]. Resonant frequencies of individual
microtubules were recently investigated in a systematic fashion in the frequency range from 1 kHz
to 20 GHz. Two frequency bands were disclosed: One band has resonant frequencies 10–30MHz,
the other 100–200MHz. Generation of EMG is conditioned by electric polarity, nonlinearity of
vibrations, and energy supply to microtubules. Mitochondria provide energy supply, establish a
strong static electric field and ordered water around them resulting in low damping of oscilla-
tions [3]. Energy of the generated EMG is transformed into physical forces and useful work for
biological needs and provides interactions, transport, organization, synchronization of dynamic
processes and information transfer. The brain activity, central control function, instinct of self-
preservation, and consciousness are assumed to depend on electrodynamic processes, mainly of
quantum nature.
Basic items of biological electromagnetic activity were formulated in the form of postulates to
set up a solid foundation for further theoretical and experimental studies in a new interdisci-
plinary field–physical biology [6]. First postulates concern existence of the endogenous coherent
electromagnetic field, generating structure, and supporting organelles: The field is generated
by microtubules, which are nonlinear oscillating structures, and the supporting organelles are
mitochondria. Other postulates describe function of the electrodynamic field in biological cells
and the brain. The last postulate concerns pathological states of the electrodynamic field, in
particular, in cancer development. Therefore, cancer process is a pathological state of disturbed
energy processing system including generation of the EMG [4]. Besides postulated functions the
generated electrodynamic field should carry out other essential functions of life.
Cancer is a pathological breakdown of coherent energy states in living cells, in particular, of
generated electromagnetic field. After mutation of genome the power plants of the cell, mito-
chondria, are attacked. Oxidative metabolism is deformed by closing the sugar way. This link
of cancer transformation was discovered by O. Warburg [7]. As a result of this link damping of
the electric polar vibrations and electromagnetic field is increased. Due to damping coherence
of oscillations is diminished and in the phenotype of the Warburg effect (the reverse Warburg
effect) the power of the electromagnetic field decreased (increased), and frequency of oscillations
increased (decreased) with respect to healthy cells in the tissue. Due to frequency changes inter-
action between healthy and cancer cells are not attractive [1]. The cancer cells perform invasive
motion into their surroundings and then initiate metastastic process. The main part of the cancer
process is of physical nature. The transformation pathway of cancer will be shown.
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Effects of Weak 7 MHz Magnetic Fields on Reactive Oxygen Species
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Abstract— The effects of weak magnetic fields on the production of reactive oxygen species
from (ROS) intracellular superoxide (O•−2 ) and extracellular hydrogen peroxide (H2O2) were
investigated in vitro with rat pulmonary arterial smooth muscle cells (rPASMC). We observe a
decrease in O•−2 and an increase in H2O2 concentrations in the presence of a 7MHz radio frequency
(RF) at 10 µTRMS and static 45 µT magnetic fields. We propose that O•−2 and H2O2 production
in metabolic processes occur through singlet-triplet modulation of semiquinone flavin (FADH•)
enzymes and O•−2 spin-correlated radical pairs. Spin-radical pair products are modulated by the
7MHz RF magnetic fields that presumably decouple flavin hyperfine interactions during spin
coherence. RF flavin hyperfine decoupling results in an increase of H2O2 singlet state products,
which creates cellular oxidative stress and acts as a secondary messenger that affects cellular
proliferation. This study demonstrates the interplay between O•−2 and H2O2 production when
influenced by RF magnetic fields and underscores the subtle effects of low-frequency magnetic
fields on oxidative metabolism, ROS signaling, and cellular growth.
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Principles and Methods of EMF Safety Maintenance by Individual
Protective Means

I. V. Bukhtiyarov, N. B. Rubtsova, S. Yu. Perov, O. V. Belaya, and T. A. Kravtsova
FSBSI “Research Institute of Occupational Health”, Moscow, Russian Federation

Abstract— According the principles of electromagnetic safety one of way of this problem
solving is protective mean use. There are 2 main directions of protective means: collective
and individual. Collective protective means in dependence of EMF frequency range decrease
EMF value by means of EMF reflection or absorption. Individual protective means (protective
suits) use as a rule in cases of static electric field, power frequency (50/60 Hz) electric field and
radiofrequency (RF) EMF occupational exposure. The methods of these protective suits testing
are developed in different countries. Great difficulties are connected with correct evaluation of
RF EMF individual protective means protective characteristics.
There is presented the method of RF EMF protective suit (PS) safety properties evaluation.
Safety properties of modern PS are based on EMF reflection, which ensures shielding effect. PS
is made of electro-conductive materials; all elements are connected to produce a “cover” around
a human body, which allows reducing the EMF values to permissible levels.
The testing of protective suit is carried out by special setup use. EMF are emitted by means
of RF generator connected with antenna through amplifier. Special setup includes human body
phantom (head, trunk and extremities) and measuring probe connected to personal computer
by optic fiber. Phantom is placed in spatially homogeneous EMF for all body parts. EMF
measurement is carried out in three control points (head, breast and groin) at fixed distances
from RF EMF source in two phantom positions: in front and back to the RF EMF source (with
and without PS).
The results obtained by suggested approach allow determining PS protection level (in dB), and
develop recommendations for construction upgrade.
Furthermore, the obtained data of shielding effectiveness suggest that there is the relationship
between protective properties and RF EMF values. Proposed method of PS shielding effectiveness
evaluation can help analyze those relationship in future studies.



746 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015
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Telecommunication Devices Electromagnetic Field Possible

Hazard Health Effects

N. B. Rubtsova, S. Yu. Perov, O. V. Belaya, and E. V. Bogacheva
FSBSI “Research Institute of Occupational Health”, Moscow, Russian Federation

Abstract— Radiofrequency electromagnetic field (RF EMF) wireless personal telecommunica-
tion devices may be the reason of increased adverse human health effects. The most of recent
studies analyze the possible health hazards of cellular phone EMF only.
The goal of research was to investigate the Digital Enhanced Cordless Telecommunication (DECT)
EMF biological effects to animal behavior and reproduction function. EMF exposure parame-
ters: frequency 1890MHz, continuous wave (CW), power density 250µW/cm2 (exposure time 2
hours/day; 5 days/week; 4 weeks) and 500 µW/cm2 (3 hours/day; 5 days/week; 4 weeks). The
objects: white rats male (190–210 and 340–360 g). Each exposed group had sham exposure.
The evaluated parameters: weight (body, spleen, adrenal glands, testis), behavioral parameters
(open filed test), the function of reproduction system (epididymis sperm count, sperm osmotic
resistance).
Exposure value 500 µW/cm2: significant decrease of rats’ behavioral parameters after 5 days;
decrease of behavioral parameters, sperm osmotic resistance, spleen and testis weights after 10
days; decrease of sperm osmotic resistance and body weight after 20 days. Exposure value
250 µW/cm2: significant decrease of rats’ sperm osmotic resistance after 20 days of exposure and
after 2 postexposure weeks, as well as significant decrease of adrenal glands weight and epididymis
sperm count after 2 postexposure weeks.
There were carried out the simulation EMF exposure experiment. The simulation helps to find
the dependency interrelation between power density, power exposure and specific absorption
rates.
The results showed that exposure to CW EMF at 1890MHz with 500 and 250 µW/cm2 may lead
to adverse health effects on reproductive system of male rats; and using of DECT devices may
be evaluated as possible human health risk factor.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 747

Numerical Field Calculations for Assessment of Electric Field
Strength Arising in Human Body Tissues Caused by Magnetic

Field Exposure

Reinhard Doebbelin, Stefan Foerster, Lars Middelstaedt, and Andreas Lindemann
Otto-von-Guericke-University Magdeburg, Germany

Abstract— Application of high currents in industrial processes is accompanied by intense
magnetic fields in the vicinity of such equipment and so in the workplace area of operators.

The International Commission on Non-Ionizing Radiation Protection (ICNIRP) is a respected
institution which has been engaged in analysis of human field exposure and definition of limit
values for a lot of years. Considering the guidelines concerning the limitation of exposure to
time-varying fields published by ICNIRP in 1998 and 2010, the EU issued a directive on the
minimum health and safety requirements regarding the exposure of workers to the risks arising
from electromagnetic fields (EMF) in 2013. According to these rules, limits exist for parameters
of the in-situ electric field (named basic restrictions/exposure limit values) and for affecting
(external) electric and magnetic fields (named reference levels/action levels). Compliance of an
exposure situation with the limits for the affecting field can be checked by means of measurements.
However, the limits for the electric field arising in relevant tissues of the human body represent
the, in the end, decisive criterion for the field exposure assessment. The reference levels for the
external field were derived from the basic restrictions in a relatively conservative way. Therefore,
especially in technological high-current applications, it can be useful to perform a field exposure
assessment considering compliance with the basic restrictions. Nowadays, the determination
of the in-situ electric field strength occurring in the body tissues can be done by means of
numerical field calculations using appropriate software and an anatomically-based human body
model including the required characteristics of the body tissues. Such numerical field calculations
were carried out for exposure situations at resistance welding equipment using high-amperage
welding currents in the kA range. An example of the modelled arrangements is depicted in
Fig. 1. By means of the applied simulation program EMPIRE XCcelTM. the simulation space
including the magnetic-field generating welding circuit, the human body model (model Duke of
the Virtual Family, established by IT’IS Foundation, Zurich, Switzerland) and air is discretized
into cells in the form of cuboids. The mentioned simulation software uses the finite differences
time domain technique to solve the Maxwell equations. This way, the field parameters of all cells
are updated at each time step and finally the resulting electric field strength values in all relevant
regions of the body model and the corresponding tissues are determined. This is illustrated in

Figure 1: Example for positioning of the human
body model in front of the welding circuit of resis-
tance welding equipment.

Figure 2: Distribution of electric field strength in
sectional plane A of the body model indicated in
Fig. 1, frequency 50 Hz.
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Fig. 2 by means of a sectional view (field strength values normalized to a welding current of
1 kA).
Details of the field calculation procedure and arising possibilities to assess exposure situations
occurring in industrial praxis shall be illustrated in the paper.
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Abstract—
Introduction: Interactions between electromagnetic (EM) fields or currents and living cells
constitute a recurrent subject of interest for several decades, and their effects have been profusely
discussed [1], especially for the frequency bands currently encountered in everyday life of humans.
In a more restrictive domain, large number of studies have been done, focused on EM modelling
of a bacteria medium, in order to predict the EM field penetration and inner induced currents
in living microorganisms. Relevant information to be collected deals with level and frequency
of the EM signal that may affect the development of the considered cells. The former because
non-thermal effects are nowadays suspected to exist, altering cell’s metabolism, the latter because
it is well known that the spectral response of the living cell impedance exhibits some dispersion
in relation with cell membrane behaviour and shield effects [2].
It appears that these parameters may be strongly sensitive to shape, dimensions and orientation
of bacterial cells in relation to the applied electric field orientation. The present paper aims to
examine this problem and brings a streamlined lighting. This is done through the elaboration of a
simplified equivalent electric circuit, supported by a prior COMSOLTM analysis and a stochastic
approach.
Analysis: The bacterium selected to test our approach is Escherichia coli DH5α. A first model,
suitable for the required level of resolution, may be a 2±1 µm long and 0.5±0.2 µm wide cylinder
filled with physiological fluid and surrounded by a dielectric membrane of thickness 50 nm. The
medium is considered also as a physiological fluid. Figure 1 shows the COMSOLTM model, with
possible orientations for the external applied electric field, assuming that the field is provided
through the application of an AC voltage between two plane parallel electrodes. A simplified
equivalent circuit, similar to those explicited in the literature [2], can then be extracted from
COMSOLTM computation, where capacitance and resistor values depend on size and orientation
(Figure 2). Next, the equivalent circuit for the overall medium, containing the suspended bacterial
cells, is deduced, taking into account the concentration and the orientation of bacteria, as well
as the electrodes/medium interface.
Results: As an example of interesting result, Figure 3 shows the admittance of a bacterium
longitudinally oriented with the electric field. It reveals the well-known shield effect at lower
frequencies. The final paper will relate other relevant parameters as inner current in the micro-
organism. Variations according to the size and orientation of bacteria will be detailed for both
uniform and non-uniform media, supported by a stochastic analysis.
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Figure 1: COMSOLTM Model of E. Coli.

e
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Figure 2: Equivalent circuit for one bacterium, to
be inserted in the overall circuit representing the
bacterial medium. C and R values are orientation-
dependent.
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Figure 3: Frequency behaviour of the admittance of E. Coli.
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Abstract— With the development of high field magnetic resonance imaging (MRI) scanners
(≥ 3 T), there has been a concern about possible heating effects of radio-frequency (RF) coils
used in MRI. To ensure RF safety, International Electrotechnical Commission set limits both for
the whole body specific absorption rate (SAR) and local SAR. In a clinical MRI scan, however,
only whole-body SAR is controlled. Full-wave electromagnetic simulations with anatomic models
reveal that it is possible to highly exceed local SAR limits even if whole-body SAR is kept below
the specified limits. Moreover, such worrisome results are also obtained for 1.5 T scanners which
have been used for about 30 years with no known incidents of hazards due to excessive heating.
To be able to explain such a dilemma, we aim to compare simulations with experimental findings.
For this purpose, we obtained whole body MRI scans of a sheep and constructed its anatomical
models using Mimics software. The resolution of the image set obtained using T1 weighting is
1.56mm × 1.56mm × 1.56mm. For the part including brain and neck, we segmented skin, fat,
brain, bone, muscle tissues, and air. We used cavity fill, multiple slice edit, extrude, and boolean
operations for some tissues but most of the time manual segmentation is required particularly
to differentiate air and bone since their gray-scale colors are quite close to each other. After
obtaining 3D model, we performed further validation to correct erroneous segmented slices. We
also performed smoothing and wrapping processes to In Figure 1, we depict a sagittal slice of
the original MR image, a partial model constructed using skin, fat, and muscle tissues, and a
more detailed anatomical model consisting of six tissues. Simulations pertaining to SAR and
temperature increase of these models will be obtained from the Sim4Life software and will be
contrasted to experimental results.

(a) (b)

(c) (d)

Figure 1: The process of constructing the anatomical model of a sheep: (a) Sagittal MR image, (b) partial
model consisting of skin, fat, and soft tissue (muscle), (c) more detailed model with six tissues, and (d) 3D
image of the anatomical model.
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The Use of Quasi-phantom Measurements for Characterization of
Vertigo Hazards Caused by Static Magnetic Fields Exposure of

Magnetic Resonance Workers

Jolanta Karpowicz
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Abstract— There are many reports from workers involve in various activities near magnets
of magnetic resonance scanners (radiographers, nurses, technicians, cleaners, etc.) that during
activities near or inside magnet tube they experienced vertigo, sometimes strong enough to
significantly disturb their work. In 2014 International Commission on Non-ionizing Radiation
Protection (ICNIRP) published guidelines for limiting exposure to electric fields induced by
movement of the human body in static magnetic field and by time-varying magnetic fields below
1Hz — in order to prevent vertigo and phosfenes. The ICNIRPs reference level to protect against
effects in peripheral nervous system due to movement in static magnetic field and due to time-
varying magnetic field of 0–1 Hz exposure is 2700 mT/s (2.7 T/s), and basic restriction was set at
2,000mT (2T). It triggered scientific debate if such measures of exposure hazards are sufficient,
because magneto-mechanical interaction with the exposed body is not reflected in mentioned
limits.
The aim of presented studies was to characterize the vertigo hazards near magnetic resonance
scanners by expanded set of exposure parameters (including phenomenon of induced electric field
and magneto-mechanical interaction mechanism). The 3-axis Hall probe connected to the pocket
data logger was used in quasi-phantom measurements near 1.0; 1.5 and 3.0 T scanners. The
significant differences in the exposure parameters between components of various polarization
in magnetic field affecting worker (vertical, sagital, transverse). The new approach developed
to characterize complex pattern of exposure may help to understand better what mechanism
of interaction between static magnetic field and human body play dominating role in vertigo
developing.

ACKNOWLEDGMENT

Research within the statutory activity of the CIOP-PIB (II-33), supported by the Ministry of
Science and Higher Education, Poland (2014–2015).



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 753

Geographical Distribution of Childhood Acute Leukaemia in the
Metropolitan Area of Guadalajara, Mexico and Its Correlation

with the Wireless and High Voltage Network

Leonardo Soto Sumuano1, 2, Carlos Ruiz Chavez3, Alberto Tlacuilo-Parra1,
Roberto Garibaldi Covarrubias4, Hugo Romo Rubio4, 5,
Mijail Suarez Arredondo1, and Jesus Arriaga Dávila1

1Medical Research Division, UMAE Hospital de Pediatria CMNO, IMSS, Guadalajara, Mexico
2Information Systems Department, CUCEA, University of Guadalajara, Zapopan, Mexico

3Independent Consultant in Information Technologies, Guadalajara, Mexico
4Pediatric Hematology and Oncology Department

UMAE Hospital de Pediatria CMNO, IMSS, Guadalajara, Mexico
5Pediatric Hematology and Oncology Department

Nuevo Hospital Civil de Guadalajara, OPD, Guadalajara, Mexico

Abstract— This first study conducted by the University of Guadalajara, the Pediatric National
Social Security Medical Center, the Hospital Civil de Guadalajara and the General Hospital of
Guadalajara, shows the geographical and temporal distribution of 274 cases of children suffering
from Leukemia in 6 municipalities in the metropolitan area of Guadalajara (2014). In Mex-
ico, geographical information systems (GIS) have been rarely implemented to monitor spatial
assessments of leukemia. We present an analysis of the spatial distribution of acute leukemia
among children from 0 to 16 years of age in the metropolitan zone of Guadalajara, Mexico using
individual case Hospital data from the three main hospital facilities attending this population.
Methods: Using the approach of spatial epidemiology DBSCAN and 1-dist, cases of leukemia
obtained from the databases of hospitals resulted in “clusters” or groups of cases/100,000 inhab-
itants. Cancer cases were grouped according to an internationally recognized morphology-based.
Results: The results shows 24 cases/100,000 inhabitants for leukemia (acute lymphoblastic
leukemia) LLA and 4.4 cases/100,000 inhabitants for leukemia AML (acute myeloid leukemia).
These results were outside of international references. The values are usually 3–5 cases/100,000
for LLA and 0.8 cases/100,000 for AML.
Conclusions: Although the etiology of most childhood leukemias is unknown, there is a signif-
icant correlation between spatial disease cluster with an unusual elevated disease incidence rate
and the high voltage distribution network and the wireless communication network. Studies in
the literature have focused on childhood leukemia because of its relative large incidence among
children compared with other malignant disease, its apparent tendency to cluster, and the public
concern over locally elevated leukemia incidence.



754 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Experimental Assessment of Influence Factors of Body Shadow
Effect in Dosimetry Measurements in Indoor Enclosures

S. de Miguel-Bilbao1, J. Roldán2, J. Blas3, and V. Ramos1

1Health Institute Carlos III, Telemedicine and e-Health Research Unit, Madrid, Spain
2Health Institute Carlos III, National Center for Environmental Health, Madrid, Spain

3Department of Signal Theory, Communications and Telematic Engineering
University of Valladolid, Valladolid, Spain

Abstract— The use of wireless systems, such as WLAN spreading to a wide range of sec-
tors, ranging from domestic households, to administrative as well as industrial and healthcare
environments, with a broad and transverse application scope. The number of personal devices
that operate in the frequency band of 2.4 GHz is spreading in enclosed environments. Personal
exposure meters (PEMs) are used for measuring exposure to electromagnetic fields (EMF), and
are typically worn by the user during the measurement campaigns. The immediate proximity of
the user underestimates EMF exposure levels in the registered data. This alteration is known as
body shadow effect (BSE). Regulations about the protection of human exposure to non-ionizing
radiation provide thresholds to assure the health and protection of the human beings. These
thresholds have been fixed taking into account unperturbed data provided by scientific studies,
so these thresholds must be compared with objective and undisturbed data. This study describes
the procedure of design of an experimental protocol of measurement of the E-field levels in indoor
enclosures to avoid the influence of the BSE. The designed protocol isolates the treatment of the
BSE from other intrinsic uncertainties of the exposure assessment from WLAN devices, such
as the discontinuous transmission. The quantification of this uncertainty is performed by the
duty factor, defined as the relation between the effective information transmission and the total
duration of the transmission. Simulations have been performed means of a software prediction
tool in order to estimate the measured E-field levels obtained with the designed experimental
method.
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Measuring the Optical Extinction of Aerosol Particles with Digital
Holography

Matthew J. Berg, Nava R. Subedi, and Perter A. Anderson
Department of Physics & Astronomy, Mississippi State University

355 Lee Blvd., Mississippi State, MS 39762, USA

Abstract— This work will present a new technique to measure an aerosol particle’s extinction
cross section. The concept relies on digital holography, where the interference pattern of a
particle’s scattered and incident light is recorded optoelectronically to yield a digital hologram.
Much information about a particle’s physical character can be extracted from such holograms. For
example, a silhouette-like image of the particle can be obtained via a simple Fourier-transform-
based operation. This talk will show how the digital hologram can also yield the value of the
extinction cross section for single and multiple nonspherical particles. Given the simplicity of the
measurements involved, such capability could have important applications to quantify extinction
by complex-shaped aerosol particles, such as mineral dust, and could do so in situ.
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Analysis of Layered Dielectric Capped Wedge for RCS Reduction

Hulya Ozturk1 and Korkut Yegin2

1Department of Mathematics, Gebze Technical University, Kocaeli 41400, Turkey
2Electrical and Electronics Engineering Department, Ege University, Izmir 35100, Turkey

Abstract— Conducting wedge is a canonical structure in electromagnetic scattering problems.
Applications of scattering from wedge geometries range from reflector designs to aerial vehicles.
Due to wide range of applications, plane wave scattering due to a wedge shape has been studied
extensively in the past. However, wedge capped with dielectric layers with the intention of
RCS reduction has been overlooked. We first took a canonical wedge infinite in z-direction
(longitudinal) and covered this wedge with dielectric layers of varying thicknesses and dielectric
properties including conductive loss. Then, scalar Helmholtz equation in two dimensions is
formulated for each solution region and a matrix of unknown coefficients are arrived at for problem
solution. For different wedge shapes and dielectric layer properties, corresponding RCS values
are computed in one- and two-dimension. We observed that if certain conditions are met, RCS
can be reduced from that of uncovered perfect electric conductor wedge. We also formulated
the RCS reduction as a single objective optimization problem to observe the interdependence of
wedge parameters to RCS values. Since wedge shapes are particularly useful in unmanned aerial
vehicles, airplanes, and missile structures, the analysis which was carried in two-dimensions
(infinite in longitudinal direction), is further expanded for simplistic shapes in three dimensions
using computer-aided electromagnetic scattering programs. These numerical solvers also permit
solutions for coated wedge geometries where it is possible to compare the effectiveness of coating
to dielectric capped wedge configurations. Both analytical and simulated results will be presented
in detail to express the degree of agreement and to validate the proposed concept on 3D shapes.
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A Perturbative Solution to Plane Wave Scattering from a Rough
Dielectric Cylinder

Rahul Trivedi and Uday K. Khankhoje
Department of Electrical Engineering, Indian Institute of Technology Delhi, New Delhi, India

Abstract— Scattering of electromagnetic waves by vegetation such as tree trunks, branches and
leaves is a significant contributor to radar scattering. At low microwave frequencies, modelling
the tree trunk as a smooth cylinder is usually sufficient to accurately capture it’s effect on the
incident radiation. However, at higher frequencies, the surface roughness begins to play an
increasingly important role in the scattering properties of the tree trunk. Numerical methods
such as the integral equation method can be used to compute the scattered fields for a rough
cylinder, however, their use is limited by the large computation time involved.
We present a second order perturbative analysis of scattering of a plane electromagnetic wave
from a stochastically rough cylinder. The rough cylinder surface is described by a stochastic
process, h(φ, z), which denotes the radial distance of a point on the rough surface at azimuthal
coordinate φ and z-coordinate z from the mean smooth cylinder of radius a. We analytically
solve Maxwell’s equations to obtain a perturbative expression to second order for the scattered
fields:

Esca(r) = Esca
0 (r) +

∞∑
m=−∞

∞∫

−∞
αm(r; k)h̃m (k − k0 cos α) dk

+
∞∑

m=−∞

∞∑
p=∞

∞∫

−∞

∞∫

−∞
βm,p(r; k, k′)h̃m (k′ − k0 cos α) h̃p (k − k′) dkdk′ (1)

where h̃n(k) = 1
4π2

∫∞
−∞

∫ 2π

0
h(φ, z) exp(−j(nφ+kz))dφdk, the incident field is assumed to propa-

gate along ki = k0(ẑ cos α+ x̂ sin α), and Esca
0 (r) is the scattered field due to a smooth cylinder of

radius a. Closed form expressions for the functions αm(r; k) and βm,p(r; k, k′) are derived from
the Maxwell’s equations and the boundary conditions at the rough cylinder surface. Clearly,
Eq. (1) can be used to evaluate the ensemble average of the scattered field and other derived
quantities (such as the scattering cross section), if the autocorrelation function of the random
process R(φ, z) = h(Φ, Z)h(Φ + φ,Z + z) is known. Our method therefore allows the direct cal-
culation of the statistical properties of the scattered fields in terms of the statistical properties of
the rough cylinder surface, significantly reducing the computational time involved as compared
to the other numerical methods that can be employed for analysing the same problem.
We also investigate the validity of our analysis by numerically comparing it with a method-of-
moments based solution of the same problem. For simplicity, we assume that the cylinder surface
is only azimuthally rough, i.e., h(φ, z) is independent of z, and that it is exponentially correlated:

R(φ) = h(Φ)h(Φ + φ) = h2
0 exp (−|φ|/φ0) ∀ ∈ (−π, π] (2)

h0 being the root mean square roughness and l = aφ0 being the correlation length of the rough
surface. This numerical validation gives us a region of validity in terms of bounds on h0 and
l within which the perturbative solution is sufficient to describe the scattered fields due to the
rough cylinder.
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Multispectral Light Scattering Imaging and Multivariate Analysis of
Airborne Particulates

Stephen Holler1, Charles Skelsey2, and Stephen D. Fuerstenau3

1Department of Physics & Engineering Physics
Fordham University, 441 East Fordham Road, Bronx, NY 10458, USA
2Fordham University, 441 East Fordham Road, Bronx, NY 10458, USA

3SDF Consulting San Mateo, CA, USA

Abstract— Light scattering patterns from non-spherical particles and aggregates exhibit com-
plex structure that is only revealed when observing in two angular dimensions. However, due to
the varied shape and packing of such aerosols, the rich structure in the two-dimensional angular
optical scattering (TAOS) pattern varies from particle to particle. We examine two-dimensional
light scattering patterns obtained at multiple wavelengths using a single CCD camera with min-
imal cross talk between channels. The integration of the approach with a single CCD camera
assures that data is acquired within the same solid angle and orientation. Since the optical size
of the scattering particle is inversely proportional to the illuminating wavelength, the spectrally
resolved scattering information provides characteristic information about the airborne particles
simultaneously in two different scaling regimes. The simultaneous acquisition of data from air-
borne particulate matter at two different wavelengths allows for additional degrees of freedom
in the analysis and characterization of the aerosols. Whereas our previous multivariate analy-
ses of aerosol particles has relied solely on spatial frequency components, our present approach
attempts to incorporate the relative symmetry of the particle-detector system while extracting
information content from both spectral channels. In addition to single channel data, this current
approach also examines relative metrics. Consequently, we have begun to employ multivariate
techniques based on novel morphological descriptors in order to classify “unknown” particles
within a database of TAOS patterns from known aerosols utilizing both spectral and spatial in-
formation acquired. A comparison is made among several different classification metrics, all of
which show improved classification capabilities relative to our previous approaches.
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Evaluation of the Angular Spectrum of Scattered High Frequency
Radio Waves in the Anisotropic Collision Magnetized Ionospheric

Plasma

G. V. Jandieri1, Zh. M. Diasamidze2, M. R. Diasamidze3, and I. Nemsadze4

1Special Department, Georgian Technical University, Georgia
2Physics Department, Batumi Shota Rustaveli State University, Georgia

3Department of Exact and Natural Sciences, Batumi State Maritime Academy, Georgia
4Physics Department, Batumi Shota Rustaveli State University, Georgia

Abstract— This paper represents incline incidence of high-frequency radio wave on the mag-
netized collision ionospheric plasma slab in the ray (-optics) approximation taking into account
boundary conditions using the Snell’s low. Fourth order dispersion equation is derived for the
mean field of scattered radio waves including components of the second rank dielectric permit-
tivity tensor of the magnetized plasma. Set of stochastic differential equations is obtained for
the fluctuating electric field vector. Second order statistical moments of the phase and amplitude
fluctuations of high-frequency electromagnetic waves are investigated taking into account both
electron density and external magnetic field fluctuations. Polarization effects for the ordinary
and extraordinary waves are taken into account. The obtained results are valid for arbitrary
correlation functions of fluctuating plasma parameters in the near and far zones from a slab.
The influences of both anisotropy factor and angle of inclination of prolate irregularities with
respect to the external magnetic field on the statistical characteristics of scattered radio waves:
Stokes parameters, broadening of the spatial spectrum of scattered radiation, displacement of its
maximum, angle of arrivals in the principle and perpendicular planes are investigated analytically
and numerically for both anisotropic Gaussian and power law spectral functions characterizing
electron density fluctuations on different ionospheric layers. Interaction effect of waves is consid-
ered on the basis of the dispersion equation at different angles of incidence on plasma slab. Phase
portraits of the correlation functions of the amplitude and phase fluctuations were constructed
for different spatial parameters characterizing given problem taking into account external mag-
netic field fluctuations. Numerical calculations were carried out at different distances between
observation points and parameters characterizing anisotropic irregularities having different char-
acteristic spatial scales. The obtained results are of interest and will have application in satellite
communication and ionospheric monitoring stimulating investigation of ionospheric irregularities.
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Stochastic Geometry for Electromagnetic Scattering Modeling

Frédéric Gruy
Ecole Nationale Supérieure des Mines

158 Cours Fauriel, 42023 Saint-Etienne, Cedex 2, France

Abstract— Electromagnetic scattering by particles consisting in a homogeneous material has
been studied a lot by means of Maxwell equations that are numerically solved. Solutions depend
on the morphology of the particles; the morphology of the particle is revealed at the boundary
conditions. In the case of a homogeneous material a relationship between the scattering prop-
erties, the optical indices of the material and the surface characteristics can be expected. The
need of fast calculations is important for industrial applications, even if the accuracy is lower.
Fitting the accuracy of the calculation with the accuracy of the measurement is sufficient. More-
over the use of relevant descriptors for the particle geometry can simplify the correspondence
between optical and geometrical properties. In the past some optical approximations have been
developed for the calculations for soft materials, e.g. Rayleigh-Debye-Gans approximation for
small particles, Van de Hulst approximation for large particles. In these cases phase function
and scattering cross section explicitly contain geometrical parameters like the distance between
two points inside the particle, the chord length, etc.. On the other hand Fraunhoffer diffraction
for large and optically hard particles is often related to the projected area of the particle. As
a consequence there may exist a relationship between the optical properties and the statistical
distribution of such geometrical parameters. In this sense the chord length distribution (CLD)
seems to be a good candidate to optically describe a particle. This paper:

- reminds how the optical properties are related to these distributions,
- presents the way to estimate the distributions,
- presents some examples of distributions (for spheres, ellipsoids, cylinders, facetted crystals),
- reminds some mathematical properties of these distributions,
- presents some rules to reconstruct rapidly the CLD for convex particles,
- compares the exact and approximated calculations of the scattering cross section.
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Plasmons and Charge Noise at Composite Surfaces

C. Henkel1 and B. Horovitz2

1Institute of Physics and Astronomy, University of Potsdam, Germany
2Department of Physics, Ben Gurion University, Beer Sheva, Israel

Abstract— We discuss the scattering of photons, plasmons, and electrons at a rough metallic
surface. Our motivation are experiments with surfaces that are not perfectly characterized,
covered with adsorbates or hosting localized charge states. For example, the randomly varying
work function (patch potentials) of an amorphous metal actually shows fluctuations; these can be
measured in the MHz band with charged particle traps at sub-millimeter distances. Our goal is to
develop a microscopic model and to identify strategies to reduce this noise. Another experimental
signature is the dispersion of the surface plasmon resonance at large parallel momentum. It is
well known since the work of Feibelman [1] that the slope of the dispersion relation is sensitive
to the response of the electron density in the near-surface region.
Our model builds upon previous work on a kinetic theory where bulk and surface electrons are
coupled via non-specular scattering at a rough surface [2]. We use the relevant conservation
laws for hydrodynamic fields (density, current) to complement material relations in the bulk
with boundary conditions. This yields, for example, a modified dispersion relation for surface
plasmon polaritons. The electromagnetic response problem for fields incident upon the surface
is solved and yields electric and magnetic fluctuation spectra in conjunction with the fluctuation
— dissipation relation [3]. We analyze in particular the average Lorentz force in a high-density
conductor that may give a significant temperature dependent correction to the work function.
The goal is to establish the spectral density of the thermal Lorentz force and to compare with
frequency- and temperature-dependent data for surface charge noise from miniature ion traps.
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Resonant Electromagnetic Scattering in Anisotropic Layered Media
with Random Fabrication Errors

Emily A. McHenry
Mathematics Department, Louisiana State University, Baton Rouge, Louisiana

Abstract— The excitation of an electromagnetic guided mode (occurring at a frequency em-
bedded in the continuous spectrum of the underlying Maxwell operator) of a slab structure by
an exterior source field elicits anomalous scattering behavior, particularly resonant field amplifi-
cation and sharp variations in energy transmission and reflection across the slab (known as Fano
resonance). This resonance phenomena is utilized by optical devices that require the precise tun-
ing of the width and central frequency of a resonance, including lasers, filters, and light-emitting
diodes. However, these characteristics are sensitive to random fabrication errors that occur dur-
ing the production process. In this talk, we will quantify quantify the sensitivity of resonant
characteristics to these material imperfections.
In [4] a slab structure that supports a spectrally embedded guided mode was constructed using
the properties of anisotropic layered media. Into this regime, we introduce random perturbations
of the dielectric and magnetic tensors ε and µ across the slab; the random perturbations are
controlled by a small parameter σ:

ε(z) = ε0(z) + σξ(z)
µ(z) = µ0(z) + ση(z),

where ξ and η are random variable matrices. The effect of the random perturbations on the
resonant characteristics of the slab is analyzed through the poles of the scattering matrix S̃ =
(TP− − P+)−1, where P± are the projections in C4 onto the two-dimensional rightward (+) and
leftward (−) Bloch modes of the ambient (nonrandom) medium. Representing the scattering
matrix in this way, the random variation of a pole is obtained through perturbation analysis of
the analytic eigenvalue λ(κ‖, ω) of the matrix (T0(I + σM))P−−P+, where T0(I + σM) denotes
the transfer matrix T up to the first order in σ.
The transmission and reflection coefficients are obtained by projecting the scattering matrix to
the propagating harmonics of the ambient medium. The result has the form

S(κ‖, ω; σ) =
1

λ(κ‖, ω; σ)

[
b1(κ‖, ω; σ) a2(κ‖, ω; σ)
a1(κ‖, ω;σ) b2(κ‖, ω;σ)

]
.

The eigenvalue λ, reflectances aj , and transmittances bj vanish simultaneously at the guided mode
point (κ0

‖, ω
0; 0). A rigorous description of transmission anomalies in the nonrandom lossless case

is given in [1–3]. We will extend this analysis to establish the properties of transmission anomalies
as random variables, particularly the mean and variance of the heights and locations of the sharp
peaks and dips in the Fano lineshape.
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Patterning Highly Oriented Pyrolytic Graphite for Efficient
Broad-band Absorption

Julian Evans, Yaoran Sun, and Sailing He
Center for Optical and Electromagnetic Research, Zhejiang University, China

Abstract— Highly absorbing materials have many applications in astronomical observation,
photothermal solar light harvesting, and thermal photonic devices. Many groups use vertical
aligned carbon nanotubes to create such materials, which require complicated growth processes
and large thicknesses. Highly Oriented Pyrolytic Graphite (HOPG) can be structured using
ICP-etching to produce significantly thinner, more robust materials that have potentially com-
parable performance for a variety of applications. In this talk I will describe a method using
gold nanoparticle masks to produce 400 nm tall nanocone structures that allow for broadband
absorption of greater than 95% for wavelengths ranging from 400 nm–1600 nm. The density and
size of nanocones can be easily tuned by varying the density of nanoparticle masks and etching
conditions. Using polyethylene glycol capped spheres, we’ve achieved nearly complete coverage
of the surface with the nanocone structures through a simple spin coating process. Computer
simulations indicate that surface coverage and height are the critical parameters for achieving
high absorptivity and that the overall pattern of nanocone arrangement and polydispersity are
less critical in material performance.
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A Study of Periodic Multilayered Structure in Fractional Dimension
Space and Euclidian Space

M. J. Mughal1 and Safiullah Khan2

1COMSATS Institute of Information Technology, Islamabad, Pakistan
2Ghulam Ishaq Khan Institute of Engineering Sciences and Technology, Topi 23640, Pakistan

Abstract— In this paper, Transfer Matrix Method and modified Maxwell equations are used
to find the general expressions for reflection and transmission coefficients of periodic multilay-
ered structure. The structure is placed in D dimension space where D is integer for Euclidean
space and non-integer for Fractional space. Characteristics of these structure are studied when
an electromagnetic wave strikes on it at both normal and oblique incident angle. The final
expressions are the function of frequency, dimension and incident angle. Numerical results for
multilayered periodic strong chiral — strong chiral structure are presented. This study provides
motivation to investigate the electromagnetic waves propagation in multilayered structures at
fractional boundaries.
Summary: Advances in the metamaterials (MTM) has significantly attracted the attention of
researchers. Multilayered structures composed of composite materials are being widely used in
applications such as antenna designing, lens designing, frequency selective surfaces etc. [1–3].
Since, metallic structures have losses associated with it, metamaterial structures are used to
achieve desirable outcomes. Until recently, frequency, incident angle and constitutive parameters
behaviour were studied but with the introduction of fractional calculus, effect of dimension can
also be studied. Irregular surfaces, porous media, and complex structures can be modelled with
fractional calculus [4].
In this paper strong chiral — strong chiral multilayered structure placed in D dimension space
is presented for analysis as shown in Figure 1. The general incident, reflected and transmitted
fields are [4],

Ei =
[
Ei‖ (x̂ cos θi + ẑ sin θi) + Ei⊥ŷ

]
e−jkF (−x sin θi)(kF z cos θi)n

[
H(2)

n (kF z cos θi)
]
, (1)

Hi =
1
η

[
Ei‖ŷ − Ei⊥ (x̂ cos θi + ẑ sin θi)

]
e−jkF (−x sin θi)(kF z cos θi)nh

[
H

(2)
nh (kF z cos θi)

]
, (2)

Er =
[
Er‖ (x̂ cos θr − ẑ sin θr) + Er⊥ŷ

]
e−jkF (−x sin θr)(kF z cos θr)n

[
H(1)

n (kF z cos θr)
]
, (3)

Hr =
1
η

[−Er‖ŷ + Er⊥ (x̂ cos θr − ẑ sin θr)
]
e−jkF (−x sin θr)(kF z cos θr)nh

[
H

(1)
nh (kF z cos θr)

]
, (4)

Et =
[
Et‖ (x̂ cos θt − ẑ sin θt) + Et⊥ŷ

]
e−jkF (−x sin θt)(kF z cos θt)n

[
H(2)

n (kF z cos θt)
]
, (5)

Ht =
1
η

[
Et‖ŷ + Et⊥ (x̂ cos θt + ẑ sin θt)

]
e−jkF (−x sin θt)(kF z cos θt)nh

[
H

(2)
nh (kF z cos θt)

]
(6)

where n = |3−D|
2 and nh = |D−1|

2 . Hankel function of the second kind and Hankel function of
the first kind represents the forward travelling wave and backward travelling wave respectively.
Transfer Matrix Method (TMM) is applied on Equations (1)–(6) and electric and magnetic field
expressions for strong chiral medium, to compute field expressions on either side of the structure.
The final expression is of the following form,




Ei‖
Ei⊥
Er‖
Er⊥


 = [T ]

[
Et‖
Et⊥

]
(7)

[T ] =




a11 a12

a21 a22

a31 a32

a41 a42


 = [M1][PA][T1]m[M2] (8)

[T1] = [MAB ][PB ][MBA][PA] (9)

where [T ] is the transfer matrix and it relates the field on either side of the structure. Figures 2
and 3 show the reflectance at normal and oblique incidences, respectively (for simplicity only
reflectance is shown here).
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Figure 1: Five layered metmaterial structure placed in D dimension space.
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Figure 2: Reflectance for five layered SC-SC struc-
ture. nA = 0.8, nB = 0.6, κA = 1.2, κB = 1.0,
|nA|dA = |nB |dB = λ0/4, θi = 0◦.
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Figure 3: Reflectance for five layered SC-SC struc-
ture. nA = 0.8, nB = 0.6, κA = 1.2, κB = 1.0,
|nA|dA = |nB |dB = λ0/4, f/f0 = 0.5.
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Quantum Thermodynamics: An Information Theoretical Viewpoint

Mauro Paternostro
Centre for Theoretical Atomic, Molecular, and Optical Physics

School of Mathematics and Physics, Queen’s University Belfast, BT71 NN, Belfast, UK

Abstract— Thermodynamics is one of the pillars of physical, chemical and biological sciences.
It is able to predict the occurrence and efficiency of complex chemical reactions and biological
processes. In physics, the conduction of heat across a medium or the concept of the arrow of
time are formulated thermodynamically. In information theory, the definitions of information
and entropy are given in thermodynamical terms. Even more, the tightness of the link between
information and thermodynamics can be deduced from the thermodynamic interpretation of the
landmark embodied by Landauers erasure principle, Jaynes principle of maximum entropy, or the
exorcism of Maxwell’s demon operated using information theoretical tools. Another example is
the analysis of the spectrum of blackbody radiation made by Planck, which triggered the quantum
mechanical revolution. However, science and technology have evolved immensely from the early
days of the quantum era, allowing us to witness quantum effects that could only be dreamed of
decades ago. Our capabilities to control and guide processes at the microscopic scale has reached
outstanding levels of dexterity. Yet, a series of tantalising questions arise: what happens to the
principles of thermodynamics when we deal with the quick dynamics of small quantum systems
brought dramatically out of equilibrium? Can we formulate in a thermodynamical way the work-
ing principles of quantum devices designed to perform transformations analogous to “canonical”
thermo-machines? In this talk I will present a framework that is able to show the emergence of
thermodynamics out of genuinely quantum processes enforced in quantum many- body systems,
thus establishing a tight link between thermodynamics and quantum critical phenomena. I will
discuss how work can be extracted from intricate (mesoscopic) quantum motors to ensure engines
performances overcoming any classical counterpart and suggest tantalising connections between
the irreversible quantum entropy produced across a process and the establishment of quantum
correlations among the constituents of a quantum device.
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Steady Many-body Entanglement Induced by an out of Thermal
Equilibrium Environment

Bruno Bellomo1, 2 and Mauro Antezza2, 3

1Observatoire des Sciences de l’Univers THETA, Institut UTINAM, UMR CNRS 6213
Université de Franche-Comté, Besançon F-25010, France

2Laboratoire Charles Coulomb (L2C), UMR 5221 CNRS, Université de Montpellier, Montpellier, France
3Institut Universitaire de France, 103, bd Saint-Michel F-75005 Paris, France

Abstract— This work concerns the manipulation of quantum systems by engineering the prop-
erties of the environment they interact with. It is based on recent studies regarding the properties
of the radiation field produced in a given configuration when macroscopic bodies are kept at dif-
ferent temperatures [1]. Indeed, it has been shown that the interaction of small atomic systems
(one or two atoms) with a field produced in a configuration kept out of thermal equilibrium may
permit a strong manipulation of the atomic dynamics [2–5].
Here we study an ensemble of more than two two-level quantum systems (qubits) interacting
with a common electromagnetic field in proximity of a dielectric slab whose temperature is held
different from that of some far surrounding walls (see Fig. 1). We show that the dissipative
dynamics of the qubits driven by this stationary and out of thermal equilibrium (OTE) field,
allows the production of steady many-body entangled states, differently from the case at thermal
equilibrium where steady states are always non-entangled. By studying up to ten qubits, we
point out the role of symmetry in the entanglement production, which is exalted in the case of
permutationally invariant configurations. In the case of three qubits, we find a strong dependence
of tripartite entanglement on the spatial disposition of the qubits, and in the case of six qubits,
we find several highly entangled bipartitions where entanglement can, remarkably, survive for
large qubit-qubit distances up to 100 µm [6].
Our analysis points out the potentialities of rich yet simple configurations involving macroscopic
bodies held at different temperature, which are within experimental reach. They may permit the
production and manipulation of steady multipartite entanglement, resistant for large inter-qubits
distances, offering then new tools possibly exploitable for quantum computational tasks. All this
is obtained without any further external actions on the qubits, being the result of the qubits
dissipative dynamics itself. These protocols are then intrinsically robust to environmental effects
and do not need of initializing the total system in a given configuration.

Figure 1: Several qubits close to a slab at temperature TM different from the temperature of some far
surrounding walls, TW .
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Tightening the Second Law of Thermodynamics for Restricted Baths

Karen V. Hovhannisyan, Mart́ı Perarnau-Llobet, and Paul Skrzypczyk
ICFO-Institut de Ciencies Fotoniques, Mediterranean Technology Park

Castelldefels, Barcelona 08860, Spain

Abstract— The most operationally meaningful formulation of the second law of thermodynam-
ics is the so called maximum work principle: The maximal work one can extract from a system
attached to a bath is given by the difference of initial and final free energies of the system. The
law is universal: It does not depend on the details of the bath. Yet, while working with small
systems, we face different kinds of limitations connected to the fact that the bath is not infinite
or it cannot be engineered to have correct macroscopic spectrum, etc.. A fundamental question
then would be whether one can put additional limitations on the extractable work which will
respect the new constraints but will still be independent on the other details of the bath. In case
of fixed dimensionality of the Hilbert space of the bath we find general dimensionality-dependent
bounds on the corrections to free energy difference formula. We further study another kind of
limitation where it is not the dimensionality that is bounded but the fine tuning in the bath. We
do so by considering an ensemble of identical spins as a bath. There we prove that the lack of fine
tuning is compensated by taking the continuum limit and we find the scaling of the corresponding
correction term. The role of correlations built up between the system and the bath and within
the bath is also studied.
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Finite Temperature Reservoir Engineering and Entanglement
Dynamics

S. Fedortchenko1, A. Keller2, T. Coudreau1, and P. Milman1

1Laboratoire Matériaux et Phénomènes Quantiques, Sorbonne Paris Cité
Université Paris Diderot, CNRS UMR 7162, Paris 75013, France

2Université Paris-Sud 11, Institut des Sciences Moléculaires d’Orsay (CNRS)
Bâtiment 350, Campus d’Orsay, 91405 Orsay Cedex, France

Abstract— For the vast majority of experimentally controllable and measurable quantum
systems, interaction with the environment leads to a decoherence process that rapidly and ir-
reversibly destroys the quantum properties of the studied system. Decoherence impedes the
large scale applications of quantum mechanics, as quantum information and quantum metrology.
Such unavoidable coupling between a system and an inaccessible environment privileges so-called
pointer states. When interaction with the reservoir prevails over the system’s free Hamiltonian,
the specific properties of the system — environment coupling determine the steady, or more
stable states of the considered system. Decoherence owes its bad reputation to the fact that,
for experimentally relevant situations, these steady states usually do not display nonclassical
properties. However, quantum reservoir engineering showed that decoherence can be rendered
compatible with the preservation of quantum properties. Indeed, by judiciously engineering the
effects of exotic system — reservoir couplings, quantum states with useful quantum properties,
such as entanglement or quantum coherence, can turn out to be the steady states of the deco-
herence process. Reservoir engineering can be used to protect interesting quantum states from
decoherence, even in the case where a “natural” reservoir is present. As a matter of fact, an
engineered reservoir can dominate a system’s dynamics, turning the total system’s steady state
arbitrarily close to its own steady state, that can be controllably chosen.
The experimental implementation of reservoir engineering became achievable with the rapid tech-
nological development of quantum devices. Recent experimental results demonstrate the produc-
tion of steady maximally entangled states through controlled dissipation in trapped ions and
superconducting systems. Most theoretical proposals and experimental realizations are focused
on engineering zero temperature reservoirs, since they can lead to the production and protection
of pure states.
The steady state of a finite temperature reservoir is mixed. Finite temperature reservoir engi-
neering can lead to the production and protection of mixed states with interesting entanglement
properties, a problem that remains unexploited in the literature. Nevertheless, there are a num-
ber of interesting and unusual entanglement properties that engineered thermal reservoir can help
to reveal and fully exploit for applications. One example is thermal entangled states, states that
are separable at zero temperature, but entangled at finite temperature. They are the eigenstates
of a strongly interacting spin system coupled to a reservoir that, due to the strongly interacting
Hamiltonian, is non-local, i.e., it acts in many spins at the same time. Experimental observation
of thermal entanglement is possible in strongly interacting many body systems. However, in such
systems, entanglement cannot be extracted and used as a resource for quantum based protocols.
Moreover, the system-reservoir Hamiltonian is fixed by the specific material under study, and
cannot be engineered and controlled.
In the present contribution, we provide theoretical proposals leading to finite temperature reser-
voir engineering which are well adapted to the state-of-the art of different set-ups successfully used
to demonstrate quantum protocols. We detail these ideas for a trapped ion systems. Extending
the proposed ideas to other set-ups, as superconducting qubits and photons, is also possible, but
will not be detailed here.
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The Best Quantum Thermoelectric at Finite Power Output

Robert S. Whitney
Laboratoire de Physique et Modélisation des Milieux Condensés (UMR 5493)

Université Grenoble 1 and CNRS, Maison des Magistères, BP 166, Grenoble 38042, France

Abstract— Carnot efficiency is only achievable at zero power output. We ask what is the
maximum efficiency at some given finite power output. It appears that this question is ill-defined
in classical thermodynamics, but can be answered with a quantum theory.
We use the Landauer-Buttiker scattering theory to find this maximum efficiency for heat engines
and refrigerators made of thermoelectric quantum systems. We initially find the exact maximum
efficiency for two-terminal systems without energy relaxation [1]. We then use phenomenological
models to explore whether this maximum can be exceeded by two-terminal systems with relax-
ation [2], or by three-terminal systems. We have not yet found a system which can exceed the
maximum efficiency given in Ref. [1], although open questions remain.

Figure 1: Taken from Ref. [2]. The thick black curves are qualitative sketches of the maximum efficiency as
a function of heat-engine power output (main plot), or refrigerator cooling power (inset), with the shaded
regions being forbidden. The colored loops (red, grey and blue) are sketches of the efficiency versus power
of individual heat-engines as we increase the load resistance.
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Non-adiabaticity and Irreversible Entropy Production

F. Plastina
Dipartimento Fisica, Universita’ della Calabria, Arcavacata di Rende (CS) 87036, Italy

Abstract— The out-of-equilibrium thermodynamic properties of closed quantum systems driven
by a change in a control parameter and undergoing a unitary transformation have been the sub-
ject of an intense research activity. We study the work actually done on the system and compare
it with the adiabatic one, that would be performed following an ideal adiabatic protocol. The
non-adiabatic part of the work, usually called inner friction, can be used to reveal irreversibility
in the process and it is intimately linked to the non-equilibrium entropy production. Indeed,
it is related to the heat exchanged in a specific thermalization process that would occur after
the end of the adiabatic transformation, and it can be expressed as the relative entropy between
the actual state of the system and the ideal equilibrium one. Furthermore, it is associated to
a specific fluctuation relation for the entropy production, which allows the inner friction to be
expressed in terms of its cumulants. We apply this formalism to various cases of experimental
relevance, including a qubit and an harmonic oscillator. In such cases, we show explicitly that
the inner friction is linked to the speed at which the thermodynamic transformation is performed
and to the diabatic transitions that occur in the system.
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Critical Casimir Forces

S. Dietrich1, 2

1Max Planck Institut für Intelligente Systeme, Germany
2Institut für Theoretische Physik IV, Universität Stuttgart, Germany

Abstract— Long-ranged correlations in a fluid near its critical point lead to clearly identi-
fiable effective forces acting on confining walls. The corresponding universal scaling functions
are discussed for different boundary conditions and geometries. The theoretical predictions are
compared with high precision experimental data for He4 and He3/He4 wetting films near the su-
perfluid phase transition as well as with synchrotron scattering data from classical binary liquid
mixtures. Direct measurements and applications for colloidal suspensions are discussed.
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Critical Casimir Forces & Many-body Effects

Andrea Gambassi
SISSA — International School for Advanced Studies and INFN

via Bonomea 265, Trieste 34136, Italy

Abstract— In 1948, Hendrik Casimir predicted that two uncharged conducting surfaces in
vacuum attract each other due to the quantum fluctuations of the electromagnetic field which
are spatially confined by these surfaces. The classical analogue of this effect was theoretically
investigated by Michael Fisher and Pierre-Gilles de Gennes in 1978 and it originates from the con-
finement of thermal fluctuations in fluids near continuous phase transitions, such as the demixing
of a mixture of two liquids. The equilibrium force of these fluctuations — the so-called critical
Casimir force — has been recently measured and it can be harnessed for controlling soft matter
and colloids at the micrometer scale. Due to its very same nature, this force is non-additive and
therefore many-body effects have to be expected. In the talk I will discuss the current status of
their investigation.
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Photonic Control of Thermal Emission for Radiative Cooling

Aaswath Raman, Linxiao Zhu, and Shanhui Fan
Ginzton Laboratory, Stanford University, Stanford, CA, USA

Abstract— From a thermodynamic standpoint, one can improve the efficiency of any en-
ergy conversion process by having access to both a higher-temperature heat source and a lower-
temperature sink. While the Sun has been actively exploited as a renewable source of the former,
relatively little work has gone into exploiting a lower-temperature sink that we have access to
radiatively: the cold of outer space. At its highest level our work shows how a photonic approach
to control far-field thermal radiation can allow us to efficiently exploit the ‘heat sink’ of the
universe at all hours of the day to improve energy efficiency and conversion processes.
From a practical point of view, cooling is a significant end-use of energy globally and a major
driver of peak electricity demand. At night, electricity-free cooling below ambient air temperature
has been demonstrated using a technique known as radiative cooling or night-sky cooling, where
one uses a device exposed to the sky to radiatively emit heat to outer space through a transparency
window in the atmosphere between 8–13 µm. Peak cooling demand however occurs during the
daytime. Daytime radiative cooling below ambient under direct sunlight has not previously been
achieved because sky access during the day results in heating of the radiative cooler by the sun.
In this talk, we will discuss how a photonic approach to the control of far-field thermal emis-
sion from a surface is both formally necessary for optimal radiative cooling, and enables new
technological possibilities. We first introduce the theoretical requirements necessary for daytime
radiative cooling and derive the upper bound of performance possible by a thermal emitter. This
bound is constrained by the second law of thermodynamics and is only attainable using a selec-
tive emitter. We show moreover that the optimal selective emitter for radiative cooling varies as
a function of the operating temperature below ambient.
We then present results of the first experimental demonstration of daytime radiative cooling,
where we achieve a temperature of nearly 5◦C below the ambient air temperature under direct
sunlight. Using a thermal photonic approach, we design and fabricate an integrated photonic solar
reflector and thermal emitter consisting of 7 layers of HfO2 and SiO2 that reflects 97% of incident
sunlight while emitting strongly and selectively in the mid–infrared atmospheric transparency
window. Even when exposed to direct solar irradiance of greater than 850 W/m2 on a rooftop,
the photonic radiative cooler achieves an average of 4.9◦C below ambient air temperature over,
and has a cooling power of 40.1 W/m2 at ambient.
Finally, we will discuss both the theory behind, and an experimental demonstration of, a photonic
approach to passively maintain solar cells at lower temperatures through radiative cooling, while
maintaining their solar absorption.
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Heat Transfer and Thermodynamics of Thermal Radiation in the
Near and Far Fields

Gang Chen, Vazrik Chiloyan, Poetro L. Sambegoro, Jonathan K. Tong,
Yi Huang, Wei-Chun Hsu, and Svetlana V. Boriskina

Department of Mechanical Engineering
Massachusetts Institute of Technology Cambridge, MA 02139, USA

Abstract— This talk will discuss two aspects of thermal radiation. One is on the limit of
radiative heat transfer in the near fields. When the spacing between two surfaces is less than
the dominant wavelength of thermal radiation, heat transfer between the two surfaces can sig-
nificantly exceed the blackbody limit. In the past, we have demonstrated experimentally that
near-field thermal radiation can far-exceed the far-field blackbody limit and the experimental
results are in agreement with the Rytov’s fluctuating electrodynamics description. However, in
the limit when two surfaces are in contact, heat transfer is described in terms of heat conduc-
tion and phonon transport. We develop an approach using lattice dynamics and the microscopic
Maxwell equations to bridge the theories of conduction and radiation. We will also update recent
experiments on near field heat transfer between different materials. We will then move on to
discuss next the thermodynamics of thermal radiation, focusing on entropy of thermal radiation
and its consequences on the limits of various energy conversion processes, and the extraction of
the near field thermal radiation to the far field.
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Double-layered Frequency Selective Surface with Quasi-elliptic
Bandstop Filtering Response

Hui Jiang1, Bo Li1, Zhongxiang Shen2, and Yiming Tang1

1School of Electronic Science and Engineering
Nanjing University of Posts and Telecommunications, Nanjing, Jiangsu 210003, China

2School of Electrical and Electronic Engineering
Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore

Abstract— A frequency selective surface (FSS) usually operates as a spatial filter for the in-
coming electromagnetic waves with different operating frequencies, polarizations, and incident
angles [1]. Based on its special characteristics, an FSS are widely used in applications of target
invisibility and interference reduction [2, 3]. It is highly desirable that an FSS can achieve high
performance (such as high selectivity and wide stopband characteristics) with simple fabrication
process. Although most of single-layered FSSs have simple topologies and can be easily fabri-
cated, it is very difficult for a single-layered FSS to realize high selectivity and wide stopband
characteristics [4, 5]. On the other hand, three-dimensional (3D) frequency selective structures
can achieve the above mentioned high performance [6, 7]. However, the fabrication process will
be complex due to their complicated topologies.
In this work, a double-layered FSS with quasi-elliptic bandstop filtering response is presented.
The proposed FSS consists of two cross dipole arrays printed on both sides of a substrate re-
spectively and a number of via holes connecting these cross dipoles, as shown in Fig. 1. With
appropriately tuning the locations of the via holes and the length ratios of the dipoles and via
holes, a wideband bandstop filtering response can be obtained, as shown in Fig. 2. Furthermore,
two transmission zeros and two transmission poles are achieved in the operating frequency band,
thus resulting in high selectivity. Moreover, the present structure has simple topology and can
be easily fabricated with high accuracy. Experimental verifications will be carried out in the near
future.
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Figure 1: Perspective view of the designed bandstop
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Figure 2: Simulated S-parameter results of the de-
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Some Novel Applications of Frequency Selective Surfaces (FSSs)

Raj Mittra
EMC Laboratories, Pennsylvania State and Central Florida Universities, USA

Abstract— Frequency Selective Surfaces find a wide variety of applications as components
in electromagnetic devices, as for instance in high-performance radomes and frequency re-use
systems for satellite communications, among others. In this paper we will discuss two other uses
of FSSs, namely as screens for mobile phones that are designed to mitigate the SAR (Specific
Absorption Rate) problem in mobile phones, and as substrates or superstrates for off-the-shelf
dielectric materials to alter their permittivities to desired values specified by the user.
The SAR problem stems from the fact that a large share (∼ 80%) of the RF power radiated by
cellphone antennas end up being absorbed by the human head when the phone operates close to
a human head, as it typically does in normal use. Attempts to reduce the radiation in the back
direction of the phone, where the hea is typically located, have not been very successful to-date.
The paper will describe, as one of the novel applications of the FSS, how we can selectively reduce
the SAR at higher end of the frequency spectrum covered by cellphones designed for 4G and LTE
frequency bands — where it is most needed because it exceeds the threshold deignated by the
FCC at higher frquencies.
Next the paper will discuss another non-traditional application of the “FSS-type” screens. In
this application the FSSs-type screens are printed on off-the shelf dielectric materials to tweak
their permittivity values to those specified by the user, but are unavailable from a vendor for such
materials. Such materials are often called for in the design of low profile lenses and in broadband
reflectarrays. We will describe how the FSS-type screen is used to artificially synthesize dielectric
materials for the applications mentioned above, as well as for other antenna applications.
Before closing we mention that FSSs used for the two applications mentioned above are often
referred to as Metamateials, which we believe is a misnomer. In any case, we employ the reflection
the reflection and transmission characteristics of the FSS screen for our purposes, and we neither
evaluate nor utilize the effective medium properties of the FSSs we employ in our designs.
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An Active Mono-layer Phase Switched Screen

Jonathan M. Rigelsford and Radhwan J. Mahmoud
Department of Electronic & Electrical Engineering

The University of Sheffield, Mappin Street, Sheffield S1 3JD, United Kingdom

Abstract— The classical single layer phase-switched screen (PSS) described by Chambers and
Tennant [1] was designed as a radar absorbent material that can attenuate the incident waves.
Their design comprises an active frequency selective (FSS) layer suspended above a conducting
ground plane. The phase shift is achieved by switching the FSS between its transmissive and
reflective states.
In this work we present an active mono layer PSS in which the conducting ground plane has
been removed, additionally allowing it to perform as a conventional FSS. An advantage of this
design is that the mono-layer PSS is thinner than conventional designs and can be designed to
have some level of optical transparency. A section of the active mono-layer PSS is illustrated in
Figure 1. It consists of two dimensional arrays of rectangular metallic patches that have a length
of L and a width of W . Each strip is horizontally separated with its adjacent one by a distance
of d and connected via PIN diodes on short interconnecting arms. The rectangular patches are
vertically separated from each other by 1mm and are electrically connected using capacitors.
The PIN diodes are reverse biased by applying voltage at each end of the horizontal arrays.
When diodes are switched ON, they will short the patches together and make the surface has low
impedance and the layer will act as a reflector. However, when they are OFF, they will isolate the
strips from each other which will cause the surface to have high impedance. At the operational
frequency, both switching cases have the same magnitude of reflection coefficients but a negative
phase to the other. By switching the diodes rapidly and periodically with a switching frequency
(fs) between these two impedance states, binary phase modulation to the incident signal will be
performed with reallocation of its energy out of its band acting as an absorber.
Figure 2 shows reflection and transmission results for a mono-layer PSS designed to operate at
2.7GHz. At this frequency it can be seen that the state of the PIN diodes (ON — low impedance,

L 

W d 

1 m
m

  

Capacitor

PIN 
Diode 

Figure 1: A section of the active mono-layer PSS prototype.

Figure 2: A section of the active mono-layer PSS prototype.
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or OFF — high impedance) has minimal effect on the magnitude of the reflection and transmission
coefficient. In this case (Figure 2(a)) all four parameters are approximately −3 dB and so the
mono-layer acts purely as a PSS and is neither preferentially reflective nor transmissive. Out of
the frequency band of operation, the surface can be switched between reflective or transmissive
states. Figure 2(b) shows that a phase difference of 90◦ can be achieved between the two switching
states for both the reflection phase and transmission phase.
The full paper will demonstrate further results and performance analysis of the designed mono-
layer PSS
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A Multilayer Meander Line Structure for Dual Band Orthogonal
Circular Polarization Selectivity

D. Sjöberg
Department Electrical and Information Technology, Lund University, Sweden

Abstract— In the context of multiple beam antennas for the emerging broadband satellite
market, accurate control of circular polarization is of interest. In order to efficiently reject out-
of-band signals, a combination of orthogonal polarizations and different frequencies are employed
in a four-color scheme to cover the earth surface. A desirable component in this kind of system is
a dual band circular polarization structure [1], the function of which is to reflect one handedness
of polarization at frequency f1, and transmit the other polarization. At another frequency f2,
the operation should be switched. The ratio f2/f1 should typically be in the order of 1.5–2.
Such a structure can be realized by a multilayer meander line concept as presented in [2]. The
concept is based on consecutive meander line sheets, rotated with respect to each other cor-
responding to their separation in the normal direction. For a nominal wavelength λ1 = c/f1

and sheet spacing d, this means each sheet is rotated clockwise by an angle ϕ1 determined by
ϕ1/2π = d/λ1, leading to re ection of right hand circular polarization (RHCP). This leads to an
interesting harmonic at a wavelength λ2 = c/f2: when ϕ2 = π − ϕ1 = 2π(d/λ2), the structure is
rotated counter-clockwise resulting in re ection of LHCP. This provides the dual band operation
of the structure.
In the presentation I will give examples of such designs, explaining how the number of layers and
other geometrical parameters affect the performance of the design, measured in terms of return
loss, insertion loss, and axial ratios around or less than 1 dB. The conceptual harmonic property
deduced in the previous paragraph will be shown to produce a viable design after applying some
full-wave optimization.
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A New Frequency Selective Surface Geometry Design at the
Unlicensed 2.4 GHz and 5.8GHz ISM Bands

Mesut Kartal1 and Bora Döken2

1Department of Electronics and Communications Engineering
Istanbul Technical University, Maslak, Istanbul 34469, Turkey

2Vocational School, Istanbul Technical University, Maslak, Istanbul 34469, Turkey

Abstract— The usage of wireless devices within buildings at ISM bands is growing rapidly
in recent years. Mutual interferences within the adjacent wireless devices degrade the system
performances. Securing personal data is also becoming another important problem between the
adjacent devices. Transforming existing building walls to a band stop frequency selective surface
can an efficient solution for such problems. This work is proposed to design band stop frequency
selective surface for interference mitigation and network security within the buildings in the
unlicensed 2.4 GHz and 5.8 GHz ISM bands.
Frequency selective surfaces (FSS) are periodic structures which have filter characteristics de-
pending upon their geometries when interacting with electromagnetic waves. Band stop FSSs
and their isolation capabilities have been investigated by different researchers for WLAN security
and interference mitigation in indoor environment. According to given results, FSSs are capable
of providing radio isolation of minimum 10dB between the two adjacent rooms at both ISM
bands. These researches also showed that wireless signals in indoor environment have a wide
range of incidence angles. Although the 2.45 GHz and 5.8GHz ISM bands have been investigated
sufficiently for FSS designs, there are not many works in the literature which stops the both
ISM bands at the same time. In this work, an attenuation of 10 dB on the transmission (S21)
parameter is desired for 2.4 GHz and 5.8 GHz ISM bands while providing maximum transparency
at broadcast frequencies for wide range of oblique incidence angles and for all polarizations.
One of the most important factors influencing the response of FSS is the periodic element ge-
ometries, geometrical and electrical parameters of these geometries and the gaps between these
periodic elements. Unit cell dimensions and the gaps between the unit cells should be small in
terms of the wavelength of the resonance frequency to avoid earlier onset of grating lobes and
greater variation of the first resonant frequency with angle of incidence. Meandering of the excited
metal patch is used to reduce unit cell sizes in our work. The advantages of fractal geometries
and convoluting the array elements are being taken.
Simulation and optimization processes are performed by Ansoft HFSS software. Equivalent
circuit (EC) models of these FSSs geometries are used to define the relationship between the
geometrical parameters of the periodic elements and their frequency responses.
In this work band stop FSS is designed for interference mitigation and network security within
the buildings in the unlicensed 2.4 GHz and 5.4GHz ISM bands. To achieve a stable frequency
response for wider oblique incidence of angles a new element geometry is introduced. Satisfying
results are obtained for oblique incidence angels from normal to 70◦ for all polarizations. Achieved
attenuation levels are below −20 dB for TE and TM polarizations and for all incidence angles.
Besides, the thickness of this structure is 1 mm which gives the possibility of using this design as
a structural surface material for blocking ISN signals.
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In-building Propagation Control Using Passive Elements Installed in
a Corridor

Christopher J. Davenport and Jonathan M. Rigelsford
Department of Electronic & Electrical Engineering

The University of Sheffield, Mappin Street, Sheffield S1 3JD, United Kingdom

Abstract— The use of comb reflection frequency selective surfaces (CR-FSS) to reduce specular
scatters and re-direct signal in alternate directions has previously been researched [1]. Although
work has been done to understand how the scattering characteristics change relative to incidence
angle [2], the application of such surfaces in in-building simulations has not been discussed. The
research summarised in this paper discusses the design of a CR-FSS for installation in a building
corridor to electromagnetically separate two rooms, reducing the signal-to-noise (SNR) ratio and
the potential for co-channel interference at 2.4 and 5 GHz, commonly used frequencies for Wi-Fi
transmissions
An initial design study using CST Microwave Studio is conducted to understand the performance
of the CR-FSS (Fig. 1) for various angles of incidence and both TE and TM polarisations. The
period, height, and thickness parameters are optimised so both TE and TM bands overlap, as
shown in Fig. 2. Harmonics in the 5 GHz region can be utilised to reduce specular scatter in this
Wi-Fi band also. Further simulations are completed to understand the variation of the response
with respect to angle of incidence.
Finally, the surface is applied to an in-building scenario where comparisons at different frequencies
are observed. Cumulative distribution function (CDF) plots are used to quantify the differences
between a normal building, and a building with the CR-FSS installed. Reductions of E-field level
in the required areas will mean that co-channel interference is reduced and thus the SNR of these
areas is also increased.

Figure 1: The CR-FSS structure optimised at
2.4GHz with parameters: height, h = 70mm, pe-
riod, α = 80 mm, t = 4 mm.

Figure 2: Frequency characteristics of the 2.4GHz
optimised CR-FSS at θi = 50◦.
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Radar Response of Soil Moisture from ALOS-2 SAR

Yuan Liu1, Kun-Shan Chen2, Zhao-Liang Li1, and Yu Liu2

1ICube, UdS, CNRS, Bld Sebastien Brant, CS10413, 67412 Illkirch, France
2Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences, Beijing, 100101, China

Abstract— The objective of this study is to analyze the radar response of soil moisture and to
develop a method for retrieving soil moisture using ALOS-2 data based on the advanced integral
equation method (AIEM) model which was proved to be one of the most valid surface microwave
scattering models. However, retrieval of soil moisture from SAR data is not straightforward
as it may seem, for it is profoundly affected by numerous factors such as surface roughness,
vegetation cover, and soil texture, to certain extent depending upon the probing wavelength.
The AIEM model was used to simulate the radar scattering characteristics of the soil surface
to analyze the coupling effects of the surface parameters including the root mean squared (rms)
height, correlation length, soil moisture as well as the radar system parameters including the
incident angle and polarization. For ALOS-2 SAR, four components decomposition method by
Yamaguchi was first applied to decompose the total response into volume, surface, double bounce,
and helix scattering components, from which the sensitivity of soil moisture scattering response
due to polarimetric properties was investigated. Yellow River delta, one of the largest deltas in
China formed by the silts from the Yellow River in Shandong province, was selected as test site.
Influence of radiometric quality including speckle and calibration accuracy will be discussed in
regard of soil moisture.
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Electronic Counter-countermeasures in Bistatic Radars

Faran Awais Butt1, Ijaz Haider Naqvi2, and Madiha Jalil3

1University of Management and Technology (UMT), Lahore, Pakistan
2Lahore University of Management Sciences (LUMS), Lahore, Pakistan

3University of Engineering and Technology (UET), Lahore, Pakistan

Abstract— Bistatic configuration of radars has become a topic of great interest for Electronic
counter-countermeasures designers. The paper emphasized the need for bringing about a trend
of employing bistatic radars in place of traditional monostatic radars which are no more useful
under the hostile environment that is created by the electronic counter measures effect. It has
been shown that noise and deception jamming can be countered using bistatic configuration of
the radar system. Moreover, low observability of the target threat can also be dealt with using
this.
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Figure 1: Transmit power analysis for bistatic angle
of 10 degrees and RCS of 20 dBsm.
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Figure 2: Transmit power analysis for bistatic angle
of 20 degrees and RCS of 10 dBsm.

Figures 3 and 4 show the signal to noise ratio analysis of bistatic radar corresponding to max
range product. From these figures, it can be concluded that if the bistatic angle is increased, the
corresponding SNR is reduced. The bistatic angle, i.e., positioning of transmitter and receiver
has a big role to play in the overall working of the system.
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Figure 3: SNR analysis where angle is 10 and RCS
of the target is 20 dBsm.
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Figure 5: RCS vs. bistatic angle.

The paper has shown the advantages that the radar designers can exploit from a bistatic radar
approach, courtesy of the geo placement of the distant receiver. Similarly bistatic approach



792 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

allows simultaneous accomplishment of ECCM techniques which improves the probability of
detection. Bistatic radars can also give the liberty to designers of employing MIMO functionality
by making an intelligent transceiver system on both the sites. Low observable stealthy targets
which scatter the incoming transmitted wave in various directions can be best dealt with if there
is a corresponding receiver or a transceiver system in best probable direction. Moreover for such
targets, there is a range of aspect angles which can be exploited by using bistatic system. In
addition to this, jammers which target the antenna sight of the radar for a typical monostatic
system, no longer remains effective if there is a receiver at a distant sight.
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Polarimetric SAR Simulations of Bare Soil and Vegetated Surfaces
Using Scattering and Coherency Matrix from 3-D Numerical

Solutions of Maxwell Equation (NMM3D)

Tien-Hao Liao1, Kuan-Liang Chen2, Leung Tsang3, and Hsuan Ren2

1Department of Electrical Engineering, University of Washington, Seattle, USA
2Institute of Space Sciences, National Central University, Jhongli, Taiwan

3Department of Electrical Engineering and Computer Science, University of Michigan, Ann Arbor, USA

Abstract— Polarimetric synthetic aperture radar (PolSAR) images have been widely studied to
classify target and retrieve target information in microwave remote sensing. Scattering matrices
(SV V , SHH , SV H , SHV ) calculated from numerical 3D solutions of Maxwell equations (NMM3D)
have been shown to be capable of simulating polarimetric SAR signature of bare soil at L-band [1].
In this paper, we made two extensions to the previous work . 1) We extend Pol-SAR simulations
of scattering matrices of bare soil up to C-band, and 2) we simulate the Pol-SAR signature of
coherency matrices for vegetated surface.
For polarimetric signatures of bare soil at C-band, results of scattering matrices from NMM3D
are computed. Comparisons are made with theoretical speckle distributions, including amplitude,
phase difference, and amplitude ratio. Surface roughness dependence with entropy, anisotropy,
and alpha angle from the ensemble average of coherency matrix. We calculate polarimetric
statistics of rough surface at C-band (5.4GHz) with 40 degree incidence. Surface rms heights
are from 1 ∼ 4 cm (ks = 1.13 ∼ 4.52) with correlation length to rms height equal to 15 and the
dielectric constant is 9 + 2.5i.
Using distorted born approximation in conjunction with NMM3D we compute the coherency
matrix for vegetated surface. Averages are taken to compute the coherency matrix of volume
scattering and double bounce. These are then combined with the NMM3D coherency matrix. The
following shows examples of terms from coherency matrix of volume scattering and double bounce.
α and β stand for orientation of vegetation which will be averaged out to give ensembled results
for coherency matrix. The scattering matrix elements for surface scattering with attenuation,
rough surface under vegetation (RV ), is also shown.

〈
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hh

〉
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Towards a Fully Coherent Snowpack Scattering Model Based on
Numerical Simulation of Maxwell’s Equation Using Bicontinuous

Media and Half Space Green’s Function

Shurun Tan1, Xiaolan Xu2, and Leung Tsang1

1Radiation Laboratory, Department of Electrical Engineering and Computer Science
The University of Michigan, Ann Arbor, MI 48109-2122, USA

2Jet Propulsion Laboratory, M/S 300-233, Pasadena, CA 91109, USA

Abstract— Wave propagation and scattering inside dense media such as snow has been exten-
sively studied with the partially coherent approach of dense media radiative transfer (DMRT). In
DMRT, one accounts for the coherent wave interaction only within few wavelengths as represented
by phase matrix. Multiple volume scattering beyond a few wavelengths and volume-surface inter-
actions are included through the radiative transfer theory by propagating the specific intensity.
Such approach ignores the cyclical terms in Feynman diagram which give rise to the charac-
teristic phenomenon of backscattering enhancement in active remote sensing [1]. On the other
hand, the backscattering enhancement is inherent in the fully coherent approach. The fully co-
herent approach can also be applied to coherent radar observations such as interferometric and
tomographic applications by simulations of the scattering matrices of the snowpack.
In this paper, we calculate the scattering matrix of the terrestrial snowpack over a flat ground by
solving Maxwell’s equations directly. The snow microstructure is represented by the bicontinuous
media as a continuous representation of interfaces within a two-phase medium [2, 3]. The bicon-
tinuous media could be quantified in terms of correlation function and specific surface area (SSA),
and could be compared to field measurements of snow grain size distribution and SSA [4–6]. The
effects of the ground are modeled by the half space Green’s function. The dyadic half space
Green’s function is decomposed into a primary component of the free space Green’s function and
a response component expressed as Sommerfeld integrals. The kernel of the response part de-
pends only on two independent variable, viz. the horizontal displacement between the field point
and source point, and the sum of the offset of the field point and source point above the bottom
interface. Lookup tables are built to expedite the evaluation of half space Green’s function. The
volume integral equation is then solved by the discrete dipole approximation (DDA). The matrix
vector multiplication is accelerated by FFT taking advantage of the symmetry of both parts of
the Green’s function [2, 7].
The computation domain in this study is significantly increased. It increases from a ∼ 8 cubic
wavelengths cube size as used in the phase matrix calculations [1–6], to a much larger size in the
calculation of the scattering matrix of a snowpack. The high computation demand is carried out
by using parallel computing on high performance computing clusters.
The scattering matrix of the snowpack is computed for each realization. The statistical distri-
bution property of the scattering matrix and backscatter are then computed using Monte Carlo
simulations. The results of the snowpack backscattering and bistatic scattering coefficients are
compared with the results of the DMRT approach with or without cyclical corrections [1].
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All-optical Mitigation of Non-linear Gain in SOA

Cristiano De Mello Gallep1, Peterson Rocha2, and Evandro Conforti2

1School of Technology — FT, University of Campinas, Brazil
2Fac. Electrical and Computing Eng. — FEEC, University of Campinas, Brazil

Abstract— The intrinsic non-linear gain of semiconductor optical amplifier is mitigated in a
simple all-optical scheme that enables transparent, quasi-linear response. Operation with ad-
vanced modulation formats such as n-PSK and n-QAM, presented good performance for access
networks (< 30 km) up to 5 WDM channels.
The always increasing demand of high speed services have pushed for the new generation of optical
carriers employed in long haul links, with 100 Gbit/s to 400 Gbit/s capacity per lambda [1]. Up
to Terabit/s transmission can be accomplished in supper channel configurations [CPQd2]. The
more efficient use of spectra is achieved by multi-level modulation formats and optical polarization
multiplexing, with addition of high speed digital signal processing to enable coherent detection
and error correction, usually with base-rate of 25Gbaud/s. These high capacity channels will run
over fiber links together with carriers of the past generations — 40 Gbit/s (PSK) and 10Gbit/s
(OOK), that are simpler to generate and detect, and will continue to be used for small-metro
and access networks for some time. With maturity of low-cost Tx/Rx for coherent detection,
this technology tends to push over access network, with link solutions at lower rates, as 20 G and
10Gbaud/s.
The semiconductor optical amplifier (SOA) is a noisy, non-linear device that can be employed
to compensate splitting/switching losses, and other minor attenuation in the last-mile links, and
also to detect and remodulate carriers in PON schemes [3]. The SOA is an attractive solution for
integration and reduction of costs. But its small carrier lifetime — in nano-second range, and high
non-linear gain index, make the use of SOA a trick problem: gain saturation can easily lead to
cross-talk, and even single channel operation can suffer, by self-phase modulation. In multilevel
formats such (D)QPSK and n-QAM, different amplitude transitions induce different phase delay,
in non-linear response that impacts over the constellation diagrams as non-linear phase rotation
— the n-point star rotates un-equally and single spots turn to arches, even connecting to of them.
So, used as it is, SOA is not compatible with the new high capacity channels.
To solve the non-linear gain of SOA we proposed a new, all-optical regeneration scheme based on
a second SOA working as non-linear absorber, in such a way that the two SOA give a reasonable
gain (> 20 dB) with small phase distortion. The technique may mitigate non-linear phase noise
up to 50%, even for multi-channel operation, and can still be an attractive solution for medium
and small fiber links working with both old and new modulation schemes.
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The Nonlinear Fiber-optic Channel: Modeling and Achievable
Information Rate

E. Forestieri and M. Secondini
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Abstract— The evaluation of channel capacity in nonlinear fiber-optic systems is still an open
issue. The main difficulty is due to the unavailability of an exact and mathematically tractable
channel model. In fact, most of the results obtained so far either refer to highly simplified
models or provide loose bounds to the capacity. A useful and practical approach to lower bound
the capacity is that of evaluating the achievable information rate for an arbitrarily fixed input
distribution (modulation format) and a suboptimal decoder optimized for an approximate version
of the channel (mismatched decoding). In this context, the capacity problem can be seen as a
joint optimization of the achievable information rate over both the input distribution and the
channel model.
According to the popular Gaussian noise (GN) model, nonlinearity is simply modeled as additive
white Gaussian noise: it cannot be compensated for, but it can be easily accounted for in the
evaluation of channel capacity, leading to the conclusion that capacity vanishes at high powers.
This result, however, is not supported by theory and is contradicted by some counter examples.
Though it is now clear that the GN model has some limitations, it is still unclear whether these
limitations are only of theoretical interest or do have a practical value.
After properly defining the fiber-optic channel — indeed, not a trivial task due to its highly
nonlinear nature — and reviewing the main characteristics of the GN model, we consider a few
alternative models and discuss their suitability for system design and performance evaluation.
The choice of the right model depends on the problem at hand: while numerical methods, such as
the split-step Fourier method, are suitable for compensating deterministic nonlinearity through
the back-propagation technique, analytical approximations — based, for instance, on perturba-
tion methods or Volterra series expansion — are more suitable for modeling stochastic effects such
as signal noise-interaction and inter-channel nonlinearity. Finally, an exact analytical model, ac-
counting only for dispersion and nonlinearity, can be obtained by employing the inverse scattering
(nonlinear Fourier) transform. It is still unclear, however, whether this approach is competitive
with the split-step Fourier method in terms of computational complexity and whether it can be
used for modeling stochastic nonlinear effects.
By employing the aforementioned models, it is possible to show that the optimum modulation
and detection strategies differ from those designed according to the GN model and typically used
in fiber-optic systems. Therefore, in the second part of the talk, we consider different modulation
and detection schemes aimed at providing higher robustness to nonlinear effects and investigate
their actual advantage over GN-model-based strategies in terms of achievable information rate.
Depending on the considered scenario, a non-negligible improvement is achieved. However, at
high powers, the gap between lower and upper bounds to channel capacity remains large and
does not allow to establish whether capacity is bounded or not. Possible directions for reducing
the gap are finally discussed.



800 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Flex-grid All-optical Interconnect Supporting Transparent
Multi-hop Connection in Data Centers
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Abstract— The demand of higher capacity and lower power consumption in data centers
makes optical interconnects become an attracting solution. Many existing optical switching
schemes [1, 2] employ optical-electrical-optical (O-E-O) conversion for multi-hop connections and
hence have relatively low power efficiency. In this paper, a novel flex-grid all-optical interconnect
architecture is proposed for data centers. All-optical interconnects between servers in different
racks are realized with an optical switch matrix and flex-grid WSSs. Transparent multi-hop
connections can be implemented by using optical bypass rather than going through O-E-O con-
version. Compared with the O-E-O based multi-hop scheme, a higher energy efficiency is achieved
with the proposed one. By employing flex-grid WSSs and advanced modulation formats, the elas-
tic spectrum allocation [3] can be achieved, which greatly improves the resource utilization and
scalability. Transmission performance evaluation has been carried out to verify the feasibility of
our scheme.

Figure 1: Proposed flex-grid all-optical Interconnect supporting transparent multi-hop connections in data
centers.
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Strong Quadrupole Light-molecule Interaction and the
Dipole-quadrupole Theory of Surface Enhanced Spectroscopy
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Abstract— Surface Enhanced spectroscopy is associated with such optical processes as Surface
Enhance Raman scattering (SERS), Surface Enhanced Hyper Raman scattering (SEHRS) and
Surface Enhanced Infrared absorption (SEIRA). The essence of these effects is that the cross-
sections of these processes increase strongly for molecules adsorbed near rough metal surfaces and
the enhancement can achieve huge values. For example for SERS it is 106, for SEHRS — 1012 and
for SEIRA — 102–103. From our point of view these effects are associated with very strong dipole
and especially quadrupole light-molecule interactions, arising in surface fields strongly varying in
space near rough metal surfaces [1]. As can be shown the electric field near the roughness with
a very large curvature enhances very strongly. Therefore there is the enhancement of both of
the electric field and its derivatives in such regions and the dipole and quadrupole light-molecule
interactions increase very strong. In order to check the validity of this mechanism one can analyze
the spectra of the above processes in symmetrical molecules. The major regularity of these
spectra is appearance of forbidden lines in molecules with sufficiently high symmetry. In SERS
these lines are caused by the vibrations transforming after a irreducible representation, which
describes transformational properties of the dz moment which is perpendicular to the surface,
while in SEHRS and SEIRA spectra they are the lines, caused by the totally symmetric vibrations
transforming after a unit irreducible representation of the molecule symmetry group. Analysis of
the surface enhanced spectra of various symmetrical molecules such as ethylene, benzene, 1,3,5
trideutereobenzene, hexafluorobenzene, 1,3,5 trifluorobenzene in SERS, ethylene in SEIRA and
pyrazine and phenazine in SEHRS, reveals existence of such lines and another regularities of the
enhance spectra that strongly support our theory of the surface enhanced processes
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Femtosecond-scale Polarization Fluctuations of Light Measured by
Two-photon Absorption
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Abstract— Most natural and artificial light sources radiate unpolarized or partially polarized
light, and the degree of polarization measures the time-averaged fraction of the polarized part.
However, two optical fields can possess the same degrees of polarization, but their polarization
fluctuations can have different speeds. Previously, to be able to characterize the polarization
dynamics, we have proposed a certain polarization-correlation function γ(τ). It is equal to a
statistically averaged fraction of the field intensity that at some delayed instant of time t + τ
remains in the original polarization state of time t [1–3]. The maximum value of this function is
γ(0) = 1. A particular value of τ at which γ(τ) decreases, say, to 1/2 determines a time interval
τp within which, on average, the field polarization remains essentially unchanged. Hence, the
time τp can be called the polarization time.
In this work we introduce a method to experimentally investigate the dynamics of ultrafast polar-
ization fluctuations and measure the polarization time τp of optical beams. The method is based
on second-order interference and two-photon absorption in a semiconductor photo-multiplier
tube. It is independent of the polarization fluctuation statistics and can be used regardless of
the origin of the fluctuations. In the experiments, we use a Michelson-type interferometer with a
polarizer and a quarter-wave plate inserted in each of its arms. The wave plates and the polariz-
ers allow us to select the polarization components of interest from the incident light beam. The
photomultiplier is used at the interferometer’s output as a counter of photon pairs. It operates in
the two-photon absorption regime at the wavelengths from 900 to 1800 nm. The time resolution
of the measurements is limited by the lifetime of the virtual state via which the photon pairs are
absorbed. For our detector, it is on the order of 1 fs. We have applied the technique to an unpo-
larized amplified spontaneous emission of an erbium-doped fiber amplifier (the peak wavelength
is 1530 nm and the bandwidth is about 40 nm) and to a beam obtained by superimposing two in-
dependent single-longitudinal-mode laser beams operating at 1525 nm and 1615 nm wavelengths.
The polarization time for the first source was measured to be 115 fs and for the second one 15 fs.
The beams can therefore be considered as polarized within the propagation distance of 35µm for
the first and 4.5 µm for the second light source.

REFERENCES
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Ultrasensitive Label-free Biosensor Based on Photonic Crystal
Surface Waves: A Tool to Study Dynamics of Receptor-ligand

Interactions with Living Bacteria and Cells

Ekaterina Rostova, Sergey Sekatskii, and Giovanni Dietler
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Abstract— Although different types of optical biosensors are widely used to study kinetics
of biomolecular interactions among a variety of macromolecules including antibodies, enzymes,
hormones, low-molecular-weight molecules, toxins, cancer markers, drugs, etc., large biological
objects with highly inhomogeneous refractive index such as cell suspensions impose significant
difficulties.
A surface wave is an electromagnetic wave propagating along an optical interface, strongly con-
fined there, and decaying exponentially away from the interface. In the utilized biosensor [1]
such an interface is formed between a functionalized photonic crystal chip and a suspension of
a biological sample under investigation. Angular interrogation of the surface wave resonance is
used to detect changes in the thickness of an adsorbed layer, while an additional detection of
the critical angle of total internal refection provides independent data on the liquid refraction
index, see Fig. 1. Besides segregation of surface and volume effects, the exploitation of a pho-
tonic crystal supporting long-range surface waves enables to achieve mass sensitivity at the level
of 0.3 pg/mm2 and refraction index (RI) sensitivity at the level of 10−7 RIU/Hz1/2.
Another characteristic feature of this biosensor is large, in the order of 1 µm, surface wave pen-
etration depth into an external medium, which enables to study not only binding kinetics of
interactions between macromolecules, but also with such large objects as viruses, bacteria, and
cell organells. Here we report the first steps in this direction. We elaborated a chitosan-based
protocol of surface modification of the sensor chip enabling to produce sufficiently dense and
homogeneous (mono)layers of live E. Coli bacteria (see Fig. 1). The attached bacteria have been
exploited as a target to study binding kinetics of different ligands onto a bacterial surface.

(a) (b)

Figure 1: (a) Schematic of the biosensor. (b) AFM image of a (mono)layer of E. Coli bacteria used as an
immobilized target in the sensor.
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Nanoplasmonics for Control over Localized Emission and Heat
Generation

Stefan A. Maier
Imperial College London, London SW7 2AZ, UK

Abstract— Metallic nanostructures allow for the generation of spatially structured optical
near-fields and near-field gradients, and have been heavily employed in surface-enhanced sensing
and spectroscopies. Here we will present two new studies, namely control over quantum dot
emission in extended hot spots of ring nanocavities, and the controlled heating of a solid state
nanopore for molecular translocation studies.
Via engineering the photonic density of state on the nanoscale, metallic nanostructures allow the
modification of the radiative properties of nanoscale emitters such as molecules and quantum
dots. We will present a study of a hybrid quantum dot — plasmonic system with the hallmark
of a spatially extended hot spot, based on ring nanocavities. Controlled placement of quantum
dots via a dual-step electron beam lithography process allows high control over their radiative
properties [1], and we will discuss extensions of this system towards higher field enhancement
and more complex multi-emitter systems.
The second part of the talk will focus on controlled heating of a solid state nanopore [2] used
for studies of molecular translocation. Localized heating at the nanopore centre occurs via
controlled surface plasmon focusing based on a bull’s eye geometry (see Figure 1). Changes in
ionic conductivity directly allow for the assessment of local temperature in the pore region, in
good agreement with full-field electrodynamic simulations.

Figure 1: Localized plasmonic heat generation in a solid state nanopore [2].
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Near Field Investigation of Bloch Surface Based Platform for 2D
Integrated Optics
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Abstract— Dielectric multilayers sustaining Bloch surface waves (BSWs) are considered as a
novel platform for two dimensional (2D) integrated optics. The dielectric platform is exploited
to manipulate surface waves by patterning 2D dielectric optical components on top of it. BSW
shows a potential of higher propagation length and large resonance strength because of low loss
characteristics of dielectric materials. Taking the advantage of high field confinement on the
surface, the platform has also applications in sensing.

In order to excite a BSW, momentum of incoming beam should match with the momentum of the
BSW. Therefore, we use Total internal reflection configuration for this purpose, which consists of
BK7-glass prism. The schematic of the configuration and the platform is presented in Figure 1.
New design of multilayer platform consists of periodic stacks of alternative SiO2 and Si3N4 layers.
It has been fabricated to work around the wavelengths of 1.5 µm.

In this paper, we study the key parameters, propagation length and the effective refractive
index (neff ), of BSW. They play an important role in characterizing losses associated with the
multilayer platform and propagation of surface modes. Effective refractive index contrast (∆n)
is introduced by depositing an additional layer of high refractive index material on the top of
platform. It is basically the difference between neff of additional layer and platform. It plays a
key role in determining the optical properties of the 2D surface photonic devices and hence their
capability to manipulate the BSW most essentially. High refractive index materials, as an active
material to pattern 2D optical elements on the top of the platform, have been investigated in
near field and far field. These material include titanium dioxide (TiO2), for the time being, and
Graphene.

We obtained propagation length of around 2 mm for 15 nm thickness of additional TiO2 layer with
the aid of multi-heterodyne scanning near-field optical microscopy (MH-SNOM). It is around 25
times longer compare to the recently obtained “Long-Range SPPs” studied by Lin et al. [1]. We
achieved ∆n of around 0.2 measured in the far field with 100 nm thickness of TiO2. It is around
3.5 times higher than the ∆n obtained for same thickness of Photoresist [2].

In near future, we aim to characterize different optical components on the top of multilayer
platform with the aid of MH-SNOM, for example, Ring resonators and Interferometers for the
time being.

Figure 1: Total internal reflection configuration using BK7-glass prism to excite BSW.
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3-nm-resolution Optical Imaging Based on Plasmonically-excited
Near-field to Near-field Coupling and Scanning Optical

Microscopy
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Abstract— Near-field scanning optical microscopy is expected to overcome the diffraction limit,
realizing a spatial resolution far beyond the wavelength of light. However, the spatial resolution,
image contrast, and imaging repeatability obtainable using conventional aperture or apertureless
probes do not currently satisfy the requirements for research or engineering applications. Here,
we describe an optical imaging technique based on plasmonically-excited near-field to near-field
coupling that has the potential to achieve a resolution of a few nanometers. Far-field near-
infrared light is focused on the front edge of an Au-coated tetrahedral Si tip on the free end of a
Si cantilever used as a plasmon waveguide (Fig. 1(a)). By coupling the scattered light to the Au
wedge, the far-field light is converted into propagating plasmons that generate an optical near
field at the top of the Si tip used as an excitation source (Fig. 1(b)). The excitation near field is
coupled to a wear-resistant multiwalled carbon nanotube with a sharpened end, attached to the
top of the Si tip (Fig. 2). This nanotube is used as both an optical nanoantenna and nanoprobe.
The electric field is concentrated at the 4-nm-diameter conical end of the nanoprobe, so that it
generates a second optical near field with the same spot size as the nanoprobe tip (Fig. 1(c)). By
scanning the near-field probe spot over the sample surface, this plasmon-excitation cascaded-near-
field coupling technique can achieve extremely high-resolution optical imaging. At a wavelength
of 850 nm, an ultrahigh spatial resolution of less than 3 nm was achieved for a cross-sectional
Au/SiO2 superlattice sample (Fig. 3).

(a) (b) (c)

Figure 1: CNT probe coupled with plasmon waveguide. (a) Plasmon waveguide. (b) Excitation of wedge
plasmon mode. (c) Generation of near-field probe spot.

(a) (b)

Figure 2: SEM images of CNT probe coupled with
plasmon waveguide. (a) Si cantilever. (b) CNT
probe fixed on Au-coated Si tip.

(a) (b)
Figure 3: Near-field imaging of Au/SiO2 superlat-
tice sample. (a) Sample structure and near-field im-
age. (b) Intensity profile along the white line in (a).
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Abstract— Optical nanomaterials are artificial or natural materials which contain nanoscale-
size structural units. Optical waves interacting with such materials are not Bragg-diffracted,
since the material’s unit cells are small compared to the light wavelength. The waves can there-
fore be considered as interacting with a homogeneous medium that has designable macroscopic
characteristics.
At visible-light frequencies, nanomaterials with non-trivial and relatively large structural units
(say, > 50 nm) are spatially dispersive, as a result of non-negligible excitation of higher-order
electromagnetic multipoles in the unit cells [1]. Hence, the effective refractive index (n) and wave
impedance (Z) evaluated or measured for any plane wave interacting with the material will depend
not only on the polarization, but also on the direction of propagation of the wave [2, 3]. Since
optical beams are composed of intercorrelated plane waves, spatial dispersion will necessarily
affect the beam propagation characteristics in such nanomaterials [4].
In this work we introduce a proper theoretical basis for treating the interaction of optical beams
with spatially dispersive optical nanomaterials. The method is based on a vector form of the
angular-spectrum representation and a technique to evaluate the parameters n and Z for any
required direction of plane-wave propagation. The parameters are retrieved from numerically
evaluated transmission and reflection matrices that take into account possible changes of polar-
ization of each plane-wave component upon interaction with nanomaterial layers. We apply the
method to several particular examples and demonstrate (1) unexpected changes of light polar-
ization in an anisotropic nanomaterial, (2) unidirectional diffraction-free propagation of optical
beams in a designed spatially dispersive nanomaterial, and (3) spatial filtering of a focused optical
beam by a flat nanomaterial slab.
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Twin-beam Optical Parametric Generation and Cascaded Processes
in Hexagonally Poled Nonlinear Lattices

Katia Gallo1, Martin Levenius1, and Matteo Conforti2

1KTH — Royal Institute of Technology, School of Engineering Sciences, SE-106 91 Stockholm, Sweden
2PhLAM/IRCICA, CNRS-Universite Lille 1, UMR 8523/USR 3380, F-59655 Villeneuve d’Ascq, France

Abstract— We review recent experimental and theoretical progress in the study of optical
parametric generation and cascaded frequency up conversion in two-dimensional purely nonlinear
lattices, relying on acoherent coupling of multiple resonances in the quadratic lattice.

Since their original proposal [1], two dimensional (2D) nonlinear photonic crystals in periodically
poled materials have been the subject of a number of experimental and theoretical investigations,
exploring the enhanced possibilities to engineer the nonlinear dynamics of quadratic interactions
afforded in such structures [2, 3]. Most of the studies have concerned frequency up-conversion,
until the recent demonstration of twin-beam optical parametric generation (TB-OPG) in 2D
hexagonally poled crystals [4, 5].

TB-OPG experiments in hexagonally poled MgO:LiTaO3 lattices demonstrated enhanced para-
metric gains as well as a rich spectral and angular response underpinned bythe coherent coupling
of concurrent nonlinear processes throughshared signal or idlermodes. They provided evidence
forrich interaction scenarios, generating multiple outputs in the infrared as well in the visible
and encompassing also self-phase modulation and cascaded upconversion processes arising from
the interplay of multiple lattice resonances.A good agreement was found with a simple model in-
volving the cross-seeding of two non-collinear OPG processes via a common signal (idler), while
the development of advanced ad-hoc simulation tools enabled to fully account for the complex
nonlinear dynamics in the 2D lattices and faithfully reproduce the rich spectral-angular response
seen in the experiments [6].

(a)

(b)

(c)

Figure 1: (a) Twin-beam parametric generation in a hexagonal nonlinear lattice. Spectral and angular
mappings of the response in the visible and near infrared obtained in: (b) simulations and (c) experiments
with a pump at ∼ 800 nm.
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Optical Properties of Chalcogenide Microstructured Optical Fibers
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Université de Rennes 1, 35042 Rennes Cedex, France
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Abstract— Compared to oxide based glasses, vitreous materials composed of chalcogen ele-
ments (S, Se, Te) show large transparency windows in the infrared. Indeed, chalcogenide glasses
can be transparent from the visible up to 12–15µm, depending on their compositions. In addi-
tion, chalcogenide glasses contain large polarisable atoms and external lone electron pairs which
induce exceptional non-linear properties. Consequently, the non-linear properties can be 100 or
1000 times as high as the non-linearity of silica. An original way to obtain single-mode fibers is
to design microstructured optical fibers (MOFs). These fibers present unique optical properties
thanks to the high degree of freedom in the design of their geometrical structure. Our group has
prepared various chalcogenide MOFs operating in the IR range in order to associate the high
non-linear properties of these glasses and the original MOF properties. Indeed, chalcogenide
MOFs might lead to new devices with unique optical properties in the mid-infrared domain like
multimode or endlessly single-mode transmission of light, small or large mode area fibers, non-
linear properties for wavelength conversion or generation of supercontinuum sources. Optical
fiber sensors for the mid-IR region between 2 and 14 µm are another promising area of applica-
tions. The IR signatures of most molecules, including biomolecules, are located in this spectral
domain, which allows in situ, non-invasive and real-time detection of gaz or organics molecules.
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Playing Billiard in Laser Micro-cavities: A Test-bed for
Semi-classical Physics

Joseph Zyss, Clément Lafargue, Stefan Bittner, and Mélanie Lebental
Laboratoire de Photonique Quantique et Moléculaire

Institut d’Alembert, Ecole Normale Supérieure de Cachan, France

Abstract— The generic “billiard problem” is a well-known paradigm of nonlinear mathemati-
cal physics, which connects to deep issues in quantum and wave physics all the way to quantum
chaos. It can be implemented in mechanics, optics or electromagnetism, either in classical or
quantum mechanics, depending on experimental configurations and on the billiard length-scale.
The elusive borders between wave and geometric optics on the one hand, and between quantum
and classical mechanics on the other, exhibit deep analogies which can be both addressed in
actual billiard-like physical systems. We will show the relevance in this context of micro-billiard
shaped lasers [1–4], thanks to new experimental and technological advances in the realm of poly-
mer based photonics at micron and submicron scales. In such configurations, confinement of
light in resonators can be considered by analogy with that of a quantum particle in a well (the
2-D quantum or wave billiard). Spatially distributed modes can be connected to classical orbits
within the frame of semiclassical physics approximations, by use of a celebrated “trace theo-
rem”, herein generalized to open and chaotic cavities. A beneficial feature of dielectric cavities,
in contrast with their more investigated metallised contour counterparts, is the ability for the
electromagnetic wave to spread-out of the cavity by refraction, diffraction, evanescent tunnelling
or a combination of these, allowing to simplify the otherwise hidden physics and eventually lend-
ing itself to sensor applications. However, such “open cavities” are more challenging from a
theoretical and modelling point of view, giving raise to non-Hermitian operators and imaginary
eigenvalues accounting for a finite modal excitation life-time in lossy cavities. Analytical solutions
such as available for the metallized 2-D rectangle are not valid for the equivalent open structures
which demand to resort either to full fledged solutions of the Maxwell-Helmholtz equations with
continuity conditions on the contour, or to application of semi-classical orbit methods. We will
show consistence between those two avenues and experimental findings. Particular attention will
be paid to recent advances: systematic investigations of triangular cavities [5] and extension
to 3-D micro-billiards [6]. The role of contour singularities will be evidenced and the related
diffractive orbits evidenced. The technological precision required for such studies is reached by
advanced e-beam patterning methods applied to dye-doped polymer structures, down to the
required nanoscale precision.
Our investigations illustrate an approach whereby, contrary to the more academic pathway from
upstream mathematical predictions down to experimental applications, experimental findings
may help provide guidelines towards otherwise elusive mathematical problems, such as the diffrac-
tion of light by a dielectric prism that the lasing property allows to illuminate from its inside.
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Liquid Crystals for Nonlinear Optics with Femtoseconds — CW
Lasers

I. C. Khoo
Electrical Engineering Department, Pennsylvania State University, University Park, PA 16802, USA

Abstract— A critical analysis of various all major mechanisms for optical nonlinearities of
nematic as well as Blue-Phase liquid crystals is presented, along with feasibility demonstrations
of femtoseconds pulse compression, all-optical switching with nanoseconds — CW laser and
tuning/modulations of micro- or nano-photonic structures [1–3]. Specifically, we will delve into
individual molecular electronic nonlinearities with femtoseconds [4] response speed as well as
slower (nanoseconds-milliseconds) collective molecular responses such as laser induced crystalline
axis rotation, lattice reorientation and distortion, c.f. Fig. 1. The merits and limitation of
nematics are discussed together with some recent results with Blue Phase liquid crystals that
could circumvent some of the limitations.

Figure 1: Nonlinear index coefficients and response speed of some exemplary nonlinear optical mechanisms
in NLC.
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Nonlinear Optical Imaging with Unconventional Light Fields

Godofredo Bautista, Mikko J. Huttunen, Jouni Mäkitalo, and Martti Kauranen
Department of Physics, Tampere University of Technology, P. O. Box 692, FI-33101 Tampere, Finland

Abstract— Nonlinear optical (NLO) microscopy, which embraces all imaging techniques that
endow contrast based on nonlinear optics, has allowed unprecedented characterization of natural
and artificial materials. Most past works, however, utilized linear, elliptical or circular polariza-
tion, where the state of polarization (SOP) is uniform across the beam cross-section. Recently,
there has been a renewed interest in the unique focusing properties of beams that exhibit rotation-
ally symmetric SOPs, and their novel imaging applications [1]. For example, when azimuthal and
radial polarizations are focused, the intensity distributions of their transverse electric-field com-
ponents preserve the doughnut-shaped intensity patterns and corresponding polarizations. How-
ever, when all the electric-field components are accounted for, the radial polarization exhibits a
Gaussian-like intensity distribution due to the presence of a strong electric-field component along
the beam axis, usually referred to as the longitudinal component.
In this talk, we show that NLO microscopy techniques equipped with unconventional polarizations
provide completely unique capabilities in the characterization of the structural properties of three-
dimensional nano-objects such as nanocones and nanowires, at microscopic resolution [2–5].
Our samples consist of either metal nanocones or semiconductor nanowires. For sample char-
acterization, we used a custom-built point-scanning NLO microscope powered by a femtosecond
laser (wavelength 1060 nm, pulse duration 200 fs, repetition rate 82 MHz). Upon routine beam
cleaning, we directed the excitation beam onto the sample using a strainfree microscope ob-
jective (numerical aperture 0.8). We collected the respective NLO signals in reflection and/or
transmission using photomultiplier tubes equipped with appropriate dichroic and optical filters.
To generate azimuthal or radial polarizations, we used a polarization mode converter (ARCoptix).
We found that the introduction of azimuthal and radial polarizations in second- and third-
harmonic generation microscopy allows us to directly determine the orientation and anisotropy
of individual nanocones and nanowires. In essence, any deviation of the image pattern can be
correlated with subtle structural features of the nano-objects.
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Beam Bistability in Nematic Soft Matter
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Abstract— We investigate optical bistability with diffracting and self-trapped beams in nematic
liquid crystals. We demonstrate the coexistence of dispersive and solitary beams in an interval
of ≈ 2mW. Bistability stems from the reorientational response in the presence of a threshold.
Optical bistability is a classic topic in nonlinear optics [1]. Two key ingredients for bistability are
a nonlinear response and a feedback mechanism. Nematic liquid crystals (NLC) are birefringent
dielectrics featuring a large reorientational nonlinearity, the latter based on molecule rotation in
the presence of electric fields [2]. When launching a bell-shaped (extraordinary polarized) light
beam, the molecular (angular) distribution becomes inhomogeneous: The beam itself defines a
transverse gradient of the refractive index, leading to self-focusing at high enough powers [3].
When the molecules at rest are perpendicular to the beam electric field, this reorientation un-
dergoes the so-called optical Freedericksz threshold (OFT), with threshold power depending on
the beam width. Thus self-focusing, altering the beam size, changes the OFT threshold and can
leads to a hysteretic behavior versus input beam power. Starting from a diffracting beam and
increasing the excitation, above the OFT nonlinear reorientation takes place until a self-confined
beam — a nematicon — is formed. Such self-localization in turn lowers the OFT below the initial
value, so that when reducing the power the spatial soliton is supported at powers smaller than
initially required for its formation.

(a) (b)

Figure 1: (a) Acquired images of beam propagation for increasing (top, left to right) and decreasing (bottom,
right to left) power. (b) Beam width vs power along a cycle. Hysteresis is observed between 15 and 17mW.

We launched a 2µm wide beam at λ = 1064 nm, with linear polarization perpendicular to the
NLC optic axis, thus enabling the OFT. At low power the beam diffractes as reorientation
did not occur. Self-confinement was observed from P = 17mW, leading to a solitary wave.
When power was then diminished, the nematicon was maintained down to P = 15 mW: The
system exhibited a hysteresis loop about 2 mW wide, with the two stable states associated to
dispersive and localized wavepackets, respectively [4]. The observed bistable behavior stems from
the inherent feedback provided by the reorientational nonlinearity between the beam profile and
the self-focusing threshold, in agreement with Kaplan’s recipe [5] despite the observation of only
one soliton state.
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Enhanced Nonlinear Interaction in a Silicon Microcavity under
Coherent Control

S. Serna1, 2, J. Oden1, M. Hanna1, C. Caer2, X. Le Roux2,
C. Sauvan1, P. Delaye1, E. Cassan2, and N. Dubreuil1

1Laboratoire Charles Fabry, Institut d’Optique, CNRS
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Abstract— The strong light confinement achieved in photonic crystal microcavities allows
the enhancement of light-matter interactions and the reduction of the energy required to control
nonlinear optical devices, like for instance low energy optical switches operating under the control
of a resonant pulse. Although nonlinear refractive effects assist the switching operation, the
imparted frequency shift dynamics of the cavity resonance tends to limit the coupling efficiency
of the control pulse. As a result, the cavity enhancement effect is not maintained for the entire
pulse duration, even if the latter is longer than the cavity photon lifetime.
To overcome this problem, a technique inspired by the coherent control of molecular and atomic
systems [1] has been implemented to enhance the nonlinear behaviour of silicon-based optical
resonators. In a silicon cavity, the optical resonance mainly experiences a frequency blue-shift
driven by the refractive index variation induced by the free carriers generated by two-photon
absorption (TPA). By delaying the blue spectral components, under a tailored linearly chirped
pulse, we show that the benefit of light localization can be maintained throughout the pulsed
excitation despite the cavity resonance dynamic frequency shift. This approach has only been
theoretically investigated [2–4].
The fabricated cavity whose the SEM picture is presented in Fig. 1(b) has a mode volume of
0.8(λ/n)3. It exhibits a linear transmission spectrum, shown in Fig. 1(c) (grey line ×12), with
a narrow peak at 1578.8 nm. The measured linewidth of 0.3 nm corresponds to a quality factor
Q = 5260 and a cavity photon lifetime equal to 4.4 ps. Optical pulses delivered by a mode-locked
Erbium doped fibre laser are sent through a grating based pulse stretcher, which delimitates
the spectral linewidth to 6.5 nm (spectrum shown by the black dashed-line in Fig. 1(c)) and
introduces an adjustable 2nd order dispersion coefficient φ(2). For φ(2) = 0 ps2, the measured
auto-correlation pulse duration is 2 ps.
The transmission spectra achieved with two opposite chirps + and −1.6 ps2, both coinciding to a
pulse duration (5.7 ps) longer than the cavity photon lifetime are shown in Fig. 1(c). Compared
with the −1.6 ps2 chirped pulses (green curve), the transmission spectrum for φ(2) = +1.6 ps2
(red curve) leads to a broader transmitted spectrum, which almost matches the input pulse
bandwidth. The increase by a factor 2 of the blue shift, achieved with the red curve of Fig. 1(c),
means that TPA generated carrier density is twice higher and proves an enhanced nonlinear
interaction in the silicon material thanks to the coherent excitation of the cavity. A coupled
mode theory model that includes all the silicon nonlinearities has been implemented and the
results are in good agreement with the experimental results.

(a) (b) (c)

Figure 1: (a) Scheme of the chirped pulsed excitation used to excite the microcavity, (b) SEM view of the
tapered nanobeam Silicon microcavity and (c) spectra of the input pulse (dashed), linear resonance (grey
×12) and nonlinear transmitted spectra at 3 pJ incident energy for various chirps.
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Integrating Single Photon Sources and High-efficiency, Low Dark
Count Single Photon Detectors Using Photonic Crystal

Microcavities in Silicon-on-insulator Waveguides

Ellen N. Schelew, Mohsen K. Akhlaghi, and Jeff F. Young
Department of Physics and Astronomy, University of British Columbia, Vancouver V6T 1Z1, Canada

Abstract— Scalable photonic quantum technologies are sought after for applications in quan-
tum communication, computing and sensing. One promising approach involves integrating key
components, including single photon sources, single photon detectors, and conventional optical
components like beamsplitters and filters, in planar lightwave circuits. Silicon-on-insulator (SOI)
is an attractive host-material, as it benefits from ongoing advances in classical integrated sili-
con photonic technologies. Recent progress has been made towards realizing both single photon
sources and detectors for wavelengths near 1550 nm. We describe a photon pair source integrated
with a superconducting nanowire single photon detector, to form a heralded single photon source
in SOI. The photon pairs are generated through a third order nonlinear process — Spontaneous
Four-Wave Mixing (SFWM) — in a planar two-dimensional photonic crystal (2D PC) triple-
cavity system engineered to resonantly enhance the nonlinear interaction, and strategically filter
generated photons into a single output waveguide. This design improves on previously reported
‘photonic molecule’ designs by taking advantage of the high Q modes, and flexible waveguide
and cavity coupling schemes, supported by 2D PCs. We also report on our novel approach to
single photon detection in SOI which employs a superconducting nanowire lying on the surface
of a 1D PC nanobeam cavity designed for coherent perfect absorption (CPA) of photons. While
many competing designs require a large volume of superconducting material to achieve high-
efficiency absorption, in the CPA implementation, a short (8.5 µm long) and narrow (8×35 nm2)
nanowire achieves near unity quantum efficiency, together with a low dark count rate (< 0.1Hz)
and favorable speed and timing accuracy at 2 K.
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First-principle Models of Light-matter Interactions for Large-scale
Computer Simulations in Extreme Nonlinear Optics

M. Kolesik1, 2

1College of Optical Sciences, The University of Arizona, Tucson, USA
2Arizona Center for Mathematical Sciences, University of Arizona, Tucson, USA

Abstract— Computer simulations in modern nonlinear optics need to has to address two basic
issues. The first is a transformation of the Maxwell equations into a one-way pulse propaga-
tion system. The second issue is the implementation of a light-mater interaction model that
is based on first principles, and is sufficiently effective computationally to allow realistic simu-
lations. White the first issue has been successfully addressed in the form of pulse-propagation
equations, the second is still a subject of intense research work. I will describe a novel approach
to nonlinear medium modeling that is based on metastable electronic quantum states. Rather
than the stationary quantum states, i.e., eigen-states of the given Hamiltonian, the meta-stable
electronic states provide a most natural tool to describe the dynamics in strong optical fields.
They possess the properties of both bound and continuum-energy wavefunctions, and exhibit
non-perturbative response to the driving optical field. As such they allow to construct an ex-
tremely economic implementation of a nonlinear medium model; I will demonstrate that even
the lowest-order approximation can provide semi-quantitative results. The rest of this talk will
briefly discuss the mathematical aspects of the method, describe numerical methods to obtain
necessary characteristics of the metastable quantum states, and demonstrate that the framework
makes it possible to perform large-scale simulations of the coupled Maxwell-Schrödinger system.
The method is most suitable for high-intensity nonlinear optics which often deals with regimes
in which both bound and free electronic states contribute to the medium response.

Figure 1: Illustration of the metastable electronic state approach for calculation of the nonlinear polarization
and ionization induced by a strong optical pulse (arbitrarily scaled electric field is shown as the blue line). The
black line shows the numerically exact solution obtained from the time-domain simulation of the Schrödinger
equation. The red line represents the result obtained with the new method: It shows the nonlinear response,
i.e., the atom dipole moment, obtained from a single resonance state, combined with the current induced
by ionized electrons. In this example, the atom response is initially dominated by the self-focusing (optical
Kerr) effect, while at later times, de-focusing effects of freed electrons prevail. Similarly accurate results are
obtained across a wide range of regimes.
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Instabilites and Rogue Waves in Optics

G. Genty
Optics Laboratory, Tampere University of Technology, Tampere FI-33101, Finland

Abstract— The emergence of high amplitude events that occur with low probability has been
observed in many physical systems. Ocean rogue waves that emerge unexpectedly from the sea
with massive destructive power is the most striking example of extreme events. Recently, the
observation of extreme events in optical systems has attracted significant attention with the
possibility, for the first time, to study in real time the dynamics of extreme-value phenomena.
More specifically, a wide range of studies have shown how extreme spatio-temporal localization
of light waves can occur in various optical systems including the nonlinear growth of a weak
perturbation present on top of a plane wave or the generation of short pulses in laser cavities.
Common features to many (although not all) of the systems where extreme localization has
been observed in optics is the presence of noise and nonlinearity in the system. In this context,
the nonlinear Schrodinger equation (NLS) describing nonlinear waves localization dynamics in
weakly nonlinear media plays a particular role and it has been extensively studied in various
contexts in nonlinear science [1, 2]. A particular class of solutions of the NLS that possess extreme
localization characteristics are the solitons on finite background which have been proposed as a
possible mechanism underlying the formation of extreme amplitude waves on the surface of the
ocean [3, 4]. In an optical context, these structures have been shown to emerge spontaneously in
noise-seeded modulation instability and play a central role in the observation of extreme events
in optical fibers.
Here, we review the recent progress on extreme events in optics with particular emphasis on
optical fiber systems. Experiments and modelling of localization dynamics are constantly pro-
viding new insights into how noise drives the dynamics of nonlinear optical systems. As research
continues to progress in this field, it is likely that the noise properties in a wide range of optical
systems may find analogies with areas of physics other than oceanography, allowing the use of a
convenient optical testbed with which to study a wide range of different physical processes.

REFERENCES

1. Akhmediev, N. and N. Ankiewicz, Solitons, Nonlinear Pulses and Beams, Chapman and Hall,
London, 1997.

2. Dauxois, T. and M. Peyrard, Physics of Solitons, Cambridge University Press, Cambridge,
2006.

3. Zakharov, V. E., A. I. Dyachenko, and A. O. Prokofiev, “Freak waves as nonlinear stage of
Stokes wave modulation instability,” Eur. J. Mech. B — Fluids, Vol. 5, 677–692, 2006.

4. Shrira, V. I. and Y. V. Geogjaev, “What make the Peregrine soliton so special as a prototype
of freak waves?” J. Eng. Math., Vol. 67, 11–22, 2010.



824 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015



Session 2A15a
Oral Presentations for Best Student Paper Awards —

SC1: CEM, EMC, Scattering & EM Theory

Effective Lennard-Jones Parameters for CO2-CO2 Dispersion Interactions in Water and near Amorphous
Silica-water Interfaces
Priyadarshini Thiyam, Oleksandr I. Malyi, Clas Persson, Stefan Yoshi Buhmann, Drew F. Parsons,
Mathias Bostrom, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 826

The C-method as an Initial Value Problem: Application to Multilayer Gratings

Cihui Pan, Richard Dusseaux, Nahid Emad, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 827

Efficient Numerical Solution for Time-domain Volume Integral Equations

Jian Zhang, Mei Song Tong, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 828

Analysis of EM Emission Characteristics by Arbitrarily Oriented Microstrip Lines Based on TEM Cell
Electric and Magnetic Coupling Fields
Jungyeol Park, Jin-A. Choi, Jae-Kyung Wee, In-Chae Song, Boo-Gyoun Kim, Hyok Lee, Seung-

Real Ryu, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 829

Algebraic Function Approximation for Eigenvalue Problem in Rectangular Waveguide Partially Filled
with Transversely Magnetized Ferrite

Oguzhan Demiryurek, Namik Yener, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 830

The Transmittance of Electromagnetic Waves and Field Correlations in Multilayered Microspheres with
Quasi-periodic Structures

Maricruz Najera Villeda, Gennadiy Burlak, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 831

Evaluation of Power Transistors Figure of Merit for Hard Switching Commutation Mode through Exper-
imental Analysis

Michal Frivaldsky, Pavol Spanik, Boris Kozacek, Marek Piri, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 832

825



826 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Effective Lennard-Jones Parameters for CO2-CO2 Dispersion
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Abstract— Tight rocks may provide most of the world’s future fossil energy. New produc-
tion methods that allow hydrocarbons to be produced directly from tight source rocks such as
shale gas and shale oil systems have changed the world’s energy outlook. We are now at a stage
where the technology for recovery of gas by CO2 injection has advanced beyond our scientific
understanding of the underlying processes. Much fundamental research focuses on molecular ph-
ysisorption/chemisorption and meso-scale transport processes in nanostructured shales. The aim
of such research is to understand carbon dioxide (CO2)-methane (CH4) conversion processes and
trends of adsorption of CO2 in model porous media and hydrofractured shale [1]. Standard sim-
ulation parameters on modeling near interfaces are based on intermolecular forces in bulk media.
Using the formalism of Sambale et al. [2], we demonstrate that the attractive part of the Lennard-
Jones parameters of intermolecular interaction in bulk media, i.e., the van der Waals parameter
C6 (UvdW = −C6/ρ6) where ρ is the distance between the two molecules, is strongly modified by
the presence of surfaces. We explore the retarded van der Waals interaction of two CO2 molecules
near an amorphous SiO2-water interface and near a vapor-water interface. Different models for
effective polarizabilities in water [3] and the corresponding dispersion forces between dissolved
molecules are explored in bulk water and near interfaces. The interaction energy depends on the
surface material, polarizability model of the molecule used and the relative orientation of the
molecules near the interface, and shows considerable deviation from intermolecular interaction in
the absence of surfaces. The dielectric properties of amorphous SiO2 are computed using density
functional theory (DFT) and Born-Oppenheimer molecular dynamics (BOMD).
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Abstract— We study our approach of the C-method [1, 2] as an initial value problem for the
efficient calculation of the N -dimensional scattering matrix of a grating. We apply this method
to multilayer gratings with an arbitrary number of interfaces. The interfaces can have different
functional form and amplitude and can be parallel or not.
For each interface separating two homogeneous media, we consider two horizontal planes above
and below the interface, and define a coordinate system such that the interface and both horizontal
planes correspond to coordinate surfaces. Inside the area delimited by the two horizontal planes,
the Maxwell’s equations lead to an initial value problem which can be solved with initial conditions
satisfying the boundary conditions. Outside this area, the fields are represented by Rayleigh
expansion. The scattering matrix between two consecutive media is obtained by using continuity
relations between different components of fields on the horizontal planes [3].
We consider a n + 1 layer diffraction grating, thus there are n interfaces separating the layers.
From the uppermost to downmost, these layers are composed of medium 1 to medium n + 1.
Each medium has a constant optical index. Thus we can calculate the scattering matrix S1,2

which associate the incoming and outcoming waves from medium 1 and 2. Then we collect all
the scattering matrix of adjacent medium, Si,i+1, i = 1, . . . , n and obtain the global matrix S1,n+1

by combination of elementary matrices Si,i+1, i = 1, . . . , n.
The proposed method gives the efficiencies with a good accuracy. Experiments are performed
on a three layer grating with interfaces described by Trigonometric functions. We also study the
anomalies of coated dielectric gratings [4].
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Efficient Numerical Solution for Time-domain Volume Integral
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J. Zhang and M. S. Tong
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Abstract— Integral equation approach is widely used for solving electromagnetic (EM) prob-
lems. For inhomogeneous penetrable structures, the volume integral equations (VIEs) are indis-
pensable, and furthermore the time-domain version (TDVIEs) should be applied when a transient
interaction with the structures exists. The TDVIEs are usually solved by combining the method
of moments (MoM) with a well-designed basis function like the Schaubert-Wilton-Glisson (SWG)
basis function in spatial domain and a march-on-in-time (MOT) scheme in temporal domain. The
MoM requires conforming meshes in geometric discretization and also needs to perform two-fold
integrations in evaluating matrix elements, resulting in certain inconvenience. On the other hand,
the MOT has a well-known stability problem which has not been fully solved yet although various
improvements were proposed.
In this work, we propose a different scheme to solve the TDVIEs for transient EM problems with
penetrable objects. Unlike the conventional approach, the Nyström method is used in the spatial
domain while the MoM with Laguerre basis and testing functions is employed in the temporal
domain. The Nyström method uses a point-matching procedure to discretize integral equations
and does not use any basis and testing functions so that the implementation can be simplified.
Also, the method does not require conforming meshes and can endure low-quality meshes, leading
to much convenience in geometric discretization. In temporal domain, the expansion of Laguerre
basis function can naturally enforce the causality and also the Galerkin’s testing procedure can
fully solve the numerical stability problem in a march-on-in-degree (MOD) manner, so it is
very suitable to solve transient problems. Numerical examples for transient EM scattering by a
dielectric cube are presented and the merits of proposed approach has been demonstrated.
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Abstract— In this paper, we analyze the electromagnetic (EM) emission characteristics of the
arbitrarily oriented microstrip lines and PCB board makes it possible to predict the radiation
characteristics by using a library of normalized line modeling. Figure 1(a) shows the test envi-
ronment on various microstrip lines which are prepared to consider with thickness, length and
current direction. The measurement method based on a transverse electromagnetic (TEM) cell
rotates DUT. The test results by using a vector network analyzer (VNA) is different from that of
direction DUT. The coupling factor by the direction of the DUT are all affected by the electric
field. But the magnetic field is affected in different ways between TEM cell and DUT. In the
Figure 1(b), when the DUT direction of a 180 degree (far end), the magnetic field is cancelled
between DUT and Septum of TEM cell. And when the DUT direction 90, 270 degree magnetic
fields are same results because magnetic fields are that it does not affect.
The method of lines (MoL) is used to calculate the capacitance matrix with the measured S12 of
microstrip lines. Some simulations such as HFSS and ADS are carried out in order to improve
the accuracies of extracting capacitances and inductances. For accurate coupling factors, the
measured and simulated E and H powers on TEM cell as shown in Figure 1(b) are used for
coupling capacitance and an inductance. A library based on the well-proven line parameters is
established for evaluating a real PCB EMC including the accurate coupling factor models. In
addition, the prepared library will be applied to evaluate its accuracy where the simulated EMIs
will be compared with measurements of their EMIs predicted from those generated from line
patterns on the tested PCB board as shown in Figure 1(c).

(a) (b)
 

(c)

Figure 1: (a) Test Environrmnt and measured EM emission according to arbitrarily oriented of microstrip
lines at DUT rotations of 0, 90, 180, 270 degree, (b) coupling factors by direction of DUT, (c) applied
modeling library in PCB board.
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Abstract— In this work, a lossless and closed rectangular waveguide partially filled with a slab
of transversely magnetized ferrite without assuming vanishing of the derivative in the direction
of the dc biasing field, has been analyzed using Method of Moment (MoM). Generally, there are
basically three types of modes in the waveguide: propagating, evanescent and complex modes.
To support evanescent mode, the waveguide must be bidirectional. But a rectangular waveguide
filled with a slab of ferrite transversely magnetized is not bidirectional, if there exists no sym-
metry with respect to the rotation by π about an axis perpendicular to propagation direction.
So such a waveguide does not support the evanescent waves. Propagation constant is complex
or pure imaginary. Our waveguide is filled with a transversely magnetized gyrotropic medium
and does not satisfy the condition of symmetry with respect to the rotation by π about an axis
perpendicular to propagation direction. So it is not bidirectional and hence does not support
evanescent modes. Results of the MoM are consistent with this situation. In a lossless and closed
rectangular waveguide partially filled with a slab of transversely magnetized ferrite Maxwell’s
equations, consisting of partial differential equations, are transformed into an infinite linear alge-
braic equation system by application of the Galerkin version of Moment method. As the result
of algebraic operations, from the transmission line equations a quadratic eigenvalue problem is
obtained whose eigenvalue corresponds to the propagation constant. The determinant of the
coefficient matrix of the quadratic eigenvalue problem is a monic polynomial of the propagation
constant whose coefficients are rational functions of the complex frequency. If the polynomial is
set equal to zero and is multiplied by the common denominator of the coefficients, an algebraic
equation is obtained. The roots of this equation are the propagation constants. In this work as
the contribution, using algebraic function theory the solution of the algebraic equation (propaga-
tion constant) for the waveguide filled with transversely magnetized ferrite medium, is expressed
by means of a Puiseux series in the neighborhood of the algebraic branch point. Puiseux series
coefficients are solved using transmission line equations and the propagation constant is com-
puted from this series expansion. Puiseux series results are compared and found to conform with
MoM results and the exact solution.
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Abstract— The dielectric spheres have a complex spectrum of electromagnetic eigenoscillations
with low Q-quality factor because of the power leakage in outer space. The case of the compound
structure: the dielectric sphere coated by an alternative stack, is richer. The Q-factor of such
oscillations strongly depends on the properties of the stack. It has a large value in the frequency
regions of high reflectivity, and beyond these regions Q remains small. The combination of factors
makes a variety of optical properties of microspheres with a multilayer stack. Particularly, a
system of this type can serve as a symmetrical spherical photonic band gap structure (PGC),
which has strong selection transmittance properties, and can arrange photon emitting nanoscale.
Researched the transfer matrix approach and the Green function technique we numerically study
the electromagnetic properties (narrow peak positions) of the transmission spectra for micro-
spheres coated by a multilayered stack with the generalized Cantor and Pascal structure (fractal).
Quasi-periodic design structures allow obtaining the photonic band gaps in the field radiation.
The location of light in disordered systems offers range of applications in optoelectronic applica-
tions.
In a microsphere, only narrow resonance spectrum (eigenfrequencies) peaks can be observed in
the frequency spectrum of radiation. We show that the wave phase interference in such a fractal
pattern leads to formation of very narrow electromagnetic transmittance resonances that can be
used in modern optoelectronics.
It is of great interest investigate how a stack is modified with a quasi-periodic spherical struc-
ture, the working frequency spectrum numerically in sequence Pascal and Cantor set in a micro-
sphere SI and SiO2 multilayer. To do that we explore the transmission spectra and frequency
resonances of such structures deposited on surface of a dielectric microsphere. Besides we cal-
culate the structure of the field correlations in such a multilayered microsphere with incorpo-
rated nanoemitters. It is well-known that due to the fluctuation-dissipation theorem the cor-
relation function of the photon states in the absorbing environment for temperature T and
frequency ω can be written with the help of the macroscopic Green function (GF) as follows
〈E(r)E(r′)〉ω = ~ω2

c2 coth(~ω2T )Im(G(r, r′, ω)). For our purposes it is sufficient to give more at-
tention to the imaginary part of GF to study a specific interaction between the field resonances
in points r and r′. Figure below displays the results of such simulation of Im(G) in the radial
section of a coated microsphere.

Such study allows using the multilayered microsphere to effective management of the photon
properties in modern informational industry.
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Abstract— Nowadays demand for efficiency and high density of electronic device is high.
Therefore, great emphasis is placed on the properties of electronic components such as diodes,
transistors, transformers and more. Hence the scientific discipline was created Figure of Merit
(FOM) which is dealing with this issue.
The proposed article will deal about the analysis of FOM of several power MOSFETs, whereby
main parameters are taken into consideration for calculation purposes. In order to verify faith-
fulness of FOM, the parametrical simulation analysis of hard-switching commutation mode for
given parameters of target application (front-end converters) will be done. Consequently, ex-
perimental measurements for determination of switching as well as conduction losses of selected
transistors will be performed. The aim of simulation and experimental analysis of commutation
process shall be confirmation of the accuracy of simulation models due to fact that simulation
analysis can be very useful during investigation of set of suitable transistors for improvement of
the qualitative indicators (rapid prototyping) of switched mode power supplies (efficiency, power
density, hold-up time etc.. . . ).
Almost simulation analysis represents time-consuming process for evaluation of transistor switch-
ing performance. Therefore various FOM methodologies will be described taking into account
main parameters for the FOM evaluation (transistor parasites, gate charge, switching frequency,
parameters of target application, e.g., voltage — current ratings). Comparisons between the
amount of transistor’s losses and its FOM indicator will be provided.
FoM Evaluation for Power MOSFET Transistors: The development of switching power
supply significantly moved forward. Requested parameters of switched mode power supplies
(SMPS) are reduction of the size and reduction of power losses (increase of efficiency). In this
article we decided to analyze several methods of FOM for the power MOSFET transistors. These
methods are:

• Switching FOM
• Conduction FOM
• Detailed FOM
• Johnson FOM

Selected transistors for FOM evaluation as well as for simulation and experimental analysis
of hard-switching commutation mode are CoolMOS IPW60R165CP, CoolMOS, SPP20N60C3
and MOSFET IRF840. The last mentioned device represents older technology of MOSFET
transistors, whereby CoolMOS transistors exhibits currently best in class performance for power
applications (for example solar inverters, renewable energy, telecom/servers, front-end converters
etc.. . . ).
The simulation and experimental analysis as well as FOM evaluation will be made parametrically,
i.e., in dependency on the parameters that are influencing hard-switching commutation mode in
the most manners (switching frequency, load current).
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Propagating in a Holey Fiber

Yoshihito Morita, Shingo Sato, and Koji Hasegawa
Muroran Institure of Technology, Japan

Abstract— Hybrid Trefftz finite element method (HTFEM) is developed for a fast eigen-mode
solver of electromagnetic waveguides with symmetric cross-sections such as photonic crystal fibers
and micro-structured optical fibers. HTFEM divides the cross-sections of waveguides into Trefftz
finite elements (TFEs) whose interpolation functions are fundamental solutions of vector wave
equations of electric fields in infinite spaces and conventional vector finite elements (VFEs) with
polynomial interpolation functions. Numerical dispersion of TFEs, therefore, is expected lower
than VFE dispersion in the same element size. But complex element shape of TFEs requires more
computational cost than simple element shape, HTFEs are suitable for modeling homogeneous
disc and complementary disk parts of the waveguide cross-sections such as the fiber cores and
jackets of holey fibers, and the remaining ring parts which include holes of the holey fibers should
be divided by VFEs.
We had demonstrated advantages of HTFEM over conventional FE method with VFEs and
perfect matched layers by analysis of holey fibers with six air holes: (1) HTFEM computation
time of the whole cross-section of the holey fiber is shorter than the conventional FE analysis of
a quarter of the cross-section at the same accuracy of the propagation constant, (2) HTFEM can
analyze a quarter of the cross-section of the holey fiber under symmetric or asymmetric electric
field conditions on the symmetric boundaries, and HTFEM can compute the eigen-modes faster
and more accurately than the conventional FE method under the same number of total unknowns.
When we compute specified eigen-modes, analysis of the whole cross-section or a quarter of the
cross-section gives the propagation constants of the required eigen-modes and other eigen-modes
that we should discard by inspecting the symmetry of electric field distributions.
To compute only specified eigen-modes, in this paper, we presented an HTFEM with electric
field distributions restricted to the specified symmetry. We confirmed the validity of the modified
HTFEs from the numerical results of a holey fiber with six air holes. The method ensures to
compute only specified eigen-modes and needs no distinction by the distribution of the electric
fields.
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Using Microwave Radiation for Porcelain Tableware Sintering
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3Department of Mechanical Engineering, University of Aveiro, Aveiro 3810-193, Portugal
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Abstract— This work presents an improved microwave multimode cavity developed for the
sintering of porcelain tableware. It includes 6 magnetrons operating at 1 kW with a nominal
frequency of 2.45 GHz. The way as the electromagnetic field propagates and is absorbed by the
materials is very important for the control of the heating process. For a better understanding of
the process, the distribution of the electromagnetic field inside the cavity was calculated using
COMSOL Multiphysics software, with different magnetron configurations and sample positions.
The improved automated control system comprises the usage of a pyrometer that allows the
analyses of the thermal delay between the temperature given by a thermocouple and the real
temperature in the material. The tip of the thermocouple lies fairly close to the material sample,
approximately 1 cm from its surface, and for the maximum temperature its reading is nearly 35◦C
lower than the temperature measured by the pyrometer. Although this difference is not very high,
it is significant to produce the bloating phenomenon. The best porcelain characteristics were
achieved for sintering temperatures around 1355◦C, in accordance with the industrial practice
effective porcelain temperature. We exclude the existence of the so-called non-thermal microwave
effect in the microwave porcelain tableware sintering.
The pyrometer was been calibrated with the thermocouple used in the experiments to guarantee
the correct measurements. The calibration was been made in a conventional electric oven. Some
physical properties such as the rupture energy, impact resistance and porosity of the obtained
porcelain have been measured and compared with those of similar porcelain pieces obtained by
conventional methods. The improved microwave oven allows a better temperature measurement,
with a faster sintering (and thus higher production rates) with the same quality standards than
the conventional sintered porcelain.
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Abstract— Mathematical and computational methods in electromagnetic theory have been at-
tracting an increasing attention of scientific community because of recent progress in integrated
photonics, metamaterials and laser optics. Better understanding of light diffraction and prop-
agation ensures effective design of nanoscale structures. To proof a design accuracy, the same
object needs to be simulated by different methods.
The majority of mathematical methods for calculation of electromagnetic fields can be split in two
groups. The first group — the methods based on direct solution of wave equations with defined
boundary conditions — includes finite-difference time-domain, the finite element method, and the
finite integration technique. In the second group of methods, the boundary problem is reduced to
the solution of integrals, the integral-differential, pairs of integrals, and pairs of sum equations.
The advantage of the first group of methods is their versatility. Their disadvantages are high
requirements for a computer processing power, long calculation time, the need to digitize not only
the scattering object, but also the space around the scatterer, and difficulties with simulations of
small-scale elements. In addition, there is a problem with satisfaction of boundary conditions for
radiation to open space. For the second group of methods these problems do not exist. The choice
of the integral equation (IE) type is defined by the structure of the object under investigation.
Therefore, the methods based on the IE solution are not as universal as the methods in the first
group, but computer programs based on them work several orders of magnitude faster. Here
we compare the results obtained by commercial numerical software and self-developed analytical
method.
A Volume Integral Equation (VIE) Method was developed to simulate optical wave diffraction
on metal-dielectric one and two dimensional diffraction gratings based on flat multilayered struc-
tures with regular inhomogeneity in each layer. Exact solution of the equation is obtained with
the Galerkin method, taking into account the complex dielectric permittivity of metals and semi-
conductors in optical range. The Method is applicable for s and p polarized waves.
As examples of photonic crystals we simulated sieve-looking diffraction grating placed on mul-
tilayer dielectric substrate and metal forest-looking grating placed on multilayer dielectric sub-
strate. Dispersion characteristics with windows of opacity are found out. The results are com-
pared to the simulations done by commercial numerical software Ansoft HFSS. Also VIE Method
was applied for a design of broad-band multilayer reflective diffraction gratings for compression
of high-energy ultra-short laser pulses Tolerances for groove depth and angle of incidence are
estimated, optimal duty-cycle parameters are found out. Electric field distribution inside of the
gratings is also numerically studied. The results were compared to the simulations by numerical
Fourier Modal Method in LightTrans Virtual Lab. The methods show excellent agreement.
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Comparative Study of Different Dielectric Function Fitting Model
for Gold, Silver, Copper, Aluminum in Visible Bandwidth by
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1School of Electrical Engineering
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2Departmentof Electrical and Computer Engineering
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Abstract— FDTD is one of the most common choice used in optical device simulation. In
FDTD, the dielectric value of dispersive material in a continuous frequency range must be known.
Because the dielectric value are measured by experiment at discrete frequency, we need to use
dielectric function fitting to find an expansion to fit the tabulated dielectric constant in a wide
frequency range. There are several dielectric model widely used in FDTD method, such as
Debye, Drude, Lorentz, Complex-conjugate pole-residue pair, Citical points, Rational-Fraction
and Partial-Fraction models. In these models, the parameters corresponding to different material
are different and unknown, so we need to use a certain method to find the suitable parameters
for each material. In fact, the process of finding the suitable model parameters for selected
material can be seem as a optimization problem, so the optimization algorithms is naturally
used. Many local and global optimization algorithms are adopt in dielectric function fitting, such
as Nelder-Mean algorithm (NM), Levenberg-Marquardt algorithm (LM), Simulated Annealing
algorithm (SA), Genetic Algorithm (GA), Particle Swarm Optimization (PSO), etc.. In our
work, we use PSO to optimize the parameters of different dielectric model for several common
materials, such as gold, silver, copper and aluminum. The frequency range of model fitting is the
visible bandwidth. The accuracy of different model with different orders on different materials are
compared, and the computational time costs are also compared. For optimization algorithms, the
fitness function is very important. There are several fitness functions used in dielectric function
fitting and the different fitness may get different parameters with different accuracy. In this paper,
we also discussed the different fitness function used by optimization algorithms and recommended
a appropriate fitness function for all selected materials.
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In Re Electric Switching Sense of Microwave Magnetic Field
Rotation near Varactor-loaded Dipole Excited by a Plane Wave

Valery Butylkin1, 2, Galina Kraftmakher1, and Yuri Kazantsev1

1Kotelnikov Institute of Radioengineering & Electronics RAS, Moscow, Russia
2Moscow Institute of Physics & Technology, State University, Dolgoprudnyi, Russia

Abstract— It is theoretically investigated movement of the microwave magnetic field near
dipole, which is excited by a plane electromagnetic wave. The total magnetic field ~H being
the superposition of incident and scattered fields of waves is under consideration. Until now
a superposition of the incident and scattered fields near dipole has been not treated because,
probably, dipoles were used generally as elements of antennas and the emphasis was radiant
properties. But in recent years, there has been increasing interest in studies of metastructures
on basis of resonant dipoles. As an example, one can point to nonreciprocal metamaterials,
containing combination of ferrite and dipole elements [1]. These metamaterials are of interest for
development of microwave devices such as filters, nonreciprocal isolators and circulators. In this
case microwave nonreciprocity is due to different absorption of waves whose sense of rotation of
magnetic field ~H coincides with sense of precession of the ferrite spins, and waves possessing the
opposite sense of magnetic field rotation. That is why it is important to study properties of the
microwave magnetic field in the neighborhood of the dipole. In this paper it has been shown that
projections of the field ~H of electromagnetic wave near dipole satisfy canonical ellipse equation
(in general case). This field rotates in one direction at frequencies above dipole resonance (DR)
and in the opposite direction below the DR. Besides senses of rotation are opposite on opposite
sides of the dipole (on the right or on the left of the dipole). Fig. 1 presents time-dependent
normalized magnetic field ~h(t) = ~H/Hinc

x0 = ~exhx + ~eyhy = ~ex cosωt + ~eyg cos(ωt + α). Here:
~ej are the orts; g = Z0l

2/4πZa2; α = tan−1[(1 − ω2/ω2
0)/ωRC]; Z and Z0 are impedances of

the equivalent oscillator simulating the dipole and of free space; capacity C, inductance L, and
resistance R of the equivalent oscillator; ω0 = (LC)−1/2 and ω are the dipole resonant frequency
and the wave frequency; l and a are the dipole’s length and distance between the dipole and
ferrite. Parameters: α = π/4, g = 1 and 0.5.

One can see that left-handed h-field takes place at frequencies ω > ω0 while right-handed h-field
corresponds to ω < ω0. When dipole break is loaded with varactor one can change the capacity
C by application of bias voltage to varactor. It results tuning the DR. Electrically tunable DR
can provide controlled sense of rotating magnetic field and, in the end, switchable nonreciprocity
in metastructures ferrite/varactor loaded dipole.
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Figure 1: Disposition of dipole and ferrite with respect to incident wave and movement of normalized total
microwave magnetic field h. M denotes point of location of ferrite, k, Einc

0 , Hinc
0 are wave, electric and

magnetic vectors of incident wave. Straight arrows depicts field h in instants of time t = 0 (black) and
t = τ < π/2ω (color). Bent arrows point sense of rotation of h. Blue lines correspond to ω0 < ω. Green
lines correspond to ω0 > ω.
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Analysis of EMG Waves from a Pulse Source

R. Kadlec, D. Nešpor, P. Fiala, and E. Gescheidtová
Department of Theoretical and Experimental Electrical Engineering
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Abstract— The authors report on an analysis of conditions on the boundary between layers
having varied electromagnetic properties. The research is performed using consistent theoretical
derivation of analytical formulas, and the underlying problem is considered also in view of multiple
boundaries, including the effect of the propagation of electromagnetic waves exhibiting different
instantaneous speed.
The paper includes a theoretical analysis and references to the generated algorithms. The main
algorithm was assembled to enable simple evaluation of all components of the electromagnetic
field in relation to the speed of the wave propagation in a heterogeneous environment. The
proposed algorithms are compared by means of different numerical methods for the modelling
of electromagnetic waves on the boundary between materials; moreover, electromagnetic field
components in common points of the model are also subject to comparison.
The article describes the obstacles in comparison of different principles based analyses. Thus,
analysis using numerical modelling performed via the wave equation in the ANSYS and the
applied methods in the Matlab program.
When in conjunction with tools facilitating the analysis of material response to the source of
a continuous signal, the algorithms constitute a supplementary instrument for the design of a
layered material. Such design enables the realization of, for example, recoilless plane, recoilless
transition between different types of environment, and filters for both optical and radio frequen-
cies. This phenomenon occurs in metamaterials.

ACKNOWLEDGMENT

Research described in this paper was financed by the National Sustainability Program under grant
LO1401, by the Czech Science Foundation under grant No. GA15-08803S, a project of the BUT
science fund, No. FEKT-S-14-2545, and a project from the Education for Competitiveness Opera-
tive Programme, No. CZ.1.07.2.3.00.20.0175 (Electro-researcher). For the research, infrastructure
of the SIX Center was used.



844 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Propagation of Fluorescence Radiation through µ-capillary Holes of
Glass Micro-channel Plate

Mikhail Mazuritskiy1, Alexander Lerer1, Alexander Ezovtsov1, and Galina Kalinchenko2
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Abstract— Propagation of X-rays through microcapillaries is of great interest due to the high
efficiency of radiation transportation by holes of microcapillaries, and, as a consequence, due to
the possibility for creation of new optical elements conditioning the X-ray beams. In addition
to the high practical importance, capillary optical systems represent a fine tool for studying
fundamental features of radiation dispersion by a surface.
Diffraction phenomena at the entrance of a hollow x-ray waveguide with real and imaginary
parts of permittivity (absorption by dielectric cladding layers) are investigated using the model
(approximation) of transmission layer on the surface of microchannels. It is shown that the wave
penetrating through cladding material substantially modifies the wave field near the waveguide
surface. It results in a significant increase of total energy flux inside guiding layer and leads to
additional spatial modulation of the electromagnetic field.
In this work, the features of soft X-ray fluorescence spectra of radiation propagating inside micro-
channel plates have been analyzed in the framework of wave approximation. X-ray and fluores-
cence yield due to the grazing incidence reflection phenomenon have been investigated with
respect to the geometry of channel walls. We discussed experimental spectra collected at the exit
of microcapillaries under total x-ray reflection condition and supported them with theoretical
calculations taking into account a surface transition layer at sample surface. Also, we have pre-
sented results on X-ray transmission through microcapillary structures, aimed at the Research &
Development of dedicated optics working in “water window” spectral region (energy 100–600 eV).
Have been studied spectroscopic features of phenomenon of interaction of channeling ra-
diation with unoccupied electronic states. In the future it may allow to identify optimal
transport conditions for the fluorescence radiation excited inside of microcapillary structures.
The fluorescence transport conditions optimization is very important for improvement of X-ray
focusing properties and, in principle, for delivery of high flux density on a sub-micrometer area
of sample.
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Diffraction by Arbitrary-angled Dielectric Wedges: Closed Form
High-Frequency Solutions
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Abstract— The canonical problem involving the electromagnetic field evaluation inside and
outside an arbitrary-angled dielectric wedge illuminated by an incident plane wave is here ad-
dressed in the frequency domain. The use of numerical techniques represents a possible solution,
but they become very expensive at high-frequency, where asymptotic methods based on ray-
tracing are more efficient. Accordingly, it is valuable to have efficient solutions for the diffracted
field able to compensate for the discontinuities at the Geometrical Optics (GO) boundaries related
to the incident, reflected and transmitted fields in the observation regions. Uniform Asymptotic
Physical Optics (UAPO) solutions were proposed in explicit closed form for evaluating the field
diffracted by right-, obtuse- and acute-angled lossless dielectric wedges in the inner and outer
regions [1–3]. They were able to compensate the GO discontinuities and resulted easy to handle
since expressed in terms of the GO response of the structure and the transition function of the
Uniform Theory of Diffraction (UTD) [4]. On the other hand, the use of a PO approximation
implies inaccuracies when operating at grazing incidence and in correspondence of the dielectric
interfaces.
Note that the diffraction problem concerning an acute-angled wedge was limited in [3] to a specific
case of plane wave incidence.
This contribution is devoted to extend the previous analysis to all possible cases of plane wave
incidence and to provide generalized UAPO solutions, which can be applied to the diffraction by a
wedge with arbitrary apex angle. Such solutions include those proposed in [1–3] as particular cases
and are obtained accounting for the equivalent electric and magnetic PO current densities on the
internal and external faces of the wedge. Multiple internal reflections and external transmissions
are considered for their explicit evaluation varying direction and polarization of the incident
plane wave. Numerical tests confirm the effectiveness of the proposed UAPO solutions for the
field diffracted in the dielectric wedge-shaped region and the surrounding free-space.
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Analysis and Design of a Wideband Low Phase Noise LC VCO
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Abstract— In this paper, a LC voltage-controlled oscillator (LC-VCO) design optimization
methodology based on switchable capacitor array is presented. The study of the compromises
between phase noise and tuning range permits optimization of the design for given specifications.
According to analytical phase noise models and tuning range, it allow to get a design space map
where the design tradeoffs are easily identified. The proposed VCO is designed with the proposed
methodology and implemented in SMIC’s 0.18-µm RF CMOS technology and the chip area is
650 µm × 500 µm including the test buffer circuit and the pads. Simulation results show that
its tuning range is 36.4%, from 4.5 to 6.5 GHz The simulating phase noise is −112.8 dBc/Hz at
1MHz offset from the 6.5 GHz carrier. The maximum average power consumption of the core
part is 6.47 mW at 1.8V power supply.
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Figure 1: The simulated f -V curve of the proposed
VCO.
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Figure 2: Simulated phase noise of the proposed
VCO in different controlled code and different con-
trolled voltage at 1 MHz offset.
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Figure 3: Simulated phase noise of the proposed VCO in different controlled code at 1 MHz offset.
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Visualization of Electromagnetic Environment in Magnetic
Confinement Fusion Test Facilities

Y. Kamimura1, S. Nakayama1, and M. Tanaka2
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Abstract— The purpose of this study is to investigate the time varying (random and intermit-
tent) properties of the leakage electromagnetic field that has specific broadband characteristics
in the magnetic confinement fusion test facilities, and to establish worker’s safety management
method for particular leakage electromagnetic field (EMF) exposure. This study paid attention
to the power supply room of coils and the surround of power amplifiers of ion cyclotron range
of frequencies (ICRF) for plasma heating where workers may approach comparatively easily and
the leakage EMF are generated. The visualization of the leakage EMF (i.e., EMF distribution
measurement) has been performed using a position tracking device with IR camera of Wii-remote.
In the surrounding of the power amplifier for ICRF plasma heating, the visualization system
for time varying leakage EMF distribution that had been developed recently is used [1]. In this
system, two electric field meters (EMR-20 and EMR-300, Narda S.T.S.) are used. One field
meter that adhered an IR marker has measured the E-field strength distribution. Another is
fixed to a comparatively strong position of E-field for obtaining the time variance. The E-field
strength distribution corresponding to the peak of the time-variance is obtained based on the
measurement results of both meters. The leakage E-field that we measured was, however, very
weak, and we can say that it hardly has potential hazard.
In the experiment in the coil power supply room, the compliance of the protection guidelines in
the passage between power supply units was visualized and evaluated by the visualization system
for low frequency leakage magnetic field distribution with magnetic field meter (ELT-400, Narda
S.T.S.) [2, 3]. As a result, though the results of the instrument in accordance with the ICNIRP
guidelines 1998 exceeded the reference level at the passage entrance between power supply units,
the results by the instrument in accordance with the ICNIRP guidelines 2010 did not exceed it
except the interior of the passage.
At present, the leakage EMF that exceeded the protection guideline has not been observed
around the devices of ICRF plasma heating. It is confirmed that the visualization system for
the low frequency magnetic field distribution can easily distinguish the compliance of protection
guidelines of the leakage magnetic field in the power supply room of coils.
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Abstract— Adaptive beam-forming capabilities for smart antenna arrays are nowadays used
in different applications such as suppression and reduction of interference in wireless mobile com-
munication, besides its effects on the overall quality of service. Several optimization techniques
are considered in the previous literature to deal with Adaptive beam-forming for smart anten-
nas. Particle Swarm Optimization (PSO), Central Force Optimization (CFO), Bacterial Swarm
Optimization (BSO), and Gravitational Search Algorithm (GSA) are well known Global opti-
mization techniques that are based on a nature-inspired heuristic. Recently hybrid PSOGSA
technique was proposed and showed better performance than standard PSO and GSA in terms
of computational speed.
In this paper, a novel algorithm that is based on the hybrid PSOGSA technique is developed for
optimal beam-forming using ULA and UCA. The goal is to maximize the beam of the radiation
pattern towards the intended user or Signal of Interest (SOI) and minimize the beam of the
radiation pattern towards Signal Not of Interest (SNOI) based on controlling the complex weights
(phase) of ULA or UCA.
Simulation results prove the directed power in terms of normalized array factor toward the in-
tended direction (SOI) using UCA is better than ULA by approximately more than 6 dB, 3.5 dB,
and 1.5 dB for different cases, on the other hand, directed null to SNOI better than ULA by
approximately 35 dB, 5 dB and 14 dB for several cases. In addition, simulations of beam-forming
showed accurate results even for a big set of simultaneously incident signals. It is found that
hybrid PSOGSA is more attractive for beam-forming applications and better than GSA with
approximately −3 dB in average besides it was demonstrated that hybrid PSOGSA achieves fast
and robust global convergence over GSA.
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Semiconductor Temperature Tunable Metameterial for Terahertz
Applications
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Abstract— We introduce a new model of homogeneous temperature tunable THz metamaterial
with controllable frequency range of hyperbolic dispersion based on semiconductor superlattice
with doped quantum wells. We propose a method of thermal manipulating the shape of equal fre-
quency surface in k-space. We discuss the phenomenon of permittivity tensor signature changing
which results in transition from dielectric to hyperbolic regime of the material.
Hyperbolic metamaterials (HMMs) are one of the most developing branch of modern optics [1, 2].
HMMs represent uniaxial crystals. Dielectric function of uniaxial crystals is described by tensor
with two different components corresponding to the directions along (ε||) and across (ε⊥) the
optical axe.
Depending on the signs of these components, crystal represents a dielectric media (ε⊥ > 0,
ε|| > 0), metal (ε⊥ < 0, ε|| < 0) or hyperbolic metamaterial (ε⊥ε|| < 0). HMM’s unique
properties stem from the equal frequency surface of extraordinary waves.
We propose a new model of ultra homogeneous temperature tunable THz metamaterial based on
semiconductor superlattice (SL) with doped quantum wells. Efficiency of thermal tunability is a
result of high sensitivity of semiconductor conductivity to the temperature. Under term “ultra
homogeneous” we mean that SL has tunnel transparent barriers and thickness of the wells is so
small that that Drude-Lorentz model is inapplicable for a single layer. Here we use more accurate
approach for dielectric function considering energy spectrum of carriers modified by SL potential
and carrier distribution function. We show that away from interband transition and reststrahlen
band each permittivity tensor component has Drude-Lorentz dispersion with modified plasma
frequency:

Ω2
α =

4πe2

ε∞

2
(2π~)3

∫∫∫
f(E, µ, T )

∂2E

∂p2
α

d3p, α =⊥, ‖. (1)

Here E is energy of carriers which depends on the momentum p, f(E, µ, T ) is the Fermi-Dirac
distribution function, µ is the chemical potential, T is the temperature and ε∞ is a permittivity
of the lattice without free carriers.
Tunability mechanism in proposed metamaterials is the following. Free carrier concentration
and, therefore, plasma frequency of semiconductors is sensitive to the temperature in contrast
to dielectrics and metals. Implementation of SL in semiconductors makes carrier spectrum and
plasma frequency anisotropic. So, in SL we can distinguish plasma frequency along (Ω‖) and
across (Ω⊥) the optical axis. Permittivity tensor signature and, therefore, optical properties
of SL depends on the relation between frequency of the electromagnetic wave ω and plasma
frequencies Ω⊥,‖. There are three cases corresponding to the different signatures of permittivity
tensor: (i) dielectric case if ω > Ω⊥,‖; (ii) hyperbolic case if ω is between Ω⊥ and Ω‖; (iii)
metallic case if ω < Ω⊥,‖. At fixed ω transition from one to another case can be realized by the
manipulation with plasma frequencies which are easily controlled by thermal excitation.
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Abstract— In this paper we reveal the presence of photonic one-way helical surface states in
a simple natural system — magnetized plasma. The application of an external magnetic field
to a bulk plasma body not only breaks time-reversal-symmetry but also leads to separation of
Equi-Frequency Contour surfaces (EFCs) to form topologically nontrivial gaps in k space. Inter-
estingly, these EFCs support topologically protected surface states. We numerically investigate
an interface between magnetized plasma, using a realistic model for parameter dispersion, and
vacuum, to confirm the existence of one-way scatter-immune helical surface states. Unlike previ-
ous proposals for achieving photonic one-way propagation, our scheme does not require the use
of artificial structures and should therefore be simple to implement experimentally.
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This immunity to backscattering has been confirmed using full wave simulations shown in Fig. 1(d)
in which a right moving surface wave propagates seamlessly around a sharp defect. The simula-
tion is performed in the x-y plane for three different propagation constants kz in the shadow area
as indicated by ‘A’, ‘B’ and ‘C’ in Fig. 1(c). For point ‘A’ and ‘C’, since they are not located
in the gap region, the electromagnetic wave can be scattered into the bulk states by z-invariant
scatterers. On the other hand, at point ‘B’ where kz is in the middle of the gap, the surface wave
is immune from scattering by the sharp edges, and therefore the numerical simulation confirms
that it is a topologically nontrivial surface state. As expected, when the direction of the magnetic
field is flipped, the propagation of the surface wave is also switched to the opposite direction.
This may enable topological surface states with dynamically reconfigurable properties.
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Abstract— Plasmonic structures are a promising solution for overcoming the diffraction limit
of light and for developing novel integrated optics devices. The advantage of using semiconductors
is the possibility of tuning the semiconductor properties by changing the composition and doping
of a given material. The inhomogeneous structures can be prepared.
New results are reported on investigation of dispersion curves for surface plasmon polaritons
(SPPs) at an inhomogenously doped semiconductor/dielectric interface whereby the dielectric
is represented by the same undoped semiconductor. The doped semiconductor is described by
its frequency-dependent permittivity that varies with the depth. It is shown that a transition
layer (TL) with a linear change in carrier concentration supports one branch dispersion curve
regardless of the TL thickness. The obtained dispersion curves reach a maximum at a finite
frequency depending on the TL thickness, and subsequently asymptotically approach the zero
frequency in the shortwave limit. Therefore two surface plasmon modes are supported at a
given frequency: a long-wave mode with a positive group velocity and a short-wave mode with a
negative group velocity. It is shown that the conventional dispersion relation for SPPs at a TL
with a zero thickness is an asymptotic solution, and the convergence of real dispersion curves is
point-wise instead of an expected uniform convergence.
One stationary SPP exists for each thickness of TL. However, these modes differ in their potential
for coupling with external source of light. Large modal index bandwidth is necessary to be able
to couple practically to the slow light mode and also to enable the efficient energy accumulation
without spatial spreading. It may be concluded that the narrow TL supports stationary SPPs
with better MIB, but very short wavelengths [1].
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Abstract— The authors discuss the application of broadband noise signal in the research of
periodic structures and present the basic testing related to the described problem. The aim is
to find a metrological method utilizable for the investigation of metamaterials in the frequency
range between 100 MHz and 10 GHz; this paper therefore characterizes the design of a suitable
measuring technique based on noise spectroscopy and introduces the first tests conducted on
a periodic structure (metamaterial). In this context, the applied equipment is also shown to
complement the underlying analysis.
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Abstract— The supercontinuum generation in photonic crystal fibers (PCFs) has been a topic
of intense research ever since it was reported by Ranka et al.. To generate the supercontinuum
(SC), the medium should at least exhibit a flat low anomalous dispersion with a small third
order dispersion or zero dispersion. It is obvious that the PCFs operating near a zero dispersion
wavelength (ZDW) with higher nonlinearity do not demand large input power for generating
the SC. In addition, these desired conditions help smoothen the power spectra of SC. Therefore,
highly nonlinear dispersion flattened PCF turns out to be the right candidate for generating SC.
Nowadays, the generation of SC in photonic nanowire (PN) with sub-wavelength diameter has
attracted significant interest due to its unique properties. Such a dielectric waveguide with a
nanocore diameter possesses a tight mode confinement and as a result, it exhibits appreciable
group velocity dispersion and nonlinearity. Very recently, a new fiber called nanowire embedded
photonic crystal fiber has been introduced by exploiting the optical properties of both PN and
PCF. Such a photonic device is termed as photonic crystal fiber nanowire (PCF-NW). This kind
of small core PCF has been a good candidate for nonlinear applications such as soliton-effect pulse
compression and SC generation In this paper, we demonstrate the supercontinuum generation in
a silicon nanowire embedded photonic crystal fiber (SN-PCF) using fully-vectorial finite element
method. The variation of supercontinuum is investigated by changing the fiber length, pump
peak power and pump wavelength. The proposed fiber exhibits broad spectrum of more than
2200 nm within 2 mm length of fiber for peak power of 500 W of input pulse.
Design of the proposed SN-PCF and evolution of supercontinuum within a 2 mm length of SN-
PCF:



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 855

Temperature Dependence of the Equilibrium Distance in
Plane-parallel Thin Films at Thermal Equilibrium
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Abstract— The Casimir force, which is especially intense between materials with separation
distances at the nanoscale, may be attractive or repulsive depending on the geometry, temperature
and the optical properties of the materials involved [1]. By a proper choice of a set of materials
and slab thicknesses, this force gives rise to nanolevitation phenomena when the gravity force is
taken into account at thermal equilibrium in planar geometries mediated by fluids [2, 3]. For a
given geometry, the equilibrium separation can be adjusted by fine tuning of the volume occupied
by each material in systems containing thin films, bilayers, or composite matrices with small
inclusions inside. In addition, the equilibrium distance depends on the temperature through the
Casimir force [2].
In this work we show that temperature dependence of the Casimir force is related to the difference
between the static dielectric constants ε0 of materials involved in the system. We analyse the tem-
perature dependence of the Casimir force in terms of the transverse electric (TE) and transverse
magnetic (TM) modes for realistic plane-parallel systems that show nanolevitation phenomena
at thermal equilibrium. These systems consist of a thin film of Teflon, silica or polystyrene im-
mersed in glycerol over a silicon substrate. Since the magnetic permittivity (which defines the
TE modes) for all the materials considered is assumed to be unit at all frequencies, the largest
variations with temperature come from the TM modes. Moreover, by splitting these contribu-
tions into two terms, that at zero frequency and that at non-zero frequencies, we prove that the
main contribution to the temperature changes of the Casimir force is related to the term at zero
frequency, which explicitly depends on the static dielectric constant ε0 (see Fig. 1). Therefore
the dependence of the equilibrium separation (and thus, of the Casimir force) with temperature
can be controlled through the relation of ε0 between materials.
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Figure 1: (a) Casimir force as a function of temperature for Teflon, silica (SiO2) and polystyrene (PS) thin
films of 500 nm thickness, at equilibrium distances 175, 60 and 450 nm, respectively, at T = 300K, immersed
in glycerol over a silicon substrate. (b) For a thin film of 500 nm of SiO2, TE and TM contributions to the
Casimir force for zero frequency (n = 0) and non-zero frequencies (n > 0).
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Abstract— The propagation of electromagnetic waves in two-dimensional uniform arrays of
zinc oxide (ZnO) nanorods of various diameters coated with a thin metal layer was studied by
separation of variables method in cylindrical coordinates. The numerical results for single optical
waveguide and two-dimensional array of waveguides are discussed in this paper. The dispersion
of the dielectric constants of ZnO and metals are taken into account in the model because, as it is
known, metals at optical wavelengths have a finite complex permittivity. The accuracy of results
shown in this paper are ensured by comparison with results obtained by finite element method
implemented in commercial software COMSOL Multiphysics, which is highly demanding to com-
puting resources and slower than proposed method. As the advantages of finite element method
may be distinguished its conservativeness, absolute stability, the possibility of constructing a
finite-element approximations on unstructured grids, and calculating electrodynamic parame-
ters of devices with complicated geometries. The dispersion characteristics calculated by finite
element method are in good agreement with the results obtained by our method over all opti-
cal range and have minor deviations for the wavelength range close to the critical wavelength.
Resonances located at the amplitude-frequency characteristics of optical nanoantennas may be
interpreted as resonances of circular bilayer nanowaveguide segments with the ZnO core covered
with thin metal shell. In this regard it is of interest to investigate the range of the optical charac-
teristics of similar waveguides. The results may also be used to predict the resonant wavelength
of two-dimensional periodic arrays of ZnO nanorods coated with a thin metal layer and grown
on a dielectric substrate.
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Abstract— Experimentally, the laser response is measured by following the time evolution of
the light output by a laser, whether this operates in a single- or multimode regime. Frequency-
selective detection is obviously possible, but typically cumbersome and avoided when several
modes are simultaneously present. Integrated spectral features are easier to implement, as they
do not require the simultaneous operation of independent fast detection over several wavelengths,
but can result from the simple integration (e.g., on a CCD) obtained from a dispersive device
(e.g., a grating). Traditional, rate-equation-based modelling of multimode semiconductor lasers
coupling the modal intensities to the carrier reservoir have hinted to the presence of pronounced
oscillations accompanied by slower modal relaxations [1].
We analyse the dynamical buildup of the laser intensity starting far below threshold and ending
well above threshold. The total intensity quickly grows to the well-known peak and rapidly relaxes
in oscillatory fashion towards its equilibrium value, accompanied by the quadrature oscillations
of the carrier density. The individual modal intensities, however, display a much slower evolution
which gives rise to a very slow convergence of the spectral distribution, which — as is well-known
— differs strongly below and above threshold [2].
Our analysis illustrates the evolution between the two spectral distributions [3] thus showing how
modulation schemes successfully applied to single mode lasers [4, 5] also improve the transient
dynmaics in multimode devices [6], as experimentally verified [7].
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Abstract— An unusual kind of spontaneous, multimode dynamics near the threshold of a
semiconductor laser has been reported approximately a decade ago [1–4]. In some devices, it
is characterized by a (nearly) constant total intensity, accompanied by regular modal jumps in
orderly progression from the shortest to the longest wavelength of the lasing interval, followed
by a jump to the shortest wavelength and cyclical repetition over the whole spectral interval at
a constant, slow frequency (typically two to three orders of magnitudes slower than the intrinsic
time scales) [2, 3]. Less regular behaviour is observed in all devices [1–4], including irregular,
but not entirely stochastic, jumps and a residual modulation of the total intensity. The latter
remains small compared to the modulation depth for each individual mode.
A heuristic interpretation of these observations was proposed on the basis of two completely
opposing assumptions: A deterministic one, where the lasing modes are coupled either through
Four-Wave-Mixing [1–4], Cross-Modulation or Self-Modulation [5]; or a stochastic one where noise
is projected onto the ensemble of modes [6]. Curiously, both approaches produce predictions in
qualitative agreement with the observations, thus hinting at the fact that the physics underlying
this phenomenon must run deeper.
Performing a new derivation of the basic semiconductor laser equations [7], without ressorting
to the usual approximations, and employing codimension 2 bifurcation theory, we obtain a new
model for the laser dynamics near threshold which, without the need for introducing a projection
onto cavity modes, shows the existence of a phase instability [8]. Its features are those of the well-
known Benjamin-Feir instability of hydrodynamics and reconcile the deterministic description
with an apparently stochastic one, where the role of noise is played by the underlying turbulence.
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Abstract— A relativity simple and cost effective terahertz (THz) emitter can be realized on
the base of optical transition between the levels of shallow impurities in semiconductors. In-
tracenter THz radiative transition takes place during the energy relaxation of nonequilibrium
carriers created in allowed band at the impact ionization of impurities by electric field [1, 2] or
at the photoionization of impurity centers by infrared laser radiation [3]. Recently we showed
experimentally that intracenter THz radiative transition can appear under interband optical ex-
citation of semiconductors doped with shallow impurities centers [4, 5]. Development of THz
emitter based on silicon can allow direct integration of it with silicon electronic.
Here we report on the observation of intense THz emission under the interband photoexcitation
of Si(Li) at low temperatures. The experiments were curried out on the float-zone n-Si samples
doped with Li during the growth with the concentration ND − NA ∼ 1 × 1016 cm−3. The
photoexcitation was provided by a 660 nm line of a continuous wave semiconducting laser with
a maximal output power of 45 mW. Laser radiation modulated at a frequency of 75 Hz with a
mechanical chopper was transmitted through a series of small diaphragms and filters, preventing
penetration of the laser thermal background into the experimental setup, and then focused onto
the sample surface to 2 mm spot size. The spectra were measured using a step-scan Fourier
spectrometer at T = 5K. The THz signal was detected using a liquid helium cooled Si-bolometer
and a lock-in amplifier.
The THz PL is attributed to radiative capture of nonequilibrium carriers by charged impurity
centers. These charged centers appear in the crystal due to the impurity-assisted electron-hole
recombination at low temperatures. Intracenter optical transitions give the main contribution to
the THz emission. THz photoluminescence (PL) spectra contain lines related to optical transition
from first excited donor levels to ground state of Li donor. The observed experimental regularities
will be presented and discussed.
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Abstract— The aim of this work is the investigation of transformations of silver in silver-
containing silicate glasses under the influence of UV laser irradiation and thermal treatment and
of the influence of this transformation on luminescent properties of glasses.
The glasses of the system Na2O-ZnO-Al2O3-SiO2-NaF-NaCl with addition of Ag2O and Sb2O3

were synthesized in the ITMO University. The measured glass transition temperature was
Tg = 494◦C. It was shown in [1] that such glasses contain the charged silver molecular clus-
ters (MCs) which have a very weak visible luminescence. For laser irradiation we used third
harmonic pulses of YAG : Nd (Lotis TII) with λ = 355 nm, τ = 5 ns, E = 2.7mJ/cm2 and
f = 10Hz. The laser irradiation led to the color changes in the irradiated zone and to the orange
luminescence appearance under excitation by λ = 400 nm (Fig. 1(a)). This effect is caused by
the photoionization of glass matrix by laser radiation, by trapping of free electrons by charged
silver MCs and their transformation to the neutral ones.
The thermal treatment experiments were performed at temperatures below and above Tg. The
thermal treatment below Tg led to the increase of the luminescence intensity (Fig. 1(b)). This
effect can be explained by the increase of the concentration of neutral silver MCs as a result of
trapping electrons from charged defects of glass net and Sb ions. The thermal treatment above Tg

led to the decrease of luminescence intensity in the center if irradiated zone (Fig. 1(c)), because
of the formation of silver nanoparticles there. The observed effects are confirmed by the optical
absorption and luminescence spectra measurements.

(a) (b) (c)

Figure 1: Luminescence of silver doped glass (a) after laser irradiation, (b) after thermal treatment below
Tg, and (c) after thermal treatment above Tg. Excitation wavelength is 400 nm.
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Abstract— Nowadays, the terahertz (THz) regime finds numerous applications in various im-
portant fields such as imaging, astronomy, communications, pharmaceutical quality control and
security-sensitive areas, namely, monitoring drugs, explosives or weapons in a non-destructive
manner and complex biological systems. In general, designing THz waveguides with low loss are
essential for the successful implementation of THz systems. THz radiation lies between electronic
and optical region in the electromagnetic spectrum with range of frequencies from 300 GHz to
10THz. To date, most of the THz systems rely on free space propagation due to the virtual ab-
sence of low-loss waveguides at THz frequencies. In general, plastic, metallic ribbon waveguides
and polymer PCF have demonstrated the THz guidance. These THz waveguides were fabricated
by the drill and draw or stack and fuse technology.
In this paper, we design a novel photonic crystal fiber using finite element method which acts as
a THz silicon waveguide. Here, the core is made of silicon material and the teflon is used in the
cladding region wherein the air-holes are arranged in a triangular pattern. It is known that the
silicon has excellent transmission properties compared to other guiding materials. It is known
that the nonlinear index coefficient, n2, of silicon is about 200 times larger than that of silica.
The refractive index of silicon (around 3.5) is much larger than that of air which ensures a much
tighter light confinement. Therefore, we study the important transmission properties, namely,
group velocity dispersion, absorption coefficient, effective mode area and effective nonlinearity
by varying the core diameter (dc = 0.6, 0.75 and 0.9mm) and distance between two consecutive
air-holes, pitch (Λ = 2, 2.5 and 3mm) for a wide range of frequency from 0.5 to 10 THz. The
proposed THz silicon PCF exhibits three zero dispersions at 1.75, 4.8 and 7.8 THz frequencies
and also report a low absorption coefficient of 10−4 cm−1 in the broad frequency region (2.5 to
10THz). Further, we obtain a large mode area of 325000 µm2 at 0.5 THz frequency for the core
diameter of 0.9 mm and the pitch of 3mm. These results show that the proposed THz silicon
PCF would turn out to be a good candidate for THz waveguide compared to other plastic THz
waveguides.
Design of the proposed SN-PCF and variations of dispersion with respect to fre-
quency:
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Abstract— We present a minimally invasive microwave imaging technique for analyses of W-
band transmission lines. Due to the high-frequency nature of the W-band (75 GHz–110GHz),
its power delivery generally requires millimeter-scale transmission lines. The industry-standard
waveguide and co-axial schemes use WR-10 and 1.0mm cable adaptors, as shown in Fig. 1(a). The
physical dimensions of WR-10 are 2.54mm× 1.27mm, and 1mm represents the outer conductor
diameter of a coax adaptor. Owing to the minute embodiments of W-band mating components,
mechanical precision of these components is crucial to determine the component grades. Their
mating performances are usually evaluated by checking the field-transfer characteristic between
mating ports. For a better characterization, it is desirable to measure the confined electric fields
of each component directly, but this has not been feasible due to the finite areas of W-band
components. To address this challenge, we have developed an extremely minute fiber-coupled
optical probe for millimeter-wave sensing [1, 2]. The probe consists of an electro-optic wafer; its
size is small enough to be directly mounted onto a bare fiber faucet. In addition, the wafer is
virtually transparent to both millimeter-wave and near-infrared spectra. This probing scheme is
a feasible solution to realize minimally invasive W-band imaging with (sub-) millimeter spatial
resolutions. For instance, Fig. 1(a) shows the open ends of WR-10 and 1 mm-coax male connector.
The minute fiber-coupled probe travels over the open ends on the x-y plane. The probe is sensitive
to only certain directions, and we set it to measure the y-direction of the electric field. The field
distribution, measured ∼0.3mm above the metallic surface for the waveguide and connector,
is shown in Fig. 1(b) and in the simulation illustrated in Fig. 1(c). We are currently working
on imaging for on-wafer millimeter-wave calibration substrates. The field distribution over a
co-planar waveguide which is launched by a 150-µm-pitch GSG probe is to be provided in a
conference presentation.

(a) (b) (c)

Figure 1: (a) Photograph of the W-band waveguide and coax adaptor, (b) measured electric field distribution
at 94 GHz, (c) simulated electric field distribution at 94GHz; most fields are concentrated within the dotted
boundary.
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Abstract— A highly stabilized electro-optic (EO) sensing technique for phase measurements
in electric fields in a high-frequency transmission line is presented. For EO applications, a femto-
second mode-lock laser can be an effective source of microwave photonics, generating extremely
high-order harmonics in its pulse repetition frequency [1]. These harmonic components can be
utilized as a local oscillator (LO) to down-convert the radio frequency (RF) from a tested mi-
crowave device to an intermediate frequency (IF). The electromagnetic quality — especially the
phase — associated with RF and LO processes directly affects that of the IF signal. The phase
stability levels of both RF signals and LO signals tend to degrade rapidly at higher frequencies.
The overall instability of the phase information associated with RF and LO processes can be mon-
itored by coupling each LO and RF component with directional couplers with down-conversion
to IF with a mixer [2]. However, this technique ultimately requires expensive microwave com-
ponents for applications at higher frequencies. Here, we present a fairly simple and effective
photonics-based technique which uses two probes to compensate for the phase drift which of-
ten occurs in high-frequency electro-optic sensing. In Fig. 1(a), one EO probe is positioned at
a fixed position where strong electric fields are formed over a CPW line, while the other EO
probe travels over the line on a programmed x-y plane. Both probes concurrently experience the
overall phase drift associated with the unstable nature of W-band RF and LO sources. However,
such phase instability can be corrected by subtracting the phases of each probe. This correction
can be realized during scanning so as to provide phase-stabilized EO sensing for high-frequency
microwave imaging. Figures 1(c) and (d) show electric field images of the amplitude and phase
for an open-terminated CPW line at 220 GHz. A detailed experimental demonstration of the
phase-stabilized imaging technique is to be provided at a conference.

(a)

(b)

(c)

(d)

Figure 1: (a) Phase-stabilized EO imaging system, (b) CPW line for 20 GHz imaging, (c) amplitude of
E-fields, (d) stabilized-phase of E-fields.
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Abstract— We present a photonic-assisted microwave power sensor for W-band applications.
For the evaluation of W-band (75GHz–110 GHz) power delivery, a commercial power sensor with
WR-10 waveguide is a widely used solution. However, most W-band power sensors show relatively
limited sensing capability; their typical maximum power handling level is ∼20 dBm with ∼40 dB
dynamic range. One solution to enhance the dynamic range of a sensor is employing a photonic
technology. Electro-optic (EO) sensors have served as a good alternative for microwave field
sensors. The EO sensors can be fabricated in an extremely minute scheme and they can be
readily coupled with an optical fiber [1]. For instance, an optical fiber-scale EO sensor is shown
in Fig. 1(b). The fiber is embedded along a 0.2mm groove at one side on a narrow wall of
WR-10 aperture. The sensor tip is placed in the center of the aperture where the electric field
intensity is the strongest for TE10 mode of rectangular waveguides. We terminated this open-end
with a WR-10 power sensor as shown in Fig. 1(a). The W-band power, delivered through a
WR-10 waveguide, is read through a power meter. Knowing the power levels, the electric field
intensity, where the EO sensor is located, can be attained analytically. The calculated electric
field strength with respect to the power in the waveguide is shown in Fig. 1(c) with a dashed line.
On the other hand, the EO sensors can measure millimeter-wave electric fields associated with a
femtosecond laser which is electrically synchronized with microwave sources. By virtue of such
laser-electronics synchronization, the EO sensors can interact with both optical and electronic
units and yield microwave signals in terms of modulated light. The data points in Fig. 1(c) are
the sensor signals with respect to the power in the waveguide at 94GHz. These values are in
arbitrary unit but can be calibrated in an absolute unit. The EO sensor shows excellent linearity
up to 20 dBm level as in Fig. 1(c). Because the sensor’s all-dielectric embodiment, its high field
sensing capability is known as ∼ MV/m scale [2]. We believe this kind of photonicCassisted
power sensor would show at least 80 dB of dynamic range. We are currently trying to enhance
the sensor’s capability. The improved data set is to be provided at a conference presentation.

(a)

(b)

(c)

Figure 1: (a) Photonic-assisted W-band waveguide power measurement system, (b) field sensing geometry
with a minute EO sensor, (c) field-calibrated performance of an EO sensor at 94 GHz.
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Broadband Tunable Terahertz Metamaterial with Photoinduced
Vanadium Dioxide Film

Shen Qiao and Yaxin Zhang
Terahertz Science Cooperative Innovation Center

University of Electronic Science and Technology of China, Chengdu 610054, China

Abstract— The composite structure of metamaterial and vanadium dioxide film is a novel
way to realized active terahertz device within specific frequency band. By designing the resonant
structure of metamaterial, there will be different frequency response in the applied spectrum. The
vanadium dioxide is a reversible phase transition material due to its insulator-metal transition
at a critical temperature or enough light intensity. Applying the photoinduced characteristics
of vanadium dioxide, a dynamic resonant terahertz functional device is suggested to realize the
ultrafast external spatial terahertz wave modulator. This paper carried out a broadband terahertz
modulator at 0.21–0.53THz with more than 80% modulation depth in typical frequency. In this
modulator, the vanadium dioxide film is deposited on silicon substrate using sol-gel method.
Then a dual-resonance metamaterial is patterned on the vanadium dioxide film using photo
etching technology. Simulation results show that this dual-resonance metamaterial is a band-pass
frequency selective surface with tunable band width by changing the dimensions of the split gaps
and each resonance peak have its own resonant mode with different circular current. In the static
test, the characteristics of the structure spectrum are performed using terahertz time-domain
spectroscopy with different incident laser powers on the surface of this device. The transmission
of the broadband spectrum is decreasing linearly with the increasing leaser power. The dynamic
experimental result illustrate that this device realizes up to 1 MHz amplitude modulation by
utilizing a 0.34THz CW terahertz source. The simulation and experimental results show that
this work may have many potential use in the design of modulators, switches, sensors, detectors
and so on.
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Generation Method for Bandwidth-limited Terahertz Pulses by
Spectral Synthesis of Optical Comb Generated by a MZM-based

Flat Comb Generator

Isao Morohashi, Takahide Sakamoto, Norihiko Sekine,
Tetsuya Kawanishi, Akifumi Kasamatsu, and Iwao Hosako
National Institute of Information and Communications Technology

4-2-1 Nukui-Kitamachi, Koganei, Tokyo 184-8795, Japan

Abstract— Terahertz (THz) time-domain spectroscopy (TDS) is a powerful tool for charac-
terization of material properties. In general THz-TDS is performed using broadband THz pulses
covering up to tens of terahertz generated by ultrashort optical pulses. However, in many cases,
the frequency range of interest is relatively narrow, while the high dynamic range and the high
frequency resolution are required. Bandwidth-limitation of THz pulses has an advantage in terms
of the power modal density. In this presentation, we propose a generation method for bandwidth-
limited THz pulses by using a Mach-Zehnder-modulator-based flat comb generator (MZ-FCG).
Our approach to bandwidth-limited THz pulse generation is based on the photomixing technique,
in which a single-mode and a pulsed signal are mixed on a photomixer. Picosecond pulse trains
generated by the MZ-FCG are halved by an optical splitter. They are launched into optical
bandpass filters (BPFs), respectively. One BPF extracts a mode (single-tone), and the other
BPF extracts several modes (multi-tone), which is a pulse train elongated from the original pulse
in pulsewidth. By mixing them, the optical pulse trains are down-converted to THz pulse trains.
The envelope of the optical pulses is preserved to THz pulses. The carrier frequency is corresponds
to the frequency difference between the center frequencies of the filters, and the pulsewidth is
proportional to the bandwidth of the multi-tone signal. Merits of our system are tunability of
both the center frequency and the bandwidth (pulsewidth) of the THz pulses by changing the
center frequency and the pass-bandwidth of the BPF, respectively. A typical bandwidth of the
comb signal is several hundred gigahertzes, so that THz pulses with the center frequency of
several hundred can be generated by the MZ-FCG.
The MZ-FCG, which is composed of a dual-drive-type MZM is driven by two RF signals, converted
a cw light to a flat comb. By driving the MZ-FCG with 10 GHz signals, optical combs with mode
spacing of 10 GHz and the 10 dB-reduction bandwidth of 330GHz were generated. By chirp
compensation using an SMF with a length of 1.1 km, the comb signal was converted to a 2.85 ps
pulse train.
The optical combs were halved by an optical splitter; one is launched into a tunable bandpass
filter (TBPF1) and extracted a single-tone signal from the comb. The other is launched into
another TBPF (TBPF2), and an extracted multi-tone signal. The filtered signals were coupled
by another coupler, and THz pulses were measured by the OSO with the temporal resolution of
1.1 ps. As a result, THz pulse trains were successfully observed. By tuning the center frequency
and pass-bandwidth of TBPF2, tunabilities on frequency and bandwidth were also demonstrated.
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Collapse of Nonlinear Terahertz Pulses in n-InSb

C. Castrejon-Martinez, V. Grimalsky, S. Koshevaya, and J. Escobedo-Alatorre
CIICAp, Autonomous University of State Morelos (UAEM)
Av. Universidad 1001, Cuernavaca, ZP 62209, Mor., Mexico

Abstract— The radiation of the terahertz (THz) range f = 100 GHz–30THz is used in spec-
troscopy, medicine, scanning, and environmental science. The interaction of THz radiation with
narrow-gap semiconductors like n-InSb, n-InAs, and low dimensional structures is of great inter-
est, because it gives a possibility to create both active and passive electromagnetic and electronic
devices.
In the report there are investigated nonlinear electrodynamic phenomena in a volume narrow-gap
semiconductor n-InSb f ∼ 1–5THz. The nonlinearity of electron gas due to the Kane dispersion
law is dominating here. The equation for the amplitude, which is slowly varying with respect
to time only, has been derived. The dependence of the wave amplitude on the longitudinal
coordinate z and the transverse one ρ is arbitrary. The saturation of nonlinearity is taken
into account. Under a propagation of THz transverse limited electromagnetic pulses through the
structure intrinsic InSb-n-InSb-intrinsic InSb with the electron nonlinearity both the longitudinal
and transverse focusing occurs. This leads to the spatiotempotal collapse, or the formation of
the electromagnetic wave bullets from the input pulses. The influences of the wave dissipation
and the saturation of nonlinearity on the nonlinear wave dynamics are important. The optimum
conditions for realizing wave collapse have been obtained for the carrier frequencies, transverse
sizes of the input pulses, the input intensities, and the wave dissipation. A comparison with the
layered structures that include the 2D graphene sheets or thin n-InSb layers jointly with linear
dielectric ones is given.

Figure 1: Geometry of the problem.
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A Novel Dual-band Dielectric Resonator Antenna for WLAN
Applications

Jwo-Shiun Sun, Chi-Yeh Kan, Hung-Wen Liu, Guan-Pu Pan, and Tsung-Lin Li
Department of Electronic Engineering, National Taipei University of Technology, Taipei, Taiwan

Abstract— A novel dual-band dual-polarized dielectric resonator antenna (DRA) is proposed
to utilize a T-shaped slot with high isolation between two input ports to reduce the coupling
effect between the excited modes. The proposed DRA offers measured impedance bandwidth for
WLAN-802.11b (2400–2484MHz) and WLAN-802.11a (5725–5825MHz) applications with the
peak gain 5–8.65 dBi. Simulated results of the return loss, isolation and gain of the DRA get
fairly good agreement with those experimental ones.
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Triple-band MIMO Antenna with Proximity Coupling Radiators

Jwo-Shiun Sun1, Chi-Yeh Kang1, Han-Sheng Fang1, Po-Yen Lin1, and Ching-Song Chuang2

1Department of Electronic Engineering, National Taipei University of Technology, Taipei, Taiwan
2Department of Electronic Engineering, Lunghwa University of Science and Technology, Taoyuan, Taiwan

Abstract— This paper presents a triple-band mobile wireless MIMO antenna that meets
GSM900/1800 and LTE2600 bands protocols. The antenna element is designed with three in-
dividual resonant Planar Inverted-L Antennas (PILs) with proximity coupling structures. The
highest band is generated by the inverted-L structure fed by a transmission line, and the other
two bands are produced by two meander lines, for which one is a coupling PIL construction for
the lowest band and a parasitic element is located on the backside of the circuit board for the
middle band. The MIMO antenna consists of two symmetric antennas with edge-to-edge sepa-
ration of nearly one-tenth wavelength of the lowest band. The rectangular slot on the ground
plane is implemented to enhance the isolation for the highest band, and the winded microstrip
line inserting in the rectangular slot serves the purpose of isolation for the lowest band. Good
isolation in middle band is achieved by its tilt unsymmetrical radiation pattern. The MIMO
antenna measurement results show good impedance matching with low mutual coupling. The
Envelope Correlation Coefficient is calculated to verify that the proposed antenna is suitable for
wireless mobile applications.
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A Planar Dual-band Antenna for WLAN MIMO Application

Li Ju Chen and K. H. Lin
National Sun Yat-Sen University, Kaohsiung, Taiwan

Abstract— A Multiple Input Multiple Output (MIMO) system has been one of the most
promising wireless technologies for broadband communication systems. A planar dual-band an-
tenna for WLAN MIMO application is proposed. The proposed antenna covers two operation
frequencies at 2.4 GHz–2.5 GHz and 5.15 GHz–5.85 GHz for WLAM applications. To have good
isolation between the antennas is difficult due to both strongly coupled between two and cou-
pling currents of the surface in the ground plane. The mutual coupling increases the envelope
correlation of the two ports and reduces the radiation efficiency.
The configuration of the proposed MIMO antenna was presented in Fig. 1. The MIMO antenna
has two planar pitch antennas with slot on the top side and a notch filter on the bottom side.
Fig. 1(a) shows the top view of the antenna and Fig. 1 (b) shows the bottom view of the antenna.
The proposed antenna was implemented on the single layer FR4 substrate with a volume of
50mm× 35mm× 0.8 mm and relative permittivity of 4.4. Two symmetry antennas are placed at
the top edge of the system ground. The dimension for the antenna is 17.5mm × 14.5mm. The
dimension parameter is shown in Fig. 1 as well. The width of the feed line is 2.2mm and the
length of feeding line is 18 mm.
In order to improve the isolation at the lower band, a notch filter with meander line design
was added at the bottom side. The dimensions of the notch filter are shown in Fig. 1(b). The
simulation result of return loss (S11) and isolation (S21) were shown in Fig. 2. The return loss for
proposed antenna covers 2.4 GHz–2.5 GHz and 5.15–5.85 GHz. The return loss is below −10 dB
at two operation bands. The proposed MIMO antenna has the isolation of about 16 dB at the
lower band and over 15 dB at the upper band. The proposed antenna provides two pass bands
for dual-band application and also has good isolation between two single antennas for MIMO
application.

(a) (b)

Figure 1: The proposed design of dual-band antenna for MIMO application. (a) Top view. (b) Bottom view.

Return Loss Isolation 

Figure 2: The simulation result for return loss and isolation.
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Resonant Antenna Design Employing Equivalent Circuit Mode

Cheng-Nan Hu, Siam-Chen Huang, Jhih-Neng Yang, and Jen-Kai Hong
School of Communication Engineering, Oriental Institute of Technology, New Taipei 22061, Taiwan

Abstract— Utilization of the equivalent circuit model has shown more time-effective for design-
ing RF circuits and antennas rather than Electromagnetic fields analysis. This study investigates
equivalent circuit perspective on designing the resonant antenna. An equivalent π-network circuit
is firstly proposed and de-embedded by using even-odd mode analysis to approach the electromag-
netic fields coupling of a closely coupled two-element diversity antenna. Thus, the improvement
on the isolation between antennae can be straightforward achieved by employing resonant and
absorption method. Numerical and experimental study are presented herein.
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Flexible PIFA Antenna Design for Wireless Sensor Networks in
Wearable Healthcare Applications

I. Gil and R. Fernández-Garćıa
Departmentof Electronic Engineering

Universitat Politècnica de Catalunya, 08222 Colom 1, Terrassa, Spain

Abstract— In recent years, the Wireless Sensor Networks (WSNs) [1] have emerged as a
communication technology to address applications such as healthcare monitoring, environmental
sensing, industrial monitoring, etc.The WSNs consist of small communication nodes containing
a sensing part, a microcontroller, communication components and a battery. Wearable WSN
healthcare applications require compact size and optimized radiation patterns [2] and, therefore,
antenna design play a fundamental role incustomized designs.The planar inverted-F antenna
(PIFA) is a common antenna for portable devices because of its excellent balance between low-
profile, low-cost and performance [3].
In this work an optimized PIFA including the textile and human skin effects has been designed,
simulated and characterized for wearable WSN healthcare applications. The proposed PIFA has
been designed by means of the commercial Keysight Advanced Design Systems and Momentum
software.Fig. 1(a) shows the proposed substrate based on the implementation of the flexible
PIFA in the commercial Pyralux (dielectric constant εrP = 4.6, thickness hP = 50 µm). A
textile layer (εrT = 2, hT = 1 mm) has also been considered to emulate the outfit impact on the
antenna. Finally, the human skin has been included as the lowest layer in the substrate (εrS = 39,
hS = 1.5mm) [4]. The antenna has been designed to operate under the Bluetooth 4 standard
(2400–2483.5MHz). The optimized PIFA (20 × 26mm2) considering the overall substrate is
illustrated in Fig. 1(b). The antenna return losses (S11) for several steps with regard to the
optimization design process are depicted in Fig. 1(c). An original PIFA meandered antenna has
been designed at the operation frequency in Pyralux substrate. Obviously, the introduction of
the textile and skin layers increases the overall dielectric constant and, therefore, a reduction in
the radiation frequency is expected. The redesigned antenna performance correspond to 300 MHz
bandwidth at S11 = −10 dB and a maximum return losses of −18 dB.
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Figure 1: (a) Antenna return losses. (b) Substrate including F-PCB, textile and skin effects. (c) Redesigned
PIFA antenna.
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Dual-band Printed Antenna for WLAN Applications

Lanchao Zhang, Tao Jiang, and Yingsong Li
College of Information and Communication Engineering, Harbin Engineering University

Harbin 150001, China

Abstract— A dual-band printed antenna for wireless local area networks (WLAN) applications
is presented in this paper. The proposed antenna is printed on a FR4-epoxy substrate with a
dielectric constant of 4.3 and an overall size of 40 × 40 × 1.6 mm3. The antenna consists of two
strips which locate at the top and bottom sides of the substrate respectively. The top one is fed by
a 50Ω microstrip line directly, and operates in 5.8GHz band. The bottom is fed by the coupling
current and operates in 2.4 GHz band. The two strips have overlapping parts in space, which have
a good effect on improving impedance matching and expanding the bandwidth. Good return loss
is achieved, higher than 25 dB in the low frequency band and 20 dB in the high frequency band
respectively. It is shown that the proposed antenna is suitable for WLAN applications.
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Compact Reconfigurable Antenna Design Based on Variable
Capacitive Loading

Youngkyu Kim1, Seok-Jae Lee1, Jongsik Lim1, Dal Ahn1,
Jin-Ho Ahn2, Seung-Hwan Lee3, and Sang-Min Han1

1Soonchunhyang University, Asan, Chungnam 336-745, Republic of Korea
2Hoseo University, Asan, Chungnam 336-795, Republic of Korea

3Electronic Telecommunication Research Institute (ETRI), Daejeon 305-700, Republic of Korea

Abstract— A planar frequency reconfigurable antenna is proposed with variable capacitors.
The proposed one is designed of a planar monopole antenna with a controllable load as shown in
Fig. 1. Resonant frequencies are adjusted by variable capacitive loading of a varactor diode [1].
To achieve compact design, the monopole is designed with meander shape, while the bias circuit
isolates between RF and DC paths. For the performance analysis, the equivalent circuit has
been constructed with a variable capacitor using the Agilent ADS [2]. In addition, electromag-
netic (EM) simulation is conducted using the ANSYS HFSS. The proposed antenna has been
implemented on an epoxy substrate with a size of 32× 35× 1 mm3. The implemented frequency
variable monopole antenna has been verified by comparing prototypes with designed capacitors
and ones with biased varactor diodes. The experimental results show expected resonant frequen-
cies corresponding to loading capacitors as shown in Fig. 2. Moreover, the measured radiation
patterns keep almost the same shape and performance for variable resonances. The proposed
antenna has presented the resonant frequency variations from 2.25 GHz to 2.42GHz.

Figure 1: Proposed antenna configuration.
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Figure 2: Freq. reconfigurability for variable loads.
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Unequal Power Divider Using Series RC Circuit for Improved
Isolation

Young Kim1, Seok-Hyun Sim1, and Young-Chul Yoon2

1Kumoh National Institute of Technology, Republic of Korea
2Catholic Kwandong University, Republic of Korea

Abstract— This paper presents a high dividing ratio unequal power divider with improved
isolation using a series RC circuit. To improve isolation, we used an isolation component com-
posed of a series resistor and capacitor circuit. This circuit is placed at an arbitrary position
in the quarter-wave transmission line to achieve power division. In addition, to achieve a high
dividing ratio, the low impedance line is composed of a capacitive loaded transmission line with
slow-wave characteristics. To validate the performance of the proposed unequal power divider,
we simulated and fabricated the unequal power divider for an operating frequency of 1 GHz. The
experimental results are in good agreement with the simulated results.
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Microwave Amplifier Design for Solid State Radar Transceivers at
X-band
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Ch. C. Lessi1, and N. K. Uzunoglu3

1Department of Informatics and Telecommunications
National and Kapodistian University of Athens, Panepistimioupoli, Athens 15784, Greece

2Department of Naval Sciences, Hellenic Naval Academy
Hatzikyriakou Avenue, Piraeus 18539, Greece

3Department Division of Information Transmission Systems and Material Technology School of Electrical
and Computer Engineering National Technical University of Athens
Zografou Campus Heroon Polytechniou 9, Zografou 15780, Greece

Abstract— The next generation of military, civilian, and commercial radar transmitters (T/R)
would rely on various distributed architectures employing solid state power amplifiers (SSPA)
using gallium nitride (GaN) device technology that promise to play an important role. These
devices can support systems with higher sensitivity, increased detection range and improved
reliability with lower cost and weight. The GaN Monolithic Microwave Integrated T/R Circuit
(MMIC) enables improved resolution and DC power distribution efficiency in Radar Systems. The
first challenge for the T/R module that is presented in this paper is fitting all the components
in a package designing a suitable amplifier. The analytical structure followed to create amplifier
bias circuits is presented in this paper. A discrete GaN on SiC HEMT was used. Incorporating
matching circuits to bias circuits, various simulations are extracted to find what bias circuits do
not affect the overall behavior of the amplifier. Simulation results show good matching S11 =
−12.2 dB, S22 = −14 dB and a gain value at 15.4 dB, almost the maximum supported. With new
values S parameters resulting from the design of this circuit, K = 1.3 and D < 1 which mean
that the circuit is stable. In this paper, the single stage X-band amplifier design which uses only
one MMIC amplifier has an excellent performance at 10 GHz and can be utilized in Solid State
T/R module for advanced Phased Array Radar Systems.
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Microwave Dielectric Properties of (Bi1−xEux)NbO4 Ceramics

S. Devesa, M. P. Graça, and L. C. Costa
I3N and Physics Department, University of Aveiro, Aveiro 3810-193, Portugal

Abstract— Bismuth-based dielectric ceramics are well known as low-firing materials and have
been studied for applications as multilayer capacitors. Various attempts have been undertaken
to improve the dielectric properties of BiNbO4, such as the addition of oxides or the substitution
of bismuth by lanthanides.
In this work, (Bi1−xEux)NbO4 (x = 0.00, 0.05, 0.10, 0.20 and 0.50) samples were prepared using
the sol-gel method through the citrate route.
The solution was dried at 400◦C for 48 h to evaporate the solvent and the obtained powders were
thermally analyzed by differential thermal analysis.
The fine particles were pressed into cylinders and then treated at six different temperatures,
between 400 and 1150◦C, using a dwell time of 4 h, with a heating rate of 5◦C/min. This heat
treatments were performed in agreement with the differential thermal analysis results.
The structure was studied by X-ray diffraction and the morphology by scanning electron mi-
croscopy.
The measurement of the complex permittivity was made using the small perturbation theory,
with a cavity operating in TE01n mode, at resonant frequency of 2.7GHz.
In this method, the resonance peak frequency and the quality factor of the cavity, with and
without a sample, can be used to obtain the complex dielectric permittivity of the material. We
measured the shift in the resonant frequency of the cavity, ∆f , caused by the insertion of the
sample, which can be related to the real part of the complex permittivity, ε′, and the change in
the inverse of the quality factor of the cavity, ∆(1/Q), which gives the imaginary part, ε′′.
The inclusion of europium allowed an increase of the complex permittivity and a decrease of the
dielectric losses.
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THz Generation of Bloch Oscillators from SiC Structures due to
Strong Electric Fields

V. I. Sankin, A. V. Andrianov, A. G. Petrov,
S. S. Nagalyuk, P. P. Shkrebiy, and A. O. Zachar’in

Ioffe Institute, 26 Politekhnicheskaya, St. Petersburg 194021, Russia

Abstract— In this work the experimental and theoretical studies of the THz electrolumines-
cence (EL) were carried out on SiC natural superlattices (NSL) structures of 4H-SiC, 6H-SiC and
8H-SiC polytypes [1] at T = 5–10 K. Figures 1(a), 1(b), 1(c) show typical THz EL spectra for
the 8H-, 6H- and 4H-structures. The results of experimental measurements can be summarized
as follows: i) When electric field applied to natural SL exceeds certain threshold value single
THz emission line appears in the spectra. The frequencies of these lines demonstrate increasing
linear dependence on applied voltage. An integrated THz emission is linearly polarized along
an axis of natural SL with polarization degree above 50%. For the polytypes 8H-, 6H-, 4H-SiC
threshold electric fields required for observation of THz emission are 50, 85 and 170 kV/cm re-
spectively. The current through the structure is proportional to a voltage in the degree 5/2 [2].
The THz emission peaks for hexagonal polytype family 8H-SiC, 6H-SiC, and 4H-SiC are located
in accordance with increasing of the miniband width value [2]. These results are the first un-
ambiguously demonstration of the Bloch Oscillation regime. ii) As is seen, new emission line
at about 12.5–13 meV appears at higher electric fields and currents in the spectrum of the THz
emission from 8H-, 6H- and possibly from 4H-SiC structures. We attribute this line to electron
optical transitions between several Wannier-Stark ladders in the slightly higher second minimum
due to current injection from n++-n− junction of n++-n−-n+ structure to this minimum. The
THz emission power about 40 µW is a well basis for development of electrically tuned emitters
with frequency 1.2–3 THz.

(a) (b)

(c)

Figure 1: THz EL spectra of the structure with NSL (a) 8H-SiC, (b) 6H-SiC, (c) 4H-SiC.

REFERENCES

1. Verma, A. R. and P. Krishna, Polymorphism and Polytypism in Crystals, Wiley, New York,
1966.

2. Sankin, V. I., et al., Appl. Phys. Lett., Vol. 100, 111109, 2012.



880 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Electromagnetic Emission Analysis of a Multiband EMI Filter
Based on Sub-wavelength Resonators
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Abstract— The increasing pollution of the electromagnetic emissions requires the design of
electronic systems which are immune to electromagnetic interferences (EMI) and, more specifi-
cally, to radiofrequency interference (RFI). Recent developed solutions in order to reduce the cost
and dimensions of conventional EMI filters consisting of strategies based on sub-wavelength res-
onator have been proposed [1]. However, these structures can provoke electromagnetic emissions
that can affect to the nearly electrical components. This fact is especially critical in small elec-
tronic devices where analogue, digital and RF signals coexist in a reduced area, such as wireless
sensor networks motes. In order to determine if metamaterial resonators can be used as EMI filter
on these small electronic devices, in this paper the electromagnetic emission of sub-wavelength
EMI filter based on SRR and CSRR resonator has been analysed by means of near E and H
fields simulation with the FDTD SEMCAD [2] software. Fig. 1 shows the designed filter [3]. The
target bands are 900 MHz (RFID UHF), 1.8 GHz (GSM) and 2.4GHz (ISM, Instrumentation,
Scientific and Medical). A 3-stages/5-stages rejection band filter was designed and fabricated in
a PCB. The preliminary simulation results (Fig. 2) show that the more significant emissions take
place at higher frequencies, the 1.8 GHz GSM band and ISM band (2.4 GHz) and are located at
the resonators’ surface.

(a) (b)

Figure 1: Topology of the designed multiband microstrip EMI filter. (a) Top layer with microstrip line and
the SRRs designed at 2.4GHz. (b) Bottom layer with CSRs etched in the ground metal tuned at 900 MHz
and 1.8 GHz, respectively. Metallization zones are depicted in grey.

(b)(a)

(c)

Figure 2: RMS values of the near electric field (E) at (a) 2.4 GHz, (b) 0.9 GHz, and (c) 1.8 GHz.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 881

REFERENCES

1. Pérez, D., I. Gil, J. Gago, R. Fernández-garćıa, J. Balcells, S. Member, D. González, N. Berbel,
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Overhead and Cable Transmission Lines Magnetic Fields:
Standardization, Estimation, and Design

N. B. Rubtsova and A. Yu. Tokarskiy
FSBSI “Research Institute of Occupational Health”, Moscow, Russian Federation

Abstract— Main principles of power frequency (50/60Hz) magnetic field (MF) occupational
and general public safety are analyzed taking into account international approach to maximum
permissible levels achieving.
Overhead and cable power transmission lines magnetic field strength estimation algorithm is pre-
sented. Example of 500 kV overhead transmission line power frequency MF strength distribution
is presented in comparison with 500 kV cable transmission line MF distributions. Cable transmis-
sion line (CL) MF distribution considered on the example of two 500 kV CL parallel circuits alive
to the same electric bus. According with the problem of general public electromagnetic safety
maintenance is suggested the optimal circuits’ arrangement with changed order of the phases
that allow reducing the 50 Hz MF values to maximal permissible levels (hygienic standards of
general public exposure).
It is shown that multiphase sources create the field of elliptic polarization, which most root-
mean square strength value is on the ellipse major axis, whereas result values calculation by
components with Pythagorean Theorem use lead to errors with the increase of real value to
41%. By the example of 500 kV lines is shown the differences between results of the applied
calculation methods. For 500 kV cable lines the ways of MF value decrease to permissible levels
under different kinds of it lying are examined.
In addition it is shown that muff coupling use with cables and muffs locations in the corners of
equilateral triangle under correctly changed order of the phases as well as slight increase of cable
depth gives the possibility to avoid the ferromagnetic screens arrangement, and to cut costs.
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Electromagnetic Compatibility of Contactless Power Transfer
Modeled in FEM Analysis Software

R. Fajtl and K. Buhr
Department of Electric Drives and Traction, Faculty of Electrical Engineering

Czech Technical University in Prague, Technická 2, 166 27 Prague 6, Czech Republic

Abstract— This paper deals with electromagnetic compatibility of Contactless power transfer
(CPT) and its effects on the surrounding electric devices. In the first part of this paper there
are mentioned mathematical equations which describe basic parameters of CPT. Most of these
equations feature the CPT transformer which is the main part of CPT.
CPT operates at high frequency which causes growth of reactance value. With increasing value
of reactance the efficiency of CPT highly decreases. In the second part of the paper are listed four
basic electric circuits using capacitors to compensate reactive power and increase the efficiency
of CPT. This part also shows basic equations describing parameters of compensated CPT such
as efficiency, operational frequency and others.
The third section of this work is about creating a model of CPT transformer in a multiphysics
FEM software. From analysis of the model of CPT transformer in this multiphysics software the
basic parameters of electromagnetic field is derived. Layout of electromagnetic field is shown and
described in this part.
The last part of this paper is about valorization of electromagnetic field and its effects on the
CPT device and its surroundings. Electromagnetic compatibility of any electric device has to
be explored because it may cause serious hazards to others electric devices. Operation of CPT
can disrupt functionality of electric devices such as pacemaker, security electronics and others
electric devices in its surroundings.
The whole paper is about basic principles of CPT functions and its effects on its surroundings.
It shows layout of electromagnetic field of the CPT and it deals with possible interference with
other electric devices.



884 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Parallel Imaging Based on Multicore DSP for FMCW SAR

Chengfei Gu, Wenge Chang, and Xiangyang Li
College of Electronic Science and Engineering

National University of Defense Technology, Changsha, Hunan 410073, China

Abstract— The combination of frequency modulated continuous wave (FMCW) and synthetic
aperture radar (SAR), which leading to compact structure and high resolution imaging sensor,
has been a hot spot in recent SAR research. Predictably, FMCW SAR will have enormous
potential application in remote sensing and mapping, whereas the main challenge of this light-
duty and high-resolution sensor is the realization of real-time imaging, which limited to restricted
load and time-consuming autofocus processing. A Ku-band FMCW SAR system is demonstrated
which has the capability of real-time processing with the application of single high-performance
multi-core DSP. The navigational data of platform movement, which particularly used for high
precision motion compensation, is accurately measured by GPS and accelerometer. Furthermore,
to realize the real-time processing, an effective parallel processing approach based on multicore
DSP is presented in detail, also the time consumption of key steps are minutely listed. To
verify the capability of real-time processing, an automobile experiment is campaigned, which
has equipped a FMCW SAR system on the top of the car. The obtained results of real-time
processing and post-processing are presented and compared, processed with 35 cm and 25 cm
resolution, respectively.
The main content of this paper is organized as follows briefly.
1. The selection of imaging algorithm and motion compensation strategy are presented for
FMCW SAR real-time processing.
2. Section 2 depicts the processing flow of real-time imaging, also the time consumptions are
minutely listed. Fig. 1 shows the data flow of real-time processing.

Figure 1: Data flow of real-time processing.

(a) (b)

Figure 2: Comparison of (a) real-time processed and (b) post-processed images.
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3. In Section 3, the results of real-time and post processing are presented and compared, also the
image performance for corner reflecters is analyzed in detail. The SAR images of the real-time
processing and the post-processing are shown in Fig. 2 for resolution comparison.
4. Section 4 gives the conclusion of this paper.
A compact real-time processing SAR sensor is presented in this paper. On the foundation of
this compact SAR system, the FSA which also contains high precision motion compensation
and time-consuming COAA autofocus processing is efficiently realized in parallel with a single
eight-core DSP. Furthermore, both the real-time processed result and the post-processed result
of experiment are presented and compared, also the performance of SAR images are analyzed in
detail.
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Monitoring of Buoyancy Effects to Structures by Tsunami Water
after Heavy Seismic Shocks

Shigehisa Nakamura
Kyoto University, Japan

Abstract— This work concerns on monitoring of structures under heavy seismic shocks. The
author concentrates his interest to introduce some typical problems of structures. Specific ref-
erences are found in the coastal zones at the event of the 201l Earthquake in the northwestern
Pacific. It is discussed what could be the key in order to realizing the hazardous damages of the
structures especially in the coastal zones.
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Monitoring of Orographic Patterns in Relation to Tsunami
Earthquake

Shigehisa Nakamura
Kyoto University, Japan

Abstract— This work is a note to problems on monitoring of orographic processes in relation
to tsunami earthquake on the planet earth. The author is now in need to see a problem of a
orographic patterns on the earth. For his convenience, Global orographic patterns are studied.
The orographic patterns found in the geological surveys are selected as references. In a scope
of any electromagnetics scope, it has been hard to consider any application can be effective
for orography in the past. Now, the author has to notice about application of electromagnetic
techniques for orography.
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Reconstruction Algorithm through Laplacian Image in X-Ray
Differential Phase-Contrast Computed Tomography

Tetsuya Yuasa1, Naoki Sunaguchi2, and Masami Ando3

1Yamagata University, Japan
2Gunma University, Japan

3Tokyo University of Science, Japan

Abstract— Phase-contrast CT reproduces a three-dimensional (3D) distribution of refractive
indices in biological soft tissue with high contrast, and provides pathology and physiology with
important information concerning biological soft tissues, e.g., breast cancer tissues. Typically,
phase-contrast CT imaging system acquires the derivative of projections required for reconstruc-
tion. Then, a refraction-contrast CT image is reconstructed from the differential projections by
convolving them with a signum function (i.e., sgn(ξ) = 1 for ξ ≥ 0, −1 for ξ < 0) and then
applying a filtered backprojection (FBP) method. As, originally, FBP is an algorithm derived
from a continuous model, the CT measurement must satisfy the sampling theorem for obtaining
an artifact-free image. That is, Np ≈ 2/π · Nb, where Nb and Np are the number of bins in a
single projection and of projections, respectively. When the number of detective elements in the
horizontal direction of the two dimensional detector is assumed to 4000, the required number
of projections is, indeed, 2500. In addition, due to the low photon count efficiency of the sys-
tem, the x-ray exposure time to acquire a single projection is relatively long compared with the
conventional CT. Therefore, use of FBP is disadvantage in terms of measurement time.
For this problem, we devised a novel reconstruction scheme for reduction of the number of
projections to be measured. First, we obtain the second derivatives of the projections by numer-
ically differentiating the differential projection measured. Then, we reconstruct the Laplacian of
refractive-index image to be reconstructed from the second derivative projections using algebraic
reconstruction technique with total variation regularization. Finally, we obtain the refractive-
index image by solving the Poisson equation with the reconstructed Laplacian image being a
source. In this presentation, we theoretically prove the reconstruction algorithm, and show its
efficacy by demonstrating the experimental data.
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An Efficient Approach of Lengthening Battery Age and Working
Hours through Redistributing Battery Packs

L. Chen1, X. H. Feng1, G. C. Wan2, and M. S. Tong2

1School of Electrical and Electronic Engineering, Shanghai Institute of Technology, Shanghai, China
2Department of Electronic Science and Technology, Tongji University, Shanghai, China

Abstract— The smart power management devices have wide applications in electric vehicles
and energy storage systems. For the sake of facilitating battery management, individual batteries
are generally grouped to form battery packs by serial and parallel connections and a complete
power supply system consists of the battery packs in serial and parallel connections. Initially,
the performance of each individual battery which constitutes battery packs is different and the
difference between individual batteries will be gradually enlarged during the use of batteries,
resulting in a significant degradation of the battery packs’ performance. Because the released
maximum power by a power supply system is determined by the minimum-power battery pack
and the minimum-power battery pack will be seriously harmed if it continuously discharges and
we must stop its discharging process. Similarly, if the maximum-power battery pack has a full
charge, we must stop its further charge to prevent it from being harmed. When the difference of
performance between battery packs is magnified, the working hours of power supply system will
sharply reduce and the age of batteries will also be shortened greatly.
In this paper, we fully investigate a set of lithium-iron-phosphate batteries and propose an efficient
approach for lengthening the working hours and age of the batteries by redistributing battery
packs. The approach analyzes the data about the state of charge (SOC) and voltage of battery
packs and then quantifies the level of their inconsistency between battery packs. The redistribu-
tion of battery packs will be automatically managed according to the level of inconsistency and
we have designed a smart electronic device for controlling the process. The experimental tests
show that the approach can significantly lengthen the working hours and age of the batteries.
We will show the details of design and testing results in the presentation.
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An Accurate Estimation for the State of Health of Lithium-ion
Batteries by Using Fuzzy Logic System

L. Chen1, F. Q. Xiong1, G. C. Wan2, and M. S. Tong2

1School of Electrical and Electronic Engineering, Shanghai Institute of Technology, Shanghai, China
2Department of Electronic Science and Technology, Tongji University, Shanghai, China

Abstract— Lithium-ion batteries have been widely used as a power source for electric vehicles
and their performance significantly impacts the operation of electric vehicles. The state of health
(SOH) and state of charge (SOC) are the two important indexes reflecting the state of batteries.
However, the study on the SOH has not received a sufficient attention compared with the study
for the SOC and there has not been a mature estimation method for the SOH. As the battery
management system of electric vehicles gets constantly improved, seeking an accurate estimation
method for the SOH of lithium-ion batteries has become more and more important. The SOH
estimation belongs to a nonlinear problem which requires a highly accurate solution and the
traditional linear estimation methods cannot meet the estimation requirements. The lack of
accurate estimation for the SOH has seriously affected the practical applications of lithium-ion
battery packs and it is very imperative to find a good solution.
In this paper, we propose an equivalent circuit model to accurately estimate the SOH for lithium-
ion batteries. The residual capacity and equivalent DC resistance of the lithium-ion batteries
under different SOHs can be easily obtained by charging and discharging experiments for the
batteries and their relationships to the SOHs can be figured out to define the corresponding
fuzzy rule table. Also, the static estimation and dynamic estimation are combined together so
that the system reliability and the estimation accuracy can be improved. The simulated results
show that the scheme can remarkably enhance the estimation accuracy for the SOH of lithium-ion
batteries. We will show the details of the scheme and testing results in the presentation.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 891

Estimation of Equivalent Model Parameters for LiFeO4 Batteries
Based on Particle Swarm Optimization

L. Chen1, T. Geng1, Q. Zhang1, G. C. Wan2, C. H. Jiang2, and M. S. Tong2

1School of Electrical and Electronic Engingeering, Shanghai Institute of Technology, Shanghai, China
2Department of Electronic Science and Technology, Tongji University, Shanghai, China

Abstract— Power batteries are very important components in electric vehicles and they have
a significant impact on the performance and security of a whole vehicleTo ensure the safe and
reliable operation of batteries,designing an optimal battery management system (BMS) is very
essentialThe BMS manages the batteries based on their states and instructions from a vehicle
management system (VMS)The voltage, current, and temperature of batteries can be measured
directly by sensors while other parameters such as the state of charge (SOC) has to be estimated
indirectly by certain algorithms which usually rely on the battery model and its parametersThe
battery model and parameters are essential because they form the basis of loop simulations for
hardware and SOC estimation, and also provide a reference for the control of BMS
In this paper, we propose a unified form of equivalent circuit model for LiFeO4 batteries based
on the analysis of similarity between the internal mechanism and external characteristic of a
chemical power source. A two-order equivalent circuit of LiFeO4 batteries is built and their
resistance and capacity are estimated with a least square method (LSM) and particle swarm
optimization (PSO). By comparing the results from different estimation methods, we find that
the relationship between the SOC and the electric motive force (EMF) or EMF-SOC can be
significantly affected by the temperature. We also build a BP neural network in which the EMF
and temperature are taken as inputs while the SOC works as an output and the results are used
to estimate the SOC. The simulated and experimental results show that the proposed estimation
method can accurately estimate the SOC forLiFeO4 batteries.
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Noncoherent Detection for Multi-hop Amplify-and-forward-based
Multi-branch Cooperative Diversity Systems

Minghe Mao1, Ning Cao1, Yunfei Chen1, 2, and Haobing Chu3
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2School of Engineering, University of Warwick, Coventry CV4 7AL, UK

3School of Engineering, UBC Okanagan, Kelowna, BC V1V 1V7, Canada

Abstract— Since the actual distribution of the received signals in multi-hop amplify-and-
forward (AF) relaying transmission is no longer Gaussian, which is caused by the multiplication
of fading gains and noise, a new fitted distribution named as logistic distribution is used to derive
a novel noncoherent detector based on the maximum likelihood (ML) method. In order to get
better performance of the receiver, one or more multi-hop AF links are added to form a multi-
branch cooperative diversity system. Therefore, at the destination, combining method is applied
to combine several signals together to obtain better diversity gains. Numerical results show that
the new detector based on the logistic distribution outperforms the conventional energy detector.
Also, it is shown that the performance of receiver is significantly improved when combining
method is applied in the multi-branch cooperative diversity system especially when the number
of branches increases.
Preliminary Numerical Results: Figure 1 shows the preliminary results for this work. As-
sume that, the number of hops is 5. Compared with the conventional energy detection on single
branch, the new detector based on logistic fitting distribution has better bit-error-rate (BER)
performance. One sees that the BER of the new detector can further decrease when the number
of combined branches increases and the maximum ratio combining method is applied.
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Figure 1: BER vs. SNR, new detector using logistic fitting parameters for combining different numbers of
branches (single, M = 2, M = 5, M = 9), compared with the conventional energy detection on single branch
with 5 hops AF relaying.
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A New Design of High-speed Decimal Direct Digital Frequency
Synthesizer

Guochun Wan, Gui Zhu Yin, Jie Zhang, and Mei Song Tong
Department of Electronic Science and Technology

Tongji University, 4800 Cao’an Road, Shanghai 201804, China

Abstract— Direct digital synthesizer (DDS) has been widely used in wireless communications
due to its convenience and high frequency resolution. Although the resolution of the current
design has been high, the binary operation phase accumulation restricts the minimum resolution
of the DDS which is only 1/2M , where M is the number of accumulator bits, and this cannot meet
a special output frequency requirement. In some applications, for example, in the terminal of
very long baseline interferometry (VLBI) technology, more precise frequency signal is needed to
adjust the received microwave signal. To satisfy this demand, the mixture of decimal and binary
operation is used to enhance the DDS minimum frequency resolution to 1/(2M10N ), where M is
the number of binary bits and N is the number of decimal bits.
The original DDS adopts a binary algorithm which limits the output frequency resolution in some
cases and cannot switch the frequency and phase quickly. To solve this problem, the high-speed
decimal DDS was proposed to replace the original DDS algorithm by using the mixture of decimal
and binary algorithms and pipelined segment accumulator to realize the phase accumulation. It
also uses a look-up table (LUT) to achieve a fast waveform output so that a high-speed and
high-resolution performance can be achieved. We implement the new DDS design with VHDL
language and its good performance has been demonstrated by simulations.
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Coverage Impact for Data Traffic Profiling in WCDMA Networks

Karolis Žvinys, Darius Guršnys, and Evaldas Stankevičius
Department of Telecommunication Engineering

Vilnius Gediminas Technical University, Lithuania

Abstract— A packet data traffic volume and a packet switch related services climb upward
in UMTS networks. Nowadays UTRAN is a key data carrier in mobile communications, while
other generation networks are still implemented. Even serving a huge amount of customers and
processing an enormous traffic quantity it is still required to ensure a sufficient quality of service
(QoS) level. With rapid development of mobile networks, operators need to continually focus
on quality. Quality of service (QoS) is a comprehensive reflection of the service capability of a
WCDMA system. It defines how satisfied the users are with the services received from cellular
networks. Therefore, the improvement of efficiency for provided services has become a major
concern for operators.
One of the way to maintain differentiated services (DiffServ) for the large number of satisfied
users is QoS management. Basically QoS can be managed for the main four UMTS traffic classes:
conversational, streaming, interactive and background.
According to these classes three different user groups (Gold, Silver, Copper) are distinguished,
which are formed by combining several network parameters related to QoS assurance. In such a
way customers can be controlled in cellular networks providing them prioritized services. However
could we already assume that the prioritization of individual user will ensure guaranteed priority
service anytime and anywhere?
The goal of this study is to discover an impact for users received data services with individual QoS
based on uneven network conditions. Therefore the study investigates three differently profiled
customers which belong to background WCDMA traffic class. Main focus is paid for customers
achieved uplink and downlink throughput evaluation regarding to variable radio network envi-
ronment. Data transfer rate measurements are carried out in a commercial mobile network on
heavy loaded cells in order to reach the results closest to reality. To draw an impact of radio
conditions variation, a radio signal strength changes gradually for a user with a higher priority.
The performance of the user experience is analyzed by the metrics of data rate and channel
quality. Received benefits of the user service satisfaction related to radio environment changes
is provided graphically. The drawbacks of prioritization the customers in cellular networks are
introduced in the work also. On this study user profile QoS management over CN and UTRAN
network has been applied only. It means that QoS profiling over Iub/Iur links was not involved
into consideration.
The investigation process consists of analysis of related works on Section 2. Section 3 provides
a determination of user profiles. The rest part of research presents the obtained results on
Sections 4, 5 and 6. This includes NodeB selection, HSDPA and HSUPA users profiling topics.
Finally conclusions are introduced in Chapter 7.
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A Nyström-based Approach for Solving Time-domain Magnetic
Field Integral Equation

W. J. Chen, G. C. Wan, J. Zhang, and M. S. Tong
Department of Electronic Science and Technology

Tongji University, 4800 Cao’an Road, Shanghai 201804, China

Abstract— Transient electromagnetic (EM) problems can be formulated by a time-domain inte-
gral equation approach. For conducting or homogeneously penetrable objects, the time-domain
surface integral equations (TDSIEs) including the time-domain electric field integral equation
(TDEFIE), time-domain magnetic field integral equation (TDMFIE), or their combination can
be applied. Traditionally, the TDSIEs are solved by the method of moments (MoM) in spa-
tial domain and a march-on in time (MOT) scheme in temporal domain. The MoM requires
a well-designed basis function like the Rao-Wilton-Glisson (RWG) basis function which needs
conforming triangular meshes in geometric discretization and double surface integrations in eval-
uating matrix elements. The MOT scheme, on the other hand, suffers from a late-time instability
problem although some improved versions have been proposed in recent years. The instability
and accuracy are still dependent upon the choice of time step.
In this work, we propose a hybrid scheme to solve the TDMFIE for transient scattering problems
by conducting objects. Compared with the TDEFIE, the TDMFIE is thought of little more diffi-
cult to solve due to the nature of its integral kernel. We use the Nyström method to discretize the
spatial domain while employ the MoM with Laguerre basis and testing functions to discretize the
temporal domain for the TDMFIE. The merits of Nyström method in spatial domain includes
the simple mechanism of implementation, removal of basis and testing functions, and allowance
of using nonconforming meshes. Although the method requires an efficient treatment for hy-
persingular integrals, we have developed a robust technique to handle them. The time-domain
MoM (TDMoM) with Laguerre basis and testing functions is superior to the MOT because the
Laguerre function can naturally enforce the causality and also the Galerkin’s testing scheme can
fully eliminate the numerical instability with a march-on-in-degree (MOD) procedure. A numer-
ical example for EM scattering by a conducting cylinder is presented to illustrate the scheme and
its robustness has been verified.
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A Hybrid Scheme for Solving Transient Electromagnetic Problems
with Conductors

W. J. Chen, G. C. Wan, J. Zhang, and M. S. Tong
Department of Electronic Science and Technology

Tongji University, 4800 Cao’an Road, Shanghai 201804, China

Abstract— Solving transient electromagnetic (EM) problems is essential in many applications
such as the design of radar cross section of aircrafts and design of some antennas or microwave
circuits. The problems are usually of broadband, nonlinear, and time-varying characteristics and
can only be described by time-domain governing equations. Although time-domain differential
equations can be used to solving the problems, the time-domain integral equations (TDIEs) may
be preferred in many situations due to their unique merits. The TDIEs could be in different forms
and they are electric field integral equation (EFIE), magnetic field integral equation (MFIE),
and combined field integral equation (CFIE), in a time-domain form, if objects are conducting
or homogeneously penetrable.
Those TDIEs are usually solved by combining the method of moments (MoM) in spatial domain
and a march-on-in-time (MoT) scheme in temporal domain. The MoM requires a well-designed
basis function like the divergence-conforming Rao-Wilton-Glisson (RWG) basis function or curl-
conforming edge basis function, resulting in an inconvenient implementation. On the other hand,
the MoT scheme is conventionally inefficient and inherently unstable due to the low- and high-
frequency modes of creeping into the solution. The late-time instability of MoT has not been
fully solved albeit many improved versions have been developed in recent years.
We propose a novel hybrid scheme to efficiently solve the time-domain EFIE for transient EM
problems with conductors. The Nyström method instead of the traditional MoM is used in spatial
domain while the MoM instead of the conventional MoT is employed in temporal domain. The
benefits of Nyström method in spatial domain include the simple mechanism of implementation,
removal of basis and testing functions, and allowance of using nonconforming and low-quality
meshes. In time domain, we use the MoM with Laguerre basis and testing functions which was
proposed by Jung et al. and it is superior to the MoT scheme because the Laguerre function
can naturally enforce the causality. Using a Galerkin’s testing, we can eliminate the numerical
instability through a march-on-in-degree (MoD) procedure. We present a numerical example to
demonstrate the hybrid scheme and its robustness has been observed.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 897

Influences of High Relative Humidity on Extremely Low Frequency
Electric Field Measurements
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Oleksandr Okun3, 4, and Lauri Sydänheimo1
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Abstract— An earlier study indicated that humidity can influence electric field measurement
results; thus, it is important to take into account when these results will be compared to the
values given in different exposure safety guidelines (e.g., the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) or Directive 2013/35/EU of the European Parliament
and of the Council on the minimum health and safety requirements regarding the exposure of
workers to the risks arising from physical agents (electromagnetic fields). The aim of the study
was to investigate extremely low frequency (ELF) electric field measurements in a climate room
when the electric field meters were in a high-humidity environment before the measurements.
We used the commercial three-axis meters EFA-3 and EFA-300, which contained a bandwidth
ranging from 5Hz to 2 kHz. We employed two methods: (1) the sensor was placed on a tripod;
and (2) the sensor was fixed using a plastic clamp and was suspended by three fishing lines.
With Method 1 (with both meters), the first experiment period included 7 measurements, when
the relative humidity was 75% and temperature varied from 1◦C to 25◦C and the electric fields
varied from 1 kV/m to 25 kV/m. Then, the meter measurements took over 3 hours, exposing
it to humidity varying from 79% to 95%. Then, the second measurement period began. With
Method 2, the protocol was similar; however, the time that the meters endured high humidity
was over 5 hours. In the first periods of Method 1, the maximum percentage error was 5.6%, and
in Method 2, it was 11.9%. In the second period, the maximum percentage errors were 14.5%
(Method 1) and 24.4% (Method 2). We evaluated only two sensor types because there are a
limited number of commercial sensors available for electric field measurements. Therefore, our
material is quite limited. In conclusion, it can be stated that in the future it is important to
also take humidity into account before the measurement period, not only during electric field
measurements.
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Examples of Variation in Measured ELF Electric Fields under
400 kV Power Lines

Leena Korpinen1, Rauno Pääkkönen1, Hiroo Tarao1, 2,
Oleksandr Okun3, 4, and Lauri Sydänheimo1

1Tampere University of Technology, Tampere, Finland
2Department of Electrical and Computer Engineering

Kagawa National College of Technology, Kagawa, Japan
3LLC Soyuzenergoproekt, Kharkiv, Ukraine

4Department of Electrical Energy
National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine

Abstract— The physiological effects and public exposures of electromagnetic fields have been
studied at Tampere University of Technology (TUT). Parts of the earlier projects have also
measured the electric fields in the same place under 400 kV power lines. The aim of the work
was to investigate how the measured ELF electric fields fluctuate in the same measurement place
when humidity varied. When we compare the measured values to the recommendations (e.g.,
guidelines of the International Commission on Non-Ionizing Radiation Protection (ICNIRP) or
Directive 2013/35/EU), it is important to know how humidity influences the measured results.
During three days, the electric field measurements were performed at three places near 400 kV
power lines in Finland. The electric field strength was measured with two 3-axis commercial
electric meters: EFA-3 meter (accuracy ±5%, RMS) and EFA-300 meter (accuracy ±3%, RMS).
In Place A, nine electric field measurements were performed; in Place B, five measurements
were performed; and in place C, two measurements performed. In place A, the electric fields
varied from 6.8 to 12.5 kV/m when relative humidity was from 70.5% to 86%. In place B, the
electric fields were 5.1–8.2 kV/m when relative humidity ranged from 67% to 76 %, and in place
C, the electric field was 0.90–0.92 kV/m when humidity was 68–76%. The measured electric
fields varied significantly. For example, in place A the lowest electric field (6.8 kV/m, relative
humidity 70.5%) was only 54% of the maximum value (12.5 kV/m, relative humidity 86.0%). In
the example, the difference in relative humidity was 15.5%. The measurement material is quite
limited; however, it is possible to find examples where the measured electric fields were quite
different, when the humidity also varied. In the future, humidity is important to take account in
electric field measurements.
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Abstract— According to earlier studies, the electric field (EF) under a 400 kV power line in
some conditions may disturb active implantable medical devices (cardiac pacemakers, implantable
cardioverter defibrillator, and others) in the human body and affect their functioning. Therefore,
it is reasonable to consider possible ways to limit the impact of EF on medical devices. One of
the known methods of limiting EF intensity under power lines without changing the design of
lines is to plant trees and shrubs under the power lines. The second simplest method of limiting
the field intensity of transmission lines is to install grounded wires (shields) under lines’ wires.
In this case, the induced charges on grounded wires partially compensate for the EF produced
by line wires and limit the field intensity. It is economically feasible to connect shields under the
line wires to a voltage source and thus ensure the effective utilization of the cross section. It is
clear that the potential of each lower wire for the shielding effect must be the opposite of the
upper wire potential. In this case, as with the grounded wires, the charge on the lower wire has
the opposite sign to the charge on the corresponding wire. However, the presence of potential
on the lower shield wire increases the charge and, consequently, the shielding effect. The aim
of the study is to consider the shielding effect of additional wires (with and without voltage) to
reduce the EF intensity under high voltage power lines. The field intensity under power lines
at the height above the ground level in this case is calculated by geometrically summing the
fields generated by each conductor and its image separately. The charges on grounded and line
conductors are determined by solving the system of Maxwell’s potential equations. In the final
paper, more details of the study will be presented. Examples will be shown of the results of
calculating the EF generated under a 400 kV power line with additional shielding wires. The
shielding effectiveness and the possibility of its application will also be estimated.
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Negative Permeability from Random Particle Composites
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Abstract— Artificial media, such as those composed of periodically-spaced wires for negative
permittivity and split ring resonators for negative permeability have been extensively investigated
for negative refractive index (NRI) applications [1, 2]. This paper introduces an alternative
method for producing negative permeability: granular (or particulate) composites incorporating
magnetic fillers.
Artificial media, such as split-ring resonators, are designed to produce a magnetic resonance fea-
ture, which results in negative permeability over a narrow frequency range about the resonance
frequency. The position of the feature is dependent upon the size of the inclusion. The material in
this case is anisotropic, such that the feature is only observable when the materials are orientated
in a specific direction relative to the applied field. A similar resonance can be generated in mag-
netic granular (particulate) materials: ferromagnetic resonance from the natural spin resonance
of particles.
Although the theoretical resonance profiles in granular composites shows the permeability dip-
ping to negative values, this is rarely observed experimentally due to resonance damping effects.
Results are presented for carbonyl iron in spherical form and in flake form, dispersed in insulat-
ing host matrices. The two particle shapes show different permeability performance, with the
magnetic flakes producing a negative contribution. This is attributed to the stronger coupling
with the magnetic field resulting from the high aspect ratio of the flakes. The accompanying fer-
romagnetic resonance is strong enough to overcome the effects of damping and produce negative
permeability. The size of random particle composites is not dictated by the wavelength of the
applied field, so the materials are potentially much thinner than other, more traditional artificial
composites at microwave frequencies.
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Abstract— With the rapid development of ultra-dense large capacity coherent WDM optical
communication networks, the monitoring of in-band optical signal-to-noise ratio (OSNR) plays
an essential role to ensure signal qualities. Different from the classic polarization-nulling method,
we proposed and experimentally demonstrated a novel fiber-based programmable in-band OSNR
monitoring method for flexgrid coherent transmission system, the OSNR monitor is based on
linearly chirped fiber Bragg grating (LCFBG) and commercial thermal print head (TPH). For
the coherent communication system, when the output power of the pre-amplifier at the receiving
terminal is constant, degraded OSNR leads to decreased signal power and elevated ASE noise.
Therefore, if the central spectrum (signal and in-band noise) is filtered by an ultra-narrow band-
width optical filter, the output optical power is in proportional to the OSNR value, the influence
of the filtered in-band ASE noise will be negligible with relatively high OSNR and the ultra-
narrow bandpass filter is the key element for this technique. Based on the thermo-optic effect of
the LCFBG, we used the in-house developed driver circuits and a LabVIEW based software to
implement a programmable ultra-narrow passband optical filter for OSNR monitoring. Linear
monitoring range of 9–27 dB OSNR values with wavelength ranging from 1530.6 to 1538 nm is
achieved. The OSNR monitor has advantages of low cost, low insertion loss, large wavelength
tunability and compatible with current optical fiber communication system.

Figure 1.
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Abstract— GaN:Mn epilayers were grown on Al2O3 substrate uisng MBE. XRD data showed
two phase; intrinsic GaMnN and precipitates including MnGa and MnN. PL transitions (e, Mn)
and (D, Mn) related to Mn were remarkably activated. The clear ferromagnetic hysteresis loops
were obtained in both samples, which means a good formation of ferromagnetic coupling. The M-
T curves revealed two Tc of 140 ∼ 170K which is originated to intrinsic GaMnN and above 300 K
which is originated to precipitates MnGa and MnN. These results agree with the results of XRD
and PL. In order to reconfirm the magnetic property, ESR was performed. The samples clearly
display the magnetic resonance at around 200–400 mT. ESR data depicted the shift of Hcenter

(i.e., ∆Hcenter = 337 − Hcenter [mT]) is greater than 20 mT for samples, and the appearance
of Hcenter with positive ∆Hcenter is indicative of the samples having obvious ferromagnetism.
The incorporated Mn ions are in a 2+ ionic state (i.e., Mn2+) because Mn2+ with the spin
state of S = 5/2 typically exhibits a magnetic resonance with g ≈ 2 when Mn was doped in
semiconductors. The trend of XRD and PL results totally coincides with that of the results of
SQUID and ESR.
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Abstract— Over the past 100 years, the rate of the temperature change in the Arctic increased
almost twice compared to the average rate of warming on the Earth. The advantages of laser
sensor for monitoring of methane from the permafrost are to create an alternative to the conven-
tional visual monitoring and sampling, which are more expensive and inefficient in the Arctic.
We developed Raman laser sensor for monitoring of methane emissions from the permafrost. The
laser sensor is based on Nd: YAG laser (266 nm, 50 mJ, 5 ns, 100 Hz) and hyperspectral resolution
detection system for resolving the isotopic shifts in the Stokes spectra.
Over the past 100 years, the rate of the temperature change in the Arctic increased almost twice
compared to the average rate of warming on the Earth. Preliminary estimations predict the fast
and wide degradation of permafrost across the Arctic by the year 2100. Deconservation of 0.1%
of the organic carbon from the upper 100 m layer of permafrost (about 10,000 Gt of carbon in
the form of CH4) may double the atmospheric methane with radiation activity about 20 times
higher than that of CO2.
The advantages of Raman laser sensor for monitoring of methane from the permafrost are to create
an alternative to the conventional visual monitoring and sampling, which are more expensive and
inefficient in the Arctic.
CH4 frequency spectra are characterized by isotopic shifts, depend on the isotopic mass (and
neutrons) and can be extremely fine. For example, C14 shifts from the relatively stable C12 by
only 12.4 · 10−3 cm−1 and hyper/ultraspectral (λ/∆λ À 100) resolution measurements required
for their identification. Hyperspectral resolution helps to avoid the overlapping of spectral lines,
resolves the isotopic shifts in the Stokes spectra, and allows determine the isotopic composition.
C14/C12 ratio of the composition identifies the source of the carbon emission (permafrost or oil
deposits).
We developed on-board Raman laser sensor which allows methane pockets detection, and classifies
parameters (C14/C12 ratio) of the permafrost anomalies. The laser sensor is based on Nd: YAG
laser (266 nm, 50 mJ, 5 ns, 100 Hz) and hyperspectral resolution detection system for resolving
the isotopic shifts in the Stokes spectra.
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Abstract— The paper will deal with research activities about technical aspects of dual source
railway vehicles (DSRV) on the Czech railway traffic system. The thought vehicle uses for powered
traction equipment the catenary and traction battery system. The battery system design is based
on the traction and vehicular simulations.
The discussion about decrease of using fossils fuels is today more serious than last years. That
problem is correlating with finding the alternative energy sources. The problems around of the
electric car revolution in connection with energy sources has solved in the book Energy myths and
realities from V. Smil. The publication has concluded that contemporary transmission system is
not ready for age of the clear electric transport means. Therefore the first rational step lays in
the expanding hybrid transport means for railway and road transport. It will help to progressive
transition to independent traction vehicles and prepare national transmission systems for high
energy flows. Presently the professional society explores possibilities of use electric independent
vehicles.
The multisource railway vehicles are solving at the Department of Electrical and Electronic
Engineering and Signaling in Transport. Research activities are focused on the traction and
propulsion computer simulations and on the real measurement of the experimental vehicle. The
paper will discuss a design of dual source railway vehicle with the trolley collector and the battery.
At first the paper will deal with basic concept of DSRV, next step will be ideological proposal
design of battery system, simulations of traction motors efficiency and final simulation of specific
track with price calculations. It is expected that this vehicle will be operating in the Czech
district.
The designed vehicle has a lot of advantages unlike conventional one. Among these advantages
we might include operation in a short section without an electric line, elimination of combus-
tion engine, using a principle of regenerative braking and recharging battery under catenary.
Recharging in a station is not necessary. This realities lead to more effective vehicle using.
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Abstract— Microwave thermotherapy is form of treatment which profits from effect affiliated
with higher than common temperatures in biological tissue, such as higher blood flow and thus
improved oxygenation and faster cell metabolism. From these effects we profit both in reha-
bilitation applications and above all in adjuvant cancer treatment. It’s well known fact, that
hyperthermia used in combination with conventional oncological methods significantly improves
results.
The aim of this work was to design and construct a suitable planar slot applicator for microwave
thermotherapy. Planar slot applicator is very good solution for superficial treatment, but can
also be used for intracavitary treatment, as it can be manufactured from elastic materials. As
resonant structure the slot applicator poses very good solution for energy transfer to biological
tissue. Crucial for it’s function is optimal impedance matching between applicator itself and
treated tissue to ensure that all the energy radiated from antenna aperture is delivered to treated
area. To allow applicator operate in unshielded room, we set its working frequency to 434 MHz,
which is designated for biomedical and industrial use.
To design and simulate optimal resonant structure we used CST MICROWAVE STUDIO software
suite. The aperture dimensions were set to 45mm×45mm. After the optimal solution was found,
applicator was made by the same technique as printed circuit board to evaluate its real behavior
on phantom. As biological tissue phantom we chose agar model as one the best models of
muscular tissue, or generally tissue with high water content. To simulate dielectric properties of
real biological tissue, we added to agar 3 g of salt (NaCl). Measurement of scattering parameters
was performed on vector analyzer Agilent E5071C.
To analyze how heat is distributed in tissue model was used thermal analyzer FLIR P25. After
t = 300 s of heating was phantom evaluated with thermal analyzer from above a then immediately
cut in pieces to see heat distribution inside.
By analyzing realized applicator was confirmed, that the lowest energy loss is indeed on frequency
434MHz. So that makes our applicator perfect for furthermore clinical testing. To prevent
creating hotspots applicator should be always equipped with water bolus.
Our slot applicator is suitable for use in biomedical applications in human medicine, preferably
for cancer treatment, as it is capable delivering high amounts of energy to target tissue.
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Abstract— Hyperthermia, also called thermotherapy, is a type of cancer treatment in which
body tissue is exposed to high temperatures (up to 43◦C). It has been shown that high temper-
atures can damage and kill cancer cells, usually with lower injury to normal tissues. Damaging
proteins and structures within cells is causing death of cancer cells by damaging proteins and
their inner structures.
Hyperthermia is often used with other forms of cancer therapy, such as chemotherapy and radi-
ation therapy. Hyperthermia may make some cancer cells more sensitive to radiation or harm
other cancer cells that radiation cannot damage and it can also enhance the effects of certain
cytostatics.
There are two main streams in hyperthermia thermotherapy depending on the area of the human
body where the heat was applied. Thus, we have a local hyperthermia application and a whole
body application.
In local hyperthermia, heat is applied to a small area, such as a tumor, using techniques that
deliver energy to heat the tumor. Different types of energy may be used in this case including
radiofrequency, microwave, or ultrasound.
Depending on the tumor location, there are several approaches to local hyperthermia: External
approaches are used to treat tumors in superficial area, which means that the tumors are not
more than 30 mm below the skin. External applicators are often positioned around or near the
appropriate region, and energy is focused on the tumor.
Two-wire Archimedean spiral applicator configurations, when properly excited, have been shown
to be circularly polarized radiators with wide broadband characteristic with respect not only to
input impedance but also to radiation pattern. In practice, the configuration is excited from a
transmission line connected to the center terminals of the configuration.
Such energized two-wire Archimedean spiral radiates a broad circularly polarized beam to each
side of the spiral. Each radiated beam is normal to the plane of the spiral Accordingly, the
radiated beams are identical except that the rotational sense of polarization of the radiated field
on one side is the opposite of that on the other.
In most applications it is desirable that the spiral radiate to one side this is accomplished by
appropriately backing the spiral on one side by a ground plane.
The matrix composition of the two-wire Archimedean spiral applicators is a very useful when we
want to irradiate the larger area, which can be useful for example treating the tumors in thoracic
region, e.g..
Our main aim was to discuss the array of four of the two-wire Archimedean spiral applicators.
From the results based on the simulations in simulator of electromagnetic field we assume that
this setup is the most suitable applicator for the superficial thermotherapy covering the largest
area of tissue. Effective field size of the single applicator is 63%. The measured impedance
matching to the biological tissue is less than −10 dB. When composed together in the shape of
five spiral applicators, this setup is capable of effectively heating the superficially located tumors.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 907

Development of Applicator for Microwave Hyperthermia System for
Treatment of Mice

D. Vrba1, J. Vrba, Jr.1, M. Wiewegh1, M. Bursik1, and J. Vrba2

1Faculty of Biomedical Engineering, Czech Technical University in Prague, Czech Republic
2Faculty of Electrical Engineering, Czech Technical University in Prague, Czech Republic

Abstract— A microwave hyperthermia treatment of mice is planned within the research project
“Utilization of novel mouse strains for investigation of the natural killer cell regulatory role in
development and therapy of cancer” supported by Czech Scientific Foundation.
For this purpose a microwave exposure chamber working at 434 MHz was designed and its con-
figuration was optimized in numerical simulator in terms of SAR and temperature distributions
created by electromagnetic waves irradiated by the applicator in a numerical mouse model. The
considered mouse model is a high resolution anatomical model depicted in Fig. 1. The mouse
model was created by IT’IS Foundation, Switzerland and consists of 50 different tissues. To every
tissue dielectric and thermal material properties were assigned from IT’IS Foundation biological
tissue material properties database. A numerical model of the exposure chamber was created
in the SEMCAD X and the mouse model was imported to the numerical model as well. Such
overall numerical model allowed estimation of 3D distribution of the power loss density as well
as computation of temperature 3D distribution in a treated mouse. Even effect of blood flow
on the 3D temperature distribution was taken into account. The chamber was integrated to an
available clinical hyperthermia system ALBA ON 4000, ALBA Hyperthermia System, Italy. The
exposure chamber consists of two radiating structures (LC resonators) and the exposed mouse
is located between them in a well-defined position. Advantage of using the ALBA 4000 is that
the system already includes all necessary components such as microwave power generator, water
bolus, minimal invasive temperature sensors and control unit and allows performance of well con-
trolled hyperthermia treatments of mice. Preliminary experimental validations of performance
of the exposure chamber integrated into ALBA 4000 on agar mouse phantoms were performed
and are discussed here.

Figure 1: Numerical model of the applicator and mouse.
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Abstract— In this paper a numerical study of requirements on microwave components for
breast microwave hyperthermia is performed. The main goal is to find information about ranges
of system settings in terms of phases and powers of each channel for different parameters as
working frequencies of the system, positions and sizes of tumors. This information will be used
for specification of microwave components needed for system implementation. In this study, 8
balanced antipodal Vivaldi antennas, developed originally for microwave imaging, in the field of
microwave hyperthermia for breast cancer treatment are used as radiating elements. The working
frequencies considered here are 915, 1400 and 2450 MHz. Ability of the system to effectively focus
electromagnetic power into a tumor region within a numerical breast phantom is investigated
using numerical simulations of SAR and temperature distributions created by an electromagnetic
waves irradiated by the system. A commercial full-wave electromagnetic numerical simulation
tool SEMCAD X with a built-in thermal solver is used for this task. A simple homogeneous breast
phantom with a skin layer considered here was adopted from [1]. For the purpose of this study, a
spherical tumor of diameter d = 10; 20 and 30 [mm] is virtually placed into the breast phantom
at one quarter, one half and three quarters of the breast radius (out of the longitudinal axis).
Average value of relative permittivity εr and equivalent conductivity σe of the healthy breast
tissue as well as of the malignant tumor tissue were adopted from [2]. Statistical evaluation of
achieved results will be performed as well as discussed.

Figure 1: Schematic of 8-antenna configuration around the homogeneous breast phantom.

(a) (b)

Figure 2: Optimized SAR distribution for 8-antenna configuration in the (a) numerical phantom at 1400 MHz
and (b) corresponding temperature distribution, respectively.
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Abstract— Microwave mixers perform the frequency conversion of electromagnetic signals and
their operating principle is mostly based on the nonlinear behavior provided by the diodes or
the transistors. The frequency translation is significant in numerous modern microwave systems
applications ranging from radar and radio astronomy to microwave instruments and biological
sensing. The selection of mixer’s topology is based on its required performance. Transistor mixers
are typically used in several applications where cost is the main driver rather than performance
of the mixer. However, Schottky diode mixers utilizing hybrid couplers as their balun are used
almost exclusively for the more challenging and high performance applications. For a diode mixer,
the bandwidth limitation of the balun limits the overall performance of the mixer, which inspired
the recent studies on design of wideband mixer topologies based on various types of baluns.
A new design of miniaturized single balanced diode mixer that comprises of a ring coupler as
balun is presented in this paper for ultra wideband microwave applications. The ring structure of
proposed mixer utilizes a pair of ultra wideband phase inverted transitions. To design analogous
in-phase and inverted-phase transitions of ring coupler, consecutive transitions from parallel
stripline to coplanar waveguide to parallel stripline are utilized. However, in order to interface
ring coupler with diodes and to feed RF and LO signals, additional parallel stripline to microstrip
line transition is introduced The diode matching circuit is designed after studying the nonlinear
behavior and embedded impedance of diodes in nonlinear circuit simulator. Finally, the IF signal
is extracted through external low pass filter. A favorable 3.1 to 10.6GHz ultra wideband mixer
performance has been achieved by optimizing the diode matching circuit with ring coupler. The
proposed mixer exhibits flat conversion loss, good inter-port isolation of more than 20 dB, and
compact size of 30% of the conventional ring mixer. The measured results show a conversion
loss of 7.5 dB over 3.1 to 10.6 GHz ultra-wideband range of frequencies and also covers the IF
frequency range of DC to 1 GHz. For optimal system performance, the proposed mixer can
preferably be desirable for the high volume applications of UWB.
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Abstract— A design and its experimental result of a broadband equiangular spiral antenna
for ultra-wideband (UWB) ground penetrating radar (GPR) applications are presented. Ultra-
wideband antennas are one of the most critical parts of broadband GPR system. Dispersive or
non-dispersive antennas have been commonly used for GPR systems, such as monopole, dipole
or Bow-tie antenna, TEM horn antenna, Vivaldi or tapered slot antenna (TSA), and equiangu-
lar spiral antenna. The proposed antenna, which is fed by a vertically connected planar-type
microstrip-to-coplanar stripline (CPS) balun, has ultra-wideband characteristics of the inherent
equiangular spiral antenna. The curved microstrip-to-CPS balun transforms a unbalanced 50 Ω
to a balanced 110 Ω of CPS impedance. The two conductors of the CPS strips are connected
to the two arm radiators by utilizing vertical CPS substrate at the center. The spiral radiator
consists of two identical arms which are shifted by 180◦ with respect to each other. The overall
design of the spiral antenna is simply done by connecting between separately designed microstrip-
to-CPS balun and two-arm equiangular spiral radiator. The calculated phase imbalance of the
balun at feeding point was within 8◦ for whole frequency band. The implemented equiangular
spiral antenna demonstrates wideband performance for frequency ranges from 2.9 to 12 GHz with
the gain of 2.7 to 5.3 dB. The axial ratio is within 3 dB and the half-power beamwidth (HPBW)
is more than 70◦. Simulated radiation efficiency is about 90%. Good agreement was achieved
between the simulations and the experimental results. This antenna can be widely applied to
various UWB and GPR system applications.
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Abstract— This paper presents a RF MEMS (Radio Frequency Micro-electro-mechanical Sys-
tem) switch which is capable of handling high power. By optimizing the design of its contact
configuration and cantilever structure, the RF current distribution becomes more uniform through
each contact of the multi-contact switch. The novel design of micro-spring cantilever structure
also ensures a good contact between the contacts and top electrode when the switch is in the
“on” state. The simulation results demonstrate the RF MEMS switch has excellent microwave
performance: insertion loss < 0.15 dB, return loss > 31.6 dB and isolation > 14.5 dB from DC to
40GHz as well as the ability of handling 3.1 W RF power which means a 300% improvement in
power handling capability compared with traditional cantilever switch.
To be specific, the mechanical and electromechanical performances are simulated using Coven-
torWare to compare the traditional cantilever switch with the proposed micro-spring cantilever
switch in the 2 × 2 contact configuration. The result shows the advantage of micro-spring can-
tilever structure in providing a good contact interface with multiple contacts. Fig. 1 shows the
simulated S-parameters of the original switch and the proposed switch by full-wave EM simulator-
Ansoft HFSS as well as the measured S-parameters of the original switch which implies a good
consistence with the simulated results. To analyze the RF current distribution through each con-
tact, the maximum RF current density through each contact in different contact configurations is
simulated, as shown in Fig. 2. Simulation results demonstrate that the adoption of optimized 2×2
contact array ensures a more even current distribution between each contact in high frequency
and therefore greatly improves its power-handling capability.
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Figure 1: Simulated and measured S-parameters of
the original switch and the proposed switch.
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Evaluation of Electromagnetic Interference Emitted from Compact
Fluorescent Lamps According to CISPR-15

A. Kocakusak1, M. Cakır1, 2, S. Yalcın3, S. Ozen1, and S. Helhel1

1Electrical & Electronics Engineering Department, Akdeniz University, Antalya 07058, Turkey
2Electrical & Electronics Engineering Department, Bayburt University, Bayburt, Turkey

3Electrical & Electronics Engineering Department, Suleyman Demirel University, Isparta, Turkey

Abstract— Today, energy saving has become increasingly important and use of compact flu-
orescent lamps (CFL) has become widespread in structures such as shopping malls, offices, fac-
tories, hotels, houses, schools, hospitals and so on in order to provide more efficient lighting
and conserve electrical energy. There are many commercial brands on the market. In recent
years, electromagnetic interferences (EMI) problems induced by CFLs are investigated. In this
study, EMI emitted by CFLs has been investigated in accordance with CISPR-15 which is an
international standard.
It has been known that transmission emissions of lamps with different trademarks are also differ-
ent; some of them don’t provide the requirements of CISPR-15 standards and act as contaminants
in the electric supply system. As an example of the analysis conducted, considering the limit,
which is 66 dBµV, of CISPR-15 at 166.216 kHz frequency; it has been seen that the effect of CFL
produced by Company A at 166.216 kHz frequency is 81.56 dBµV, whereas the effect of CFL
produced by Company B at 166.216 kHz frequency is 50 dBµV, respectively.
In this case, the suitable filter was designed within scope of the study in order to prevent and
minimize the risks created by commonly used brands in terms of energy quality, EMI and health;
and solutions were presented to suppress CFL-induced noise transmitted to the electric grid.

Figure 1: Interference values of CFL of A.
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Analysis of the SMOS, MODIS and GCOM-W1 Data during the
Growing Season in the Southern Part of the Western Siberia

P. P. Bobrov, A. S. Lapina, and A. S. Yashchenko
Omsk State Pedagogical University, Omsk, Russia

Abstract— The microwave emission of the soil covered with vegetation mainly depends on
the following parameters: soil moisture and water content in the vegetation, temperature of the
surface , and soil roughness. The SMOS Soil Moisture Retrieval Algorithm estimates vegetation
attenuation (optical depth) at L-band by MODIS data (LAI and NDVI) using semi-empirical
equations [1]. However, MODIS data that refer to the territory of the SMOS footprint often
include cloudy areas. It makes difficulties in using optical sensor data.
This paper presents an analysis of the SMOS level 2 optical depth data, normalized microwave
polarization difference index (MPDI), microwave vegetation index (MVI) derived from GCOM-
W1 data and optical vegetation indexes (LAI and NDVI). We found that dependence between
the data sets is determined by the type of surface. The best correlation for any type of the
surface is between the optical and microwave indexes calculated according to the GCOM-W1
data. Among them, the best dependence was observed for indexes (MVI and MDPI) calculated
according to the data at 6.9 and 10.7 GHz for the forest-steppe zone. It was also found that
relationship between the optical depth (SMOS Level 2) and LAI, NDVI for any type of surface
is very weak.
We also compared LAI and NDVI with ground-based measurements of the vegetation water
content (VWC) taken from the southern part forest-steppe and steppe zone. The relation between
them was extremely low. However the dependency between VWC and MDPI at frequencies of
18GHz 23GHz was significantly better.
Thus, GCOM-W1 data in frequency band can be used to retrieve the state of vegetation canopy
instead of the MODIS data.

REFERENCES
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A Spread Spectrum Clock Generator Using Discontinuous
Modulation Technique for Reduction of Time Interval Errors

Taiming Piao, Jae-Kyung Wee, Inchae Song, and Boo-Gyoun Kim
School of Electronic Engineering, Soongsil University, Seoul, Korea

Abstract— spectrum clock generator with a low maximum time interval error (MTIE) and low
electromagnetic interference (EMI). The proposed circuitry was fabricated with 0.35µm CMOS
process and operated with 3.3 V supply voltage at the average center frequency of 100 MHz. The
measured results showed the MTIE of 11.59 ns with the EMI reduction of 14.57 dBm.
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Multi-wavelength Erbium-doped Fiber Laser Based on Distributed
Rayleigh Scattering Feedback

Lulu Wang1, 2, 3, Xinyong Dong1, 3, 4, Perry Ping Shum2, 3, and Haibin Su3, 4

1Institute of Optoelectronic Technology, China Jiliang University, Hangzhou, China
2School of Electrical & Electronic Engineering, Nanyang Technological University, Singapore

3CINTRA, Research Techno Plaza, 50 Nanyang Drive, Singapore
4School of Materials Science and Engineering, Nanyang Technological University, Singapore

Abstract— A multi-wavelength erbium-doped fiber (EDF) laser based on random distributed
feedback through backward Rayleigh scattering in a 20-km-long single-mode fiber and a polarizat-
ion-maintaining fiber loop mirror (PMF-LM) is demonstrated. 7 lasing lines with wavelength
spacing of 0.8 nm is obtained at room temperature. Due to the half-opened laser cavity design
and the efficient gain from the pumped EDF, the measured threshold power is only 20mW, and
the pump efficiency is up to 14%.
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Analysis of the Induction Motor Drive Predictive Control Method
and Its Comparison with the Fundamental Direct Torque Control

Method

Jiri Lettl and Pavel Karlovsky
Faculty of Electrical Engineering, Department of Electric Drives and Traction

Czech Technical University in Prague, Technicka 2, 166 27, Prague 6, Czech Republic

Abstract— Thanks to their simplicity, low price and high reliability, induction motor drives are
one of the most common in many applications nowadays. Many ways of their control strategies
have been developed since launching of mass production of the modern semiconductor devices
of high power at high switching frequency. These methods include not only standard frequency
control but also modern techniques of field oriented control or direct torque control.
The fundamental direct torque control method of induction motor drive, using two hysteresis
controllers to maintain the asked stator flux amplitude and generated torque values, is simple
and efficient, however, in some applications relatively high torque ripple can be seen as its dis-
advantage. That is why various modifications of the method, such as direct torque control with
space vector modulation, multilevel inverter application or some forms of predictive algorithms
have been performed reduce the torque ripple.
The paper presents suggested predictive direct torque control method of induction motor drive
based on predicting the most suitable inverter output voltage vector for the next control step.
The prediction calculation is proceeding from torque and stator flux reference values, motor pa-
rameters, and actual values estimated from voltage and current measurements. In the paper
theoretical analysis of the method is performed, mathematical description of the system is cre-
ated and the functionality of the proposed control algorithm is verified both by simulation in
MatLab/Simulink environment and by measurement on the real induction motor drive. Com-
parison of the designed predictive control method with the fundamental direct torque control
method developed by Takahashi is presented, too.

Figure 1: Block diagram of the proposed predictive direct torque control method.
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Effect of Neutral Grounding Methods on the Earth Fault
Characteristics

Abdallah R. Al-Zyoud1, A. Alwadie2, A. Elmitwally2, and Abdallah Basheer3

1Electrical Engineering Department, Albalqa Applied University, Jordan
2Electrical Engineering Department, Najran University, Saudi Arabia

3National Electrical Power Company, Jordan

Abstract— Medium voltage (MV) distribution systems use different methods for grounding
the neutral point. Influences of these grounding methods on the single line to ground (SLG) fault
characteristics are discussed in this paper. Jordanian MV network is used as a case study. The
network has both underground cables and overhead lines. Simulation models are implemented
in both MATLABr/SIMULINKr, and DigSilent/Power Factoryr softwares. The models allow
detailed investigation of the different fault factors and grounding methods. Results are obtained
to evaluate the impact of each grounding method on the SLG fault features. Isolated neutral,
solid grounding, resistance grounding and Petersen coil (Arc suppression coil) grounding are
compared for different fault locations, fault incidence angles, and fault resistances. Current and
voltage waveforms, as well as symmetrical components are used to describe the fault case.
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Wheel Speed Measurement of Traction Locomotive under Wheel
Slip Conditions

O. Zoubek, P. Pichĺık, and J. Zděnek
Czech Technical University in Prague, Czech Republic

Abstract— Wheel speed of heavy freight train locomotive under non-ideal traction conditions
was measured with very high resolution and fine precision. Many authors published papers in this
area over a past century, but only recent advance in information technology enabled measurement
in such extent and resolution at the same time.
Most modern locomotives have the speed sensor coupled with the traction motor. Unlike many
other authors doing research in area of wheel-slip, the wheel speed was measured directly on the
wheel, not indirectly on the traction motor. This allowed to directly observe the wheel speed
without requirement to implement motor — wheel model, which can carry inaccuracies.
Thanks to an independent method of determining train speed using sensitive GPS receiver, wheel
slip speeds were accurately identified regardless of synchronous slip phenomenon.
Despite adhesion theory, three types of operation were identified: Stable traction with negligible
slip without oscillations, semi-stable traction with evident slip and oscillations and prominent
wheel slip. As the wheel speed was measured directly on the wheel, a much larger oscillations
than ever published were revealed. The source of the oscillations is discussed.
A simple MATLAB model of rotational masses was constructed and tuned to match the measure-
ments. Eigenvalues and eigenvectors of the model are discussed. The rotational masses model
is completed with adhesion model to perform simulations. The simulation results are presented
with comparison to the results of the measurements.
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Electric Vehicle Drive Control Based on GPS and GSM Path
Parameters

T. Haubert, Z. Čeřovský, P. Mindl, and P. Mňuk
Department of Electric Drives and Traction, Faculty of Electrical Engineering

Czech Technical University in Prague, Technická 2, 166 27, Prague 6, Czech Republic

Abstract— Minimizing of energy consumption is important task which is solved at all vehicles.
In the case of electric vehicles (EV), energy stored on board in chemical accumulators must be
used very effectively. For this purposes mathematical model of EV and real journey data used
for energy consumption calculation must be used. On the basis of journey regime optimization
lower energy consumption will be achieved.
Optimal journey regime is calculated by means of known road data, obtained by means of GPS
and GSM navigation system. From the road horizontal and vertical data basic route elements are
calculated. Basic route elements are compared with needed torque, generated by driver’s pedal.
All this information’s are processed, optimized, and needed mechanical torque is transmitted to
the control unit of electric drive.
For model implementation the dSpace DS1103 has been used. The DS1103 dSpace platform is
used as a simulator of the electric vehicle in laboratory and it is used for HIL (Hardware In the
Loop) tests. The DS1103 device is covered in the AutoBox with Ethernet communication interface
and Autoboot option enabling usage of Compact Flash card. The complete EV mathematical
model is loaded in DS1103 device.
For laboratory verification special testing bench has been built. Testing bench consists of per-
manent magnet synchronous motor, power inverter and power sources. The load is substituted
by the dynamometer. Both machines are controlled by master controller. Hardware structure of
the laboratory stand is depicted on Fig. 1. In the first step journey simulation required torque
of EV drive in the single path elements has been calculated. Real path data obtained within the
journey were generated by means of GPS and GSM mobil-phone and stored in the memory.
Stored data were used as EV simulation model input data. Then for needed driving torque, actual
power and consumed energy are calculated. With respect to the obtained results optimized path
elements strategy calculation has been developed.

Figure 1: Hardware structure of the laboratory stand.
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A Novel Ultrathin CdS/CdTe Solar Cell with Conversion Efficiency
of 31.2% for Nano-area Application

M. Sabaghi1, A. Majdabadi1, S. Khosroabadi2, and S. Marjani1, 3

1Laser and Optics Research School
Nuclear Science and Technology Research Institute (NSTRI), Tehran, Iran

2Department of Electrical Engineering, Imam Reza International University, Mashhad, Iran
3Department of Electrical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran

Abstract— Due to limited availability and the rising price, the layer thickness reduction of solar
cells is an attractive prospect. In this paper, we investigated a thin high efficiency structure of
CdTe solar cells for nano-area application The proposed structure, achieved by rotating 90◦ in the
base line structure, suggests high efficiency due to high current density. The proposed structure
showed acceptable efficiency which is quite noteworthy in reducing the amount of material used
and associated losses. The result showed a considerable improvement over the 15% efficiency of
the reference sample. Under global AM 1.5 conditions, the designed cell had a Voc of 866 mV, a
Jsc of 74.84mA/cm2, and a FF of 48.2%, corresponding to a conversion efficiency of 31.2%.

The starting point of this work was the baseline case as reported in [1, 2]. In brief, the CdTe
device model in the base line case consists of a 4 µm-thick CdTe absorber layer, a 100-nm thick
CdS window layer, and a 500-nm-thick SnO2 buffer layer. At the next step, this structure was
modified by rotating 90◦ of the structure without dimension variation. Figure 1 illustrates the
CdTe baseline case structure and the modified structures investigated in this study. The proposed
structure has many advantages such as high photogeneration and low recombination rate. The
Jsc of the cell can be improved by reducing the carrier recombination losses at the back contact
or increasing the photogeneration rate in the absorber layer. Because the light inters to layers
independently, the photogeneration rate is high in each layer. Figure 2 shows the comparison the
photogeneration rate between conventional and proposed structure.

In addition, using less semiconductor material by thin cells is one of the main goals of today’s solar
cell research. Also, the thinning will reduce the recombination loss as well as lower production
time and the energy need to produce solar cells. Consequently, all of these factors will decrease the
production cost. Hence, it is possible to reduce the dimension of proposed structure considerably
and achieve better base line results, simultaneously. Figure 3 shows the current-voltage and
power-voltage curves for comparison with the base line case. As it is shown in Figure 3, the
conversion efficiency can be increased to 31.2% mostly due to improvement of Jsc compared to
the base line case. Although FF is smaller than base line case because of the high difference
between Jsc and maximum current of the cell, the important parameters of the solar cell are
much more than base line case.
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Figure 1: Structures of the CdTe solar cells: (a) baseline case structure and (b) modified cell structure for
higher efficiency.
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Metasurfaces’ Solutions for Polarization Spectroscopy, Optical
Activity, Colored Phase Holograms and Compact Nano-cavities

Vladimir M. Shalaev, Amr M. Shaltout, Jingjing Liu,
Sajid Choudhury, Alexandra Boltasseva, and Alexander V. Kildishev
Birck Nanotechnology Center, School of Electrical and Computer Engineering

Purdue University, West Lafayette, IN 47907, USA

Abstract— Tremendous efforts have been done over the last decade to produce 3D optical
metamaterials that transcend properties of natural materials. However, the realization of the
hoped-for 3D devices is challenged by large absorptive losses and complex and cost-ineffective
fabrication. Metasurfaces have been introduced to overcome these two major challenges. They
provide simple, compact and power efficient solutions to problems of immense importance. In our
work, we use metasurfaces to obtain circular dichroism (CD) spectrometer, polarization rotator,
color hologram, and subwavelength nano-cavities.
CD spectrometers are typically used to sense chiral molecules which are highly recurrent in
biological structures and organic compounds. These spectrometers measure the differential ab-
sorption between circular polarizations of light (or different spins). A typical CD spectrometer
takes sequential measurements of spin components which require complex hardware for switching
laser source and managing data acquisition. Instead, we implement a metasurface that employs
photonic spin Hall Effect to spatially separate spectra of different spins. This is a real-time
CD spectrometer, and the smallest to our knowledge. Applications include bio-sensing, DNA
structural analysis and stereochemistry.
We also used metasurfaces to perform optical rotation of linearly polarized light — used in
secure quantum communications. Using natural materials will necessitate a long optical path
to accumulate the differential phase-shift between spin components required for optical rotation.
Ultrathin metasurfaces have shown the ability to split these components, and introduce the
required phase-shift through a single deep-subwavelength layer.
Another metasurface generates a polychromatic holographic image with a broadband white
source. This is done by using nano-slit antennas that can simultaneously control phase and
wavelength of transmission. Antennae size controls wavelength (color), while antennae orien-
tation manipulates Pancharatnam-Berry phase allowing for concurrent generation of arbitrary
RGB images.
In addition to previous applications, we design subwavelength Fabry-Pérot cavities by replacing
conventional mirrors with reflecting metasurfaces that introduce arbitrary phase-shifts compen-
sating for reduced accumulated phase through the ultra-small cavity. 100-nm cavities showed
resonance in the range (0.6–1.1µm). Applications include nano-lasers, spontaneous emission
enhancement (Purcell effect) and single photon sources.
Metasurfaces have proven to be applied efficiently to the areas of bio-medical optics, coherent
optics, optical imaging and quantum nanophotonics, and many other applications are yet to be
explored.
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Controlling the Polarization State of Light with Metastructures

Mu Wang, Shang-Chi Jiang, Xiang Xiong, Ren-Hao Fan, and Ru-Wen Peng
National Laboratory of Solid State Microstructures and School of Physics

Nanjing University, Nanjing 210093, China

Abstract— In this talk, we present our recent work on controlling the polarization state of
light with metastructures. First, we illustrate an approach to tune efficiently the phase difference
of light in two orthogonal directions by controlling the time retardation with a microstructured
surface. Second, we demonstrate the general mechanism to construct the dispersion-free metas-
tructure, in which the intrinsic dispersion of the metallic structures is perfectly cancelled out
by the thickness-dependent dispersion of the dielectric spacing layer. By selecting the structural
parameters, the polarization state of light can be freely tuned across a broad frequency range,
and all of the polarization states on the Poincaré sphere can be realized dispersion free. Third,
we present a freely tunable polarization rotator for broadband terahertz waves using a metas-
tructure, which can conveniently rotate the polarization of a linearly polarized terahertz wave to
any desired direction with nearly perfect conversion efficiency. The investigations provide some
guidelines to control the polarization state of light at subwavelength scale.
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Manipulating Surface Waves by Metasurfaces

Luigi La Spada and Yang Hao
Queen Mary, University of London, United Kingdom

Abstract— Surface waves on dissimilar interfaces have been extensively studied during the
years [1]. Controlling these surface waves is of great interest in several new areas of technol-
ogy including applications for surface wave suppression [2], improved antenna performances [3],
wireless communication technologies, microwave circuits [4] and military applications among the
others. In this regard, the properties of these surface waves supported on thin structured sur-
faces, known as metasurfaces, have been recently studied. In particular, a family of surface waves
may be supported by pillar or crossed slit structures [5]. TM surface modes associated with a
square array of metal patches on a dielectric coated ground plane and a “mushroom” metasurface
were shown in [6]. By engineering the dimensions of metasurface elements across the array, the
phase velocity of the surface mode can be controlled [7], and the propagation of the surface mode
manipulated. Unfortunately, all such methods are highly dispersive, intrinsically narrow-band,
lossy and anisotropic. The objective of this paper is to present a new metasurface-based design
for surface waves manipulation.
The proposed structure consists of a metallic object, hidden underneath a dielectric structure
above a ground plane, surrounded by a planar metasurface-based structure. This work has been
divided into two main parts. The first part deals with the analytical formulation and the design
of surface wave cloak. The second part will examine the simulation results of the proposed
structure in the frequency range 8–10 GHz. The most significant findings from this study is that
the proposed structure is polarization independent (it works for any impinging wave polarization:
TE and TM), has wide-band and multi-band behaviour and it is easy to fabricate.
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Abstract— Applying EELS to ultra-sharp convex grooves in gold, we directly probe extremely
confined gap surface-plasmon (GSP) modes excited by swift electrons in nanometer-wide gaps,
down to approximately 5 nm.
We report an experimental study of GSPs in ultra-sharp gold convex nanogrooves using EELS [1].
The geometry of these nanogrooves is characterized by gradual and relatively slow variations in
the gap width when moving deeper inside a groove. This means that the groove GSP modes
can be considered as being formed by local metal-insulatormetal (MIM) GSP modes (that is,
by GSP modes supported by constant-gap MIM configurations) that are weighted accordingly,
a representation which is widely used in integrated optics and plasmonics for effective-index
approximation. In EELS experiments (Fig. 1), the strongly confined electrical fields of moving
electrons excite thereby local MIM GSP modes, corresponding to the position of the electron
beam inside the groove. Note that a sample should necessarily be thin along the groove (Fig. 1)
in order to be transparent for an electron beam, but not too thin with respect to the GSP
wavelength. Overall, the considered groove geometry is ideal for studying MIM GSP modes, as
the width of the insulating layer (gap size) decreases as the position of the electron probe is moved
down the nanogroove, thus allowing us to map the evolution of MIM GSP modes for varying gap
size in a single groove. We intentionally propagate the electron beam along the axis of the groove
within the mirror-symmetry plane (yz plane, cf. Fig. 1) in order to allow for probing of modes
near the groove bottom and to study the optically dark modes. We verify experimentally the
existence of the MIM GSP mode in the crevice of the groove, i.e., at extremely narrow gaps of
only 5 nm.

Figure 1: Artistic impression of the gold nanogroove studied in this work, with the electron probe moving
parallel to groove axis. The groove is filled with silicon dioxide and the substrate is silicon. The groove
height, depth and periodicity are approximately 450 nm, 150 nm and 350 nm, respectively.
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Highly Efficient Decoupling-free Surface Plasmon Meta-couplers
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Abstract— Surface plasmon polaritons (SPPs) have recently found numerous applications
in photonics, but traditional devices to excite them (such as grating and prism couplers) all
suffer inherent low-efficiency issues, since the generated SPPs can decouple back to free space
and the reflection at the device surface can never be avoided. Here, based on a transparent
gradient metasurface, we propose a new SPP-excitation scheme and numerically demonstrate
that it exhibits inherently high efficiency (94%), since the designed meta-coupler kills both the
decoupling and the reflection at its surface. As a proof of concept, we fabricate a meta-coupler
in the microwave regime, and combine near- and far-field experiments to demonstrate that the
achieved SPP-excitation efficiency reaches 75%, which is several times higher than all other
available devices. Our findings can inspire the designs and realizations of high-performance
plasmonic devices to harvest light-matter interactions.
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Meta-line and Meta-surface for Cloaking

Hong Chen Chu, Jie Luo, and Yun Lai
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College of Physics, Soochow University, Suzhou 215006, China

Abstract— Meta-surface has not only shown extraordinary ability to control the reflection and
refraction of waves [1], but also the ability to change propagating waves into surface waves along
the surface [2].
Here, we investigate the 1D counterpart of a meta-surface: meta-line, i.e., a one-dimensional
structure with gradually changing parameters [3]. Our study shows that such a line is also capable
of converting incident propagating waves into guided localized waves along the line. In such a
way, propagating waves in space can be collected at a high efficiency.
The other topic that we investigate is the application of meta-surface for cloaking.
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Few-layer Metasurfaces for High Efficiency Linear Polarization
Conversion and toward Planar Flat Optics
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Abstract— The properties of metamaterials are determined by their structures rather than the
materials being used. They enable electromagnetic functionalities by design, which are applica-
ble to the entire electromagnetic spectrum from microwave to visible. Bulk metamaterials often
suffer from high resonant losses and three-dimensional fabrication challenges, particularly when
approaching the optical frequency regime where metals become lossy and structural dimensions
are on the micro- or nano-scale. Single layer planar metamaterials — metasurfaces — are rela-
tive easy to fabricate using modern micro- and nano-fabrication technologies, and at the same
time minimize their losses. However, their interactions with electromagnetic waves are limited,
resulting moderate device performance and insufficient for many real world applications.
When a few layers of metasurfaces are added together and separated by subwavelength dielectric
spacers, the overall response could be dramatically different from the simple addition of individ-
ual metasurface layers. Taking advantage of the tailored resonance (dispersion) and anisotropic
response, we achieve few-layer terahertz (THz) metamaterials for efficient linear polarization
conversion over a broad bandwidth more than two octave [1]. The few-layer THz metamateri-
als consist of two orthogonal metal gratings and an array of subwavelength anisotropic metal
resonators in between, which are separated by polyimide spacer. Similar to the metasurface
structures previously demonstrated [2], the phase of the cross-polarized waves depends on the ge-
ometry and dimensions of the resonators being used, spanning the entire 2π range. This enables
the creation of spatial phase profile for arbitrary wavefront shaping. For instance, a thin-film-like
flat metamaterial with appropriately arranged resonators can deflect the transmission waves to
a specific frequency-dependent angle, a function could be otherwise only accomplished using a
bulk prism. Other flat optics can be designed using the demonstrated few-layer metamaterials,
for instance, for beam focusing/collimation.
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High-performance Reflective Focusing of Terahertz Beams Using
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Abstract— The terahertz (THz) band of the electromagnetic spectrum is conveniently sand-
wiched between the microwave and infrared regions that allows one to combine both optical
and microwave techniques in THz instrumentation and to synthesize unique instrumental solu-
tions. Such a synthesis is proven to be very effective when planar metallized microstructures of
subwavelength topology, commonly referred to as frequency selective surfaces (FSSs) or measur-
faces (metaFSS), are used for manipulating amplitude, polarization and phase characteristics of
quasi-optical THz beams. In microwave engineering, the phase control is of great importance in
the technology of low-profile reflectarray antennas, whose conventional design implies exploiting
a grounded-dielectric-slab-backed FSS with spatial-depended reflection phase. Transferred to
the THz band, this approach is estimated to be promising for beam-shaping and beam-focusing
techniques as it allows creating purely flat, thin and lightweight reflectors capable of properly
manipulating the wavefront through the control of the FSS unit cell geometry. Due to relative
simplicity in photolithographic fabrication, such kind of reflectors serve as an attractive alterna-
tive to the conventional diffractive optical elements (DOEs) based on cost-consuming structures
with profiled surfaces.
In this contribution we demonstrate feasibility for high performance reflective focusing of THz
beams using flat DOEs based on metaFSS-inspired holographic reflectarrays (HRAs), whose
design is accomplished using a combined technique involving:
a) a computer-generated holography method to synthesize an appropriate distribution of the
reflection phase ϕHRA(x, y) over the metasurface;
b) a full-wave-electromagnetic-analysis-based method to control the complex reflectance ρHRA

(x, y) of the HRA at any local point (x, y) of its surface via proper morphing the metaFSS unit
cells geometry from metallic patches to U-shaped and split-ring resonator elements.
We present the experimental results of testing different planar focusing devices designed with the
aforementioned technique and optimized for the operation frequency of 0.35 THz. The devices
are implemented on basis of polypropylene substrates with the thickness of 190 µm and provide
radiation focusing into simple and sophisticated shapes including single and multiple spots, as well
as Latin letters. The overall diffraction efficiency up to 80% is demonstrated that outperforms
similar characteristics of many metaFSS-based analogues working at THz frequencies.
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Plasmonic Metalens Lithography Far beyond the Near Field
Diffraction Limit
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Abstract— Near-field imaging optics, including scanning near-field optical microscope, near
field proximity lithography and super lens, have always been suffering from the issue of near
field diffraction limit, which implies that the obtainable resolution is strongly dependent on the
light wavelength and the distance between objects and lens or fiber tip’s apex. This results in
great troubles in practical applications, like the physical abrasion of near field mask patterns. A
method of plasmonic metalens going far beyond the near field diffraction limit was proposed and
demonstrated experimentally in our recent investigations. The plasmonic metalens is composed
of silver-photoresist-silver structure and applied with high numerical aperture off-axis photons
illumination and surface plasmons illumination, generated by hyperbolic metamaterial of multi-
ple metal-dielectric films. The air working distance between mask patterns and metalens could
be significantly elongated far beyond of the near field diffraction limit, benefitting from sub-
diffraction imaging information enhancement due to the cavity metalens structure and the shift
of Fourier components of nano patterns. As examples, nano patterns of half pitch 60 nm are suc-
cessfully resolved with 365 nm light wavelength and 100 nm air gap distance, about four times that
in conventional near-field imaging or superlens scheme. Much Deeper subwavelength resolution
with half pitch 4×nm, 3× nm and 2× nm are demonstrated theoretically and experimentally as
well. The method is believed to significantly improve the compatibility of plasmonic lithography
application as a cost effective, nano-fabrication way.
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Abstract— Research on alternative plasmonic materials is becoming an important step to
improve the performance of plasmonic and nanophotonic devices for many applications. Our
study focuses on transparent conducting oxides which have great potential for enabling high
performance, tunable, semiconductor compatible plasmonic devices.
The development of new plasmonic materials enables novel optical devices, and they in turn
assist in the progress of optical communications. As a result of the significant attention in
searching for alternative materials, transparent conducting oxides (TCOs) have been proposed as
promising plasmonic compounds in near infrared (NIR) regime, especially at telecommunication
wavelengths [1]. They are eminently practical materials because they are CMOS-compatible, can
be grown on many different types of substrates, patterned by standard fabrication procedures,
and integrated with many other standard technologies. In addition, like any other semiconductor,
the optical properties of TCOs can be tuned by changing the carrier concentration/doping. Thus,
TCOs form an obvious choice as alternative plasmonic materials in the NIR.
In our studies, we have demonstrated that simple TCO structures patterned by electron beam
lithography support strong plasmonic resonances in the NIR, and such resonances are easily
adjustable with post processing such as thermal annealing [2]. These characteristics of TCOs
provide the capability to design essential optical components for nanophotonic systems. For
example, we recently demonstrated a TCO based metasurface which functions as a quarter wave
plate with a 200 nm bandwidth at the 1.55µm wavelength [3].
TCOs can be used not only as an alternative to metal, but also as epsilon near zero (ENZ)
materials since they naturally offer ENZ properties in the NIR regime. From our recent study
of the behavior of nanoantennae sitting upon a TCO substrate, we found that TCOs can be a
potential optical insulating media in nanophotonic systems due to the high impedance of TCOs
at the ENZ frequency.
In addition, the optical properties of TCOs can be varied by optical or electrical means. Current
research is focused on studying the ultrafast carrier dynamics in doped zinc oxide films using
transient pump-probe spectroscopy. We have shown that CMOScompatible doped zinc oxide
films can achieve a 40% change in reflection (30% in transmission) with ultrafast dynamics
(< 1 ps) under a small fluence of 3 mJ/cm2. Consequently, TCOs are shown to be extremely
flexible materials, enabling fascinating physics and unique devices for applications in the NIR
regime.
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Abstract— Photonic spin hall effect (PSHE), that spin-polarized photons can be laterally sepa-
rated in transportation, gains increasing attention from both science and technology, but available
mechanisms either require bulky systems or exhibit very low efficiencies. Here we demonstrate
that a giant PSHE with ∼ 100% efficiency can be realized at certain meta-surfaces with deep-
subwavelength thicknesses. Based on rigorous Jones-Matrix analysis, we establish a general crite-
rion to design meta-surfaces that can realize 100%-efficiency PSHE. The criterion is approachable
from two distinct routes at general frequencies. As a demonstration, two microwave meta-surfaces
are fabricated and then experimentally characterized, both showing ∼ 90% efficiencies for the
PSHE. Our findings pave the road for many exciting applications based on high-efficiency ma-
nipulations of photon spins, with a polarization detector experimentally demonstrated here as an
example.
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Abstract— Nonlinear phenomena are widely studied in nano-optics, and are often implemented
in synergy with plasmonic effects to provide strong field enhancement. Research on arrays of
plasmonic nanostructures can form the basis for the development of efficient, active metasurfaces
with designed coherent and ultrafast optical functionalities. These can be useful in applications
requiring for example frequency conversion or efficient integrated quantum sources. This work
is developed within this context and aimed at gaining the understanding necessary to develop
coherent nonlinear metasurfaces rationally.
The unit cell of the metasurface we study (Fig. 1(a)) is a 30 nm high Au cut disc. It is designed
to support plasmonic resonances at both fundamental and harmonic frequencies. The extinction
spectrum (Fig. 1(b)) exhibits a Fano resonance in the visible and a magnetic dipole resonance in
the near-IR, both optically active due to the presence of the slit [1] and at the basis of the strong
coherent response of the metasurface.
We experimentally study and discuss the dispersion of both second and third-order nonlinear
processes produced by this structure with a particular focus on the mechanisms enabling their
optically-controlled modulation at the sub-picosecond time scale. The experiments, including
pump-probe spectroscopy, are rationalized using theoretical considerations and numerical com-
putations.

(a) (b)

Figure 1: (a) SEM image of split Au nanodisk. (b) Extinction spectrum.

Figure 2: Two-colour pump-controlled nonlinear Fourier response spectrum of a plasmonic resonator array
(emission angle v. wavelength). “SHG” and “THG” mean second and third-harmonic generation respectively.
SFG indicates sum-frequency generation and FWM four-wave mixing.
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Abstract— Polarization is one of the fundamental properties of electromagnetic radiation.
Based on the measurement and interpretation of the polarization of light waves, polarimetry
has found its applications in many areas of science and technology, ranging from ellipsometry,
remote sensing to polarization light scattering and ophthalmic polarimetry. Although the tradi-
tional measurement systems bring distinguished functionality in measuring speed and accuracy,
their applications are still limited due to the various polarization elements and complicated data
processing system adopted, which result in large volume and high cost. What’s more, the minia-
turization of measurement systems currently used to characterize the polarization state of light
is limited by the bulky optical components used such as polarizers and waveplates. We propose
and experimentally demonstrate a simple and compact approach to characterize the polarization
state of light using an ultrathin (40 nm) gradient metasurface. A completely polarized light beam
is decomposed into a left circularly polarized (LCP) beam and a right circularly polarized (RCP)
beam, which are steered in two directions by the metasurface consisting of nanorods with spatially
varying orientations. By measuring the intensities of the refracted light spots, the ellipticity and
handedness of various incident polarization states are characterized at a range of wavelengths
and used to determine the polarization information of the incident beam. Interestingly, since
the refracted LCP and RCP light diverge naturally from each other, the metasurface can also be
used as a circular polarization beam splitter, whose split angle is determined by controlling the
spatial distribution of the nanorods in the metasurface.
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Abstract— In general the responses of materials to an electromagnetic wave depend on the
composite molecules and incoming frequency. Although the advent of metamaterials [1, 2] al-
lowed us to obtain electromagnetic properties independent of composite molecules, still none of
materials has permitted sensing different waves at the same frequency unless they had nonlinear-
ity [3]. However, such nonlinearity was controlled by the magnitude of the incoming wave or bias.
Recently we have reported circuit-based metasurfaces composed of circuit components including
schottky diodes, capacitors, inductors and resistors. These metasurfaces allowed us to distin-
guish different surface waves even at the same frequency in response to their waveforms or pulse
widths [4–7]. In this paper we demonstrate that such a new capability termed waveform selectiv-
ity is not limited to surface waves but can be applied to controlling different types of incoming
waves including free space waves normal to the metasurfaces. The metasurfaces demonstrated
here are composed of periodically deployed square patches, ground plane, and dielectric spacer
(Rogers3003). In each gap between square patches, a set of four diodes is deployed to play a
role of a diode bridge and to convert the incoming frequency component to zero frequency. This
frequency conversion is used together with the time domain response of capacitors or inductors
deployed inside diode bridges, which ends up with sensing specific waveforms even at the same fre-
quency. Under these circumstances, capacitor-based metasurfaces more effectively absorb short
pulses, while inductor-based metasurfaces absorb longer pulses or continuous waves. The use of
such waveform-selective metasurfaces gives us a new capability to control electromagnetic prop-
erties and thus is expected to develop new kinds of microwave applications and technologies, e.g.,
waveform-selective wireless communications [8].
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Optimization of Second Harmonic Generation in Plasmonic
Nanostructures by Mode Matching

Gabriel D. Bernasconi, Jérémy Butet, and Olivier J. F. Martin
Nanophotonics and Metrology Laboratory (NAM)

Swiss Federal Institute of Technology Lausanne (EPFL), Lausanne 1015, Switzerland

Abstract— In the dipolar approximation, second harmonic generation (SHG) is forbidden in
the bulk of centrosymmetric nanostructures (such as gold) but can arise at the interface thanks
to the breaking of inversion symmetry. As a consequence, SHG is an appropriate tool to acquire
information about nanostructures surfaces. In this presentation, we will show that SHG can also
provide information on the underlying modes supported by a given structure. Furthermore, a
combination of modes at the fundamental frequency can generate a SH wave supported by modes
that cannot be excited at the fundamental frequency, the so-called dark modes. This optical
nonlinear process can then be used to measure the radiation pattern of those dark modes. When
the fundamental frequency matches a resonance of the structure, the high field enhancement will
yield a high SHG. Additionally, if the SH frequency matches another higher frequency mode, the
SH emission will be stronger and thus more easily measurable. Hence, being able to optimize the
structure so that both SHG and fundamental frequencies match resonant modes is very useful
for practical applications.
Using a surface integral equation method (SIE) to describe 3D nanostructures, we study the
behavior of the eigenvalues of the corresponding matrix M(ω) where ω is the frequency. First
we consider the equation relating the surface currents jsurf to the excitation field Einc

M(ω)jsurf = Einc . (1)

Then, by setting the incident field Einc to zero, we can find the (non-trivial) solutions that don’t
need any external excitations to exist. This is done by re-writing Equation (1) as

M(ω)Vi = λiVi = 0. (2)

Looking for the frequencies ω where one of the eigenvalue λi of M(ω) tends to zero, it is possible
to find the eigenmodes. The frequency ω thus corresponds to the resonant frequency, and the
eigenvector Vi associated to the current distribution (and so to the charge distribution) corre-
sponds to the eigenmode. By scanning the complex frequency plane, we can find the multiple
resonances supported by a given nanostructure.
This approach is especially interesting since dark modes cannot be found by considering a plane
wave excitation. Indeed, the scattering spectrum can be used as prior knowledge of the resonant
frequency (both its real and imaginary parts, the latter being related to the losses and the width
of the resonance) at which the bright modes can be excited. Having the mode structure in mind
allows optimizing the geometry in order to reach the most efficient SHG at the nanoscale, as will
be demonstrated with different experimental configurations.
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Linear and Nonlinear Spectral Signatures of Surface Plasmon
Polaritons

S. A. Ponomarenko, L. Wang, and F. Che
Department of Electrical and Computer Engineering, Dalhousie University, Halifax, NS, B3J 2X4, Canada

Abstract— We explore spectral behavior of the fundamental and sum-frequency fields gener-
ated in thin metal films upon reflection of polychromatic light and elucidate a surface plasmon
polariton role therein.
The field of plasmonics has lately experienced a truly explosive growth [1]. Much research in plas-
monics has so far been focused on linear light-matter interaction modalities [2], owning largely to
the success of plasmonic-based sensors as a powerful tool for probing surfaces [3]. However, reso-
nantly enhanced local electric fields bring about pronounced enhancement of nonlinear responses
of plasmonic materials as well [1].
Although the vast majority of work in plasmonics deals with quasi-monochromatic light, there
has been growing interest in spectral signatures of plasmon enhanced electromagnetic fields.
In particular, the linear optical response of homogenous [4] and inhomogeneous — periodic or
random [5] — plasmonic nanostructures, probed with broadband light beams, has been recently
examined. However, to the best of our knowledge, plasmon-enhanced nonlinear optical processes,
excited by polychromatic light sources, have not yet been studied. In this context, it is especially
instructive to learn whether plasmon polaritons, excited on the surface of a conducting material
or nanostructure, leave any signatures in the far-field spectra of generated second-order nonlinear
waves. The affirmative answer to this question can trigger new developments in surface nonlinear
spectroscopy, microscopy, and surface morphology studies.
In this work, we investigate the spectral behavior of the fundamental and sum-frequency waves
in the surface SFG from a thin metal film with the polychromatic (pulsed) incident light. The
wide bandwidth of the source makes it possible to realize SFG with a single source: any pair
of monochromatic components within the source spectrum gives rise to a sum-frequency wave
through the surface SFG process. We assume a wellcollimated broadband light source such that
its output can be treated as a plane wave. The source plane wave is assumed to be incident on
a thin metal film, arranged in the Kretchmann configuration at a plasmon coupling angle.
For symmetric source spectra in the Kretchmann geometry, one would expect the SFG spectrum
to peak at half the carrier wavelength of the source. We show, however, that at the incidence angle
corresponding to light coupling to the SPP, the reflected sum-frequency wave (SFW) spectrum
gets blue-shifted from the expected maximum whereas the reflected fundamental wave has a
spectral hole at the carrier frequency. We further demonstrate that the magnitude of the effect
depends on the bandwidth of the source spectrum and the incidence angle: The shifts of SFW
spectra become more pronounced as the source bandwidth increases, while at a certain angle
a spectral switch is observed. Also, as the incidence angle deviates from the plasmon coupling
angle, all spectral changes disappear. The appearance of large SFW spectral shifts and switches
can serve as an unambiguous plasmon signature in nonlinear surface spectroscopy.
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Metallic Nanocones as Nonlinear Optical Point Light Sources

Monika Fleischer1, Dominik A. Gollmer1, Philipp Reichenbach2,
Anke Horneber3, Andreas Hille2, Josip Mihaljevic3, Christian Schäfer1,
Alfred J. Meixner3, Dai Zhang3, Dieter P. Kern1, and Lukas M. Eng2

1Institute for Applied Physics, Eberhard Karls University Tuebingen, Germany
2Institute of Applied Photophysics, Technische Universität Dresden, Germany

3Institute of Physical and Theoretical Chemistry, Eberhard Karls University Tuebingen, Germany

Abstract— The search for time-stable and tunable point light sources with ultra-small dimen-
sions constitutes a challenging task since the early days of nano-optics. Quantum dots, single
molecules, or NV-centers in nano-diamonds may manifest ultimately small point light sources.
Nevertheless, many such emitters suffer from blinking or photo-bleaching. In contrast, plasmonic
nanostructures or pointed metal tips exhibit more stability even when illuminated with focused
laser beams for strong field enhancement. In particular nonlinear effects such as second-harmonic
generation (SHG) may benefit greatly from the strong and highly localized near-fields.
Using specially developed techniques, we fabricate plasmonic nanocones from thin films of dif-
ferent metals on glass/ITO and on silicon [1]. The cones with a tip radius down to less than
10 nm act as optical antennas [2, 3]. The external electric field is concentrated near the cone
tip, leading to a narrow region of high near-field enhancement, which can be employed for SHG
as well as tip-enhanced Raman spectroscopy [4] or molecule sensing [5, 6]. The geometry of
the metallic nanocones breaks the centro-symmetry, thus providing stronger second-harmonic
polarizability along the direction of symmetry-breaking, and concentrates the field energy via
both plasmon oscillations and the lightning-rod effect into the cone tip. We demonstrate that
plasmonic nanocones can act as nonlinear optical point-like sources for spectrally narrow second
harmonic generation and a spectrally broad two-photon photoluminescence signal when excited
by near-infrared femto-second laser pulses [7]. The nonlinear emission from cones of four dif-
ferent sizes is observed in two different setups (top and bottom illumination). Either the tip of
the nanocones or the cone base is predominantly excited depending on the polarization of the
excitation and of the respective plasmon resonance frequencies of the two modes. By size varia-
tion and choice of the illumination, the tip-to-base-edge ratio of the emission can be optimized.
Such nanocones can thus potentially be used as nonlinear single point light sources for scanning
near-field probing or lab-on-chip sensor applications.
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Nonlinear Conversion of Continuous Wave Light by Fano Resonant
All-plasmonic and Molecular-plasmonic Hybrid Nanostructures
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Abstract— Finding a possibility to control the activation of a single molecule is interesting since
it paves the way to realize logic devices as small as molecules. This can be achieved by carefully
designed devices which can interface a single molecule and interact with it at the same size scale.
Such devices can be of electrical, magnetic or optical origin [1] and may induce changes in the
properties of a single or few molecules which can act as switching registers for data processing or
data storage at the nanometer scale. Electrical devices at the single molecule size level include
break-junctions, scanning tunneling junctions and molecular landers. Optical devices that can
interface a single molecule among an ensemble of many molecules are yet lacking. The main
difficulty lies in the diffraction limit of practically ∼ 150–180 nm focal size for a wavelength of
600 nm light. Compared to a few nm sizes of individual molecules, unambiguous activation of
single molecules by means of absorption of light can only be possible for a device prepared from
a sparse ensemble of molecules. Thanks to advancement in near-field optical instrumentation
technology this main difficulty can be circumvented as the near-field light intensities typically have
a very strong nonlinear dependence on distance (from ∼ r3 to ∼ r6). Strongly confined, highly
intense fields of light called “hot spots,” can be achieved by engineering the nanoscale environment
of a single molecule. By utilizing plasmonic resonances of nanoscale metal structures, such spots
can be arranged to occupy from a few down to a single molecule. Nevertheless in these schemes,
a broad far-field background component of the activation wavelength is inevitably superposed
on to the near-field of the nanoparticles. This imposes limitations on single molecule activation
experiments to be performed with high fidelity.
In this study we propose a method which is feasible for deterministic activation of few molecules.
We demonstrate effective background-free continuous wave nonlinear optical excitation of en-
hanced yellow fluorescent protein molecules that are sandwiched between asymmetrically con-
structed plasmonic gold nanoparticle clusters [2]. We observe that infrared photons are converted
to visible photons through efficient plasmonic second harmonic generation. Our theoretical model
and simulations demonstrate that nonlinear conversion of continuous wave light becomes possi-
ble by Fano resonance in the nonlinear response. We show that nonlinearity enhancement of
plasmonic nanostructures via coupled quantum mechanical oscillators such as molecules can be
several orders larger as compared to their classical counterparts [3, 4]. Our numerical simula-
tions demonstrate that observation of second harmonic generation with continuous wave laser
becomes possible owing to the cooperative action of conversion enhancement through Fano reso-
nance, hybridization in the plasmon absorption spectrum and the size asymmetry of nanoparticle
dimers.
We further investigate the Fano resonances in intrinsic nonlinear optical response of single or
coupled metal nanoparticles. We show that Fano resonance conditions can be tuned to enhance
nonlinear optical conversion. When a bare metal nanoparticle is coupled with a plasmonic non-
linear converter, second harmonic generation can be enhanced by several orders of magnitude.
This phenomenon emerges due to path interference effects. It is shown that second harmonic
generation enhancement in hybrid structures can be obtained even in the absence of coupled
quantum emitters [5]. This is an important simplification for facilitating the use of purely metal
nanoparticles with appropriate functionality.
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Resonantly Enhanced Nonlinear Toroidal Moments in Plasmonic
Metamaterials
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Abstract— We theoretically and computationally demonstrate that a plasmonic metamaterial
containing split-ring resonators exhibits a strong toroidal resonance at the second harmonic (SH).
The electric dipole, magnetic dipole, electric quadrupole, and toroidal dipole determined by the
charge and current distributions at the SH are determined by firstly calculating the electric field
at the fundamental frequency (FF) and, subsequently, the corresponding nonlinear polarization
(nonlinear currents) induced by the FF field. In addition, the total transmission, reflection and
absorption spectra for this structure, both at the FF and SH, are presented and the connec-
tion between the spectral features of these optical coefficients and those of the electromagnetic
multipoles are discussed.
Toroidal dipoles, first discovered by Zel’dovich in 1957, are formed when the magnetic dipoles
of a system form a closed loop, all pointing in the toroidal direction. Although it is often
neglected due to its small contribution, this dipole moment can, in a similar fashion to the
other electromagnetic moments, be considered as a source term of a multipolar expansion of
charge and current distributions. In this work, four gold split-ring resonators embedded in a
dielectric background constitute the basis for our metamaterial. In order to induce a resonant
electromagnetic response in each ring, the incident light impinges at an angle of 45◦ with respect
to the planes of the rings. The electromagnetic interactions of our metamaterial with the incident
light were simulated at the FF using the rigorous coupled-wave analysis method whereas the
optical response at the SH was analyzed using a nonlinear version of the generalized source
method. In particular, after parameters were enhanced to ensure a strong resonance we computed
the spectral dependence of the total reflection, transmission, and absorption coefficients from 2 µm
to 4 µm, a resonance being apparent at λ = 2.5 µm.
The generated polarization at the SH, which induces the nonlinear toroidal dipole, is a result of
a nonlinear optical process occurring primarily at the surface of the metallic rings embedded in
the dielectric background. As every electromagnetic moment is dependent upon the nonlinear
polarization (or equivalently, via the continuity equation, the corresponding current density), this
physical quantity must be calculated in order to fully analyze the multipole moments. To this
end, the unit cell of our metamaterial was covered by a three-dimensional computational grid,
with the electric field being calculated for every grid point. This field at the FF was then used
to calculate the distribution of the nonlinear polarization, which was subsequently employed to
compute the nonlinear electric dipole, magnetic dipole, electric quadrupole, and toroidal dipole.
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Surface Polaritons in a Negative-index Metamaterial with Active
Raman Gain

Chaohua Tan1 and Guoxiang Huang2

1State Key Laboratory of Precision Spectroscopy and Department of Physics
East China Normal University, Shanghai 200062, China

2ECNU-NYU Joint Physics Research Institute at NYU-Shanghai, Shanghai 200062, China

Abstract— We propose a scheme to realize stable propagation of linear and nonlinear surface
polaritons (SPs) by placing a N -type four-level quantum emitters at the interface between a
dielectric and a negative-index metamaterial (NIMM). We show that in linear propagation regime
SPs can acquire an active Raman gain (ARG) from a pump field and a gain doublet appears
in the gain spectrum of a signal field induced by the quantum interference effect from a control
field. The ARG can be used not only to completely compensate the Ohmic loss in the NIMM
but also to acquire a superluminal group velocity for the SPs. We also show that in the nonlinear
propagation regime a huge enhancement of the Kerr nonlinearity of the SPs can be obtained. As
a result, ARG-assisted (1 + 1)- and (2 + 1)-dimensional superluminal surface polaritonic solitons
with extremely low generation power may be produced based on the strong confinement of the
electric field at the dielectric-NIMM interface.
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Plasmonic Stopped-light Nanolasing

Ortwin Hess
The Blackett Laboratory, Department of Physics, Imperial College London

Prince Consort Road, London SW7 2AZ, United Kingdom

Abstract— Every Laser has two vital components: a (laser) again material and a light-feedback
mechanism. In normal lasers feedback is provided by placing the gain material between mirrors
— i.e., inside a cavity. Going beyond traditional cavity-concepts, recently conceived nanolasers
employ plasmonic resonances for feedback, allowing them to concentrate light into mode volumes
that are no longer limited by diffraction [1]. The use of localized surface plasmon resonances as
cold-cavity modes, however, is only one route to lasing on subwavelength scales. Lasing, in fact,
does not require modes predefined by geometry but merely a feedback mechanism [2].
Here we demonstrate that the concept of dispersion-less stopped-light [3] allows by combination
of nanoplasmonics with quantum gain materials [4] stopped-light lasing in hybrid nanoplasmonic
heterostructures.
In a stopped-light laser, photons are trapped and amplified in space just at the point of their
emission. It will be discussed that, at the stopped-light point, a stable lasing mode can form
over a finite region of gain material due to the arising local (cavity-free) feedback in the form of
a sub-wavelength optical vortex.
The remarkable spatio-temporal dynamics of nanoplasmonic stopped-light lasing is studied on
the basis of a Maxwell-Bloch Langevin approach [4]. Moreover, a new rate-equation framework
is shown to grasp the particular physics of stopped-light lasing involving [4]. The observed high-
β characteristics and picosecond relaxation oscillations of cavity-free stopped-light lasing can
potentially allow for the design of thresholdless plasmonic laser diodes that can be modulated
with THz speeds.
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Metal Nanoantennas: Nonlinear Response and Enhanced
Light-matter Interaction

Rudolf Bratschitsch
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Abstract— Metal nanoantennas have been demonstrated to work as optical analogues to their
well-known counterparts at radio and microwave frequencies. We investigate the nonlinear optical
properties of these plasmonic nanosystems. Using few-cycle femtosecond light pulses for excita-
tion we find strong third harmonic generation from single nanoantennas and study the emission
characteristics of the created harmonics [1, 2]. Nanoantennas are also well suited to enhance the
light-matter interaction. We couple nanoantennas to atomically thin semiconductors and present
the exceptional optical properties of this hybrid system [3].
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Abstract— Light-matter interactions are generally slow as the wavelengths of optical and
electronic states differ greatly. Surface plasmon polaritons, the electromagnetic excitations at
metal-dielectric interfaces, have generated significant interest because their spatial scale is decou-
pled from the vacuum wavelength, promising accelerated light-matter interactions. In principle,
the acceleration of the dynamics in recently demonstrated surface plasmon lasers [1] can also be
achieved [2]. In this talk, we report the observation of sub picosecond pulses from plasmonic zinc
oxide (ZnO) nanowire lasers [3]. Operating at room temperature, ZnO excitons lie near the SPP
frequency in such silver-based plasmonic lasers, leading to accelerated spontaneous recombina-
tion, gain switching, and gain recovery compared to conventional non-plasmonic ZnO nanowire
lasers.
The plasmonic lasers consist of ZnO nanowires separated from a Silver substrate by a thin 10 nm
LiF gap layer in a so-called hybrid geometry. The nanowires were optically pumped (150 fs
pulses @ 800 KHz) at 355 nm and their emission was monitored spectrally at room tempera-
ture. Evidence for the lasing of plasmonic modes arises from a range of tests including emission
polarization, reduced cut-off diameter where laser action ceases as well as temporal dynamics.
We have measured the temporal characteristics of these plasmonic lasers using a novel double-
pump approach that exploits the natural non-linearity of the laser itself to expose its own dynam-
ics. We find that gain recovery times in the very smallest diameter lasers occurs on ∼ 1 ps time
scales (Fig. 1(b)). Furthermore,we see extremely strong acceleration of the optical processes with
decreasing nanowire diameter for plasmonic lasers consistent with increasing mode confinement.
Nanowires without a metal substrate however, become slower with decreasing nanowire diameter,
which we attribute to the loss of mode confinement.
Our study shows that plasmon pulses can be as fast as gain the thermalization process of excitons
in ZnO (< 800 fs), which seems to preclude lasing in the thinnest and fastest devices (diameter
< 120 nm). The capability to combine surface plasmon localization with ultra fast amplification
provides the means for generating extremely intense optical fields with applications in sensing,
non-linear optical switching, as well as potentially in the physics of strong field phenomena.
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Investigation of Superradiant Surface Plasmon Mode Generated in
Ag Slit Array/InGaAsP at Room Temperature
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Abstract— A well-known method to generate surface plasmon (SP) is the SP amplification
by stimulated emission (SPASER) [1]. Similar to conventional lasers for generating coherent
photons, the operation of SPASERs is also accomplished by stimulated emission of excited light
emitters.
In this study, we generated SP radiation with a completely different approach. A strong burst of
the SP mode was created by a cooperative radiation process called superradiance (SR) [2]. Fluc-
tuating electromagnetic fields resulting from highly excited light emitters and their reabsorption
by the emitters build a phase-locked macroscopic polarization as a source of the SR. In Fig. 1(a)
we schematically illustrate our sample structure. A 100 nm-thick silver slit array was fabricated
on a 700 nm-thick InGaAsP bulk semiconductor grown on an InP substrate. The sample was op-
tically pumped by a femtosecond pulse laser at a center wave length of 800 nm, and time-resolved
emission from samples was measured by using frequency up-conversion technique. By varying
the slit period Λ, the fill factor FF (the ratio of the slit width to the period), and tempera-
ture we were able to control the emission wavelength in a 400 nm-wide telecommunication band
(λ ∼ 1.5 µm) at room temperature. Furthermore, our samples with Λ > 430 nm support for the
simultaneous generation of the SP and a pure photonic (waveguide) mode (WG). Even though
the SP mode has larger losses than the WG mode does, we experimentally and theoretically found
that the SP mode overwhelms the WG one in a high excitation regime (Fig. (b)) on account of
the enhanced dipole moment of the gain medium due to its mirror image. We expect that our
new SP source can be applied for optical information processing as a mesoscopic quantum light
source and investigating cooperative interaction of bosons in solid state many-body system.

(a) (b)

Figure 1: (a) Schematic illustration of the sample structure. (b) Simulated superradiant pulse profile of
surface plasmon (SP) and waveguide (WG) modes depending on the excited carrier density (n0) at T = 300K.
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Influence of Gold Nanoparticles on the Lasing Properties of
Rh6G-PMMA Material

E. Vasileva, A. Marinins, F. Ye, S. Popov, and M. Toprak
School of Information and Communication Technology

KTH Royal Institute of Technology, Stockholm, Kista 164 40, Sweden

Abstract— Surface plasmons is a hot topic in the scientific world due to effect of local field
enhancement. At the same time, continual research progress is ongoing in the laser industry.
New materials are tested in order to create new laser types and to improve performances of the
existing ones. In this study, two main trends of the research were combined to get the maximum
benefits from both of them. In this paper, we analyze the influence of localized surface plasmons
existing on the Au nanoparticles (NP) on the properties of dye molecules Rh6G in PMMA.
There are permanent debates about either localized surface plasmons produce quenching or en-
hancement of photoluminescence of the active media [1, 2]. In order to clarify the situation, Au
NPs were placed in the matrix of Rh6G in PMMA. The size of the NPs was chosen in such a
way that localized surface plasmon resonance band overlaps with absorption band of the laser
medium. We found that the presence of Au nanoparticles caused several effects. The first one
is the change of radiation and non-radiation rates in comparison with the pure samples of Rh6G
in PMMA. The second one is the absorption efficiency of the doped samples was significantly
increased in comparison to the undoped ones (Fig. 1). The third one is the influence of the gold
concentration on the emission properties of the material. The varying stripe line method [3] used
in our experiments showed exponential growth of the emission intensity depending on the distance
light traveled inside the media symbolizes existence of optical gain. This dependence changes its
behavior at the certain length where the lasing threshold occurs, that corresponds to the theory
[4]. The measured emission spectra show the existence of the random laser (Fig. 2). At high con-
centration of Au NPs, the quenching of the luminescence by NPs introduces losses exceeding the
amplification value that leads to the drop of optical gain and, consequently, stimulated emission.
Energy transfer between dye molecules and Au NPs was shifted towards to NPs what caused
strong quenching of luminescence. However the previous research done for the liquid solution
of Rh6G in ethanol with Au NPs showed the possibility of the optical gain enhancement [5].
Therefore, optimized concentrations ratio between the dye molecules and nanoparticles has to be
established. Also we surmise that the metal nanoparticles cause the temperature redistribution
inside the material under pumping that influences on the optical gain value and leads to refractive
index anisotropy.

Figure 1: Absorption spectra for the sample of
Rh6G with/without Au NPs. Inset: the photo of
the samples.

Figure 2: Measured emission spectra at different
distances light traveled inside the media. Inset:
Dependence of emission intensity at 575 nm wave-
length from the length.
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Magneto-optical Intensity Effects in Active Magneto-plasmonic
Structures
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3Ivan Franko National University of Lviv, 107 Tarnavskogo Str., Lviv 79017, Ukraine

Abstract— Magnetic effects find their applications in modern data recording, storage and
readout devices, optical isolators and etc.. In particular, modern hard disks use magnetic effects
in ferromagnetic layers separated by thin layer of nonmagnetic dielectric. Direction of magneti-
zation in domains of ferromagnetic layers encodes storage information. Thus, novel methods of
the magnetization control and the enhancement of magnetic effects are required for the further
development of technology. An employment of magneto-optical (MO) effects seems to be a very
promising approach. MO effects mean that the magnetization of material essentially depends on
the intensity and polarization of the light passing through the material. We are focused on the
intensity MO effects like transverse magneto-optical Kerr effect (TMOKE). Such effects can be
significantly enhanced by the excitation of surface plasmon-polaritons (SPPs) at the surface of
ferromagnetic dielectric. In Ref. [1] it was investigated the influence of SPPs propagating along
the interface of ferromagnetic dielectric film and the nanoscaled grating of noble metal on the
TMOKE. SPPs increase the interaction area of light beam and magnetic material, and therefore
enhance the MO effect in both reflected and transmitted light.
However, it is well-known that SPPs dissipate their energy through the interaction with metal
that limits their propagation length. In our structure ferromagnetic material containing iron ions
contributes additional losses. Thus, the problem of loss compensation and amplification of SPPs
is crucial for the further enhancement of the MO effect.
Loss compensation and amplification of surface plasmon-polaritons have been investigated deeply
in active nonmagnetic materials, like dye solution, or PMMA doped by quantum dots, etc. (see
review [2]). Amplified spontaneous emission of surface plasmon polaritons can be observed at
the interface with a resonant amplifying medium. In our work we consider a ferromagnetic film
doped by Cr ions or ions of rear-earth elements, like Yb, Er, Nd. We address a magnetoplasmonic
crystal of one dimensional gold grating deposited on the doped iron garnet grown on top of the
non-magnetic gadolinium gallium garnet substrate. Transmittance and reflectance spectra and
enhancement of magnetooptical effects were demonstrated on the value of the gain parameter
and on the geometrical parameters of the magnetoplasmonic crystal and type of the dopants.
Experimental observation of this phenomenon is discussed.
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Classical Spaser

V. G. Bordo
Nanosyd, Mads Clausen Institute, University of Southern Denmark, Denmark

Abstract— A spaser is a hybrid plasmonic device which generates coherent surface plasmon
polaritons (SPPs). The underlying mechanism of its operation is stimulated emission which
occurs under an intensive optical or electrical pumping of a gain medium incorporated into the
plasmonic structure. There is, however, a fundamental question: Is stimulated emission the only
way to achieve an avalanche of SPPs?
In this talk, a principally new avenue to SPP generation will be considered. It is based on the
utilization of a feedback mechanism which exists for an oscillating dipole moment in close vicinity
(within a wavelength) from a reflecting surface. Such a dipole is driven by its own reflected field
that modifies essentially its dynamics [1]. In particular, its damping constant is renormalized
in accordance with the imaginary part of the reflected field at the dipole position. In the case
where the latter quantity is negative the reflected field performs a positive work on the dipole
oscillations thus providing a positive feedback. If an ensemble of dipoles is located nearby a
surface their mutual interaction mediated by the reflected field can cause a collective polarization
instability which is accompanied by lasing in the system [2]. This effect can occur, in principle,
in any subwavelength structures. In the case of a dipole in/at a metal cavity the dipole field
launches SPP modes acting back on the dipole polarization and thus establishing a feedback loop
which can lead to self-excitation of surface plasmons (SESP). The considered mechanism is an
essentially classical effect. It does not imply stimulated emission in the structure and hence does
not require a population inversion in the dipole.
A possible implementation of the SESP effect in the cavity formed by a nanogap between two
metals will be discussed in this talk. It is assumed that the gap material contains polarizable
inclusions with resonance frequency being in the SPP frequency band. Basing on the dyadic
Green’s function of the structure, the equations for the SPP mode field in the cavity are in-
vestigated. It is shown that under certain conditions the field becomes unstable that leads to
its self-excitation. The threshold criterion for self-excitation as well as the frequency of self-
oscillation are derived in an analytical form. Calculations are carried out for a dielectric slab
containing metal nanoparticles enclosed between Ag, Au and Cu surfaces.
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Chiral Optofluidics
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Abstract— Chirality in soft matter is emerging as a tool to address innovative concepts in
materials science, colloidal systems, optical and photonics devices, optomechanics, optofluidics
etc..
Two examples are presented; the first one refers to chiral optofluidics devices and the second one
to optofluidics strategies for nanoparticles assembling and manipulation.
We investigate the optical forces and torques on spherical polymeric particles with chiral ar-
rangement of the inner structure consisting of supramolecular helices (left or right-handed). The
methodological approach used for micro-particles preparation is such that the helical arrange-
ment self-organizes in precursor cholesteric liquid crystal droplets by proper selection of a chiral
dopant. The helical pitch is adjusted from nanometre to micrometre range by means of the
dopant concentration. The helicoidal arrangement can leads to a shell structure of the refrac-
tive index and to a selective Bragg phenomenon that makes them to behave as chiral spherical
reflectors for light propagating along the helical axis and wavelength within the stop band. The
circularly polarized light component having the same handedness of the chiral arrangement is
reflected leaving its spin state unchanged. On the contrary, the light having opposite handedness
is transmitted unaffected. The sign and strength of the optical force depend on the particles re-
flectance. Moreover, in contrast to conventional reflecting particles, these chiral particles can be
set in rotation because of the transfer of spin angular momentum. We investigate the tunability
and the coupling of the optical forces and torques by controlling the amount of the reflected light.
Several approaches have been adopted: particle size, optical tweezers wavelength position within
the stop band and light ellipticity. Chirality-controlled optical trapping and manipulation opens
novel strategies for optomechanics and optical sorting.
We exploit chiral photosensitive materials to move nanoparticles-charged disclination lines in
anisotropic chiral fluids. We demonstrate the ability to trap nanoparticles and to manipulate
them at large range by low power incoherent light. The chirality is introduced at two levels, by
the boundary architectures and by a photosensitive chiral dopant. The first permits to design
the topological defects templates, the second to move nanoparticles-charged disclination lines
without disrupting them. Full reconfigurability and time stability make this strategy attractive
for future developments and practical applications.
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Optofluidics for Energy Applications

Demetri Psaltis
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Abstract— We will describe applications of microfluidics and optofluidics for energy conversion
and storage. Specifically we will discuss the role of optofluidics for solar energy harvesting and
also methods for water splitting to generate and store hydrogen.
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Optofluidic Nanoparticle and Biomolecule Manipulation and Sorting

A. Q. Liu
School of Electrical & Electronic Engineering

Nanyang Technological University, Singapore 639798, Singapore

Abstract— Microfluidics represent the science and technology that process or manipulate small
amount of fluids (10−9 to 10−18 liters) with dimensions of tens to hundreds of micrometers in
microfluidic chip. Optofluidics or micro-opto-fluidic-systems (MOFS) aim at manipulating light
and fluid at microscale and exploiting their interaction to create highly versatile devices that is
significant scientific and interests in many areas. The novelties of the optofluidics are twofold.
First, fluids can be used to carry substances to be analyzed in highly sensitive optical microde-
vices. Second, fluids can also be exploited to control optical microdevices, making them tunable,
reconfigurable and adaptive. It is a new breakthrough research area that can provide new so-
lutions and opportunities for a wide range of traditional photonic devices allowing tuning and
reconfiguration at the micrometer scale using microfluidic manipulation. This new innovation al-
lows scientists and researchers to tackle many classical problems with new tools and new research
ideas.
Among many novel innovations have been demonstrated, such as liquid-liquid waveguide, liquid
lens, liquid bubbles grating and microfluidic waveguide laser etc., the manipulation and sorting
of a small size of particle and molecule with dimensions of tens to hundreds of nanometers in a
microfluidic chip is one of the most significant research approaches. In this talk, light is shaped
effectively to generate distinctive interference patterns in the optofluidic chip, which can be used
to sort and assemble biological samples. For example, the optical field can be switched from the
Bessel profile for particle sorting to various discrete interference patterns for particle assembly.
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Light-induced Bulk Flows
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Abstract— Light waves exchange momentum with or transfer energy to matter. A force
density results from this interaction whenever photon momentum undergoes a modification in
amplitude and/or in direction. This force produces bulk flows in liquids. Flows may also result
from the light energy deposited in the liquid. Here we aim at reviewing the different origins
of this opto-hydrodynamics. On the one hand, an incident beam may lose forward momentum
during its propagation by photon absorption in absorbing liquids or by elastic scattering in
transparent turbid liquids. As a consequence, momentum conservation produces a density force
within the fluid along the propagation axis and triggers centro-symmetric flows. This density
force is proportional to the wave momentum nI/c, the so-called radiation pressure (where n is the
index of refraction, I the beam intensity and c the light celerity), and to the beam attenuation
(−1/I)dI/dz represented by either the absorption or the turbidity. On the other hand, an
incident beam may lose energy due to optical absorption. Energy deposition heats the liquid
which in turn produces a pressure gradient that induces bulk convection. These bulk flows can
be characterized by Particle Imaging Velocimetry or by the stresses they may produce on a liquid
interface. Finally, a tangential shear stress can be triggered by interfacial tension gradients at the
interface between two fluids, thus setting up Marangoni flows on both sides of the interface. These
gradients of interfacial tension may be triggered optically by light-induced concentration (soluto-
capillarity) or thermal (thermo-capillarity) gradient at the interface. Optocapillary flows can
as well be characterized Particle Imaging Velocimetry or by the interface deformation resulting
from the induced flows. These different ways to drive microflows prove to be a nice and accurate
alternative to actuate bulk liquids by light in a contactless manner for optofluidic applications.
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Liquid Crystal Photonics
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Abstract— When liquid crystals are dispersed in an immiscible fluid, microdroplets of liquid
crystal [1] are spontaneously formed in a fraction of a second. They have optically anisotropic
internal structure, which is determined by the ordering of liquid crystal molecules at the interface.
Spherical droplets of a nematic liquid crystal can function as whispering-gallery-mode microres-
onators [2] with an unprecedented width of wavelength tunability by an electric field. WGM
pulsed lasing in dye-doped nematic microdroplets is sensitive to strain, temperature and presence
of molecules [3, 4] that change molecular orientation at the interface. Omnidirectional 3D lasing
was demonstrated in droplets of chiral liquid crystals that form 3D Bragg-onion resonators [5, 6].
We showed that anisotropic and topologically nontrivial fibres could be self-assembled from smec-
tic liquid crystals [7], which could support Laguerre-Gaussian modes. We present recent progress
in this field, including electric tuning of 3D lasing, resonant transport of light between waveguides
and liquid crystal resonators [8].
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3. Muševič, I. and M. Humar, Proceedings of SPIE, Vol. 7955, 795509-1–795509-8, 2011.
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Abstract— This paper describes the design, fabrication, and experimental validation of opti-
cally pumped, solid state organic dye distributed feedback (DFB) laser intra-cavity sensor arrays.
The DFB dye lasers are low-cost and highly sensitive refractive index sensors. The lasers are
fabricated by UV-nanoimprint lithography into Pyrromethene doped Ormocomp thin films on
glass, and the surface refractive index sensitivity is enhanced by a factor of up to five by subse-
quent deposition of a thin titanium dioxide (TiO2) waveguiding layer. The multiple wavelength
laser arrays presented here enable high frame-rate and highly sensitive imaging of refractive index
changes on a 2 × 2mm2 surface, without moving parts, providing a detection limit of 8 · 10−6

RIU in combination with spatial resolution of 25 µm. The omission of moving parts in the setup
improves the robustness of the imaging system and allows a very high frame rate of up to 12 Hz,
limited by the CCD camera. The laser sensor arrays are applied for visualizing and studying
the dynamics of dissolution, mixing, and biological processes without the need for labeling. The
unique multi-wavelength DFB laser structure comprises several areas with different grating pe-
riods. Imaging in two dimensions of space is enabled by analyzing laser light from all areas in
parallel with an imaging spectrometer. With this multi-resonance imaging refractometry method,
the spatial position in one direction is identified from the horizontal, i.e., spectral position of the
multiple laser lines which is obtained from the spectrometer CCD array. The orthogonal spa-
tial position is obtained from the vertical spatial position on the spectrometer CCD array as
in established spatially resolved spectroscopy. Here, the imaging technique is demonstrated by
monitoring the motion of small sucrose molecules upon dissolution of solid sucrose in water.
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Light at Work: Optical Delivery, Sorting and Self-assembly of
Microobjects

P. Zemánek, O. Brzobohatý, P. Jákl, L. Chvátal, S. Simpson, and M. Šiler
Institute of Scientific Instruments of the ASCR, v.v.i.

Královopolská 147, Brno 612 64, Czech Republic

Abstract— Illumination of a colloidal suspension by laser beams leads to a force interaction
between the light and microobjects. Spatially structured illumination of microobjects enables
their sorting according to their sizes, shapes or composition, delivery by the principles of optical
“tractor” beam or conveyor belt, self-arrangement into structures kept together by the scattered
light. Recent results and applications of this topic will be presented.
Introduction: A single tightly focused laser beam, referred to as the optical tweezers represents
now the most famous optical micromanipulation tool. However, since this invention more complex
spatial distributions of laser beams can be dynamically generated using spatial light modulators.
If more particles are illuminated at the same time, they interact with each other by scattered
light and so called optical binding occurs. It results in formation of stable structures composed
of microparticles kept together by light. Optical forces acting upon objects depend on particles
properties and can be effectively used for separation of different components of heterogeneous
suspensions or even optically self-arranged structures [1].
Conclusion: Several examples of optical sorting of microobjects in traveling interference patterns
will be presented. We also explain the principle of optical “tractor” beam and its utilization for
particles delivery, separation (see Fig. 1) and self-arrangement of optically bound structures.

(a) (b)

Figure 1: Geometry of the “tractor” beam experiment. Larger particle scatter light differently than a
smaller particle and thus moves in opposite direction. Images show separation of polystyrene particles of
radii 400 nm and 500 nm using the same geometry by switching the polarization of the beam from (a) p to
(b) s polarization.
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A Nanophotonic Platform for High-throughput Precision Single
Biomolecule Manipulation
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Abstract— Optical trapping has been proven to be a powerful manipulation and measurement
technique widely used in the biological and materials sciences. A prominent example of the ap-
plication of optical trapping techniques is in the study of single biological molecules, in which
the mechanical behavior of a molecule can be investigated. These techniques make it possible to
disrupt protein complexes with piconewton forces and track motor proteins with nanometer and
millisecond resolution. However, conventional optical trapping instruments are only capable of
manipulating one molecule at a time, which limits their throughput. Miniaturizing optical trap
instruments onto optofluidic platforms holds promise for high-throughput lab-on-a-chip applica-
tions. We have been developing novel nanophotonic platforms for precision manipulation and
measurements of a bio-molecular array. In addition to on-chip optical trapping, we demonstrate
that such a platform can be integrated with fluorescence and laminar flow cells, substantially
enhancing its utility. We anticipate that this approach will make single molecule measurements
broadly available.
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Localized Fluorescence Enhancement with Gold-coated Microtools
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Abstract— There is an increasing interest in functionalized complex microstructures for micro-
and nanotechnology applications in biology. Particularly in imaging, metal-enhanced fluorescence
(MEF), achieved by microscopic surfaces coated with metal nanoparticles (NPs) or films has been
applied recently on cells observing otherwise weakly detectable signals [1, 2]. We introduce the
combination of microstructures made of SU-8 photoresist by two-photon polymerization and gold
nanoparticles or thin gold layers as fluorescence signal enhancers. The polymer microstructures
serve as platforms and can be tailor made into any shape with sub-diffraction resolution required
by the actual application. We coated these platforms either with 80 nm gold nanoparticles (NP)
at various surface density [3] or sputtered gold layers of high reflectivity. We demonstrated
localized MEF by NP-coated microstructures equipped with tips of 250 nm radius of curvature
that provided enhancement factor of more than 3. The NP-mediated enhancement factor was as
high as 6 over areas of several square-micrometers when flat microstructures without tips were
used. We attributed the enhancement effect to reflection of the excitation and emitted light,
what is demonstrated with the use of tilted polymer platforms. According to this observation,
highly reflecting gold thin films were also used for coating and provided enhancement up to 8.
The coated microtools are further developedfor optical tweezers actuation.These microtools can
be held and positioned in holographic optical tweezers. This gives the possibility of targeted local
fluorescentenhancement at desired locations.

(a) (b) (c)

Figure 1: Fluorescence enhancement with a tipped SU-8 microstructure coated with Au nanoparticles. (a)
The Au-coated tip region of the microstructure (insert: the entire structure). Scale bar: 1 µm. (b) Scheme
of the microstructure arrangement over a fluorescent layer showing the enhanced regions. (c) Confocal
fluorescence image of the achieved enhancement. Enhancement factor in this case is ∼ 3.2.
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Abstract— The development of simple and low-cost miniaturized fabrication methods has
been very important for the advancement of microfluidics technology. Despite recent advances
in the lab on a chip samples, in particular for biomedical applications, the increasing need of
high sensitivity and performance of the devices is not yet satisfied. The fulfillment of these
requirements makes necessary the fabrication of complex 3D fluidic structures that allow analysis
of physico-chemical properties of micro amount of sample by optical techniques. This involves
being able to achieve levels of integration and control of photonic signals not yet reached in the
advanced opto-fluidics platform. With the aim of designing a way to integrate optical signal in lab
on a chip systems, an investigation on novel optofluidic laser microcavities has been performed
in view of getting tuning capability exploiting by liquid crystal orientational properties.
Although planar micro-fabrication approach based on photolithography is well established and is
suitable for surface micro-fabrication, multilayer and multistep processes, including stacking and
bonding of different substrates, are required to form true three-dimensional (3D) microstructures.
An innovative, simple and maskless technique is the femtosecond laser micromachining, which
allows a 3D fast prototyping thanks to its inherent ability to fabricate buried microstructures.
Taking advantage from ultrashort-pulse laser, it is possible to realize surface (ablation) or internal
(nanocracks) modification of the transparent materials or a high localized photo-polymerization of
sensitive polymeric materials, in the focus of the laser beam. Since both the microfluidic channels
and waveguides in glass can be fabricated by the same tool on the same substrate, it is easy to
create integrated and vibration-free optofluidic devices. After the volume laser irradiation, the
optofluidic circuit is obtained by chemical etching removing the laser modified areas.
Taking advantage from this new fabrication technique, different geometries of the laser cavity with
excellent flexibility can be fabricated. Many geometries has been fabricated and investigated al-
though the digging out of two empty “basins” located close to the dye recirculation microchannel
has been the basic configuration. Covering their side walls with a thin film of conductive ink,
two broadband micro reflectors have been recorded (one partially and the other fully reflective).
Exploiting the potential of inkjet printing technology, the micro mirrors are also electrodes al-
lowing the tuning of the stimulated light emission by control the alignment of the liquid crystal
in the microchannel. A fine control of reflectivity from 30% to 100% has been achieved, even
in useful no-planar geometries (curved mirrors). A selective microlaser wavelength imprinting
Bragg reflectors into two empty “basins” previously filled with the photopolymerizable mixture
can be obtained exploiting the full potential of holography. Either way an integrated broad band
fibers optic completes the microcircuit design in order to outcouple the emitted light.
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Optofluidic Platforms for Miniaturized Biomedical Analysis Systems
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Abstract— Polymers are a popular material platform for low-cost, mass-producible optofluidic
sensing applications. However, due to the low refractive index contrast between various polymer
materials, the efficiency of such devices is often limited. The most elegant way to achieve max-
imum refractive index contrast, not only in polymer photonic devices, is to use air as cladding
layers. We exploit a novel polymer-onto-polymer lamination method that enables air-suspended
polymer photonic devices and the merging of microfluidic channels and photonic functionalities
in one layer. Polymer films with thicknesses down to single-mode condition for waveguided light
can be transferred onto microchannels of several hundred microns in width and centimeters of
length by using a simple PDMS stamp. This allows firstly to achieve highly efficient polymer
grating couplers due to the high refractive index contrast and secondly the embedded microchan-
nel can be exploited for transporting analytes. Combining a microchannel for fluid handling
with photonic structures enables research towards a large range of applications, such as optoflu-
idics, biosensing, biomedical analysis, environmental investigations and renewable energy. Here,
we report on the modeling, progress towards experimental realization and characterization of
air-suspended photonic structures (such as grating couplers) as well as a resulting optofluidic
refractive index sensor.
Furthermore, in the context of biomedical analysis, absorption spectroscopy-based portable blood
analysis systems are highly desirable for improved patient care. In this regard, air-suspended
polymer integrated circuits — consisting of input and output grating couplers and a waveguide
that is probing an embedded analyte channel (see Fig. 1) — are a promising platform.
Apart from the actual sensing device, many biomedical analysis methods require blood plasma
as an analyte. Typically, this blood plasma is obtained through centrifugation of relatively large
volumes of blood in a central lab. This method is not practical for mobile point-of-care devices,
therefore an effective miniaturized method of plasma extraction is required to enable portable
lab-on-a-chip based point-of-care devices.
In this contribution, we also report on a new method of blood plasma extraction that fulfils the
requirements for a mobile point-of-care blood analysis device. This system is enabled by repulsive
dielectrophoresis forces actively unblocking a cross flow filter.

Figure 1: Vision of an optofluidic biosensor exploiting air-suspended grating couplers for light coupling and
an embedded microchannel to transport an analyte sample.
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Optofluidic Devices and Platforms for Sensing Applications

G. Testa, G. Persichetti, I. A. Grimaldi, and R. Bernini
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Abstract— Optofluidics is an emerging research field that combines the advantages of mi-
crofluidics and optics on the same platform towards highly functional and compact devices. This
approach offers innovative design in order to increase performances and optical functionalities of
sensing devices. In particular, the possibility to use a fluid as an optical material and guiding
light through it offers very interesting solutions enabling unprecedented sensitivity and limit-of-
detection.
In this work we present the design, fabrication and characterizations of optofluidics devices and
microsystems for sensing applications that ranges from biosensing to environmental monitoring.
The confinement properties and the strong light matter interaction between light and fluids oc-
curring in optofluidics waveguides, like Antiresonant Reflecting Optical Waveguide (ARROW)
or liquid jet waveguide, have been exploited to realize simple but effective and sensitive mi-
crofluidic sensors. The use of optofluidic waveguides for spectroscopy methods like absorption,
fluorescence, Raman is illustrated showing that the optofluidic approach permits to overcome
the sensitivity problems related to the reduced the interaction length of light with fluid due to
device miniaturization. Besides the use of the waveguides itself as optofluidic sensor, we show
that more sophisticated devices can be realized by using liquid core ARROWs. In particular, we
demonstrate that single mode ARROWs provide the opportunity to implement sensor devices
which make uses of interferometric phenomena that are very attractive for sensing applications
as they combine high sensitivity with compactness and low-production cost. We show that, de-
spite ARROWs are leaky waveguides high performance liquid core Mach-Zehnder interferometers
(MZI) and Ring resonator could be realized.
Finally we demonstrate the possibility to combine solid core with liquid core ARROWs and
microfluidic devices in a single sensing platform. This represents a significant step towards an
effective realization of chip scale integrated system. The integration of planar optofluidic compo-
nents with microfluidic tools at the chip scale represents the future trend of sensing systems for
point-of care diagnosis or in situ monitoring. Increasing the synergy between these technologies
can lead to highly reliable and portable systems.
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A Tunable Nano-optofluidic Polymer Filter Based on Guided-mode
Resonance

Guohui Xiao and Chongjun Jin
State Key Laboratory of Optoelectronic Materials and Technologies
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Abstract— Optical filters with reconfigurable spectral properties are highly desirable in a wide
range of applications. We propose and experimentally demonstrate a tunable nano-optofluidic
polymer guided-mode resonance (PGMR) filter. The device is composed of a periodic grating
sandwiched between a high index waveguide layer and a low index capping layer, which integrates
nano-fluidic channel arrays and PGMR filter elegantly. A finite difference time domain (FDTD)
methods is employed to understand the spectral properties and determine appropriate device
parameters. We fabricate the polymer guided-mode resonance filter with a method combining
two-beam interference lithography, floating nanofilm transfer and thermal bonding techniques.
Experimental results show that our tunable nano-optofluidic PGMR filters can provide a broad
spectral tuning range (13.181 nm), a narrow bandwidth (< 2.504 nm), and a high reflection
efficiency (> 85%) in the visible region. Such nano-optofluidic PGMR filters are highly compatible
with existing nano/microfluidic technologies and would be valuable for the integrated flexible
optical system.
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Single Microbial Cell Manipulation in a Three Dimensional
Microfluidic Chip

A. Keloth1, L. Paterson1, G. H. Markx1, and A. K. Kar2

1Institute of Biological Chemistry, Biophysics and Bioengineering
School of Engineering and Physical Sciences, Heriot Watt University, Edinburgh EH14 4AS, UK
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Abstract— Novel microfluidic devices with integrated optical waveguides can be used to enable
sorting, culture and testing of cells from very small volumes of biological samples [1]. Controlled
flow and optical manipulation of cells within a femtosecond laser machined and chemically etched
microchannel using optical scattering force has been demonstrated in our previous work [2] and
by others [3].
In this paper we present the design and fabrication of a three dimensional microfluidic device
fabricated using femtosecond laser micromachining combined with selective chemical etching.
We use the device to focus microbes in a hydrodynamic flow and then use optical scattering
forces to deflect single cells from the flow for downstream analysis and culture of the isolated
cells. Taking advantage of method simplicity and three dimensional capability of femtosecond
laser micromachining, 3-dimensional microfluidic structures that are capable of implementing
hydrodynamic focusing were fabricated in a fused silica substrate. Hydrodynamic flow focusing
inside the microfluidic channel enables the sample to be focused into a narrow stream and has
been previously demonstrated by others within a cell counter device [4]. The three dimensional
hydrodynamic focusing capability of our device was demonstrated by focusing dye, polystyrene
beads of 7 micrometre diameter and 2 micrometre diameter and a range of biological cells (bacte-
ria, yeast, microalgae cells) inside the microfluidic channel. Waveguides were integrated into the
device to provide an optical scattering force to deflect cells into a side channel. Our experimental
results highlight the potential for single cell isolation by integrating 3-dimensional hydrodynamic
focusing of samples and the deflection of cells within a femtosecond laser micromachined and
chemically etched device.
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1Dipartimento SIMAU, Università Politecnica delle Marche, Via Brecce Bianche, Ancona 60131, Italy
2The BioRobotics Institute, Scuola Superiore Sant’Anna

Viale Rinaldo Piaggio 34, Pontedera, PI 56025, Italy
3Center for Micro-BioRobotics@SSSA, Istituto Italiano di Tecnologia

Viale Rinaldo Piaggio 34, Pontedera, PI 56025, Italy

Abstract— Conversion of photons energy into mechanical work usually requires intermediate,
energy-expensive steps, which make not convenient the use of light to generate work. In order
to bypass these steps, different approaches have been proposed. Here we focus on light-induced
gradients of surface tension to generate motion of small objects floating on supporting fluids.
These phenomena fall into the general framework of the Marangoni effect [1]. It has been shown
how a composite object made by poly-dimethyl-siloxane and carbon nano-tubes can be easily
moved on the fluid surface driven by light absorption by using IR radiation [2]. Other approaches
concern the possibility of moving micro-droplets of oil in micro-channels by light induced-pH
gradients [3] or through a photo induced cis-trans isomerization effect [4]. In this work we
present a simpler complementary approach to the problem based on the possibility of generating
objects motion and to control in real time their trajectories on any supporting fluid. We use
low power visible light to induce motion of any floating objects. An object able to absorb the
impinging radiation can be asymmetrically heated and moved on the liquid surface whereas
transparent objects can be moved by a suitable doping of the supporting fluid and irradiating
the fluid surface near the floating object. Light-induced displacement versus time of the floating
object has been recorded on different supporting fluids as function of the dopant concentrations
and impinging light intensities.
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Atomic Layer Lithography for High-throughput Fabrication of
Sub-10-nm Plasmonic Gap Arrays
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Abstract— The research field of nanoplasmonics has progressed along with advances in nanofab-
rication technologies. This presentation will focus on the development of a new technique to create
ultra-thin nanogaps in metal films using atomic layer deposition (ALD). ALD has been widely
used for conformal coating of metal oxides on a wide variety of surfaces. Recent work demon-
strated a new scheme to transform sub-nanometer thickness control of ALD into sub-nanometer
patterning resolution. Using this technique, called atomic layer lithography, it is now possible to
create plasmonic nanogaps that are sub-1-nm in width but as long as 1 cm. These high-aspect-
ratio nanogap structures can exhibit a series of strong optical resonances, which can be utilized for
sensing and spectroscopy in broad frequency ranges. Some applications of these ALD-patterned
nanogap structures will be demonstrated.
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Plasmonic Optical Transformer as Scanning Probe Microscopy:
Status and Perspectives

Aleksandr Polyakov, Mauro Melli, Wei Bao, Alexander Weber-Bargioni,
P. James Schuck, and Stefano Cabrini

Molecular Foundry, LBNL, One Cyclotron Road, Berkeley, CA, USA

Abstract— The expansion of nanoscale optics and nanofabrication capabilities has generated
a variety of scanning probe geometries that yield spatial resolution below 10 nm. Efficient con-
version of photonic to plasmonic energy is important for nano-optical applications, particularly
imaging and spectroscopy. Recently a new generation of photonic/plasmonic transducers has
been fabricated on top of an optical fiber combining the concepts of optical transformer and
adiabatical compression to be used as optical near field scanning probes. Those devices, called
the ‘campanile’ probes [1], have been developed that overcomes many shortcomings of previous
near-field probes by efficiently merging broadband field enhancement with bidirectional coupling
of far- to near field electromagnetic modes. Field confinement, enhancement, and polarization
near the apex of the probe are evaluated relative to local fields created by conical tapered tips
in vacuum and in tip-substrate gap mode [2]. Campanile design has similar field enhancement
and bandwidth capabilities as those of ultra-sharp metallized tips, but without the substrate and
sample restrictions inherent in the tip-surface gap mode operation often required by those tips.
We will present a physical model for coupling far-field radiation to plasmonic modes on the
surface of a scanning probe [3], and propose a scheme for extending the working distance of such
a probe. In a subsurface application, an optical transformer at the tip of a probe can be coupled
to a remote near-field antenna placed inside the sample at a distance away from the surface,
expanding the effective working distance up to 100 nm.

(a) (b)

Figure 1: (a) The effective working distance of a near-field probe can extended beyond the typical 3 nm by
placing a resonator some distance away from the apex of the OT. (b) In this configuration, the electric field
couples between the probe and the resonator establishing an efficient channel for locally exciting the sample
at the location of the resonator hotspot and collecting the resulting signal from it. OT, optical transformer.
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Quantum-dot Plasmonics

David J. Norris
Optical Materials Engineering Laboratory, ETH Zurich
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Abstract— Quantum optics involves the coupling of quantum emitters to their electromag-
netic environment. Because this coupling is related to the concentration of the optical field, it is
typically constrained by the diffraction limit of light. One way to circumvent this is by moving to
quantum plasmonics, which uses surface plasmon polaritons (SPPs) instead of photons. SPPs are
surface waves that arise from the coupling of photons to electronic oscillations. They allow light
to be concentrated well below the diffraction limit. However, despite this capability, quantum
plasmonics has not yet been thoroughly exploited. This can be attributed to challenges in fab-
ricating high-quality systems that combine robust efficient emitters with well-defined plasmonic
structures. To address this, we have recently fabricated quantum-plasmonic systems that consist
of active colloidal quantum dots precisely placed in the mode of a passive plasmonic resonance.
Since material quality is critical, we optimized both the active and passive components. For the
active part, quantum dots were synthesized with stable fluorescence quantum yields above 90%.
For the passive part, finite-element simulations were used to identify suitable structures. These
were then fabricated by combining template stripping with a cryogenic deposition process to
yield ultrasmooth silver patterns with previously unattainable performance. Countable numbers
of quantum dots were placed into the plasmonic modes of these structures with nanometer preci-
sion using an electrohydrodynamic printing technique. The result is an ideal system for exploring
fundamental physics in quantum plasmonics.
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DNA-based Functional Plasmonic Particle Assemblies

Tim Liedl
Physics, Ludwig-Maximilians-University of Munich, Munich, Germany

Abstract— We use the DNA origami method [1] for the fabrication of functional self-assembled
nanoscopic objects and materials [2]. In DNA origami, a virus-based 8 kilobase-long DNA single-
strand is folded into shape with the help of ∼ 200 synthetic oligonucleotides. The resulting DNA
nanostructures can be designed to adopt any two- and three-dimensional shape. By offering
attachment sites for active nano-components on these DNA objects, we have realized complex
and nanometer-precise assemblies of organic fluorophores as well as of fluorescent and plasmonic
nanoparticles.
With this method in hand we are able to build plasmonic metamolecules that freely float in
solution and exhibit striking optical properties such as switchable optical activity in the visible
range [3, 4]. The metamolecules can also be tethered to surfaces to be operated by external
stimuli [5]. The observed circular dichroism signals are reversible and in very good agreement
with plasmonic dipole theory.
We are currently also exploring the possibility to create defined electric and magnetic responses
at visible wavelengths with DNA-based plasmonic arrangements of sub-wavelengths sizes. By,
e.g., positioning 40 nm gold particles in rings with a diameter of 65 nm we were recently able to
observe signatures of magnetic resonances in such ring structures at the red end of the optical
spectrum [6].
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Crystal Growth Methods as a Tool for Manufacturing
Metamaterials and Plasmonic Materials
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Alessandro Belardini3, Grigore Leahu3, and C. Sibilia3
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2Centre of New Technologies University of Warsaw, ul. Banacha 2C, Warsaw 02-097, Poland

3Dipartimento di Scienze di Base e Applicate per l’Ingegneria
Sapienza Università di Roma, via A. Scarpa 14, Rome 00161, Italy

Abstract— We report on developments in fabricating nano and micro-structured volumetric
plasmonic materials and metamaterials utilizing crystal growth techniques based on directional
solidification and crystallization as the micro-pulling down method. Two types of materials
will be discussed: (i) based on directional solidification of eutectic composites [1–3], and (ii)
directional solidification of dielectrics nonchemically doped with functional nanoparticles [4, 5].
It has been shown that with self-organization mechanism during the eutectic crystallization the
various shapes pertinent to metamaterials can be obtained as the ’split-ring resonator’ geome-
try [1], rodlike structures which can be used as hyperbolic metamaterials, or for subwavlength
transmission of electromagnetic waves [2, 6, 7], eutectic-based nanoplasmonic materials have been
demonstrated for the first time [8], as well as anomalous transmission and enhanced second
harmonic generation has been demonstrated [9].
On the other hand the novel method developed by us called NanoParticles Direct Doping, NPDD,
enables doping dielectric matrices with various nanoparticles of various size, shape and chemical
composition as well as various additional elements as rare earths [3].
The developments in this field will be reported.
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Nanofabrication Approaches for Plasmonic Nanoantenna Design

Simon Dickreuter1, Emre Gürdal1, Dominik Gollmer1, Andreas Horrer1,
Dieter Kern1, and Monika Fleischer2
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2Institute for Applied Physics, Eberhard Karls University, Tuebingen, Germany

Abstract— Metallic nanoparticles are under intense investigation as optical antennas for the lo-
cal enhancement of electromagnetic fields,both in fundamental studies of light-matter interaction
and for applications such as biosensors or opto-electronic devices.
Electron beam lithography is typically the method of choice for fabricating individual antenna
shapes with high flexibility. Different approaches include standard lift-off processes as well as
etch-mask transfer into a continuous metal layer [1, 2]. By varying the geometric parameters the
plasmon resonance frequencies of the nanoantennas can be tuned over a wide range [3]. In order to
maintain the high resolution and flexibility of e-beam lithography while simultaneously increasing
the throughput of nanostructure fabrication, stamps can be patterned by e-beam lithography,
where the patterns are subsequently transferred onto a substrate by nanoimprint. For device
applications with following layer deposition it may be beneficial that the surface remains planar,
such that the nanoantennas can be embedded into the surface [4]. In an alternative approach,
nanosphere lithography can be applied for structuring larger areas in a parallel process, where
the self-assembly of polystyrene spheres allows for patterning optical antennas with hexagonal
or honeycomb order, using either mono or double layers of nanospheres as evaporation or etch
masks [5].
Moving from top-down fabricated metal antennas to the flexible approach of self-assembled metal
nanostructures, colloidal particles can be prepared in considerable quantities and purchased com-
mercially. Such size-selected metal particles exhibit clear plasmonic resonances. The resonance
properties strongly depend on the order and distribution of the nanoparticles, since coupling and
grating effects can have a strong influence. In a fully self-assembled approach, diblock copolymers
are applied to a substrate. Distinct patterns with dimensions pre-determined by the copolymer
will formunder suitable treatment. After selective removal of one of the diblock components a
surface topography emerges, which can serve as a template for ordering colloidal particles at
defined distances. In a hierarchical approach combining e-beam lithography with capillary self-
assembly of colloidal particles, oligomers containing a fixed number of colloids assemble in hole
patterns created by e-beam lithography and development. Such oligomers of nanoantennas may
provide coupling across narrow gaps, and offer antenna assemblies with distinct optical properties
depending on the plasmonic modes of the individual particles, the morphology of the oligomer,
and the respective excitation.
In this presentation different techniques, serial vs. parallel and individual vs. scalable, will be
shown in their application for the fabrication of optical nanoantennas together with the scattering,
extinction or Raman spectra of the resulting antenna structures.
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Fabrication of Three-dimensional Metamaterials

Takuo Tanaka1, 2

1RIKEN Metamaterials Laboratory and Innovative Photon Manipulation Research Team, Japan
2Tokyo Institute of Technology, Japan

Abstract— Metamaterials is man-made materials using sub-wavelength resonant structures
and have introduced a new paradigm to create unprecedented optical properties. Since the res-
onant element of metamaterial such as a split-ring resonator (SRR) is an analog of antenna and
there is no ideal antenna that has isotropic radiation properties, the optical responses of meta-
materials are inevitably anisotropic. In order to realize isotropic responses of metamaterials,
three-dimensional symmetric alignment of metamaterial elements is employed at microwave fre-
quencies, but in the optical regime, such isotropic metamaterials are still challenge due to the
limitation of three-dimensional micro/nanofabrication. To this end, we present the first experi-
mental realization of an isotropic metamaterial using fourfold-symmetric configuration of metallic
nanostructures. Mass-productive formation of the assembled stereo-structures was achieved by a
metal-stress driven self-folding method. Transmission spectrum of this three-dimensional meta-
material shows unambiguous isotropic characteristics for any lateral rotation, polarization, and
incident angle up to 40◦. The corresponding numerical simulations well re-produced the exper-
imental results, revealing that the interplay of electric and magnetic interactions of the three-
dimensional metamaterial structure plays a crucial role for the bi-anisotropic responses and it
creates effective refractive index of 0.35, which is smaller than that of vacuum, at 32.8 THz. We
anticipate our technique to be a breakthrough for introducing the concepts of metamaterials to
real-components.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 981

Three-dimensionally Structured Optical Metamaterials via
Holographic Lithography and Eutectic Solidification

Paul V. Braun
Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign

1304 West Green St., Urbana, Illinois 61801, USA

Abstract— Over the past few decades, three-dimensional structures have been widely proposed
as a path to enhance light-matter interactions in devices such as solar cells and LEDs. While
the sophistication of self and directed-assembly approaches for functional photonic structures has
increased dramatically, application of these structures has remained elusive, in part because real
structures almost always contain finite defect densities and cannot be produced from materials
with the appropriate optical properties. We have now made considerable strides in integration of
metallic and non-metallic material into ultra-low defect density three-dimensionally structured
optical materials (e.g., epitaxially grown single crystal GaAs). We accomplish this by applying
unique template-based and post-synthetic materials transformations in conjunction with powerful
computational design tools. Our materials toobox now includes metals (e.g., Al and Ag), single
crystal semiconductors (GaAs, GaP, and Cu2O), and materials with variable refractive indexes
(e.g., porous Si). We are particularly intrigued by the possibility of ultra-large volume processing
strategies for the formation of deterministically structured materials, and have found eutectic
solidification, in conjunction with a template which provides a structural driving force to limit
the defect density in the material to be quite promising. Via eutectic solidification, dielectric
structures with characteristic length scales as small at 100 nm have been formed in large volumes
of material.
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Wafer-scale 3D Nanofabrication for Sub-wavelength Nanophotonics

Peer Fischer1, 2
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Abstract— We have recently developed a fast, parallel growth method that permits the fabri-
cation of large arrays of nanostructures with control over their size, spacing and material com-
position [1]. Plasmonic metals such as silver, copper, or gold can be grown pure, or as alloys,
or in combination with other materials, such as oxides, conducting or magnetic materials. The
method allows us to grow structures that are of interest to nanophotonics at the wafer-scale
on a large range of substrates, including transparent substrates. Several hundred billion nanos-
tructures cover a wafer, where they form thin films with remarkable properties [2–4]. It is also
possible to remove the nanostructures from the substrate and suspended them in solution, where
they can form stable nanocolloidal solutions [1]. We have recently used the fabrication method
to grow chiral plasmonically-active nanohelices, as small as 90 nm with two turns, that show
record optical activities [2, 3]. Combination with magnetic materials can be used to grow hybrid
plasmonic-ferromagnetic nanohelices [4]. We have demonstrated a resolution of 10 nm in the
growth of the hybrid structures.
The growth method consists of a combination of block-copolymer micellar nanolithography
(BCML) [5] with shadow growth physical vapor deposition (GLAD) [6]. First, a substrate which
may be transparent, flexible, or (semi)conducting is patterned with an array of hexagonally close-
packed gold (Ag or Pt) nanodots by spin-coating via block-coplymer micellar nanolithography [5].
In a subsequent plasma step the organic polymer is removed and the metal salt is reduced to a
metal nanoparticle. The nanoseed are generally too small to show a plasmonic resonance (and
hence field enhancement). However, a subsequent shadow growth step (glancing angle deposi-
tion) together with substrate manipulation and cooling [1] allows us to increase the size of the
nanoseeds and to give them a 3D shape, including a helical shape. The nanoparticles’ size, mate-
rial composition and size can be tuned [1]. It is possible to grow high-density plasmonic nanodot
arrays whose size and spectral response is tuned to different regions in the UV, visible, or NIR
spectrum. Examples will be presented.
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Nanofabrication of 3 Dimensional Taper Structures for
Nanofocusing Purposes

Junlong Kou, Zheng Li, and Hyuck Choo
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Abstract— We have demonstrated experimentally a highly efficient on-chip three-dimensional
(3D) linearly tapered metal-insulator-metal (MIM) nanoplasmonic photon compressor (3D NPC)
with a final aperture size of 14× 80 nm2. An optimized and linearly tapered MIM gap plasmon
waveguide could theoretically reduce the excessive losses that would occur during nanofocusing
processes. This nanofocusing concept has existed for some time, yet researchers had difficulty in
realizing structures based on the concept because precisely fabricating the nanoscale waveguides
that taper in three dimensions had been very challenging. In simulation study, this approach
could enable nanofocusing into a 2 × 5 nm2 area with the coupling loss and maximum E2 en-
hancement of 2.5 dB and 3.0× 104, respectively. We fabricated the 3D NPC on a chip employing
electron beaminduced deposition and demonstrated its highly localized light confinement using
a twophoton photoluminescence (TPPL) technique. From the TPPL measurements, we experi-
mentally estimated an intensity enhancement of 400 within a 14×80 nm2 crosssectional area and
a coupling efficiency of −1.3 dB (or 74% transmittance).
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Extremely Long Nanochannel Arrays Realized by PnP

Junyong Park, Changui Ahn, Kisun Kim, Jerome K. Hyun, and Seokwoo Jeon
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Abstract— The realization of high resolution, large area nanopatterning has been demonstrated
from numerous methods. Above all, Proximity field nanoPatterning (PnP) is a unique three
dimensional (3D) patterning methods using optical interference from conformal phase masks that
contact directly on top of the surface of photosensitive materials. The contact allows incomparable
stability in the size of pattering area, resolution, and reproducibility. Extending the thickness
and structural degree of freedom of patterned structure are essential topics of current research
in my group. In this presentation, in-depth study of the influence of phase and diffraction on 3D
Talbot image formed from binary phase masks is explained for achieving rational design of 3D
nanopatterns, especially in the regime where the grating periodicity is close to the wavelength and
where scalar treatments fail to accurately capture the phase optics. The ability to precisely control
diffraction and interference in this regime is illustrated by tuning the grating height in the phase
mask up to values that exceed a full phase cycle. Based on these understanding, two examples
of unusual pattering will ensure the robustness of PnP. One is large area patterning of three-
dimensional (3D) nano-architectures that serve as sacrificial templates for the realization of highly
stretchable materials by infiltrating various materials, especially poly (dimethylsiloxane) (PDMS)
in this work. The 3D networked PDMS enables 62% enhancement of stretchability compared to
the constituent solid film. The 3D structural PDMS has stretched up to ∼ 225% at optimized
elastic modulus and thickness. A stretchable conductor, which contain liquid metal inside the
porous network of the 3D PDMS, show extremely high electrical conductivity of 24,100 S cm−1 at
220% strain with god cyclic properties. The other is extremely long (> cm) nanochannel arrays
(> 30 by 30,000 in cross-section) whose hole size could be well below 100 nm. Those nanochannels
can promise new applications in the field of nanofluidics and optical components in display.
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Scalability of 3D Micro-printing: Issues in Diffraction Limited
Parallel Writing
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Abstract— Direct Laser Writing, or in more modern terms three-dimensional micro printing,
has seen a tremendous development during recent years. While it took up to several ten minutes
to write one single photonic crystal roughly one decade ago [1], today many samples are fabricated
in the same time. Micro-printed three-dimensional samples range from a few cubic micrometers
to several cubic millimeters, covering more than two orders of magnitude in dimension with one
single technique, allowing for hierarchical structures to be realized. Even larger structures just
seem a matter of further increased writing speed. One possible avenue is parallelization of the
writing process by generating multiple foci using spatial light modulators [2, 3].
Along these lines we find that closely spaced features vary in size depending on the order they are
written. At first sight this is surprising as all foci are generated with same intensity and shape,
but a closer look reveals that today’s high writing speeds initiate features on a timescale smaller or
comparable to the time needed to finalize the polymerization process. This could provide us with
detailed knowledge about the different physical mechanisms driving this so-called proximity-effect
and their relative strength.
We present simultaneous multi-foci exposures to study photoresist-specific polymerization pro-
cesses. We generate different focus patterns, allowing to precisely tuning timing and spacing
between different features. These patterns are calculated such that different physical mechanisms
leading to the proximity-effect may be separated and characterized in their time and spatial de-
pendence. Numerical modeling of the processes shows good agreement with our experimental
observations.
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Formulating Nanostructures to More Scalable and Functional
Architectures via Assembling Hierarchical Hybrids and Adopting

Continuous Nanomanufacturing Methods
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Abstract— Recently there has been increasing interest in micro- and nano-scale materials,
structures, and phenomena from both academia and industry. Many diverse fields including
optoelectronics, photonics, bioengineering, and energy conversion have all shown significant in-
creases in utilization of, and demand for, micro/nano-scale features. To meet this demand, more
scalable, practical, and efficient methodologies for small-scale architecturing are called for. This
talk will discuss these issues while focusing on two main topics: (1) how complementary micro-
and nanoscale structures and materials can be hierarchically assembled into more functional hy-
brid architectures; and (2) how these nanoarchitectures can be engineered in a continuous manner
towards commercially-feasible scales.
In part one of this talk, carbon nanotubes, graphene, and metal oxide nanowires (NWs) will be
considered as small-scale building blocks. Assembling these complementary functional compo-
nents, three-dimensional (3D) hybrid nanoarchitectures comprising ZnO and VOx NWs hierar-
chically integrated with CNT constructs will be demonstrated for advanced energy applications
based on photonic and electrochemical conversion.
In the second part, a series of continuous and high-throughput micro/nano-manufacturing tech-
niques will be presented based around roll-to-roll (R2R) lithography as well as seamless and
template-free nanopatterning, along with direct photonic applications. R2R nanoimprint lithog-
raphy (R2R NIL) and Photo Roll Lithography (PRL) will exhibit the scalable nanofabrication of
various sub-wavelength-scale features by combining NIL and photolithography with continuous
rolling principle. Further, the seamless nanopatterning enabled by continuous inscribing of a
cleaved grating mold edge on a polymer substrate will be demonstrated, which will be followed
by the template-free nanopattering via vibrational indentation of a simple flat edge over a softer
substrate.
Moving forward, we will discuss how nanomaterials/nanostructures and nanopatterning method-
ologies can be mingled with each other towards more scalable and multidimensional nanoar-
chitectures. For instance, the mechanically-rolled 2D CNT sheets will be introduced for direct
fabrication of NW/CNT hybrid thin-film devices. Then we will demonstrate PRL-fabricated
metal mesh patterns can be incorporated to the transparent graphene films for flexible nanoelec-
tronics. It will also be presented various 2D micro/nanopatterns can be continuously fabricated
by sequential 1D patterning strokes enabled by nanoinscribing and vibrational indentation.
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High-contrast Sensing Using Hyperbolic Metamaterials and
Plasmonic Cavity Resonators

H. J. Lezec1, T. Xu1, 2, A. K. Agrawal1, 2, and W. Zhu1, 2

1Center for Nanoscale Science and Technology
National Institute of Standards and Technology, Gaithersburg, MD, USA
2Maryland Nanocenter, University of Maryland, College Park, MD, USA

Abstract— Hyperbolic metamaterials, a class of artificially engineered materials with a highly
anisotropic permittivity response originating from opposite signs of the principal components
of the electric tensor, have attracted significant interest in recent years due to their ability to
manipulate the propagation light in exotic ways [1]. Such materials enable distinctive optical
phenomena such as negative refraction, super-resolution imaging, and enhanced spontaneous
emission.
Here we exploit the hyperbolic iso-frequency characteristic of a planar type-II HMM (composed
of a template-stripped [2] stack of alternating, 25-nm-thick, sputtered films of Ag and SiO2) to
achieve high-sensitivity proximity detection of nanoparticles in transmission. The iso-frequency
surface of the HMM is unique in that propagation of light over the entire visible-range is allowed
only for electromagnetic modes having tangential spatial frequencies kx exceeding the free-space
wavevector k0 by over a factor of two [3, 4]. Due to its high sensitivity to nanoparticles in
deep-subwavelength proximity to a surface, achieved without the use of dark-field optics, this
HMM-based device hints at promising applications in bio-chemical sensing, particle tracking and
contamination analysis.
High-contrast refractive-index-change sensors consisting of ultra-high quality factor open-cavity
resonators for surface-plasmon polaritons will also be discussed. The resonator structures, fabri-
cated using a combination of template stripping [2] and focused-ion-beam milling, are designed to
overcome the intrinsically short plasmon lifetimes which typically limit the sensing performance
of plasmonic systems strongly coupled to free space, such as sub-wavelength hole arrays in metal
films.
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Fabrication of a Nanoscale Plasmonic Fishnet Structure for the
Enhancement of Absorption in Thin Film Solar Cells

Sayan Seal, Vinay Budhraja, Liming Ji, and Vasundara V. Varadan
Department of Electrical Engineering, University of Arkansas, USA

Abstract— Incorporating plasmonic structures in the back spacer layer of thin film solar cells
(TFSC’s) is an efficient way to increase the yield. The incoming light is scattered into the
absorber layer and light is also trapped by total internal reflection from the top of the absorber
layer. This light trapping results in increased efficiency and hence we can extract more power
from the cell. The plasmonic fishnet structure is one such geometry using which this effect can
be realized. Numerical simulations have shown the ability of these structures to bring about an
enhancement in the short circuit current density of TFSCs. The fishnet should be designed to
operate at wavelengths near the band gap of amorphous silicon, which is the absorber material
in the TFSC. At these wavelengths, the absorption of light in amorphous Si is extremely low.
We show that light absorption in the a-Si absorber layer is enhanced by a factor of 10.6 at
the design wavelength of 690 nm due to the presence of the fishnet structure. Furthermore, the
total absorption over all wavelengths was increased by a factor of 3.2. The short circuit current
densityof the TFSC was increased by 30% as a result of including the fishnet. No deterioration
at lower wavelengths occurred unlike what happens with plasmonic particulate structures.
This paper presents the fabrication process of the fishnet structure. A fishnet structure made of
silver was fabricated using a combination of electron beam lithography and thermal evaporation.
A complete TFSC was fabricated using PECVD to deposit a-Si on the fishnet structure. In effect,
the fishnet was placed in the back spacer layer preventing shadowing effects. The final structure
optically resembled a TFSC in all respects except that there were no doped layers. The fishnet
structure is essentially a mesh of linewidth 100 nm, and a thickness of 20 nm. The process for
fabricating such a fine structure is challenging, especially if a repeatable process is desired. The
adhesion of this structure to the substrate is also a matter of concern since there is more processing
that follows the fabrication of the fishnet. The procedures leading up to the establishment of a
repeatable process for the fabrication of the fishnet structure will be presented. The designed
solar cell was optically characterized using spectroscopic ellipsometry. The measured results were
in agreement with those predicted by full wave electromagnetic simulations.
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Magneto-optics with Light Carrying Orbital Angular Momentum

Thomas Bose1, Roy W. Chantrell1, and Jamal Berakdar2

1University of York, York, UK
2Martin-Luther-University, Halle, Germany

Abstract— The design and fabrication of ever smaller and faster magnetic devices for data
storage, sensorics and information processing necessitates the development of efficient tools to
control the dynamic behavior of the magnetization. In particular, femtosecond laser-induced
magnetic excitations, originating in thermal and non-thermal effects, were demonstrated for
magnetic systems [1, 2]. A key element in the underlying mechanism in this case is the material
spin-orbit interaction that facilitates the coupling of the electric field component of the laser to
the magnetic degrees of freedom of the material under study. A more general approach is to
structure the laser beam. For this purpose we demonstrate here the potential of optical vortices,
i.e., laser beams designed as to carry transferrable orbital angular momentum (OAM) in addition
to the light polarization (associated with the photon spin) [3–5].
We predict a non-thermal magneto-optical effect for magnetic insulators subject to intense light
carrying orbital angular momentum (OAM) [6]. Using a classical approach to second harmonic
generation in non-linear media with specific symmetry properties we find a significant nonlinear
contribution to the local magnetic field triggered by light with OAM. The resulting magnetic
field originates from the displacement of electrons driven by the electric field (with amplitude
E0) of the spatially inhomogeneous optical pulse, modeled here as a Laguerre-Gaussian beam
carrying OAM. In particular, the symmetry properties of the irradiated magnet allow for magnetic
field responses which are second-order (∼ E2

0) and fourth-order (∼ E4
0) in electric-field strength

and have opposite signs. For sufficiently high laser intensities, the terms ∼ E4
0 dominate and

generate magnetic field strengths which can be as large as several Tesla. Moreover, changing the
OAM of the laser beam is shown to determine the direction of the total light-induced magnetic
field, which is further utilized to study theoretically the non-thermally induced magnetization
dynamics. Pump-probe experiments [2] may be used to verify the effect.
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Illumination of Optical Vortices Forms Chiral Nanostructures

Takashige Omatsu
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Abstract— Optical vortices, e.g., the Laguerre-Gaussian modes, have been widely investigated
in various fields, such as optical telecommunications, and super resolution microscopes, because
they have unique properties, such as annular intensity profiles due to a phase singularity. They
also carry an orbital angular momentum characterized by an integer (a topological charge) due
to the helical wavefronts and a spin angular momentum associated with a helical electric field.
Their orbital and spin angular momenta, causing orbital motion of submicron particles in optical
tweezers, will have the potential to control the dynamics of compositional elements (a melted
matter or a vaporized matter) produced by irradiation of laser pulses. However, there is no
reports concerning the angular momentum effects of optical vortices on the laser ablation, so far.
In recent years, we and our co-workers have found that the optical vortices enable us to twist an
irradiated material through an ablation process, so as to form chiral nanostructures. The resulting
nanostructures show the chilarity (twisted direction) determined by the sign (handedness) of the
the optical vortices. Such chiral nanostructures will have the potential to open the door to a
variety of research opportunities, such as micro-electro mechanical systems, planar metamaterials,
chiral selective nanoscale imaging systems and chemical reactions on plasmonic nanostructures.
In this paper, we present the state of art of the chiral nanostructures fabrication based on
illumination of the optical vortices. The chiral metal nanoneedles with a twisted conical surface
had a minimum tip curvature of < 40 nm (< 1/25 of the laser wavelength (1064 nm)).
Such chiral metal nanoneedle formation can be understood as follows. The metal melted by
irradiation of the optical vortex pulse then receives the total angular momentum from the optical
vortices, to rotate azimuthally around the dark core of the optical vortices. Subsequently, the
melted metal is directed and confined in the dark core (stable equilibrium position) by the optical
scattering force, so as to establish the chiral nanostructures.
We also address chiral azo-polymeric materials formed by the illumination of green optical vor-
tices. The irradiation of a green optical vortex makes the softer cis azo-polymer arising from
trans-cis photo-isomerization of the azo-polymer. Subsequently, the cis azo-polymer is forced
to revolve in a clockwise (or counter-clockwise) direction owing to the total angular momentum
transfer, and it is directed toward the dark core of the optical vortices owing to the mass transport
driving force, resulting in the chiral surface relief formation.
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Highly Efficient Torque Extraction from Light Using a Bilayer
Structure

Xiao Li1, Jun Chen1, 2, Liyong Cui1, Neng Wang1, 3, Zhifang Lin4, and Jack Ng1, 5

1Department of Physics, Hong Kong Baptist University, Hong Kong, China
2Department of Physics, Shanxi University, Shanxi, China

3Department of Physics, Fudan University, Shanghai 200433, China
4State Key Laboratory Surface Physics (SKLSP), Department of Physics

Fudan University, Shanghai 200433, China
5Institute of Computational and Theoretical Studies

Hong Kong Baptist University, Kowloon Tong, Hong Kong, China

Abstract— Angular momentum transfers between light and material object induces optical
torque. In 1936, Beth measured the optical torque acting on a centimeter sized birefringent plate
using circularly polarized light. Here, we showed that a pair of parallel birefringent slabs not only
preserve the magnitude of the torque and the broadband nature of the birefringence, but also
shows up novel effects that a single plate can never achieve. Examples include, but not limited
to, a large torque beyond the limit of a single plate, controllable counter or parallel rotation of
the two plates, and a high torque extraction rate from light.
To zeroth order, the plates convert the polarization of the light, and receiving a torque in response.
Multiple scattering between the plates further opens up additional possibilities. We optimize and
engineer the structure for better torque extraction by introducing a dielectric (e.g., oil) between
the plates (to enhance counter rotation), fine tuning the light frequency, and using different
birefringent refractive indices (to enhance the torque).
We then turn our attention to bilayer plasmonic particle clusters. In addition to the functionalities
stated above, the hybridized modes of the plasmonic particles enabled strong counter rotation
that is an order of magnitude stronger than the single layer torque. Another disadvantage of
a single resonance plasmonic structure is its reliance on large extinction cross section, which
requires the particle to be isolated. In contrast, the bilayer structures allows strong torque with
high torque per unit extinction cross section, allowing a very high efficiency in torque extraction
from light.
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Angular Momentum
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Abstract— Light beams carrying an isolated point singularity with a screw-type phase distri-
bution are called an optical vortex (OV). The fact that in free space the Poynting vector of the
beam gives the momentum flow leads to an orbital angular momentum (OAM) of the photons in
such a singular beam, independent on the spin angular momentun [1] There are many applica-
tions of optical OAM shown in literature that would benefit from the availability of optical vortex
beams in all spectral regions. For example it was shown that transitions forbidden by selection
rules in dipole approximation appear allowed when using photons with the additional degree of
freedom of optical OAM [2]. However, the common techniques of producing new light frequencies
by nonlinear optical processes seem problematic in conserving the optical vortex when the non-
linearity becomes large. We show that with the extremely nonlinear process of High Harmonic
Generation (HHG) it is possible to transfer OVs from the near-infrared to the extreme ultraviolet
(XUV) [3] at wavelengths down to ∼ 30 nm. The observed XUV light was examined spatially
and spectrally. The spatial profile showed the expected singular behavior, a dark region in the
centre. A phase feature that showed a shift of π on opposing sides of the beam profile was found
with a wavefront splitting technique. A screw-like phase evolution around the profile was also
verified by employing a Hartmann type measurement. The generated spectrum revealed that
in all Harmonic orders an OV was present. The profile however looked the same in all orders,
indicating identical topological charge, which runs counterintuitive to the assumption that the
phase of exp(−ilϕ) is multiplied by the order of the nonlinearity.
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Space-time Mapping of Variable Vortex Pulses

Martin Bock, Thomas Elsaesser, and Ruediger Grunwald
Max-Born-Institute for Nonlinear Optics and Short-Pulse Spectroscopy, Germany

Abstract— The adaptive generation and diagnostics of ultrashort coherent light pulses car-
rying an extrinsic orbital angular momentum enables to exploit specific degrees of freedom for
applications like plasmonics, communication or materials processing. We report on recent exper-
iments in which few-cycle vortex pulses were simultaneously shaped and detected by a tandem of
sequentially arranged liquid-crystal-on-silicon (LCoS) spatial light modulators (SLMs) [1]. The
pulses to be shaped were emitted by a Ti : sapphire laser oscillator. Because of the significant
coupling between spatial and temporal features, the pulse characterization in few-cycle range is
non-trivial and requires a resolution in time and space. In the shaping part of the setup, variable
phase patterns like single or arrayed spiral phase plates are programmed into the phase map of a
HoloEye SLM. The detection part works as a second order wavefront autocorrelator. It combines
(i) the spatial resolution and robustness of a reconfigurable, SLM-based Shack-Hartmann sensor
with programmable axicons, (ii) the high time-resolution of a Michelson interferometer, (iii) a
nonlinear conversion in a thin (10 µm) BBO crystal, and (iv) the high quantum efficiency of an
EMCCD camera. The detailed analysis of the twisted Shack-Hartmann patterns reveals the vor-
tex structure and indicates the tunable topological charge. Together with the spatially resolved
nonlinear autocorrelation, one obtains also the relative pulse front travel time map. The results
enable to reconsider the concepts of optical propagation for vortex pulses and related types of
structured beams.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 995

Generation of Twisted Light via Metallic Nanospirals
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Abstract— Light can carry an orbital angular momentum (OAM). Light with OAM exhibits
a corkscrew-like rotation of the maximum of the electric field around the axis of propagation.
Therefore, such light is also called twisted light. Twisted light has been suggested for a number
of applications, e.g., for optical tweezers to trap and rotate microparticles, atoms, molecules, and
Bose-Einstein-condensates, for light-control of magnetic fields as well as for novel approaches for
photovoltaics. The amount of OAM is experimentally tunable. Hence, the use of twisted light
is particularly interesting for strongly enhanced data transmission rates. Light beams carrying
no OAM are commonly converted into twisted light beams by either a macroscopic spiral phase
plate, a holographic grating, a spatial light modulator, or by mode conversion inside a laser
resonator. It was shown recently that twisted light can transfer its OAM to metal surfaces
and transform planar metal surfaces into chiral nano needles. In this work, we numerically and
theoretically investigate the reverse problem: Can a chiral metallic structure, such as a metal
spiral that has feature sizes in the range of the wavelength, transform plane waves into structured
light beams carrying OAM? We show that light reflected by small metal spirals indeed carries
OAM provided that the geometrical properties of the spiral, such as height to wavelength ratio,
or spiral turns per wavelength, are properly adjusted. Furthermore, we discuss the robustness
of our suggested system, e.g., with regard to the angle of incidence, spiral size, and generated
beam size and divergence. These finding are important in so far, as they suggests a new route to
transfer locally and temporally angular momentum, e.g., by depositing the metal nanospiral on
the tip of a scanning tunneling microscope which is irradiated by a Gaussian laser beam. Such a
device offers qualitatively new possibilities to explore the local dynamics of spin and/or orbitally
ordered matter.
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Nonlinear Vortex Light Beams Resistant to Dissipation

Miguel A. Porras1 and Carlos Ruiz-Jiménez2
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Abstract— The research on light beams carrying orbital angular momentum, and in particular
those with screw topological wave front dislocations or vortices, was initially focused on Laguerre-
Gauss beams, but quickly spread to other vortex beams, many of them endowed by the property
of being non-diffracting, as high-order Bessel beams in the linear regime of propagation, vortex
solitons in transparent nonlinear media, and dissipative solitons in media with gain and losses.
In this work we describe a novel class of vortex beams that we have called nonlinear vortex Bessel
beams with the unique feature that can propagate without any change, including any attenuation,
while continuously dissipating energy and orbital angular momentum in the host medium via
multiphoton absorption. This “self-healing” property makes these beams particularly attractive
in applications requiring optical pumping of angular momentum. Nonlinear vortex Bessel beams
are easily generated in practice from standard axicon-generated high-order Bessel beams. Recent
studies in the highly nonlinear regime indicate that they are also involved in a new type of
light filamentation with tubular geometry. Contrary to many vortex solitons, nonlinear vortex
Bessel beams do not require Kerr-type nonlinearities to exist, but only nonlinear absorption, and
therefore are not affected by Kerr-induced instabilities.
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Controlling Atomic Transparency with Structured Light
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Abstract— Electromagnetically induced transparency (EIT) is a curious but well-established
effect that can drastically change the optical response of an atomic medium. Atoms can become
transparent to a resonant probe laser if they are simultaneously exposed to a suitable control
light beam. Here we show that the opacity of atoms can vary across the beam profile, dictated by
the local phase and polarisation of the light [1]. We use a single probe beam with an azimuthally
varying polarisation and phase structure, generated by a q-plate [2]. Its right and left polarisation
components, which carry opposite orbital angular momenta, provide the probe and control beam
for the EIT transition. We measure the transmission of our structured light beam through cold
rubidium atoms and observe an azimuthal variation of the absorption profile, with alternating
regions of transparency and opacity.
Conventional EIT systems do not exhibit phase sensitivity. We show, however, that a weak trans-
verse magnetic field closes the EIT transitions, thereby generating phase dependent dark states [3]
which in turn lead to phase dependent transparency, in agreement with our measurements.
Tailored spatial atomic dark states could provide a potentially robust storage mechanism, offering
an alternative to coherence based quantum memories [4].
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Abstract— The paper studies the spontaneous formation of square optical vortex lattice (SVL)
in broad-area lasers theoretically. The possible motion of vortices is also studied. The nonlinear
interaction of numerous transverse modes in broad-area lasers can lead to the spontaneous forma-
tion of complex spatiotemporal optical structures including the SVL. The SVL is experimentally
observed in the Nd:YVO4 laser, in a broad-area CO2 laser operating at a single longitudinal
mode, in the solid-state laser with optical pumping on a chip LiNdP4O12, in a Na2 laser, in the
vertical cavity surface emitting laser.
We studied the formation of SVL both analytically and numerically using the full Maxwell-Bloch
model:

dE/dt=σ (P−E)+ia∆E; dP/dt=− (1+iδ) P +DE; dD/dt=−γ[D−r+0.5 (E∗P +EP ∗)], (1)

where ∆ is the transverse two-dimensional Laplace operator, E, P are, respectively, the dimen-
sionless electric field and polarization amplitudes, D is the dimensionless population inversion.
σ, γ are the dimensionless electric field and inversion decay rates, respectively, r is the pump
parameter, δ is the detuning.
In case δ > 0, we have shown analytically that the SVL is solution of the full Maxwell-Bloch
model. Also, the SVL solution was found numerically (Fig. 1). For numerical simulation of
Equation (1), we used the split step Fourier method. Random initial conditions were used. A
distance between neighbor vortices was calculated analytically: d = π

√
a/δ. This value is in a

good agreement with our numerical results.

(a) (b)

Figure 1: Stationary square vortex lattice: (a) Intensity distribution and (b) phase distribution.

By increasing the pump parameter r, the SVL becomes unstable. Each vortex oscillates around
the steady state. The frequency of vortex oscillations is calculated analytically: ω = δ/(σ + 1).
This value is in a good agreement with our numerical results.
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Superpositions of Three-dimensional Diffraction-free Asymmetrical
Bessel Beams
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Abstract— We considered physical properties of superpositions of the diffraction-free asym-
metrical Bessel beams. These beams differ from a conventional symmetrical Bessel beams by
arbitrary complex shifts along both the Cartesian coordinates. The intensity distribution of the
asymmetrical Bessel beam has a form of a crescent. We derived an equation, which allows to
obtain from the values of the complex shifts the position of the n-fold phase singularity of the
beam (n is the topological charge, the order of the Bessel function), as well as orientation angle
of the crescent on the diffraction pattern.
Using representation of the complex amplitude via the angular spectrum of plane waves, a general
analytical expression was derived for the orbital angular momentum (OAM) of the superposition
of a finite number of the asymmetrical Bessel beams, each of them having its own complex shifts
along the Cartesian coordinates (although the topological charge of the beams in superposition
supposed to be the same).
Using the obtained expression for the OAM, we proved that the beam, composed of arbitrary
number of the same-order symmetrical Bessel beams located at the arbitrary points in space, has
the OAM equal to the topological charge of each beam.
Using the same equation, we considered the OAM of the beams composed of three or four
asymmetrical Bessel beams located at the vertices of the equilateral triangle (triple beams) or
the square (quadruple beams). For triple beams, we obtained a closed-form expression for the
OAM without any integrals and series. For both triple and quadruple beams, we obtained the
condition when the OAM is equal to the topological charge of each constituent beam (like is the
case for the conventional Bessel beams). For example, we calculated the intensity distribution
of quadruple beams with their pattern composed of the light square instead of the circle. Such
beam consists of four 5-order Bessel beams and the OAM of the superposition is also equal to 5.
We also showed that the diffraction pattern of a superposition of the infinite number of the
symmetrical Bessel beams with their centers located on a circle coincides with the diffraction
pattern of one Bessel beam located at the center of the circle.
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Metasurface Optical Antireflection Coating

Boyang Zhang1, Joshua Hendrickson2, Nima Nader2, 3, Hou-Tong Chen4, and Junpeng Guo1

1Department of Electrical and Computer Engineering, University of Alabama in Huntsville
Huntsville, Alabama 35899, USA

2Sensors Directorate, US Air Force Research Laboratory
Wright Patterson AFB, Ohio 45433, USA

3Solid State Scientific Corporation, Nashua, New Hampshire 03060, USA
4Center for Integrated Nanotechnologies, Los Alamos National Laboratory

Los Alamos, New Mexico 87545, USA

Abstract— Light reflection at the boundary of two different media is one of the fundamen-
tal phenomena in optics, and optical antireflection is desirable in many optical systems such as
cameras, telescopes, displays, and solar cells. Traditionally, optical antireflection has been accom-
plished using single- or multiple-layer dielectric films and graded index surface relief structures.
However, these approaches either impose strict requirements on the refractive index matching or
involve complicated fabrication processes that are difficulty for device integration. Here we report
a demonstration of a new strategy of antireflection coating employing metasurfaces with designer
surface optical properties in the mid-wave infrared. Our results show that the metasurface antire-
flection coating can completely eliminate optical reflection and enhance light transmission over a
broad spectral bandand a wide range of incidence angle.
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Structured Conductive Zinc Oxide for Mid-IR Perfect Light
Trapping

Joshua R. Hendrickson1, Shivashankar R. Vangala1, 2, Nima Nader1, 2,
Kevin D. Leedy1, Junpeng Guo3, and Justin W. Cleary1

1Air Force Research Laboratory, Sensors Directorate, Wright Patterson AFB, OH 45433, USA
2Solid State Scientific Corporation, Nashua, NH 03060, USA

3Department of Electrical and Computer Engineering
University of Alabama in Huntsville, Huntsville, AL 35899, USA

Abstract— Plasmonic assisted mid-infrared (MIR) light trapping using 1D grating microstruc-
tures patterned in gallium doped ZnO films is investigated. The resonant absorption due to the
excitation of surface plasmon polaritons in the highly conductive ZnO film can be controlled with
a proper choice of grating period and film thickness. Lumerical finite-difference time-domain
(FDTD) simulations show resonant modes resulting in close to 100% light trapping observed as
reflection dips in the 4–8 µm wavelength regime. Experimental demonstrations of the perfect
trapping is accomplished using a 1.3 µm thick Ga doped ZnO film deposited on high resistivity
Si substrate by pulsed laser deposition. The achieved film was nominally Zn0.974Ga0.026O with
a doping level of ∼ 1021 cm−3 as determined by IR ellipsometry. The 1D grating structures of
different periods are fabricated using standard photolithography followed by reactive ion etching.
When comparing experimental resonant reflection dips with FDTD simulations, unanticipated
low-wavelength roll-offs where found. Films that had undergone the etch processing where again
characterized via IR ellipsometry and notably showed a decreasingly negative permittivity ver-
sus the un-etched counterpart. Analysis via further simulations shows the etch has the effect of
making a thin layer on top of the structure less metallic which is likely due to a local annealing
process. Incorporating a thin layer over the entire structure in the simulation using the less
metallic optical constants then gives a good qualitative fit to experimental light trapping reso-
nances. By tuning the grating parameters these perfect light trapping device structures could
easily be extended to the long wavelength IR in the range of 8 to 12 microns. Such structures
have potential uses in IR sensing and filter applications.
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Broadband Metamaterial Absorber Based on Multiple Resonances
of Fundamental and Second Harmonics

Chang Long, Sheng Yin, Wei Li, Wei Wang, and Jianguo Guan
State Key Laboratory of Advanced Technology for Materials Synthesis and Processing

Wuhan University of Technology, Wuhan 430070, China

Abstract— Metamaterial absorbers (MMAs) may show perfect absorption and adjustable ab-
sorption frequency from microwave to visible light band by simply tuning the parameters of the
artificial structured unit cells. However, the absorption bandwidth is usually so narrow that the
practical applications are strongly limited.
In this work, we design an ultra-broadband, thin-thickness metamaterial absorber by alternatively
assembling two different sized quadrangular frustum pyramids containing multiplexed resonance
cavities in a backplane metal. Unlike the traditional methods that simply mix resonances by
horizontal or vertical integration [1, 2], we make full use of both fundamental (TE/M10) and
second order harmonics (TE/M21) of the structure. The modes of the resonance are verified by
square waveguide theory [3] and simulated electromagnetic field distribution. By arranging big
pyramids in the “white blank” of the chessboard, TE/M21 modes are enhanced because of the
unevenness of the units. Meanwhile, TE/M10 modes remain the same though the other half of
the chessboard are empty. So dual-band absorption are obtained. The gap of the two bands is
connected by the TE/M10 modes of the small pyramids and a broadband absorption are acquired
when they are arranged in the “black blank” of the chessboard.
Above all, the fundamental and second order harmonics of the multiplexed resonance cavities
are both excited in this design, so that the MMA shows ≥ 90% absorption in the whole 6.8–
18GHz range, triple bandwidth of that based on the single sized counterpart at the same total
thickness (h) of 4.36 mm. Though the MMA are not strictly symmetrical, it is still insensitive to
the polarization. The as-proposed design idea is flexible, and can be manipulated to meet the
absorbing requirements in other frequency by simply changing the characteristic dimension of
the MMAs. The design strategy provides a novel route to exponentially extend the absorption
bandwidth of MMAs without increasing h.
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Thin Film Dielectric Gradient Optical Structures for Space
Photonics

O. Volpian1, A. Kuzmichev2, G. Ermakov1, Yu. Obod1, N. Silin3, and S. Shkatula1

1Scientific-Manufacturing Enterprise “Fotron-Auto Ltd.”, Moscow, Russia
2National Technical University “Kiev Polytechnical Institute”, Kiev, Ukraine

3Far Eastern Federal University, Vladivostok, Russia

Abstract— Optical devices and photonics, in general, play an important role in space and
aviation technology. The basis for many devices is layered interference systems and huge challenge
is to ensure resistance and spectral characteristics stability of the interference systems against
action of the cosmic environment factors, including intermittent high-intensity heating and deep
cooling, and of the factors related to the functioning of spacecraft (in particular, laser radiation
with high power density (W > 109 W/cm2 and plasma). Authors’ experience in the design and
manufacture of precision optical coatings and lasers shows that these problems can be solved by
use of gradient optical structures instead of the conventional multilayer interference systems with
an abrupt change in the refractive index at the boundaries of each layer.
Design, technological aspects and test results of gradient optical coatings for space and aviation
photonics are considered in the contribution. The magnetron sputtering facilities for deposition
of the dielectric coatings with gradient/nanogradient of refraction index gradz n(z) along light
direction z has been designed and built. The sputtering unit contains two magnetrons with
metal sputtered targets. The programmable movement of substrates over the magnetrons allows
obtaining the desired composition variation and refraction index profile of coating material along
z. The pulse mid-frequency mode of magnetron discharge provides stable deposition process in
reactive gas medium (Ar + O2 is used). An oxygen activator is used for better oxygenation of
the deposited material. The special facilities for testing the manufactured optical structures in
situ also has been designed and built. The gradient structures with different refraction index
profile (simple “one-periodical”, multi-periodical, rugate-like, with apodization, etc.) with excel-
lent properties, including gradient optical metamaterials [1] for devices based on transformation
optics, have been produced.
The experiments showed the gradient and nanogradient refraction index profiles provide wide-
band or narrow-band and wide-angle working spectral characteristics (antireflective and others)
in the visible and near IR field of the full-dielectric low-loss coatings and their stability against
high-power laser radiation, thermal, mechanical and space environmental factors. Thus, the
perspectives of pulse magnetron sputtering technology of gradient optical structures for space
photonics are confirmed.
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Harnessing the Nano-optics of Silicon and Germanium Nanowires
for Color and Multispectral Imaging

Kenneth B. Crozier
The University of Melbourne, Australia

Abstract— Given the considerable interest that has existed for nanowires lately, it is surprising
how little attention has been generally paid to dramatic influence that waveguide and resonance
phenomena can have upon their optical properties. The presentation reviewer recent work by the
author and his research group on the optical properties of silicon and germanium nanowires, and
there use for imaging applications. We demonstrate that vertical silicon nanowires take on a sur-
prising variety if colors covering the entire visible spectrum, in marked contrast to the gray color
of bulk silicon [1]. We demonstrate that embedding silicon nanowires into polydimethylsiloxane
(PDMS) presents a means for adding color, i.e., provides filtering at visible and near-infrared
wavelengths [2]. We report the demonstration of a compact multispectral imaging system that
uses vertical silicon nanowires to realize a filter array [3]. We fabricate pixels consisting of vertical
silicon nanowires with integrated photodetectors, demonstrate that their spectral sensitives are
governed by nanowire radius, and perform color imaging [4]. We demonstrate the fabrication of
arrays of vertical Ge nanowires with different diameters [5]. Measured reflection spectra show
dip features for which electromagnetic simulations predict enhanced absorption.
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Semiconductor Nanowires: New Opportunities for Light Trapping
and Surface Enhanced Raman Scattering

I. Alessandri
INSTM and Chemistry for Technologies Laboratory, Mechanical and Industrial Engineering Department

University of Brescia, via Branze, 38, Brescia 25123, Italy

Abstract— Raman microspectroscopy gives access to key information for detection and analysis
of several chemical species, including environmental pollutants, explosives, drugs and biomolecules.
However, the very low Raman cross-section of most of the analytes asks for a strong intensifica-
tion of the local electromagnetic field (Surface Enhanced Raman Scattering, SERS) to improve
sensitivity and detection capabilities. This goal is typically achieved by exploiting surface plas-
mon resonances of coinage metals (Au, Ag, Cu and, more recently, Al) in form of nanoparticles
or nanostructures. However, in most of the cases, this approach is affected by low reproducibility,
owing to the strong perturbation of the local environment of the systems under analysis.
On the other hand, SERS in semiconductor-based nanostructures is an attractive alternative to
conventional, metal-assisted SERS active materials [1, 2]. In particular, semiconductor nanowires
(NWs) allow for efficient light trapping and stimulation of morphology-dependent optical reso-
nances. Thanks to these optical resonances, surface evanescent fields can be exploited to achieve
enhanced Raman sensitivity with low invasiveness [3, 4].
This talk will be organized in two parts. First,we will discuss the Raman response of chemically-
etched Si NWs, which are usually investigated as antireflective substrates for solar cells or artificial
leaves. The influence of morphology on light trapping and, as a consequence, Raman scattering,
will be evaluated over both the substrate itself (self-diagnostics) and detection of molecular species
(organic molecules) and thin films (TiO2). In the case of thin films, the formation of Si/TiO2

core/shell heterostructures allows for a direct experimental evaluation of the spatial extension of
the local near-field, suggesting the intriguing possibility to probe analytes over a long range [5].
In the second part we will give some examples of recyclable Raman substrates based on semi-
conductor nanorods and nanowires. Here the photocatalytic activity of the semiconductors is
exploited to remove the analytes after each measurement, allowing reuse of the same chip for
multiple cycles. The coupling with plamonic nanoparticles will be also discussed [6].
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Nanophotonics in III-V Nanowire Arrays

Nicklas Anttu
Division of Solid State Physics and the Nanometer Structure Consortium (nmC@LU)

Lund University, Box 118, Lund S-22100, Sweden

Abstract— We have studied how light interacts with arrays of vertical nanowires made of
the optoelectronically important III-V materials. Our combined theoretical and experimental
investigations [1–7] have yielded guidelines for efficient light-management in these arrays. With
proper tuning of the nanowire geometry, the absorption per volume semiconductor material can
be 20 times higher than in a planar geometry [1]. At the same time, the arrays show low reflection
losses, thus combining anti-reflection properties with light-trapping to enhance the absorption.
Based on these guidelines, we have fabricated solar cells of InP nanowires [2]. These arrays show
an efficiency of 13.8% under the AM1.5 solar spectrum illumination and convert more than 70%
of above-bandgap photons into electric current, despite covering only 12% of the surface. Finally,
we have shown through electromagnetic modelling that the Shockley-Queisser efficiency limit for
an optimized nanowire array solar cell is higher than for a conventional, planar solar cell [8].
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Strain Engineering in GaN Nanowires and Applications in Photonics

Chu-Hsiang Teng1, Lei Zhang2, Brandon Demory1, Tyler Hill2, Hui Deng2, and P. C. Ku1

1Department of Electrical Engineering and Computer Science
University of Michigan, Ann Arbor, Michigan 48109, USA

2Department of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA

Abstract— Gallium nitride (GaN) and its related alloys are technologically important for
applications in short-wavelength LEDs, lasers, photodetectors, and power electronics. GaN is a
piezoelectric material. As a result, when it is strained, a strong built-in electric field is generated
which has profound impacts on its applications in LEDs and lasers. In these devices, strained
InGaN heterostructures are routinely employed as the light-emitting active region. The strain
induced built-in electric field can significantly lower the emitter efficiency, cause efficiency droop
and undesirable wavelength drift. Nanowires can effectively relax the strain and nanowire LEDs
have attracted substantial interests in recent years. In this work, we showed that by controlling
and engineering the strain in GaN nanowires via a top-down fabrication scheme, not only can one
realize benefits arised from strain relaxation, new degrees of control can be obtained which have
potential applications for display, communication, and sensing. In this talk, I will discuss two
of these applications: (1) on-demand single photon sources with highly pure and programmable
polarization states; (2) monolithically integrated multi-color light emitter chips.
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From Subband Structure to Single Electron Devices in
Semiconductor Nanowires

Jonathan Baugh and Gregory Holloway
University of Waterloo, ON, Canada

Abstract— Controlling the electronic transport properties of semiconductor nanowires can
benefit technologies ranging from optoelectronic sensors to spin-based quantum information pro-
cessing. We investigate the subband structure of InAs nanowires due to radial confinement,
exploiting the coupling of orbital angular momentum to an axial magnetic field. The magneto-
conductance is shown to contain signatures that allow precise identification of subbands, and also
reveals the nature of the radial potential [1]. We show that these effects are indeed manifested
experimentally in InAs FET devices studied at low temperatures. Next, we turn to a study of the
superconducting proximity effect by considering a Nb-InAs-Nb nanowire junction. These exper-
iments reveal rich Andreev physics and span two distinct regimes: the S-N-S junction regime in
which a supercurrent is realized and is modulated with field and gate voltage [2], and the S-dot-S
regime in which Andreev transport competes with the dot charging energy. Finally, we discuss
the controlled realization of quantum dots, tunable down to single electrons, for confining and
manipulating electron spin qubits for future quantum information processors.
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Dielectric Parameters Estimation Using Global Optimization
Techniques

Ilja Merunka, Ondrej Fiser, and Jan Vrba
Department of Electromagnetic Field, Czech Technical University in Prague, Czech Republic

Abstract—
Introduction: In this contribution we present a method for dielectric parameters estimation
of human breast tissue phantom. There are many papers focused on this topic and a lot of
methods are presented [1]. We focused on a method based on global optimization techniques,
more specifically genetic algorithm [2–4].
Material and Methods: Numerical model was prepared in COMSOL Multiphysics (Burling-
ton, MA 01803, United States) simulation platform. The model is only two dimensional and
consists of circle (cross section of simplified human breast) and eight ports placed equally in
distance of 2 cm from human breast phantom (Fig. 1). The ports with diameter of 2mm excite
electromagnetic field in direction of z axis (i.e., perpendicular to the plane of the model) and also
record the scattered field. Thus, the scattering matrix can be simply computed and exported
after simulation. Built in frequency solver was used to simulate electromagnetic field. Circle
representing the cross section of human breast phantom was firstly virtually filled by only one
material (arithmetic mean of dielectric parameters of human breast fat and gland). Secondly,
numerical phantom of tumour represented by circle of diameter 2 cm were added into the re-
gion on the specific position and again only dielectric parameters of these two materials were
estimated. We used the simple euclidean distance as the cost function to evaluate the overall cor-
respondence between s-parameters virtually measured and s-parameters extracted from results
of simulations of the model with updated parameters. Genetic algorithm was employed in the
optimization procedure. The process is implemented in MATLAB 2013a (The MathWorks, Inc.,
Natick, Massachusetts, United States) where the global optimization toolbox is used.
Results: Dielectric parameters of the tissues were estimated. However, the total computational
time is very long. It is primarily caused by the relative long computational time of the forward
solution (2 s per one port, 16 s per all ports). The regularization term will be included in the cost
function in our next work.

Figure 1: Configuration of numerical model with and without tumorous tissue.
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Analysis and Evaluation of Waveguide Methods to Measure the
Dielectric Properties of Biological Materials
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Abstract— Accurate knowledge of the dielectric properties of biological tissues is of crucial
importance for both numerical and dosimetric studies. There are many ways to accurately mea-
sure the dielectric properties of a material, and the choice of method is highly dependent on the
type of material under test (MUT). Nowadays, the coaxial probe technique is very often used
for broadband measurements of the dielectric properties of biological tissues. The latter is very
difficult to use with solid or semi-solid materials such as bone because of poor measurement
repeatability. In this study we analyse the use of an alternative broadband method to perform
dielectric measurements using a waveguide structure. Both reflection and transmission waveguide
measurement methods are reviewed and the various methods to convert from the S-parameters
to the complex permittivity are presented. Both reflection and transmission methods were stud-
ied numerically for materials with known dielectric properties and the values obtained were in
very good agreement with both published and measured data obtained by coaxial probes. Fur-
thermore, we carried out a detailed and systematic investigation of the minimum sample size
required for accurate determination of the reflection coefficient with the rectangular waveguide
method, and present an alternative numerical method to calculate the complex permittivity which
compares well with the analytical solution of the waveguide structure.
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Easy-to-produce Stable-in-time 3D-printed Breast Phantoms for
Microwave Imaging
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Abstract— In recent years, quantitative microwave imaging systems have been investigated as a
future alternative mammography technique. At the present time, there are several dozen-research
teams around the world working on this topic [1]. The major potentials of using microwaves
are, first, the significant contrast in dielectric properties between cancerous and normal healthy
breast tissues [2] and, secondly, the non-ionizing nature of microwaves, which reduces the risk
linked to frequent diagnoses during a screening program. The validation of inversion algorithms,
used to build up images of the breast in microwave imaging systems, needs measurements of
experimental data in controlled configurations, on realistic and stable-in-time reference breast
phantoms. Oil-in-gelatin phantoms have been intensively investigated [3] since their dielectric
properties are close to that of various breast tissues over a wide frequency range. However, if
not properly sealed from the environment, such phantoms are not stable over time. On the other
hand, we have already shown that liquid mixtures based upon Triton X-100 and salted water
solutions are also able to mimic the various breast tissues and tumors in the 0.5–6 GHz frequency
band [4]. These mixtures are easy to produce and their electromagnetic parameters are stable
over time. Furthermore, their permittivity can be predicted as a function of Triton X-100 and
salt concentrations, by means of a binary fluid mixture model that uses one pole Debye models.
Thus, an adjustment of Triton X-100 and salt quantities can be obtained by fitting the Debye
models corresponding to the different healthy or cancerous breast tissue types. In this work,
such liquids are used to fill up 3D printed complex structures. This process allows us to produce
realistic phantoms stable and adjustable in time, since liquids can easily be replaced or modified.
Figure 1 displays two 3D models, used for printing phantoms dedicated to the test of 3D (a) and
2D (b) inversion algorithms, respectively. The 3D interior structure is very similar to realistic
distributions of fibro-glandular (G2) and adipose (G3) tissues, surrounded by skin (G1). The
STL format file corresponding to the 3D phantom is produced from the one developed in [5],
which is available at: https://uwcem.ece.wisc.edu/phantomRepository.html. The next step will
be the dielectric characterization of these phantoms and, then, their test with microwave breast
imaging systems.

 

Figure 1: 3D printed phantoms to be filled up with Triton X-100-salted water mixtures dedicated to the test
of (a) 2D and (b) 3D inversion algorithms.
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3-D Microwave Scanner for Biomedical Applications: A Preliminary
Prototype
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Abstract— This paper introduces the prototype of a scanning system operating in the mi-
crowave range 0.5–4 GHz with strong potential in biomedical applications such as breast cancer
detection or to assess shape-discontuinity in bones. Based on the research outcomes in [1], a
fully automated scanner was designed to reduce mechanical uncertainties and data acquisition
time. Accurate positioning and synchronization with data acquisition enables a rigorous proof-
of-concept for the microwave imaging procedure.
The system can remotely control two printed antipodal Vivaldi antennas that scan a phantom
across a set of positions arranged in cylindrical coordinates. For antenna miniaturization and
improved coupling, the antennas, interface and phantom are immersed in a coupling medium that
offers electric properties similar to adipose tissue. The antenna positioning, data acquisition and
post-processing are automated. In the current version the reflection coefficients are measured
by a Vector Network Analyzer (VNA). The integration of dedicated electronics attached to each
antenna will replace the VNA to speed up data acquisition. Without any difficult a priori antenna
characterization, the system is capable of detecting distinctive dielectric contrast in the phantom
enclosed regions. By processing measured reflection coefficients with an interferometric version
of the Multiple Signal Classification (MUSIC) algorithm [1], the detection of inserted targets
in three-dimensional reconstructions is successful. The achievable performance obtained by I-
MUSIC is then compared with two other methods in the literature: the non-coherent migration [2]
which is a particular version of beamforming, and the standard wideband MUSIC technique [3].
From experimental results carried out on a multi-layer phantom made of glass and pork fat, a
metallic bar of diameter equal to 8 mm was used as a target for a preliminary characterization of
the scanning system.
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Figure 1: (a) Detail of the scanner; (b) I-MUSIC detection of a 8-mm metal bar immersed in pork fat.
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UWB Waveguide Breast Tumor Detection System Based on Delay
and Sum Reconstruction Algorithm

Ondrej Fiser, Ilja Merunka, and Jan Vrba
Department of Electromagnetic Field, Faculty of Electrical Engineering
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Abstract— The main objective of this contribution is the breast tumor detection using four
double ridged horn antennas system. Signals are obtained in time domain and “delay-and-sum”
method is used.
Antenna, antenna configuration and breast phantom: For imaging purposes the UWB
double-ridged horn antenna intended for medical imaging was adopted from [1]. Total four
antennas are placed equidistantly around a breast model (see Fig. 1). The whole antenna system
is immersed in canola oil. A simple homogeneous breast phantom with a thin skin layer was used.
This used breast phantom is based on a phantom published in [2]. In this phantom spherical
phantom of diameter 30 mm at various positions was inserted. The values of relative permittivity
and conductivity of fat, skin and malignant tumor tissue has been taken from [3].
Simulation and image reconstruction: The reconstruction algorithm for delay and sum was
implemented. The transmitting antenna sends a RF pulse through the breast model. Transmitted
signal is Gaussian pulse with the central frequency 4.5GHz and bandwidth 8 GHz. The place
of the change in dielectric parameters of material (canola oil X skin X fat X tumor) scatters
the incident wave. The scattered wave can be received in all antennas which are placed around
the breast. The method consists of two phases. In the first phase scan of scattered field of
breast without the tumor is performed. In the second phase (e.g., after 1 year in next medical
examination) second scan is made. For all signals Hilbert transformation is applied and prepared
signals with/without tumor are subtracted from each other. Obtained differential signals are
reflections from changes which have occurred (e.g., tumor). From the knowledge of the average
velocity wave propagation in the breast from measured time difference peak of the transmitted
signal (from transmitting antenna) and received signal peak the distance of the reflections from
each antenna is found (assumed tumor position). Position of the wave diffuser is on the circle
with the center in the antenna power probe. For tumor localization must be measured distance
even from other antennas. Then it is possible to calculate intersections of the circles defining
the distance of the tumor from each antenna. For high accuracy it is good to use all antennas
as transmitters sequentially. In the case of uncertain tumor position (in case that in signal
sometimes appears more than one peak) we can rotate the whole antenna system by 30 degrees
and thus increases the localization accuracy. Used method seems to be very promising for breast
tumor detection. Its disadvantage is the need to have signals from the breast at a time when the
tumor did not occur.

Figure 1: Antenna configuration with homogenous breast and spherical tumor.
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Angular Separation Constraints in Cylindrical Multistatic UWB
Radar Imaging
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Abstract— In the last ten years, Ultra Wide Band (UWB) radar has been proposed as a
complimentary imaging modality for breast cancer detection [1]. This technology is based in
the significant dielectric contrast between healthy and malignant breast tissues (at least 2 to 1
according to the latest in vivo studies) [2]. UWB radar has a number of features that can be
quite desirable from a clinical perspective, such as the use of low power non ionizing radiation
and the lack of compression during the imaging procedure.
An area of particular interest in the last couple of years is the use of cylindrical or hemispheri-
cal multistatic scan geometries for UWB radar. Multistatic scan protocols exhibit an increased
detection rate when compared to monostatic scan procedures [3]. Nevertheless, multistatic im-
ages may present artifacts for some transmission-reception scan location positions [3]. In this
paper, the source of these artifacts will determined by performing a frequency domain analysis
in the multistatic signal model. Let consider the multistatic signal spectral coverage band for a
cylindrical scan geometry:

Ωq =
k ·R · rq · sin(φq − θ)√

R2 + r2
q − 2 ·R · rq · cos(φq − θ)

+
k ·R · rq · sin(φq − ϕ)√

R2 + r2
q − 2 ·R · rq · cos(φq − ϕ)

∣∣∣
(φq−θ)=π/2

(1)

where Ωq is the spectral support band of the qth target in the scan region, k is the wavenumber,
R is the radius of the scan geometry, (rq, φq) are the polar coordinates of the qth target, and θ, ϕ
are the angular locations of the transmitter and receiver respectively.
In the full paper, the complete procedure to derive (1) was will be given. Notice how the spectral
coverage band reduces as the separation between the receiver and transmitter antenna increases.
This result on the formation of a larger point spread function in the spatial domain. This will
result in a possible loss of spatial resolution in the reconstructed image, which would limit the
abilities to resolve individual targets. To validate this hypothesis, a set of two reflectors were
created using the radar simulator described by the authors in [4] and their corresponding images
were formed using the reconstruction approach presented in [5]. A representative example of this
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Figure 1: (a) Reconstructed multistatic image from a dataset where the transmitter and receiver separation is
45 degrees, (b) reconstructed multistatic image from a dataset where the transmitter and receiver separation
is 135 degrees.
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effect is shown in Figure 1. Figure 1(a) shows the reconstructed image of the two target reflectors
when the antenna separation between transmitter and receiver is 45 degrees. Figure 1(b) shows
the reconstructed image of the two target reflectors when the antenna separation between the
transmitter and receiver locations is 135 degrees.
Notice how the targets can be resolved in 1(a) while in Figure 1(b) the signatures of both targets
are fused due to the larger point spread function. In conclusion, these preliminary results show
the effect of the angular separation between the transmitter and recording location on the point
spread function of the targets in multistatic UWB radar images acquired along cylindrical scan
geometry. The complete paper will explain the mathematical model in full and will also provide
additional examples and a full quantitative analysis to describe the relationship between the
transmitter-receiver locations and the point spread function of the targets in the reconstructed
image.
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Abstract— In this study we evaluate the feasibility of using machine learning algorithms to
investigate the scattering of breast tumours using ultra wideband radar microwave imaging. In
particular, we aim to aid in differentiating between normal breast tissue (a “miss”) or tumour
tissue (a “hit”) within data obtained from a radar scan of the breast. A machine learning algo-
rithm (e.g., Support Vector Machines) will be trained with a database of series of measurements
of both “hits” and “misses” in realistic breast phantoms, which have been performed with the
microwave imaging prototype at the University of Bristol.
Introduction: Microwave Imaging of the breast has been thoroughly studied in the past years,
with some recent studies addressing the use of classification algorithms (such as Linear Discrim-
inant Analysis, Quadratic Discriminant Analysis, Support Vector Machines [1], Spiking Neural
Networks [2] and Self-Organising Maps [3]) with the aim of estimating the size and shape of
benign and malignant tumour phantoms.
In this study we further extend the use of classification algorithms to investigate the scatterings
recorded in microwave radar breast imaging. We will estimate the likelihood of tumour occurrence
at each synthetic focal point in resulting energy profiles of the breast.
Methodology: The measurement data used in this study are captured with the microwave
imaging prototype at the University of Bristol. This comprises a Rohde-Shwarz ZVT 8 port
VNA (frequency bandwidth: 3–8GHz) and a conformal array of 60 wide-slot antennas [4].
Several breast phantoms are developed, some of which contain multiple targets. For all breast
phantoms, the chest-wall is accounted for by maintaining a liquid to air interface at the base
of the breast phantom. Synthetic focal points of 36 different phantoms are considered. The
database considered for this study consists of a total of 1,925,455 measurements of “hits” and
“misses” from 779 synthetic focal points corresponding to “hits”, and 779 synthetic focal points
corresponding to “misses”.
A number of features are extracted from the measured data related to “hits” and “misses”. The
data is then divided into a training, a testing and a validation set in order to test the performance
of classification algorithms. Performance is evaluated by metrics, including sensitivity, specificity,
positive predictive value, negative predictive value and accuracy. The Receiving Operating Curve
(ROC) for each classification algorithm is calculated.
Conclusions: The features extracted from the measured data and the performance of the clas-
sification algorithms will be discussed.
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Axiomatics of the Blondel-Park Transformation

G. F. Crosta1 and G. Chen2

1University of Milan Bicocca, Italy
2Texas A & M University, USA

Abstract— The doubly-fed induction generator (DFIG) is a key constituent of energy conver-
sion plants. The control of a DFIG is a challenge, whenever the primary energy supply (e.g., the
wind velocity field) is characterised by intermittency. The mathematical model and control of
a DFIG rely on the Blondel-Park transformation, which is known to simplify the governing
equations. The distinctive feature of this contribution consists of showing how the Blondel-
Park transformation derives from a set of conditions to be met by a group. Such a group is
shown to exist and to continuously depend on one parameter. The uniqueness of its infinitesimal
generator is also shown. As an application, the well-known electric torque theorem is proved in a
simple way, which relies on a “product of matrices” formula. The latter, in turn, is a by-product
of the axiomatic deduction of the Blondel-Park transformation.
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Nonlinear Goubau Line: Numerical Study of TE-polarized Waves

E. Yu. Smol’kin1 and Yu. V. Shestopalov2

1Penza State University, Russia
2University of Gävle, Sweden

Abstract— A conducting cylinder covered by a concentric dielectric layer called the Goubau
Line (GL) is the simplest type of open metal-dielectric waveguides. A complete mathematical
investigation of the spectrum of symmetric surface modes in a GL is performed in [1]. Papers [2, 3]
develop the theory of wave propagation in layered nonlinear dielectric waveguides. However,
there are very few results concerning the analysis of wave propagation in a GL with an external
concentric layer having variable, nonlinear, or variable and nonlinear permittivity. We aim this
study to fill this gap and consider the problem of electromagnetic TE (transverse-electric) wave
propagation in a GL with nonlinear permittivity ε = ε(ρ) + f(|E|2) of the dielectric medium
filling the GL layer (here ε(ρ) is a function of inhomogeneity which depends on the radius of
the waveguide, f is a function that models nonlinearity, and E is the complex amplitude of the
electric field). We consider only the intensity-dependent permittivity. The determination of TE
waves is reduced to a nonlinear transmission eigenvalue problem for Maxwell’s equations, which
is then reduced to a system of nonlinear ordinary differential equations. Numerical experiments
are carried out for two types of nonlinearities:

• ε = ε(ρ) + αu2 (Kerr law) and
• ε = ε(ρ) + α(1− e−βu2

) (nonlinearity with saturation),

where ε(ρ) = 1
ρ , const, or ρ. Comparison with linear homogeneous (inhomogeneous) and nonlin-

ear homogeneous (inhomogeneous) cases are performed. Calculations are carried out for various
frequency and parameter ranges.
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Numerical Path-integration Computation of the Capacity and
Electric Polarizability Tensor of Complex-shaped Particles

Jack F. Douglas
Materials Science and Engineering Laboratory, NIST, Gaithersburg, MD 20879, USA

Abstract— Many boundary value problems arising in materials science modeling involve com-
plicated boundary shapes and boundary data, making analytic solution based on conventional
partial differential equation methods difficult. In particular, it is important to develop effective
computational methods for calculating the electromagnetic and transport properties of nanoparti-
cles for understanding their interaction with electromagnetic radiation to allow their manipulation
with optical traps and separation with fields. These properties are also basic to characterizing
particle and polymer geometry and interparticle interaction through solution property measure-
ments. This class of problems is made challenging by the fact that large ensembles of objects
having rather complex shape must be considered an ensemble averaged properties must be de-
termined. As illustrative examples, we discuss specific systems such as carbon nanotubes and
graphene, proteins, DNA and Au nanoparticles with grafted with DNA. These problems are
daunting since there is still no accurate analytic theory for calculating basic transport properties
(e.g., diffusion coefficient and intrinsic viscosity) and electromagnetic properties (capacity and
polarizability) of even simple objects like a cube or stochastically defined objects such as random
walk polymer chains modeling polymers in solution. In many cases, finite elements are also found
to be intractable when the geometry shape becomes highly complex. As a step towards attacking
this broad class of problems, we focus on the problem of calculating the self-capacity and electric
polarizability tensor of conductive particles having essentially arbitrary geometry based a novel
computational method involving path-integration. The basic concepts behind the method are
described and the method validated in cases where exact analytic, or at least highly accurate
numerical estimates, are known for comparison. Some applications of the program are then given
for some non-trivial situations, such as the nanoparticle and polymer systems mentioned before.
The path-integration method is evidently a powerful tool for computing basic electromagnetic and
transport properties of complex-shaped polymers and should find wide application in polymer
science, engineering, nanotechnological applications and medical and biological applications.
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Unified Description of Chirped Gaussian Pulse Propagation of
Arbitrary Initial Width in a Multiple Resonance Lorentz Medium

Constantinos M. Balictsis
Hellenic Telecommunications and Post Commission
60 Kifissias Avenue, Maroussi, Athens 15125, Greece

Abstract— Research interest regarding the reproducible generation, compression and char-
acterization of ultrashort, pulse-modulated signals whose duration is comparable to the carrier
oscillation cycle, is on the rise and spans various frequency domains [1–3]. Increased emphasis
is placed on their dynamical evolution as they propagate through, and interact with, various
material media due to the diverse and important applications, among others, in optical commu-
nications, radar systems and pulse compression. Pertinent theoretical efforts commonly invoke
the slowly varying envelope approximation (SVEA) and are inapplicable in the sub-cycle pulse
regime [1, 3]. A different stream of rigorous theoretical efforts to pulse propagation problems
employs asymptotic techniques. These efforts have elucidated the dynamical evolution of the
propagated field due to rapid rise and/or fall time or exponentially varying input pulses and
their accuracy has been validated upon comparison with purely numerical results [1].
Recently, modern asymptotic techniques have been utilized in order to obtain an accurate uni-
formly valid description of Gaussian pulse propagation in a single-resonance causally dispersive,
absorptive [4] or amplifying [5], Lorentz medium. Here, the unified asymptotic approach is applied
to the important case of an input Gaussian pulse envelope modulated chirped harmonic wave
whose envelope has a fixed but otherwise arbitrary initial full width 2T centered around t0 > 0,
and it modulates a harmonic wave of applied carrier frequency ωc that is linearly chirped with
a constant chirp parameter C. This input chirped Gaussian wave propagates in the source-free
half-space z ≥ 0 filled with a linear, homogeneous, isotropic temporally dispersive, non-hysteretic
medium whose refractive index is described by the more realistic [1] multiple (m) resonance
Lorentz model. The unified approach, which relies on an asymptotic analysis of the unified,
exact integral representation of the propagated field, is shown to be valid from the SVEA to the
theoretically and experimentally important sub-cycle pulse regimes, and its accuracy is confirmed
upon comparison with the respective depicted results of an independent numerical experiment.
Moreover, it generalizes previous findings on the appearance and dynamical evolution of the
precursor fields associated with ultrashort and/or ultrawideband pulse propagation [1, 3–5]. Ac-
cording to the obtained unified asymptotic description, the propagated field A(z, t) is comprised
of pulse components AUl(z, t) each being due to the asymptotic contribution of a respective rel-
evant saddle point ωSPUl

(θ) of the unified phase function ΦU (ω, θ). This asymptotic description
directly relates the propagation characteristics (including, the locus and propagation velocity of
the stationary point(s) of the envelope, and the instantaneous angular oscillation frequency) of
each AUl(z, t) with the dynamics of the respective relevant saddle point ωSPUl

(θ). Under certain
conditions, such a stationary point of a pulse component’s envelope occurs when the respective
saddle point trajectory intersects the real frequency axis, and it travels with the group velocity
at this frequency crossing value; superluminal velocity may then be observed.
The accuracy and insight of the unified asymptotic description may prove useful in applications
involving chirped pulses, overcoming the limitations of other theoretical approaches especially in
the extremely ultrashort pulse regime.
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Block LU Preconditioner for the Electric Field Integral Equation

S. L. Stavtsev
INM RAS, Russian Federation

Abstract— Boundary element discretizations are applied in many scientific and engineering
areas, for example, to solve the problem of electromagnetics scattering with electric field integral
equation (EFIE). To solve EFIE on the surfaces of arbitrary shape, RWG functions are tradition-
ally used. The matrices, arising from the discretization of integral equations can be approximated
well with low-rank matrices using mosaic-skeleton method. But to solver scattered problem with
large wave size of object we have to solve large system n ∼ 105–106. System of linear equation
with matrixes of such order is solved by iterative method (GMRES). For large wave size matrix
is ill-condition and we have to use preconditioner. In this paper to decrease a number iteration of
GMRES method the block LU preconditioner is built. In the numerical experiments it is showed
that the preconditioner permit to solve the problem of electromagnetic scattering on objects with
lager wave size.
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Permittivity Reconstruction of a Diaphragm in a Rectangular
Waveguide: Unique Solvability of Benchmark Inverse Problems

Y. Shestopalov2, Y. Smirnov1, and E. Derevyanchuk1

1Penza State University, Russia
2University of Gävle, Sweden

Abstract— Determination of electromagnetic characteristics of dielectric bodies is an urgent
problem for artificial materials: nanomaterials, metamaterials, and nanocomposite materials.
As a rule, electromagnetic parameters of modern materials cannot be measured. Therefore for
solving this problem, methods of mathematical modeling must be applied. In this work, we
consider the inverse problem of permittivity reconstruction of diaphragms loaded in a rectangular
waveguide and present theoretical and numerical results. This work is a continuation of the series
of papers [1–3] devoted to the investigation of permittivity reconstruction of layered materials in
the form of diaphragms (sections) in a single-mode waveguide of rectangular cross section from
the transmission coefficient measured at different frequencies. The aim is the development of
the mathematical technique for the analysis of the inverse problem for the case of a one- and
multi-sectional diaphragms in a rectangular waveguide. We suppose that the diaphragm is made
of material with real electromagnetic parameters. For this case, we obtain analytical solution of
the inverse problem. Based on the analytical solution we study more complicated mathematical
models, consider different cases of filling the diaphragm sections, and present results of numerical
simulation. We perform comparison of experimental and numerical results that validate the
efficiency of the proposed technique. The obtained solutions can be implemented in practical
measurements for the investigation of new artificial materials and media and can be applied in
optics, nanotechnology, and design of microwave devices.
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The Application of Non-linear Dynamics Methods for Radar Target
Identification

F. J. Rachford and T. L. Carroll
US Naval Research Laboratory, USA

Abstract— Currently radar target identification is effected by finding the downrange distribu-
tion of scatterers on a platform using high definition radar and referencing this distribution to a
look-up table of measured radar returns. This method is difficult due to the rapid scintillation
of the radar signal of a flying target at short wavelengths. We investigate a method of target
identification in the low definition, relatively long wavelength, limit using techniques derived from
the field of non-linear dynamics. In this limit the radar reflection is much less sensitive to the
orientation of the target to the radar and scintillation is greatly reduced. Modern detection ad-
vances allows the digitization and processing of raw real time non-pulse compressed waveforms.
We simulate the raw radar returns from several very similar small (4 to 5 wavelength) objects
(i.e., cylinder, cone-cylinder, cone-ogive and double ogive) illuminated with chaotic or random
modulated waveforms using a commercial finite difference time domain code. In this aggressive
limit we embed the return in two dimensions using the method of delays to form an attractor. The
geometric properties of the attractors are analyzed to distinguish between these similar target
objects in the low definition limit. One method selects points on a reference attractor (or strands
of points) with many Euclidean nearest neighbors and compares these with the nearest neighbor
density of points (or strands) with the same time index on an attractor from an “unknown”
target. Comparing the density of nearest neighbors at these points on two attractors allows us to
calculate probabilities of correct identification. (Is the unknown signal from the reference target
or from one of the other targets?) The robustness of our method is probed by the addition of
white noise and/or simulated clutter to the signals.
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Verification of Computational Model of Transmission Coefficients of
Waveguide Filters

P. Tomasek1 and Y. V. Shestopalov2

1Tomas Bata University in Zlin, Czech Republic
2University of Gävle, Gävle, Sweden

Abstract— Owing to the recent research [1–3] the way of estimating transmission coefficients
for a waveguide of rectangular cross-section loaded with multi-layered parallel-plane dielectrics is
found. Consequently, the analysis of the transmitted and reflected fields in terms of the scattering
matrix formalism can be performed explicitly. These results can be efficiently applied to model-
ing of waveguide filters. This article is mainly based on the previous research presented in [1], it
enhances the theory and contains comparisons between real measured and computed transmis-
sion coefficients of a waveguide filter using a technique based on the method set forth in [2, 3].
The computation employs analysis of closed-form solutions and numerical multi-parameter op-
timization [4, 5]. The presented waveguide filter is formed by multi-sectional diaphragms placed
in a waveguide of rectangular cross-section. The filter consists of a specific combination of di-
aphragms of FR4, plexi and RO4003 with defined permittivities and thicknesses. The resulting
permittivity profile that provides significant range of the parameter and output variations has
a characteristic almost-periodic stepwise structure which can be improved using the closed-form
solution and numerical optimization. Comparison of the computed and measured transmission
coefficients demonstrates that the difference is very low, rather marginal and thus the output of
the work is considerably promising. The results prove the ideas, approach and the final imple-
mentation of the mathematical background used for computation of the transmission coefficients
of a waveguide filter.
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Computations Related to Nanoparticle Characterization and
Nanocomposite Property Estimation

Fernando Vargas-Lara and Jack F. Douglas
Materials Science and Engineering Laboratory, NIST, Gaithersburg, MD 20879, USA

Abstract— Recently, there has been great interest in enhancing the electrical and thermal
conductivity and mechanical properties of polymeric materials with carbon nanotube (CNTs)
additives. Large changes in properties have been achieved with these additives and applications,
especially in relation to enhanced electrical conductivity, have been realized. However, controlling
and understanding these property changes has been a difficulty. It is well known that the resulting
nanocomposite properties depend strongly on the geometrical properties of the CNTs such as
length, diameter, and shape, as well as the dispersion of the CNT. Commercial forms of these
fillers, as opposed to the rod-like structures that are the focus of many academic studies, are
typically composed of roughly spherical multi-walled CNT domains having a highly ramified
internal structure and a size on the order of a micron. Clearly, such structures, which we term
“tumbleweeds” because their resemblance to these natural forms, cannot reasonably be modeled
as “rods”, and we address the properties of these composite materials through a combination of
molecular dynamics simulations and path-integral calculations. As a specific illustration of this
computational path, we first calculate electromagnetic properties of the tumbleweeds, such as the
self-capacitance, electric polarizabilty tensor, and the intrinsic conductivity. Knowing these basic
particle properties, one then can estimate electromagnetic properties of nanocomposites made
with these complex- shaped “particles”, i.e., conductivity, by incorporating this information in
a generalized effective medium theory. Based on this model, we find that the conductivity
percolation threshold of the tumbleweeds can be quite low, despite their quasi-spherical average
shape.
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Exponential Regularization of EM Dyadic Green’s Functions via
Green’s Function-induced Dirac δ-functions

A. R. Baghai-Wadji
University of Cape Town, South Africa

Abstract— In a series of recently published contributions it was shown that dyadic Green’s
functions arising in computational electromagnetics can be utilized to construct problem-specific
integral representations of the Dirac delta function. It was also shown that the constructed
Dirac delta functions can be employed to regularize originating Green’s functions associated with
Poisson equation in isotropic and anisotropic dielectrics. This contribution extends previous
efforts as follows: (i) The constructed Dirac delta functions are employed to regularize dyadic
Green’s functions associated with Maxwell’s equations in isotropic media. Thereby, all formulae
arising in the discussion are expressed in closed-form in spectral domain, a fact which allows
intriguing insights into the dynamics of the proposed regularization method itself. (ii) Complex
media do not allow the Green’s functions to be constructed in closed form. Consequently, the
integral representations for the Dirac delta functions cannot be expressed in closed-form either.
An algorithm is presented for the numerical construction of Dirac delta functions. It is claimed
that the latter result presents a genuine contribution to the computational physics. (iii) The
soundness of the derivations are supported by several Lemmas. (iv) Applications in which near
field phenomena play a decisive role, e.g., nanoscopic and plasmonic devices will benefit from the
results.
Regularization problems arising in theoretical and computational field theory are fascinating
and challenging at the same time; numerically, however, they are most undesirable and may
lead to catastrophically ill-conditioned results. Singular field problems, requiring regularization,
have characteristic footprints in spectral domain. Singularities in static fields are defined by a
1/|k| pole-like behavior in the infrared wavenumber region. The same 1/|k| functional behavior
in the ultraviolet region leads to slow convergent or divergent Fourier-type integrals. In real
domain, the infrared 1/|k| pole-like singularity is associated with the properties of the fields in
the far-field, whereas, the ultraviolet slow-decay, divergent singularity is related to the near-field.
Singularities in dynamic fields manifest themselves in poles and branch points in intermediate
regions in spectral domain. It can shown that pole- and branch point singularities can be treated
fairly conventionally, with one exception, which arises when constructing universal functions
(addressed in an accompanying paper). Thus the prime focus becomes regularization of slow
decay property of Green’s functions in spectral domain (near-field region). To this end the
present author has proposed algebraic as well exponential regularization techniques. This paper
focuses on the exponential regularization which is facilitated by Dirac delta functions constructed
from the Green’s functions themselves.
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Superresolution Based on the Methods of Extrapolation
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1Department of Applied Mathematics
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Abstract— One of the most important ways to improve the radar systems based on smart
antennas is to improve the accuracy of angle measurements and to increase the angular resolution.
In this regard, the problem to be solved is restoring the image of the object with superresolution.
This inverse problem is reduced to a Fredholm integral equation

U(α) =
∫

Ω

F (α− φ, ϕ)I(φ, ϕ)dφdϕ, (1)

where U(α) is the signal received by the scanning, Ω angular region of location of the signal
source, I(α, ϕ) desired angular distribution of the reflected signal amplitude, and F (α, ϕ) radia-
tion pattern. The central problem based on the intelligent analysis and digital signal U(α) is to
restore the image of the source using superresolution. In contrast to conventional phased array,
the signals received by each element of the smart antennas can be recorded digitally. The new
signal processing method is based on the extrapolation of the signals received by each element
of the smart antennas beyond the aperture and yields synthesized smart antennas with a greater
number of emitters and an aperture increased by the same factor. As a result, the accuracy of
angular measurements and angular resolution increases. The best results were obtained using
the extrapolation with the Berg linear prediction method. The algorithm predicts the values
of the signals for the aperture array ten times higher than the original one with a negligible
error. Numerical studies have shown that the Rayleigh criterion in this problem is exceeded by
6–7 times. An important characteristic of solutions is a minimal signal/noise ratio (SNR) with
which a super-resolution image reconstruction is still possible. Stability of solutions and quality
of image reconstruction were examined using a mathematical model. The results of numerical
studies show that the angular resolution is increased 4–10 times under SNR 12–13 dB, which is
much lower than that achieved by the known methods.
The proposed new method of signal processing based on digital aperture synthesis significantly
improves the accuracy of angle measurements and provides a stable restoration of detailed images
of the objects with superresolution in the presence of small distortions. The corresponding
algorithm can be implemented in the real-time mode.
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Analysis of Quasi-circular Polarization in Near Field of Smart Shelf
RFID Antenna Radiation

A. S. Andrenko
SYSU-CMU Shunde International Joint Research Institute

No. 9 Eastern Nanguo Road, Shunde, Guangdong 528300, China

Abstract— This paper presents the EM simulation and accurate analysis of quasi-circular
polarization (CP) of the so-called smart shelf antenna designed for the UHF RFID retail and
item-tagging applications. The smart shelf antenna utilizes the near field communication in a
range close to a wavelength between the planar reader/writer antenna and several tagged items
being placed on the shelf. To provide reliable detection of the multiple tags which can generally
be distributed within a wide interrogation volume over the shelf surface, uniform and strong near
E-field radiated be the smart shelf antenna is required.
The design of the proposed antenna is based on the EM coupling between the open-ended or
shorted-to-the ground meander microstrip line utilizing the standing wave current-voltage distri-
bution and periodic metal strips printed on the top surface of a dielectric substrate. The required
uniform near E-field has been provided by optimizing the layout of the periodic strips forming
the smart shelf antenna layout. Series of full-wave EM simulations have been carried out to
analyze the E-field distribution calculated at the different distances from the antenna surface,
in a range from 5 cm to 40 cm. It has been confirmed that the proposed antenna creates strong
near field within the entire volume where multiple RFID tags are placed. Two types of the smart
shelf antenna have been designed and optimized. The first is the antenna where the periodic
EM coupled elements are straight strips of approximately one wavelength so that the smart shelf
antenna radiates predominantly linearly polarized E-field. The second one has been designed for
the apparel tagging applications where tagged items are arbitrary oriented in the plane parallel
to the antenna surface. Therefore, EM near field of this antenna has to be quasi-CP with quasi
here meaning that the E-field is also having z-component (normal to antenna surface). What is
the most important in such an application is that the E-field has to have a well balanced x- and
y-components at the different distances from antenna and within an entire interrogation volume.
The required quasi-CP near field has been numerically optimized in the series of EM simulations
by utilizing the three-section layout of the periodic metal strips and changing the angles of strip
sections so that it results in both Ex- and Ey-components being produced. Time-domain calcula-
tion of 3D E-field vector distribution has also demonstrated how a simple change of the meander
line layout produces both quasi-RHCP and LHCP radiation in the near field.
The prototypes with different layouts of the proposed antenna have been produced and their
performance in the UHF RFID system has been verified. 100% detection rate and measured read
range for the large number of tagged items have confirmed the simulated near field distribution
as well as an excellent performance of the proposed smart shelf antenna.



1036 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

CICT: A Novel Framework for Biomedical and Bioengineering
Application

R. A. Fiorini
Department of Electronics, Information and Bioengineering (DEIB)

Politecnico di Milano University, Italy

Abstract— In 2004, University of Michigan physicist Mark Newman, along with biologist
Michael Lachmann and computer scientist Cristopher Moore, showed that if electromagnetic ra-
diation is used as a transmission medium, the most information-efficient format for a given 1-D
signal is indistinguishable from blackbody radiation. Since many natural and biological processes
maximize the Gibbs-Boltzmann entropy, they should give rise to spectra indistinguishable from
optimally efficient transmission. In 2013, Politecnico di Milano academic scientist R. A. Fiorini
confirmed Newman, Lachmann and Moore’s result, generating analogous example for 2-D signal
(image), as an application of CICT (computational information conservation theory) to show
that even the current, most sophisticated instrumentation system is completely unable to reli-
ably discriminate so called “random noise” (RN) from any combinatorially optimized encoded
message, which CICT called “deterministic noise” (DN). For observing and determining single
molecule transport characteristics or for detecting a minute change in resistance or capacitance
at biostrucuture nanoscale, we need stronger research and computational tools able to overcome
the above operative limitation. To grasp a more reliable representation of experimental reality
and to get stronger physical and biological system correlates, researchers and scientists need two
intelligently articulated hands: both stochastic and combinatorial approaches synergically artic-
ulated by natural coupling. CICT approach brings classical and quantum information theory
together in a single framework, by considering information not only on the statistical manifold
of model states but also from empirical measures of low-level multiplicative noise source gener-
ators, related to experimental high-level overall perturbation. This approach is recommended
to design reliable experiment and advanced instrumentation system. In various applications to
physical problems, a function can be decomposed into physically meaningful eigenfunctions of a
differential operator (typically the Laplace operator): this forms the foundation for the spectral
study of functions, in reference to the spectrum of the differential operator. A concrete physical
application involves the problem of hearing the shape of a drum: given the fundamental modes
of vibration that a drumhead is capable of producing, can one infer the shape of the drum itself?
The mathematical formulation of this question involves the Dirichlet eigenvalues of the Laplace
equation in the plane, that represent the fundamental modes of vibration in direct analogy with
the integers that represent the fundamental modes of vibration of the violin string. Spectral
theory also underlies certain aspects of the Fourier transform of a function. Whereas Fourier
analysis decomposes a function defined on a compact set into the discrete spectrum of the Lapla-
cian (which corresponds to the vibrations of a violin string or drum), the Fourier transform of a
function is the decomposition of a function defined on all of Euclidean space into its components
in the continuous spectrum of the Laplacian. The Fourier transformation is also geometrical,
in a sense made precise by the Plancherel theorem, that asserts that it is an isometry of one
Hilbert space (the time domain) with another (the frequency domain). This isometry property
of the Fourier transformation is a recurring theme in abstract harmonic analysis, as evidenced
for instance by the Plancherel theorem for spherical functions occurring in noncommutative har-
monic analysis. For discrete data, the Discrete Fourier Transform (DFT) is used. As an example,
CICT number theoretic transform (NTT) is presented to envisage the development of competitive
application devoted to automatic tailoring noise compensation countermeasure to real dynamic
device characteristics and performance, even in real-time. That feature can get us closer to ideal
self-registering and self-linearizing instrumentation able to generate virtually homogeneous and
uniform device experimental probing domain, during its whole designed service life-cycle, offer-
ing superior reliable final result at least cost. Its adoption becomes a must either to real High
Reliability Organization (HRO) or to mission critical project for low technological risk and crisis
management system.
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Multichannel Filter Banks and Their Implementation Using
Computers with a Parallel Structure

D. I. Kaplun, D. M. Klionskiy, A. S. Voznesenskiy, and V. V. Gulvanskiy
Computer Science Department

Saint Petersburg Electrotechnical University “LETI”, Saint Petersburg, Russian Federation

Abstract— The paper is devoted to the development and software-hardware implementation of
the weighted overlap-add algorithm (WOLA-algorithm) for processing vector signals in wideband
monitoring tasks. The algorithm is intended for functioning together with instruments that are
responsible for airwave control in real time. We have performed the comparison of the suggested
algorithm with the polyphase implementation of a multichannel digital filter bank. We have also
considered the software-hardware implementation of multichannel processing and we have shown
the advantages of applying the CUDA (Compute Unified Device Architecture) technology based
on computations using graphical processors.
The WOLA-algorithm for processing vector signals can be considered as a generalization of the
corresponding algorithm for processing one-dimensional signals. The suggested modification will
make it possible to process a vector signal and also to perform software-hardware implementation
using high-performance software and hardware tools.
When we have found signals in each channel it is necessary to perform their sub-band processing
(each channel signal has its own frequency band) including spectral analysis, time-frequency
analysis, statistical analysis in the time domain, demodulation, etc..
Digital filter banks perform parallel processing of an input signal and therefore to improve the
hardware implementation efficiency it is most reasonable to employ computers with a paral-
lel structure. Such computers include FPGA (field-programmable gate arrays) and processing
devices with the use of CUDA.
CUDA is based on using a set of parallel graphical processors (Graphics Processing Unit —
GPU) for handling non-graphical tasks. GPU is a specialized device, which is a co-processor
to the Central Processing Unit (CPU), has its own memory and can execute a large number
of separate data flows (data flows are parts of one program that run in a parallel way). The
advantages of CUDA are cross-platform operation, the existence of complete libraries, use of
the extended version of C with additional tools for parallel programming and development of
multiflow applications. Furthermore, CUDA does not require application of a graphical interface
(API), which has a number of restrictions on multiflow computation arrangements.
Hardware resources for digital filter bank implementation are not boundless (the most critical
aspect is the total number of multipliers for FPGA). For this reason we need to design compu-
tationally efficient FIR-filters (filters with finite impulse response) that will allow us to reduce
hardware-software costs and accelerate signal analysis. Such an approach will make it possible
to reduce the total number of devices (including the number of FPGA multipliers) and increase
the number of processing devices on a chip.
We suggest performing filter bank implementation using FPGA and the distributed arithmetic.
The main difference between this approach and direct implementation with MAC-cores (multiply
and accumulate cores) is the fact that the distributed arithmetic does not use any multipliers.
Thus we can achieve a more efficient digital filter bank implementation.
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Regularization of Ill-conditioned Numerical Scheme of an Analytical
Formulation: Scattering by Circularly Layered Cylinders

Emrah Sever1, Fatih Dikmen1, Farhad Mazlumi2, and Yury A. Tuchkin1

1Electronics Engineering Department, Gebze Technical University, Kocaeli, Turkey
2Aviation Electronics Department, Civil Aviation Technology College, Tehran, Iran

Abstract— The new regularization of the well-known analytical formulation of the monochro-
matic electromagnetic wave scattering by a few eccentrically multilayered homogenous circular
dielectric [1] and impedance [2] cylinders will be demonstrated. The polarization of the fields are
parallel to the longitudinal axes of the cylinders, thus a two dimensional problem for each both
polarizations are under consideration. The ways to simulate such a physical or an engineering
process are quite various, owing to the present techniques of using the capabilities of modern
hardware and software. Therefore nowadays, the numerical stability of an analytically rigorous
formulation of an electromagnetic scattering problem may be taken for granted unintentionally by
the user of a powerful computer with modern hardware and software. We can meet the concerns
about the numerically stable simulation of an analytical model, starting at least five decades
ago [3, 4]. The formulation and its regularization in [3] were suggested for two neighboring per-
fectly conducting circular cylinders. We present herein the novel extension of the approach in [3]
to the considered scattering problem. The integral formulation defined in [4], also having met
in [5] gives the strong mathematical background of the analysis here. The main theoretical result
herein is the mathematically equivalent reducing of the diffraction problem for the eccentrically
multilayered dielectric circular cylinders to a linear algebraic equation system of the second kind
in the functional space l2. The numerical results to be presented will forewarn those who trust
in the various numerical methods (even the classical ones) without a careful mathematical and
numerical investigation of the methods validity.
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Colloidal Quantum Dots and Semiconductor Heteronanocrystals:
New Luminescent Materials with Tailored Optical Properties

Celso de Mello Donega
Debye Institute for Nanomaterials Science, Utrecht University, The Netherlands

Abstract— Colloidal semiconductor nanocrystals (NCs) are a versatile class of nanomate-
rials, whose properties are determined by their composition, size, and shape, thus allowing
nanoscale excitons to be confined to zero- (quantum dots, QDs), one- (quantum rods, QRs),
or two-dimensions. Semiconductor NCs comprising two (or more) different materials joined to-
gether by heterointerfaces, i.e., heteronanocrystals (HNCs), offer even more exciting possibilities
regarding property control [1]. The spatial localization of charge carriers in HNCs can be manip-
ulated by controlling the offsets between the energy levels of the materials that are combined at
the heterointerface [1]. In Type-I HNCs both carriers are confined in the same material. In con-
trast, in Type-II HNCs a spatially indirect exciton is formed. In Type-I [1, 2] (or quasi -Type-II)
HNCs one carrier is delocalized over the HNC, while the other is localized in one of the segments.
This allows the electron-hole spatial overlap to be tailored, and gives semiconductor HNCs fas-
cinating and unique properties, which are determined by the size, shape, and composition of
each segment. Understanding the properties of nanoscale excitons in colloidal NCs and HNCs is
of great scientific interest, from both fundamental and applied viewpoints, since these materials
are promising for a variety of technologies (LEDs, solar cells, biomedical imaging, luminescent
solar concentrators). In our group, we have applied a multistage preparation strategy that al-
lows the combination of a variety of synthesis techniques (hot-injection, seeded growth, cation
exchange, oriented attachment) in a sequential manner in order to achieve the targeted synthe-
sis of colloidal NCs and HNCs. This has allowed us to systematically investigate the optical
properties of a number of NC (e.g., CdSe, CdTe, PbSe, ZnO QDs) and HNC compositions (e.g.,
PbSe/CdSe, CdSe/(Cd,Zn)S/ZnS, CdTe/CdSe, ZnSe/CdSe core/shell QDs, CdSe/CdS core/rod
shell nanorods, ultranarrow (Zn,Cd)Te/CdSe heteronanowires) [2-8]. In recent years, we also de-
veloped methods to synthesize Cd- and Pb-free HNCs, such as ultrathin Cu2−xS nanosheets [9]
and CuInS2 QDs [10]. In this contribution, I will discuss a selection of examples, chosen in order
to illustrate specific synthesis strategies and combinations thereof, as well as to show that com-
positional, size, and shape control can be used to tailor nanoscale excitons, and consequently the
optical properties of colloidal HNCs.

REFERENCES

1. Donega, C. D. M., Chem. Soc. Rev., Vol. 40, 1512–1546, 2011.
2. Donega, C. D. M., Phys. Rev. B, Vol. 81, 165303, 2010.
3. Groeneveld, E. and C. D. M. Donega, J. Phys. Chem. C, Vol. 116, 16240–16250, 2012.
4. Groeneveld, E., et al., Nano Lett., Vol. 12, 749–757, 2012.
5. Groeneveld, E., et al., ACS Nano, Vol. 7, 7913–7930, 2013.
6. Krumer, Z., et al., Solar En. Mater. Solar Cells, Vol. 111, 57–65, 2013.
7. Granados del Aguila, A., et al., ACS Nano, Vol. 8, 5921–5931, 2014.
8. Eilers, J., et al., J. Phys. Chem. C, Vol. 118, 23313–23319, 2014.
9. Van Der Stam, W., et al., Chem. Mater., Vol. 27, 621–628, 2015.

10. Van Der Stam, W., et al., Chem. Mater., Vol. 27, 283–291, 2015.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1041

On the Route to Metal-free Phosphors
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Abstract— Phosphorescence is a key phenomenon on which are based devices for solid-state
lighting such as Organic Light Emitting Diodes (OLEDs) [1]. Despite an increasing demand
for phosphorescent materials, purely organic (i.e., metal-free) compounds have been very rarely
explored as emitters in phosphor applications [2]. Indeed, only a few organic molecules are
known to exhibit efficient phosphorescence emission at room temperature, as their long-living
triplet excited state are extremely sensitive to collisional quenching by O2 and other impurities.
The main advantage of organic phosphorescent materials vs the inorganic analogues stems from
the possibility to fabricate flexible devices and large-area displays by low-cost wet processing
techniques (e.g., roll-to-roll printing), taking advantage of the fact that organic materials are
typically soluble in a variety of common solvents.
To defy the paradigm that organic materials are not suitable as phosphors, we describe here novel
design principles to prepare purely organic phosphorescent molecular materials by incorporating
calchogenic atoms into their structure [3]. The synthesis, X-Ray crystal structures, ground and
excited state UV-V is absorption spectra and luminescence properties of two series of chalcogen-
containing organic emitters equipped on both extremities with benzoxa-, benzothia-, benzoselena-
and benzotellurazoles moieties are reported. The insertion of four different chalcogen atoms
within the same molecular skeleton enables the investigation of the sole internal heavy-atom
effect on the photophysical properties of the organic compounds. A progressive quenching of the
fluorescence and concomitant onset of phosphorescence features with gradually shorter lifetimes
are detected as the atomic number of the chalcogen heteroatom increases, with the Te derivatives
exhibiting only phosphorescence emission. Notably, the phosphorescence spectra of the Se and
the Te compounds can be recorded even at room temperature in dilute de-aerated solution, a
very rare finding for organic emitters.
These results open the route to the systematic exploitation of the internal heavy atom effect in the
design of phosphorescent organic emitters, a rapidly expanding area of vast technological interest.
This is a highly desirable goal in light of the difficulties still encountered in the preparation of
cheap and stable triplet emitters based on transition metal complexes, particularly in the blue
spectral region.
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Change of Mode Separation for Two-mode Laser with
Semiconductor Quantum Dots

Kouichi Akahane, Naokatsu Yamamoto,
Atsushi Kanno, Toshimasa Umezawa, and Tetsuya Kawanishi

National Institute of Information and Communications Technology
4-2-1, Nukui-Kitamachi, Koganei, Tokyo 184-8795, Japan

Abstract— A two-wavelength emission laser (two-mode laser) can be used to generate millime-
ter and terahertz waves by irradiating high-speed photodiodes or nonlinear crystals. In recent
times, electromagnetic waves at such frequencies have become important for use in high-speed
wireless communication and accurate sensing. We have developed an InAs quantum dot (QD)
wavelength tunable two-wavelength emission laser with a narrow linewidth and stable emission
wavelength. In this study, we investigate the change of mode separation for a two-mode laser
consisting of an InP based laser diode chip with InAs QDs as the gain medium and external
cavity. The laser structure with InAs QDs was grown on InP(311)B substrates by solid-source
molecular-beam epitaxy. After the growth of the QD laser wafer, the ridge waveguide was fabri-
cated. In addition, an external cavity laser system was constructed using the QD gain chip, an
optical band-pass filter, and an etalon filter. The single-mode laser emission is obtained in a con-
ventional configuration in which the peak position of transmission by the band-pass filter is set to
that of the etalon filter. The emission wavelength range is 1535 nm. Further, the configuration for
a two-wavelength emission laser was modified from the conventional one. We observed two-mode
lasing with a frequency separation of 90 GHz, 300 GHz, and 1THz by changing etalon filter with
different free spectral range as shown in Fig. 1. Clear beat signal was observed in the interference
measurement for each mode separation. Therefore, two-mode lasing can be considered to have
occurred simultaneously. Mode hopping and competition were largely suppressed by using QDs
as the gain medium because the QDs have a delta-function-like density of states. Therefore, each
of them contributed to the laser emission individually, stabilizing the laser emission wavelength.

(a) (b) (c)

Figure 1: Two-mode lasing spectrum using QD optical gain chip with a frequency separation of (a) 90 GHz,
(b) 300 GHz, and (c) 1THz.
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Ce3+-doped Multicomponent Garnets
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Abstract— Ce3+-doped Lu3Al5O12 (LuAG) and Y3Al5O12 (YAG) single crystals are efficient
scintillators due to their high density, short decay time and high light yield. However, their
scintillating efficiency is degraded by the presence of the electron traps hampering the energy
transfer to the dopant ion thus resulting in the appearance of the slow decay component and
consequently, decrease of the light yield. Multicomponent garnet single crystals with general
formula (Gd,Lu,Y)3(Ga,Al)5O12 doped with Ce3+ recently became very promising candidates
due to their greatly improved scintillation characteristics. In the case of optimized Gd3+-Ga3+

composition [1, 2], the suppression of shallow electron traps and acceleration of the energy transfer
towards Ce3+ ions results in a very significant light yield increase and strong reduction of the slow
processes in the luminescence decay, see review in [3]. A further understanding of the scintillation
mechanism and fine aspects of the energy transfer are of great interest for the ultimate materials
optimization. Most recently, positive role of the stable Ce4+ centers in scintillation mechanism
of Mg2+-codoped garnet scintillators has also been evidenced [4].
In present contribution, the luminescent properties of undoped and Ce3+-doped (Y3−xGdx)Al5−y

GayO12 set of crystals with varying contents of Gd3+ and Ga3+ are investigated in wide tem-
perature range. In undoped crystals, the Gd3+ emission intensity as well as decay time related
to 6Px-8S 4f-4f transition is dependent on the Gd3+ concentration. A Gd3+-Gd3+ nonradia-
tive energy migration was evidenced at room temperature and concentration quenching of Gd3+

emission takes place by energy migration to lattice defects. In Ce3+-doped samples, a complex
nonradiative Gd3+-Ce3+ energy transfer is revealed, influencing the appearance of slow decay
processes.
Another set of single crystal samples, Ce3+-doped (Y3−xGdx)Al5O12 is used to monitor the role
of Gd3+. The dependence of the onset of thermal quenching of Ce3+ luminescence on Gd3+

content are determined by the temperature dependence of Ce3+ decay times related to its 5d-4f
emission transition. With the increase of Gd3+ content, the maxima of Ce3+-related emission
bands are shifted towards lower energy due to the increase in the crystal field splitting of the 5d
levels, and as a consequence the onset of thermal quenching moves towards lower temperatures.
Further characteristics, e.g., scintillation decay and light yield are also carefully studied.
Finally, for LuAG : Ce and GGAG : Ce samples the effect of Ce4+ presence is shown consisting
mainly in the acceleration of scintillation response and, in the former case, in the increase of light
yield.
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Challenges in Materials for Medical Imaging
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2St. Petersburg State Polytechnic University, Polytekhnicheskaya 29, 195251 St. Petersburg, Russia

Abstract— Current medical imaging equipment relies heavily on optical materials. These
materials convert the high energy of γ-rays or X-rays into electron-hole pairs across the band
gap. In scintillators, these electron-hole pairs excite luminescent centers (ions or molecular ion
groups), leading to the generation of light in a process called scintillation. The light generated
is subsequently detected using photo detectors. Alternatively to the scintillation process, the
photoconductivity due to free electrons or holes can be measured. The latter scheme is called
direct conversion.
The diagnostic value of clinical images is limited by many factors, among others the optical
properties of the materials used. After having reviewed the state of the art of scintillating
materials, the resulting challenges will be identified. On the basis of the theoretical estimations
and experimental data, the optimal conditions for maximum light output, short decay time and
low afterglow will be determined.
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Abstract— Bulk scintillating ceramics based on zinc oxide (ZnO) are very promising materials
for many applications due to their ultrafast excitonic luminescence. Nowadays there are a lot
attempts to create such a scintillator, but slow luminescence decay component that usually
appears in ZnO hinders these efforts. Exact origin of slow decay component is still controversial
as both excitation and emission mechanisms demonstrate complex properties.
This work is focused on peculiarities of kinetic characteristics of the slow luminescence with the
aim to elucidate energy and charge transfer processes which are responsible for the emission.
In this report, temperature evolution of luminescence decay, luminescence spectra, thermolumi-
nescence (TL) glow curves and spectra and in range of 15–300 K of nominally undoped ZnO
ceramics are presented and discussed.
The ZnO ceramics were manufactured by the uniaxial hot pressing method in a high vacuum
furnace in the form of discs with a diameter of 24 mm.
At room temperature, photoluminescence (PL) spectra of the ceramics consisted of two bands:
excitonic luminescence (at 377 nm) and so-called green luminescence (at 495 nm). Green lumi-
nescence had a wide band (FWHM 392 meV at 15K). Additional unresolved emission band arises
at low energy side of green luminescence under X-ray excitation.
TL emission spectra with different maximum positions were observed. The spectrum of the most
intensive TL peak located at 34K was centered at 615 nm. In temperature range of 60–160K,
TL had nearly constant intensity without any resolvable peaks. Peaks of TL with relatively small
intensity were also observed at 231 K and 291 K. TL in range of 60–160 K and peaks at 231 K and
291K had the same emission maximum as green luminescence in PL spectra. TL emission peak
centered at 720 nm appears at temperature of ∼ 170K. Emission at 720 nm was not detected in
emission spectra under X-ray or photoexcitation and appears only in TL.
At temperatures below 20 K, complex green luminescence decay process which includes kinetics of
tunneling recombination, exponential component and first order hyperbola was observed. At the
temperatures above the most intensive TL peak temperature the exponential component of decay
disappears. With rising temperature in range 60–160K where TL intensity is constant, absolute
intensity of hyperbolical component of decay increases. With further rising of temperature,
quenching of hyperbolic decay was observed and decay shape evolved into stretched exponential
decay.
Processes responsible for the luminescence decay kinetic and defect spectroscopy of the studied
ZnO ceramics are presented and discussed.
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Abstract— The presentation will show a possibility to generate a new, red Ce3+ luminescence
in SrS:Ce both in high- and low-concentration compositions. A comprehensive spectral charac-
teristics of the long-wavelength emission will be given together with its relationship to the regular
bluish green luminescence.
SrS:Ce is a known luminescent material with an efficient emission appearing in the 450–600 nm
region and peaking around 480 nm. Occasionally, a red-shifted emission in SrS:Ce was reported.
Yet, its appearance was always connected with high Ce concentrations and consequently with
luminescence of Ce3+-Ce3+ pairs rather than isolated dopantions.
In this presentation we shall prove that an extremely long-wavelength, abnormal luminescence
of SrS:Ce may be generated even in a lightly doped material (0.05%). We shall show that at
room temperature its intensity may harmonize with the intensity of the regular emission even
if the excitation (∼ 425 nm) goes only to the regular center. Compared to the regular emitting
Ce3+ ions, the new emitting center has much different excitation spectrum and altogether both
luminescent centers absorb the whole UV part of radiation as seen in Fig. 1. We shall also show
that the abnormal luminescence has all the characteristics of Ce3+ emission its decay time is about
35 ns, while the regular center decays with the time of 27 ns. The long-wavelength luminescence
is composed of two components separated by ∼ 2200 cm−1, which is the characteristic value of
the spin orbit splitting of the 4f1 configuration of Ce3+. Spectroscopic data in the 25–450 K range
of temperatures will be presented and discussed.

Figure 1: Emission and excitation spectra revealing existence of two different Ce3+ luminescence centers in
SrS:Ce after a specifically designed processing.
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Integrated Spectral Shapers in Silicon Photonics for Generating
Chirped Microwave Pulses Based on Optical Spectral Shaping

and Wavelength-to-time Mapping

Lawrence R. Chen
Department of Electrical and Computer Engineering
McGill University, Montreal, QC H3A 0E9, Canada

Abstract— Chirped microwave pulses (CMPs) have been used widely in various applications,
including spread spectrum communications, microwave remote sensing, and microwave computed
tomography. While such waveforms can be generated in the electronic domain, their bandwidths,
chirp rate, and central frequencies are limited by the sampling rate of digital electronics. On the
other hand, photonic generation of CMPs offer the possibility of achieving central frequencies of
tens to hundreds of GHz as well as significant chirp rates, thereby supporting tens of GHz of
bandwidth. Photonic approaches also provide increased flexibility, particularly with regards to
reconfigurabilty and tunability. The typical system implementation involves some form of optical
pulse shaping to synthesize the desired temporal waveform followed by photodetection. To this
end, a number of techniques have been employed, such as those based on direct space-to-time
pulse shaping, temporal pulse shaping, and optical spectral shaping followed by wavelength-to-
time mapping. The latter is straightforward to implement and involves a broadband source,
e.g., from a mode-locked fiber laser, a spectral shaper, and a dispersive medium. The spectral
shaper modifies the spectrum of the pulsed source, typically in amplitude only, and the shaped
spectrum then propagates through the dispersive medium where a wavelength-to-time mapping
process takes place, i.e., the shape of the spectrum is mapped to the time domain. The resulting
temporal signal corresponds to the microwave waveform which is detected by a photodetector.
The key component is the spectral shaper and in this presentation, we review recent progress
on developing integrated spectral shapers in silicon photonics. In particular, we describe devices
based on cascaded ring resonators as well as those incorporating Bragg grating structures.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1049

Engineered Optical Parametric Processes for Wideband RF
Analyzer and Pulse Generation

Camille-Sophie Brès
Ecole Polytechnique Fédérale de Lausanne, Photonic Systems Laboratory (PHOSL), STI-IEL

Station 11, CH-1015 Lausanne, Switzerland

Abstract— Optical parametric processes based on the χ(3) nonlinear tensor of a waveguide
medium have been used successfully for the complex manipulation of optical signals. The ad-
vantages of such processes are numerous and noteworthy are the instantaneous response, the
efficiency or the large bandwidth. The versatile nature of parametric devices has been exploited
for the advent of phase sensitive amplifiers and wideband amplifiers, for the generation of light
in distant spectral windows but also for the development of unique processing devices capable of
wavelength conversion, multicasting or sampling.
Recently, the development of dispersion engineered parametric fiber links has led to new possibil-
ities in terms of wideband multicasting, analog signal processing and pulse shaping. For example
photonic assisted architectures for instantaneous frequency measurements have attracted sig-
nificant interest, mainly driven by the increasing physical bandwidth used in radar systems.
Architectures based on high quality copying of microwave signals by wavelength multicasting in
self-seeded mixers and subsequent filtering, trade frequency non-degeneracy of the newly gen-
erated copies for ease of filtering. Such scheme also enables compensation for filter fabrication
tolerance and dynamic bandwidth/channel spacing reconfiguration by controlled adjustments of
copy positioning. Recently filterless wideband channelizer have also been realized based on the
similar principle. Another interesting aspect of engineered parametric processes lies in their po-
tential for the generation and shaping of short optical pulses. Indeed it has been shown that the
generated pulse shape and pulse duration depend on the signal frequency relative to the pump
frequency such that bounding of the phase matching in two-pump parametric amplifiers enables
the precise control of the generation process.
In this paper, we review the principle behind parametric wavelength conversion and distortion
free wideband multicasting in engineered fiber based devices for applications to parametric chan-
nelizers and pulse generators.
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The Path towards 100Gbit/s Wireless Communications

J. Leuthold, R. Bonjour, S. A. Gebrewold, S. Dash, W. Heni, C. Hoessbacher,
C. Haffner, Y. Salamin, B. Bäuerle, A. Josten, P. Ma, P. Leuchtmann, Y. Fedoryshyn,

D. Hillerkuss, and Christian Hafner
Institute of Electromagnetic Fields (IEF), ETH Zurich, Zurich 8092, Switzerland

Abstract— Successful operation of wireless communication links with capacities above 100-
Gbit/s require sub-THz carrier frequencies, pencil beams, usage of novel modulation techniques
and novel photonic-electronic devices. We review a recent 100 Gbit/s wireless link demonstrations
and discuss steps to make such systems more viable.

Introduction: Wireless transmission is forecast to grow by a 61% annual compound growth for
the next five years [2]. Such growth is only sustainable if fundamental changes in the design of
future wireless networks are adopted soon.

A possible path to vastly extend the capacity is to shift the RF carrier to the millimeter waves
with frequencies above 100GHz [3]. As an example, the frequency range between 200GHz and
300GHz is characterized by low atmospheric losses where wireless links can be operated even
under averse weather conditions [4].

Moving towards higher frequencies will also make it necessary to increase the antenna gain sig-
nificantly to offset the increased link losses. Thus, narrower beams, or pencil beams will be
needed. In return, ultra-fast, continuously tunable true-time delays (TTDs) will be necessary as
building blocks in phased array feeder networks to keep such systems flexible and to distribute
the information spatially [5].

Additionally, multiple-input multiple-output (MIMO) will become more attractive as it offers
another degree for scaling. It will ultimately be needed in order to enhance the capacity of base
stations. Fortunately, with an increase in frequency, the constraints due to limited space for the
number of antennas that goes along with MIMO will relax. This is particularly important on the
user side C where space is scarce [3].

MmWave systems also have to overcome distinct hardware constraints [3]. Major constraints
come from the high power consumption of mixed signal components, chiefly the analog-to-digital
converters (ADCs) and digital-to-analog converters (DACs). In a conventional approach each
antenna would be connected to a single high-rate ADC/DAC system. Equipping every antenna
would not only lead to an immense surge in cost but also require large computation powers
together with a huge power consumption. MmWave communications is thus unlikely to happen
unless there is a huge leap forward in semiconductor technology. However, such constraints can
be overcome by a clever hybrid approach based on photonics and microwave communications.
Key microwave-photonic elements include true-time delay elements, high-speed photo detectors
that can directly translate an optical signal into a microwave signal and microwave-to-photonic
receivers.

In this talk we will review some recent approaches on wireless communication links with data rates
up to 100 Gbit/s [1]. We will review some of the photonic-electronic hardware implementations.

Figure 1: 100 Gbit/s Radio-over-Fiber Communications link [1].
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Broadband Microwave Signal Acquisition by Photonics-assisted
Compressive Sampling

Hongwei Chen1, 2, Qiang Guo1, 2, Minghua Chen1, 2, and Shizhong Xie1, 2

1Tsinghua National Laboratory for Information Science and Technology (TNList), China
2Department of Electronic Engineering, Tsinghua University, Beijing, China

Abstract— Microwave signal acquisition plays a key role in radar, electric warfare, communi-
cation and other applications. The bandwidth of signal acquisition becomes larger and larger.
As the signal bandwidth is beyond to ten GigaHertz, traditional Nyquist Sampling needs ultra-
fast ADCs used for signal acquisition. Meanwhile, there is a problem of big data but with high
redundancy for that signals occupies only several sub bands in so large bandwidth. This means
that many data are useless. How to reduce the sampling rate and the redundancy of data attracts
researcher’s attention. Photonic-assisted compressive sampling supplies a potential candidate to
solve this problem. Our work focuses on breaking the limit of photonic CS’s bandwidth from
PRBS pulse rate and increasing the bandwidth up to tens of GHz. We propose to adopt nonlin-
ear time-delayed PRBS pulses for spectrum compression, which can construct PRBS pulse with
higher repetition rate and meanwhile guarantee stable signal recovery in broad band. Based on
this, large-bandwidth compressive sampling scheme is proposed, and compressive sampling with
20-GHz bandwidth is successfully realized with four delayed PRBS pulses with 10.16-GHz pulse
rate. Also, for the first time, a photonic-assisted CS system is proposed to acquire radar pulse
steams. An IQ modulator and a photodetector are utilized to perform the spectral compression
of the test pulses. A sliding window-based recovery algorithm is proposed to guarantee the signal
sparsity within a time window and realize a continuous signal reconstruction. In the experiment,
about 100 radar pulses ranging from 500MHz to 5 GHz are acquired within 100µs and exactly
recovered with a 520-MHz ADC, experimentally demonstrating the feasibility of the proposed
system in spectral estimation for radar pulses.
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Recent Advances in On-chip Stimulated Brillouin Scattering Based
Microwave Photonic Signal Processing

Ravi Pant1, David Marpaung2, and Benjamin J. Eggleton2
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Abstract— On-chip Stimulated Brillouin scattering (SBS) has recently been exploited for real-
izing microwave photonic sources and signal processing. On-chip slow-light with a tunable delay of
23 ns and microwave photonic notch filter with ultrahigh selectivity (3 dB bandwidth ∼ 30MHz)
and wide frequency (0–30 GHz) and bandwidth tunability (∼ 30–90MHz) were demonstrated.In
this talk, we present recent advances in microwave photonic signal processing exploiting SBS in
photonic circuits.

Introduction: Stimulated Brillouin scattering is the strongest optical nonlinearity that results
from three-wave interaction among two optical waves and an acoustic wave. Counter-propagating
optical waves with frequencies ωp (pump) and ωs = ωp − ΩB , where ΩB is the frequency of the
acoustic wave in the medium, create the acoustic wave (ΩB) that in turn induces a coupling
between the pump and Stokes signal (ωs) generating a gain resonance at the Stokes frequency.
The amplitude and phase response associated with the gain resonance is the key to realize slow-
light, dynamic gratings, microwave signal processing and Brillouin lasers [1–3].

On-chip SBS Microwave Photonics: Realization of on-chip SBS requires careful choice of ma-
terial and device design. A device designed to tightly confineboth optical and acoustic modes(see
Fig. 1) and made from a material with large refractive index and elasto-optic coefficient is the
key for on-chip SBS [4]. Recently on-chip SBS was realized in a 7 cm long photonic chip and was
exploited for slow-light induced tunable delay(see Fig. 1) [5] and realizing a ultra-high selectiv-
ity microwave photonic notch filter (∼ −55 dB) with wide frequency (0–30GHz) and bandwidth
(∼ 30–90MHz) tunability using low power of 8 mW (gain ∼ 0.8 dB) (see Fig. 2)) [6]. For the
SBS slow-light tunable delay of ∼ 23 ns was achieved with a gain of 23 dB, which can be used in
microwave signal processing tasks such as filters and phased array antenna.

Figure 1: SBS slow-light in a Chalcogenide pho-
tonic chip demonstrating fractional delay of nearly
one pulse width for a 25 ns long input Gaussian
pulse [5].

Figure 2: Photonic chip based microwave photonic
notch filter with ultrahigh selection and wide tun-
ability using low pump power of 8 mW [6].
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On-chip Microwave Signal Processing Platforms Based on Silicon
Photonics Technologies
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Abstract— Microwave photonics (MWP) signal processing by means of photonic integrated
circuits has attracted a large amount of attention in recent years, as an enabling technology for
a number of functions not attainable by a purely electronic approach. In particular, waveguide
Bragg grating (WBG) devices on silicon constitute a particularly attractive solution, thanks
to their high compactness and flexibility in producing arbitrarily defined amplitude and phase
responses. In this talk a brief overview of recent advances in the field of integrated WBGs applied
to microwave photonics will be given, with emphasis on a number of recent demonstrations by
our group of the use of WBGs for microwave and ultrafast optical signal processing. Application
examples include broadband tunable RF filters, true-time-delay lines and phase shifters with large
instantaneous bandwidth, optical pulse shapers operating in the THz regime, and instantaneous
frequency measurement systems on-a-chip. A perspective on the exciting possibilities offered by
the silicon photonics platform in the field of MWP will be given, potentially enabling integration
of highly-complex active and passive functionalities with high yield on a single chip.
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Microwave Photonics Techniques Supporting Flexible Wireless
Communications Links

Simon Rommel1, Lucas Cavalcante1,
Juan Jose Vegas Olmos1, and Idelfonso Tafur Monroy1, 2

1Department of Photonics Engineering, Technical University of Denmark, Kgs. Lygnby, Denmark
2ITMO University, St Petersburg, Russia

Abstract— Wireless data communication links supporting the next generation 5G and beyond
mobile networking face a set of engineering challenges related to the mandatory operation at
mmw and higher frequency bands, provide capacities above 10 Gb/s, satisfy latency, robustness,
flexibility and low complexity constrains. Microwave photonic techniques support a number of
key functionalities required to satisfy above-mentioned demands. We will review, in particular,
experimental realizations of a number of functionalities such as mmw generation, detection,
optical fiber transport and multi-Gigabit data transmission implementation exploiting photonic
techniques.
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Instantaneous Microwave Frequency Measurement System Using
On-chip Nonlinear Optics

David Marpaung
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Abstract— Instantaneous frequency measurement (IFM) systems are essential in various de-
fense, electronic warfare, and countermeasure applications. IFM systems are required to rapidly
determine a received signal frequency with low error, without actually measuring the frequency.
Most of IFM systems code the frequency information to another measureable quantity like power
through a function known as amplitude comparison function (ACF). Recently, a number of
photonic-assisted IFM systems have been proposed, taking advantage of the wide bandwidth and
reconfigurability of photonic system. However, most techniques were based on long and bulky
optical fibers. Not only this approach is not attractive in terms of size and weight, but long
optical fibers also ad latency to the IFM system. It is thus imperative to integrated IFM systems
in compact photonic chips to reduce latency and to achieve advantages in size, weight and power
consumption.
In this work, we consider IFM systems that exploit optical nonlinearities in a photonic chip. The
use of optical nonlinearities added values such as ultra-low estimation error and simplification of
the IFM system. In one demonstration we harness stimulated Brillouin scattering (SBS) in a 7-
cm chalcogenide photonic chip to achieve a hybrid IFM system that combines the characteristics
of a scanning receiver and an ACF to estimate a wide range of RF frequencies from 7–35 GHz
with ultra-low error below 1MHz. In another demonstration, we report an IFM system based
on four-wave mixing (FWM) in a 33 cm thick silicon waveguide. The use of this platform allows
us to access higher signal to noise ratio beyond that of a previous demonstration in a length of
highly nonlinear fiber. Over 40 GHz frequency range we achieved lower error in the long silicon
waveguide compared to that of the fiber system.
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Modeling of Coaxial Feed Topologies

Guy A. E. Vandenbosch1, Xuezhi Zheng1, and Victor V. Moshchalkov2

1Department of Electrical Engineering (ESAT-TELEMIC), KU Leuven, Belgium
2Institute for Nanoscale Physics and Chemistry (INPAC), KU Leuven, Belgium

Abstract— In this talk, the basic coaxial feed is revisited. The case under study is a coaxial
feed exciting a grounded planar structure of arbitrary layers. This type of feeding structure
occurs in a large number of practical microwave devices and antennas. A highly accurate model
is given for this widely used topology. The core of the model is to make use of the eigenmodes of
a conducting parallel plate system which can be derived analytically to reconstruct the field in
the actual configuration. This is based on the physical observation that the differences between
the modal fields found in the parallel plate system [1–3] and the ones of the actual configuration
are negligible. As a result, we can build a highly accurate equivalent circuit model for the coaxial
feed in a general multilayer structure. This circuit model is specifically simplified for two most
commonly seen cases: one layer and two-layer structure. Since the model introduces only one
unknown for the entire coaxial feeding topology, its numerical complexity is reduced to the same
as for the simplest possible model, i.e., the imposed constant probe current model. The way of
working opens possibilities for developing full time-domain methods to analyze the susceptibility
of microwave electronic circuits based on the natural modes of a multilayer structure to pulsed-
field electromagnetic (EM) disturbances [4].
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Technická 3082/12, Brno 616 00, The Czech Republic

2Department of Physics and Electrical Engineering, Linnnæus University
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Abstract— Power-cable fault localization using time-domain reflectometry requires an effi-
cient computational technique for the evaluation of pulsed electromagnetic fields in cylindrically
layered structures. A robust way to handle the problem is to perform a contour complex inte-
gration at a number of frequency points and carry out an inverse fast Fourier transformation
with respect to time [1]. Alternatively, one may employ a slowness representation along the
cable axial direction in combination with a one-sided Laplace time transformation and obtain
time-domain results more or less directly. This is exactly the main subject of the present con-
tribution in which it is shown that the pulsed electromagnetic response of a cylindrically layered
cable can be constructed with the aid of Cagniard-DeHoop (CdH) technique [2] and a numerical
Laplace-transform inversion method in the intermediate step. Specifically, the pulsed electro-
magnetic wave field in N -layered medium can be then composed of generalized-ray time-domain
constituents whose generic slowness-domain representation has the following form

K̂(r, z, s) =
s

2πi

∫ i∞

p=−i∞
exp

{
−s

[
pz +

∑

K∈Γ

γK(p), %K

]}
Q̃ (r, p, s) dp (1)

where Γ = {1, . . . , N}, z and r are the axial and radial spatial coordinates, respectively, {s ∈
R; s > 0} is the (time) Laplace-transformation parameter, %K denotes the radial propagation
path traversed in K-th cylindrical shell and γK(p) is the corresponding propagation coefficient
given as γK(p) = (1/c2

K − p2)1/2 with Re(·)1/2 ≥ 0. It is worth noting that the factor Q̃(r, p, s) is
s-dependent and consists of a combination of the propagation coefficients and the scaled modified
Bessel functions. Thanks to this property, the standard CdH procedure has to be supplemented
with numerical Laplace transform inversion. As the latter is inherently an ill-conditioned proce-
dure [4, Section 2.1], its evaluation requires a special attention. Finally, once the inversion of (1)
is carried out, the resulting wave motion is composed from the corresponding body- and head-
wave time-domain constituents that are propagating, reflecting and refracting upon interfaces
between cylindrical layers. Sample numerical experiments concerning canonical configurations
will be presented at the 36th PIERS.
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Wiener-Hopf Analysis of TM Wave Reflection by a Step
Discontinuity on the Junction of Two Coaxial Waveguides with

Perfectly Conducting and Impedance Walls

G. Çınar1, S. Akşimşek2, B. Nilsson3, S. Nordebo3, and Ö. Yanaz Çınar1

1Eskişehir Osmangazi University, Turkey
2İstanbul Kültür University, Turkey

3Linnæus University, Sweden

Abstract— In this study, the reflection of TM waves by a junction of a perfectly conducting
coaxial waveguide with a step discontinuity on its inner wall and an impedance coaxial waveguide
is analyzed rigorously by Wiener-Hopf technique (see Fig. 1(a)). The problem represents two main
scattering mechanisms which occur in the measurement setup for the experiments performed on
a 80 km long High Voltage Direct Current (HVDC) power cable in a factory and on the 250 km
long Baltic HVDC power cable [1]. The effect of the step discontinuity alone on the scattered
fields has been studied by the authors recently in [2, 3].
In order to determine the reflection coefficient for this problem, one first needs to analyze TM
wave propagation along the waveguide junctions shown in Fig. 1(b) and Fig. 1(c). The scattering
coefficients obtained by solving these two problems can then be taken into account to apply the
generalized scattering matrix method which eventually provide the reflection coefficient related
to the original problem.
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Figure 1.

The scattering coefficients for the problems given in Fig. 1(b) and Fig. 1(c) are obtained simply
by extending the formulations described in [3] and [4] (which are done for only TEM modes) to
the cases of TM wave incidences. In addition to these, the problem in Fig. 1(b) is also solved
when the TM wave is incident from the opposite direction. With the help of these scattering
coefficients and the generalized scattering matrix method, the reflection coefficient for the original
problem is determined. The numerical results are compared to the ones obtained by applying
mode-matching technique directly to the problem shown in Fig. 1(a).

REFERENCES
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Determination of Normalized Electric Eigenfields in Microwave
Cavities with Corners

J. Helsing1 and A. Karlsson2
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Abstract— We show that high-order convergent Fourier-Nyström schemes for the MFIE can
be efficiently implemented when applied to cavities with non-smooth PEC surfaces. Our explicit
kernel-split panel-based Fourier-Nyström scheme relies on an underlying 16-point Gauss-Legendre
quadrature and a technique called recursively compressed inverse preconditioner (RCIP). It gives
a convergence of 16th order and a nearly optimal accuracy that is reached at very few discretiza-
tion points per wavelength along the generating curve of the cavity. The scheme determines
surface current densities and surface charge densities that, via a post-processor, are carried over
to normalized electric and magnetic eigenfields at all positions inside the cavity, also close to sur-
faces where integral equation techniques usually encounter difficulties. At corners with opening
angles larger than 180 degrees there are always components of the electric or magnetic fields that
are singular. The RCIP technique manages to accurately resolve such singularities down to any
desired spatial scale. The post-processor takes advantage of a new surface integral expression for
the normalization.
In our collaboration with scientists at the synchrotron light source MAX IV and the European
Spallation Source (ESS), both under construction in Lund, Sweden, we have seen a need for
improved numerical tools for accurate wakefield evaluations in particle accelerators. This is the
motivation for our project. Today, all high energy particle accelerators use microwave cavities for
particle acceleration by means of eigenfields, excited by external sources. The cavities consist of
one, or several, axially symmetric cells, where in each cell the excited eigenfield corresponds to the
TM010 mode in a cylindrical cavity. In addition to the eigenfields excited by the external sources,
the beam of particles excite wakefields that consist of a large number of higher-order modes
(HOM). These wakefields affect the trajectories of the particles and, by that, the quality of the
beam. To prevent that harmful wakefields are excited in the accelerator, numerical simulations
are used both in its design process and during operation. These simulations need to cover a
frequency band up to at least 10 times the frequency of the external source. Our method has
been developed in several steps [1–3], to cover more and more applications. It is now at the stage
where it can evaluate wakefields in linear accelerators and storage rings with high accuracy and
by that become a tool in the design of accelerators.
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Analysis of Multipactor Effect in Parallel-plate and Rectangular
Waveguides
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Abstract— The multipactor effect is an electron discharge that may appear in particle accel-
erators and microwave devices such as waveguides in satellite on-board equipment under vacuum
conditions. This effect has been widely studied, and many investigations have been focused on the
prediction of multipactor breakdown in a wide variety of microwave passive components for sig-
nals of different frequency and power levels, in order to prevent their damage. Many works [1, 2]
take advantage of available susceptibility charts in empty parallel-plate waveguides obtained with
analytical models [3], and they are directly used to predict multipactor breakdown in the com-
ponent under study, which is going to happen in the point of highest field intensity. Thus, they
are aimed to determine such highest field intensity region, which is generally the smallest device
gap. However, such susceptibility diagrams do not take into account important effects such as the
dependence of these diagrams on elastic and inelastic electrons, as well as the 3D character of the
motion of the electrons inside the waveguide, or the non-uniform nature of the electromagnetic
fields in some particular cases.

In the last years, the authors have developed a 1D model for studying the multipactor effect in
partially dielectric-loaded rectangular waveguides [4–6].

In this work it is investigated, in the parallel-plate waveguide case, how the 1D, 2D or 3D motion
of the electrons inside the waveguide can affect the generalized susceptibility diagrams, by means
of a developed model capable of tracking the exact trajectory of multiple effective electrons which
includes effects such as the spreading of the secondary electron departure kinetic energies or the
dependence on elastic and inelastic electrons. On the other hand, a comparative study of the
susceptibility charts in a parallel-plate and in its equivalent rectangular waveguide with the same
height is performed, showing how the inhomogeneity of the electric field inside the waveguide
modifies the multipactor region with respect to that predicted by the parallel-plate waveguide
case.

The results of this study are going to be extended to a partially dielectric-loaded rectangular
waveguide, which is a problem of great interest in the space industry that has not yet been
rigorously investigated in the literature.
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Power Line Noise Measurements and Statistical Modelling in the
Time Domain
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Abstract— The power grid provides a readily available medium for communication purposes.
This means that the power grid is the cheapest communication medium since no new cabling is
required. However, the power grid was design for the delivery of power and not for communication
applications. As such no considerations have been made in the design of power networks to
accommodate communication services. However, with the application of current digital signal
processing techniques, the power network can be adapted to support communication services.
This adaptation requires a full understanding of the power network characteristics, which are
noise, distortion and channel effects. These power network characteristics are studied through
measurements, modelling and characterization. The results obtained through such studies are
then utilized in the redesign of conventional receiver structures and modulation schemes so as
to adequately suit them for powerline communication applications. In this paper, we present
time domain power line noise measurement results, and then apply a statistical technique for
the characterization and modelling of the time domain noise amplitudes in typical indoor power
networks. The results obtained are validated through error analysis. The models developed are
vital in the optimization of communication applications through the power network.
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Analytical Study of Large-scale Current Commutation Processes in
Multiply-connected Transmission-line Networks

Dierk Bormann
ABB Corporate Research Väteräs, Sweden

Abstract— In a transmission line network which is multiply connected, like for instance a
future DC cable grid, low-frequency or DC currents may temporarily circulate in large loops.
Such loop currents can for instance be generated by the intentional disconnection of a current
carrying link in the network, or by the unintentional occurrence of a ground fault. If the system
has more than one grounding point, or in the case of a ground fault, part of the loop current
path may pass through ground. The classical references on the impedance seen by such ”ground
return currents” are papers by Carson [1] and Pollaczek [2].
Commutation processes between globally different current paths in the system are then expected
to be controlled by the effective resistances and inductances seen by corresponding loop currents,
the loop inductances being substantially larger than typical differential-mode line inductances.
The effects of these loop inductances cannot be accounted for by common system transients
simulation programs which receive as input information about the topology of the network only
(and not about its geometry).
In this talk, I will study the loop currents by analytical methods. Due to the skin effect in
a conducting ground, the loop-current inductances are frequency dependent even at very low
frequencies, which leads to surprisingly complex behavior of the current commutation processes.
I will present an analytical solution of a slightly idealized model which however captures the
essential features of the commutation process. The physical meaning of this solution will be
discussed by comparing it with different approximations.
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Estimation of Electromagnetic Parameters of Cable Steel
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Abstract— Power losses related to the skin-effect, induced eddy currents and hysteresis losses,
are all very important electromagnetic phenomena to consider in the design of high-voltage AC
power cables [3]. Due to the complicated structure of these cables, which consist of a variety of
material constituents and multiply twisted conductor bundles, it is a non-trivial task to accu-
rately predict the effect of these loss mechanisms. Presently, it is for this purpose that analytical
techniques [4] as well as numerical techniques based on Finite Element Modeling [1, 2] and the
Method of Moments [5] are being developed.
In this presentation, we will address the problem of accurately estimating the conductivity as
well as the magnetic hysteresis of the cable steel armour, as an important input parameter in the
above mentioned modeling quest. In particular, we will address the problem of estimating the
electromagnetic parameters of the armour with proper account taken to the dimensionality of
the test object. A test transformer is built on a single straight wire of magnetic armour steel and
wound with very thin copper wires. The transformer is modeled based on the conductivity of the
steel and a linearization of the magnetic hysteresis by using a complex valued permeability. The
parameters are then determined as an inverse problem based on measurement data and a localy
convex optimization. Future work is aiming to validate the accuracy of the estimation based on
a numerical simulation of the non-linear hysteresis phenomena.

 σ, µ 
i +

u

−

Figure 1: Test transformer based on the conductivity and the permeability of the steel.
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Periodic Green’s Dyadics for Helical Current Distributions
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Abstract— Power losses related to the skin-effect, induced eddy currents and hysteresis losses
are all very important electromagnetic phenomena to consider in the design of high-voltage AC
power cables [6]. Due to the complicated structure of these cables, which consist of a variety of
material constituents and multiply twisted conductor bundles, it is a non-trivial task to accurately
predict the effect of these loss mechanisms. Presently, it is for this purpose that analytical
techniques [7] as well as numerical techniques based on Finite Element Modeling [2, 3] and the
Method of Moments [8, 10] are being developed.
Helical waveguide structures have been treated previously such as, e.g., with helical sheaths [1, 4],
and approximations for wire helices [5, 9]. However, to our knowledge there has not been any
general presentation regarding the analytical modeling of the electromagnetic fields generated by
a helical current distribution. The purpose of this presentation is to provide explicit formulas
for the periodic electric and magnetic Green’s dyadics [7], and to explain how they can be used
to calculate the fields generated by an arbitrary helical current distribution. As an application
example, the method is used in an approximate calculation of the induced currents in the metal
sheaths and armour of a three-phase power cable.
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Figure 1: Geometry of a typical three-phase high-voltage AC cable.
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On Shape Reconstruction in Waveguide Like Structures

M. Norgren and M. Frid Dalarsson
KTH Royal Institute of Technology, Sweden

Abstract— The inverse problem of shape, or boundary, reconstruction has several applications.
A potential application may be diagnosing the interior of electrotechnical components, like the
winding structure inside a power transformer. For this kind of problem, we will discuss a couple of
approaches based on waveguide modelling and theory. The first approach amounts to a full wave
modelling of the winding structure, where the interspacing between the conductors is envisaged
as a waveguide network. Using propagators and mode-matching, the scattering parameters can
be determined and related to the locations of the individual winding conductors, which can be
reconstructed by using optimization. This approach, we have verified in principle on generic par-
allel plate and cylinder geometries. However, a conclusion is that in realistic cases the modelling
becomes exceedingly massive and the reconstruction procedure too slow, computationally. The
second approach amounts to simplify the model, by in the first step to replace a sheet of winding
conductors with an equivalent surface, modelled by a suitable boundary condition. The second
step is motivated by that in a power transformer only small deformations of the windings are
tolerable, since otherwise the transformer will fail. Hence, we focus on small deformations, which
to some extent can be handled by linearizing the problem by means of perturbation theory. This
amounts to replace the deformation with equivalent surface currents that radiate the scattered
field into the unperturbed waveguide. We will present results for windings modelled as PEC
surfaces, inside parallel plate, rectangular and coaxial waveguides, where the deformation varies
along the direction of propagation. Our results so far are promising in that the linearized theory
can be used for reconstructing unexpectedly large surface deformations, beyond what would be
tolerable in a power transformer winding. Ongoing work on reconstructing surfaces deformed in
two directions will also be discussed.
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An Improved Form of Bessel Functions for Accurately Simulating
Higher Order Modes in a Cylindrical Waveguide

M. C. Lin
Department of Electrical and Biomedical Engineering
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Abstract— A cylindrical waveguide is widely used in electromagnetic (EM) applications for EM
wave energy transportation or coupling inside or between systems. To study the wave transport in
a cylindrical waveguide, the analytic waveguide theory based on Maxwell’s equations is employed
in those cases retaining homogeneity and cylindrical symmetry and Bessel functions are obtained
for characterizing the guiding modes excited. In general, we use a numerical method such as finite
element analysis or finite-difference method to study those non-homogeneous or non-symmetric
waveguide systems. We could study a waveguide system either in the frequency domain or in the
time domain. The former is good for characterizing stationary behavior and the latter is better
for studying transient or time dependent phenomena. For higher order mode excitation in a
cylindrical waveguide, a higher order Bessel function is required and numerically an expansion of
this function in terms of a series is mostly used. However, the accuracy of mode pattern excited
is getting worse when one pushes it to higher and higher order mode with a limited number of
expansion series. This inaccuracy usually introduces unwanted or unphysical spurious modes and
causes numerical errors in the simulation results. In order to excite a clean higher order mode, we
have developed a delicate wave launcher using an improved form of Bessel functions. Since the
excitation is located either in the ends (ports) or a cross section somewhere along the waveguide,
for a TE or TM mode, the longitudinal magnetic or electric field component respectively is used
only for the wave launching source according to the waveguide theory, i.e., all six components
of electric and magnetic fields are not independent and all the transverse components can be
expressed in terms of the two longitudinal components. This technique has been demonstrated
successfully in our finite difference time domain simulations. An introduction of this approach
and detailed results will be presented.
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The Novel Mixed Spectral Element Method for Waveguide Problems
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Abstract— The increasing complexity of microwave and optical waveguide structures requires
highly accurate and efficient simulation methods to calculate waveguide modes and to optimize
geometrical and material parameters for waveguide engineering, and so far the most successful one
is the finite element method (FEM). By discretizing the waveguide cross section into a number of
triangular or quadrilateral elements and applying the variational formulations, the FEM can be
used to perform eigenmode analysis of waveguiding structures for their mode dispersion curves
and cut-off frequencies. It has been proved by previous researchers that by using the tangential-
vector finite element method (TVFEM), the propagation modes in a waveguide can be obtained
without the occurrence of nonzero spurious solutions. However, there are still spurious modes
confined to the subspace of zero eigenvalues. These spurious modes make it difficult to determine
which modes are physical. Furthermore, at a given frequency, these spurious modes will slow
down the convergence of desirable modes and cause additional computational complications. In
order to suppress the spurious modes with zero eigenvalue, the divergence free condition (i.e.,
Gauss’ law) must be enforced.
In this paper, a novel high-order mixed spectral element method is proposed for the analysis of
anisotropic, lossy, and open waveguides. The new variational formulation incorporating Gauss’
law into the vectorial wave equation is completely free of spurious modes. It utilizes the edge-
based curl-conforming Gauss-Lobatto-Legendre (GLL) polynomials to approximate the tangential
vector of the electric field and the nodal-based scalar GLL basis functions to discretize its longi-
tudinal component to obtain the highly accurate simulations. By employing the mass-lumping
technique only a smaller generalized eigenvalue problem needs to be solved. The new contribu-
tions of this work includes: (a) For the first time the mixed SEM is made free of all spurious
modes in a waveguide problem, and the smaller eigenvalue equation speeds up the computation.
(b) Both lossy and anisotropic media are made possible in the mixed SEM for a waveguide prob-
lem. (c) The perfectly matched layer (PML) has been demonstrated in the mixed SEM for open
waveguides. Furthermore, several numerical examples are given to verify that the higher-order
spectral element method is free of any spurious eigenmodes and has spectral accuracy with the
propagation constant.
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A High Efficiency WPT System Using Helix Antennas

B. Dubovski and M. Haridim
HIT — Holon Institute Technology, Israel

Abstract— The field of wireless power transmission (WPT) has been growing rapidly in the
last few years. WPT allows to remove the need for a wired connection in both short range and
long range applications, ranging from laymen, which use it to charge their personal devices or
medical devices, to large companies, which take advantage of the technology where they cannot
use wired connectivity, furthermore, the use of WPT can help the environment, each year more
than 15,000,000,000 non-rechargeable batteries are being thrown away, by using WPT we can
reduce these numbers substantially. The gain of the transmitting and receiving antennas is a key
measure for achieving a high overall RF-to-DC conversion efficiency.
In this paper, we present a high efficiency WPT system operating at 400 MHz for small to mod-
erate distances. The proposed system is based on incorporating helix antennas in the transmitter
and receiver. Use of helix antennas allows to achieve high directivity and high efficiency with a
fairly compact antenna size. Various configurations were considered and analyzed with emphasis
on compact transmitting and receiving modules. As shown in this paper, the proposed helix
antenna can be easily manipulated to obtain small size with good radiation performance. It is
shown that the proposed helix antennas operating at 400 MHz, with relatively small dimensions
(length of 3.5 cm, and diameter 25 cm) can provide a high gain exceeding 5 dB, with low VSWR.
Experimented results are in good agreement with those obtained by numerical electromagnetic
simulations using the HFSS tools.
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Wireless Transmission of Electromagnetic Energy Based on a Time
Reversal Approach for Indoor Applications

R. Ibrahim1, 2, B. Allard1, A. Breard1, J. Huillery1, C. Vollaire1, D. Voyer1, and Y. Zaatar2

1Université de Lyon, Ampere (CNRS UMR 5005, École Centrale de Lyon, INSA-Lyon, UCBL)
Écully Cedex F-69134, France

2LPA, Lebanese University Faculty of Sciences 2, Campus Fanar, Jdeidet BP 90656, Lebanon

Abstract— An original approach based on a time reversal technique is proposed in order to
realize a wireless transmission of electromagnetic energy for indoor applications. Experiments
made in a low-Q cavity of human size with a frequency carrier of 2.45 GHz show that the energy
efficiency is greater than for a wireless transmission based on a continuous wave.
Introduction: Most of the recent developments in wireless transmission of electromagnetic
energy are concentrated on systems designed to harvest the exceed of electromagnetic energy lost
by common wireless systems such as Wi-Fi network. However, the intermittent and unpredictable
nature of these ambient sources makes energy harvesting critical for some applications [1]. In
scenarii where the energy is transmitted intentionally, systems using continuous waves are not
necessary the most efficient. We investigated an alternative approach based on time reversal that
is found to be promising for indoor applications. Time reversal with electromagnetic waves was
first proved to be feasable in [2]. The implementation needs two stages. In a first step called
learning stage, a low energy pulse is transmitted through an antenna; at another place in the
room, the received antenna records a signal constituted by a succession of many delayed pulses,
less or more attenuated, and related to the reflections in the medium. In a second step called
time reversal stage, a high energy signal built from the time reversal of the recorded signal is
transmitted through one of the antennas; it follows that the time reversed waves focus spatially
and temporally on the received antenna. These properties are particularly attractive for an
energy recovery; moreover, the energy efficiency increases when the medium becomes more and
more complex which makes this approach espescially suitable for indoor applications.
Experimental Setup and Results: Two antennas are placed inside a low-Q cavity of human
size with two obstacles positionned between them in order to avoid the direct path. In the learning
stage, a nanosecond pulse of 2.45GHz frequency carrier and 5 V amplitude is transmitted; in
reception, a complex microsecond signal with a maximum amplitude of 50mV is recorded using
a numerical oscilloscope. The time reversal as well as some filtering operations are made in a
Matlab code. Then the reversed signal is transmitted using a wave form generator with a sample
frequency of 12 GHz and an amplifier such that the maximum amplitude for the time reversed
signal is 5 V ; in reception, one recovers a nanosecond pulse with an amplitude about 10 times a
many as during the learning stage. Moreover, the energy efficiency in the reversal stage is about
30 times as many as the efficiency for a transmission of a continuous wave around 2.45 GHz. Note
that in this later case, there is a sensivity with respect to the carrier frequency because of the
cavity modes; on the contrary, the time reversal technique takes advantage of the complexity of
the cavity.
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High Efficiency RF Energy Harvesting from Electromagnetic Waves
of Digital Terrestrial Television

Jiro Ida, Masanari Mabuchi, Yuta Kunori, Hiroshi Miyagoshi,
Keisuke Noguchi, and Kenji Itoh

Division of Electrical Engineering, Kanazawa Institute of Technology
7-1 Ohgigaoka, Nonoichi, Ishikawa 921-8501, Japan

Abstract— Our target of the RF energy harvesting is harvesting from the electromagnetic
wave of the Digital Terrestrial Television (DTTV) which frequency is around 470–770 MHz. It is
because its covered area and its expected power will become large, compared with others, e.g.,
the Wi-Fi and the cellular phone. Although the DTTV was chosen, the expected received power
is around and below the micro Watts range when the covered area is intended to be enlarged.
Therefore, the most important issue of the RF energy harvester is the high efficiency of the
rectification on the ultralow input power level.

For this issue, we have proposed the rectenna which is composed of the high impedance antenna
and the optimized gate controlled diode (Fig. 1). Although based on the simulations, we have
confirmed the efficiency around 40% at the input power level of −15 dBm, and around 10% at
−30 dBm, which is the best ever reported value [1].

Figure 1: Our concept of the high efficiency RF en-
ergy harvesting and the structure of the gate con-
trolled diode.

Capacitor
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on chip

Figure 2: Rectifier circuit and its photograph on the
chip.

Figure 3: Measured and simulated efficiency of the
rectifier on 500 MHz.

Figure 4: Fabricated rectenna with the high
impedance antenna and GCD.

We introduce the status of our study, here. First, we show the results of evaluation on the gate
controlled diodes (GCD) and the rectifier circuits fabricated with 0.18 µm CMOS (Fig. 2). It
was confirmed that the efficiency of the rectifier with the GCD which has the optimum transistor
threshold voltage (Vth) overcomes the rectifier using the best Schottky barrier diode for the small
signal applications (Fig. 3) [2]. We have already developed the folded dipole antenna with the
high impedance of 2 Kohm [3], which is also summarized here. Next, we show the methodology
of the optimization with the combination of the high impedance antenna and the optimized GCD
for the high efficiency rectification on the ultralow input power level. We have founded out that
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the optimum Vth shits to the slightly high value and the optimum gate width shifts to the small
value with increase of the antenna impedance.
Finally, we will show the fabrication result of the rectenna with the high impedance antenna and
the optimized GCD (Fig. 4).
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Use Case Analysis of Wiegand-based Energy Harvester in
Mechanical Sensing Devices

Ralf Zentgraf and Ulrich Bochtler
Lab for Circuit Design, Aschaffenburg UAS, Germany

Abstract—
Summary: Conventional energy harvester approaches using magnetic-inductive technologies are
often realized as mass-spring systems. Due to the small resonance-bandwidth of such systems,
bistable magnetic wires can be a sound solution for slow and sporadic movements. On this issue, a
pressure sensor system is adapted with a so-called Wiegand-harvester to implement self-sufficient
electrical feature functionalities.
The Wiegand-harvester consists of an inductor coil mounted on an amorphous Vicalloy-Core
(CoFeV). The large characteristic Barkhausen jump of the alloy is used to generate voltage peaks
in the pickup coil in a slow changing magnetic field. Contrary to mass-spring systems or periodical
induction, only the value of the coercivity field (∆Hce) is relevant for generating an energetic
voltage pulse to power an electrical circuit.

Figure 1: Magnetic harvesting PCB. Figure 2: FEM simulation of the neodymium mag-
nets.

This technology can be used in high transient as well as in nearly static environments. A use case
analysis for a pressure gauge shows the benefit of Wiegand-based Systems. The powermodule
is realized by placing eight harvesters circular on a PCB. Thereby a single rotation of a spindle
(360◦) is quantized in eight steps. A second disk equipped with eight neodymium permanent
magnets is mounted parallel to the PCB. So a twist of 45◦ delivers a multiplied pulse each of
the eight inductor coils [Fig. 1]. A electrical energy output of approx. 13.5µWs and the twist-
hysteresis of 0◦2′ could be achieved and verified using a magnetic FEM simulation [Fig. 2].
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Optimal Operating Frequency for Wirelessly Powered Implanted
Systems

V. Talla1, B. H. Waters1, and J. R. Smith1, 2

1Department of Electrical Engineering, University of Washington, USA
2Department of Computer Science Engineering, University of Washington, USA

Abstract— Wireless power transfer (WPT) using magnetically coupled resonators is a popular
technique to charge/recharge and operate a range of devices such as electric vehicles, consumer
electronics and implanted biomedical devices. As a result, numerous WPT systems and multi-
ple standards such as Rezence by A4WP and Qi by WPC operate at different frequency bands
(200KHz, 6.76 MHz, 13.56 MHz to name a few) have been developed in recent years [2–4]. How-
ever, there isn’t a clear choice of an optimal operating frequency since the system design and
behavior is dependent on a variety of factors such as application scenario, size limitations, op-
erating distance and desired power level. In this work, we will focus on choosing an optimal
operating frequency for wirelessly powered implanted biomedical devices, while taking account
these various system requirements.

One of the key challenges associated with developing WPT systems is to comply with existing
regulatory and safety standards. We will focus on two specific applications, which cover the
two extremes of the power spectrum of implanted devices. Firstly, we will discuss WPT for left
ventricular assist device (LVAD) which require about 10Ws of power and has a receiver size
restrictions of about 10 cm in diameter [1]. Secondly, we will design a WPT for an implanted
neural recording device which requires about 100 mWs and the receiver is restricted to 2 cm in
diameter and 2mm in thickness. We will ascertain the optimal operating frequencies for the two
applications under the above-mentioned constraints and design the system to satisfy the safety
and legal standards and regulations set worth by the Federal Communication Commission (FCC).

The primary goal of a WPT system is to deliver the desired power to the load at maximum
efficiency and operating range [6]. An additional, but equally important requirement is to stay
within the electromagnetic exposure limits. The electromagnetic exposure limits are set out
to ensure that adverse effects associated with electro-stimulation (at lower frequencies 3 KHz–
5MHz) and tissue heating (at higher frequencies 100 KHz–300GHz) is minimized. As a result
there are basic restrictions (BRs) and maximum permission exposure (MPEs) limits, which place
an upper bound on, induced fields, induced currents, temperature rise and specific absorption
rate (SAR).

Recent work has investigated the choice of optimal frequency for consumer electronic charging
applications [8]. Although it assesses RF exposure, it does account for the effect of human
hand/body in proximity with the charging system. Herein, we will focus on implanted biomedical
systems wherein the receiver will be encapsulated in the biomedical tissue and is of greater risk
of electro-stimulation and tissue heating. For our analysis and design of the system, we will
undertake the following approach:

• Since the Q-factor of the coils, the power dissipated (i.e., heating) and the WPT effifficiency
are all dependent on operating frequency for a given coil size, we will optimize the MCRs
for the two applications for different operating frequency bands [7].

• Given this design, we will evaluate the impact of the tissue and biological medium encap-
sulating the receiver on the efficiency and field distribution for the WPT system [5]. If
required, the system will be redesigned to improve efficiency and power delivery.

• Next, we will evaluate and quantify the induced field strengths, induced current and SAR
values for different operating frequencies.

Based on the analysis of the systems optimized for different frequency bands, we will ascer-
tain the optimal operating frequency for various wirelessly powered implanted medical devices
applications.
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Wireless Power Transmission by Enlarging the Near Field
Calculation of the Transition from Far to Near Field

Konstantin Meyl
Faculty of Computer and Electrical Engineering, Furtwangen University

1.TZS, Erikaweg 32, D-78048 Villingen-Schwenningen, Germany

Abstract— Continuing the contribution about “wireless power transmission by scalar waves”,
presented in Moscow 2012, this paper goes deeper, explaining the different types and properties
of waves described by the wave equation.
Starting with the wave description of Maxwell an extended version of the Laplace equation is
derived, expanding the standard derivations of the near field, showing how to influence the zone,
where the longitudinal wave parts occur.
We come to the conclusion that the near field zone is enlarging, if the longitudinal parts of a wave
or the antenna voltage are accelerated. This relationship is essential for the wireless transmission
of energy. In addition this exciting new result could be tested experimentally.
The simple experiment will be demonstrated at PIERS 2013 in Stockholm. Only by changing
the antenna design, it will be shown how both, the speed of propagation and the near field are
enlarging proportional to each other.
In all practical applications as discussed in PIERS Proceedings 2012 (pp.664–668), the extended
near field is the key of success.
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Causal Natural Modes, Retro-causal Natural Modes and Minimum
Radiation Modes

Guy A. E. Vandenbosch1, Xuezhi Zheng1, and Victor V. Moshchalkov2

1Department of Electrical Engineering (ESAT-TELEMIC), KU Leuven, Belgium
2Institute for Nanoscale Physics and Chemistry (INPAC), KU Leuven, Belgium

Abstract— In this talk, we discuss three kinds of modes that are crucial to the understanding
of a time domain electromagnetic (EM) response. The first targeted mode is called “causal”
natural mode. This mode and its corresponding “causal” natural frequency are widely used in
the analysis of the transient response of a radiating structure, for example, in the Singularity
Expansion Method [1]. They are solutions to the non-standard eigenvalue problem of, e.g., for a
microwave antenna, a surface integral equation. In this case, the integral equation only involves
the retarded scalar and vector potentials and as a result the electric field at a given time instant
t is solely due to an oscillating current in the past. Moreover, since the EM field equations
are invariant under time-reversal symmetry, we can reverse the time axis and construct a retro-
causal problem for the conventional integral equation. Then, similar to the “causal” natural
mode, retro-causal natural modes can be defined when the integral equation is set free of driving
force. Last but not the least, we can combine the causal and retro-causal cases to build a new
“radiation field” operator. It will be proven that this operator is closely related to the concept of
radiated energy [2, 3], and its modes may be defined as “minimum radiation” modes, i.e., where
radiated energy and absorbed energy perfectly cancel each other.
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Stored Electromagnetic Energy in Bi-isotropic Media

Casimir Ehrenborg and Mats Gustafsson
Department Electrical and Information Technology, Lund University, Box 118, Lund SE-221 00, Sweden

Abstract— Characterizing stored electromagnetic energy is essential in antenna Q calcula-
tion [1]. Understanding stored electromagnetic energy as a physical quantity is thus instrumental
in characterizing antenna limitations. There exists several expressions for stored electromagnetic
energy. In general these expressions give physical results in loss less isotropic media. However, in
more complex background materials, such as dispersive or lossy media, these expressions break
down, predicting negative energies [2].
This contribution investigates the results of existing stored energy expressions when applied to bi-
isotropic media. This is done by implementing the bi-isotropic greens function [3] in the electrical
field integral equation in a method of moments code. Stored energy in different types of small
antennas will be examined and compared to the stored energy in their equivalent circuit models.
The circuit models are generated by Brune synthesis.
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On the Properties of Stored Electromagnetic Energy

Miloslav Capek and Lukas Jelinek
Department of Electromagnetic Field, Czech Technical University in Prague, Prague, Czech Republic

Abstract— A consistent definition of stored electromagnetic energy for non-stationary fields is
one of the last fundamental and still unsolved problems of classical electrodynamics. One of the
key issues is the potentially infinite total energy within a time-harmonic steady state [1]. There
is an ill-defined separation of the total energy into radiated energy and stored energy, where it is
assumed that the bearer of the infinity is the radiation [2].
The radiation energy is commonly subtracted separately in the region exterior and interior to the
radiator, the boundary being defined by the smallest circumscribing sphere. Many methods are
known for determining the radiated (stored) energy outside the circumscribing sphere. All these
methods yield qualitatively similar results, although quantitative differences can be found. The
situation is more severe in the interior region, since only a few methods are able to take effectively
into account the actual shape of the radiator [3, 4]. The differences between the predictions of
these methods are moreover qualitative [5].
Besides subtraction of the radiated energy, there are also other techniques for estimating the
stored energy, the vast majority of which are inspired by circuit theory [6–8]. However, no
matter what concept is used, several fundamental principles should always be kept in mind:
e.g., the energy must be positively semi-definite, must be coordinate-independent, must be gauge
invariant, and it should be possible to define it locally. Clearly, all the concepts of the stored
energy for a dynamic field must also be coherent with those for a static field.
In our talk, we will review all the available concepts that have attempted to determine stored
energy. It will be pointed out that all these concepts fail in at least one of the “must have”
properties mentioned above. Finally, it will be concluded that no fully consistent definition of
stored electromagnetic energy is yet known. This of course raises the question whether the very
idea of stored (and radiated) energy is well-posed [9].

ACKNOWLEDGMENT

This work was supported by the Czech Science Foundation under project 15-10280Y.

REFERENCES

1. Jackson, J. D., Classical Electrodynamics, John Wiley, 1998.
2. Collin, R. E. and S. Rothschild, “Evaluation of antenna Q,” IEEE Trans. Antennas Propag.,

Vol. 12, No. 1, 23–27, Jan. 1964.
3. Vandenbosch, G. A. E., “Reactive energies, impedance, and Q factor of radiating structures,”

IEEE Trans. Antennas Propag., Vol. 58, No. 4, 1112–1127, Apr. 2010.
4. Gustafsson, M. and L. Jonsson, “Stored electromagnetic energy and antenna Q,” Progress In

Electromagnetics Research, Vol. 150, 13–27, 2015.
5. Capek, M. and L. Jelinek, “Various interpretations of the stored and the radiated energy

density,” IEEE Trans. Antennas Propag., arXiv: 1503.06752, submitted.
6. Grimes, C. A., G. Liu, F. Tefiku, and D. M. Grimes, “Time-domain measurement of antenna

Q,” Microwave and Optical Technology Letters, Vol. 25, No. 2, 95–100, Apr. 2000.
7. Yaghjian, A. D. and S. R. Best, “Impedance, bandwidth and Q of antennas,” IEEE Trans.

Antennas Propag., Vol. 53, No. 4, 1298–1324, Apr. 2005.
8. Capek, M., L. Jelinek, P. Hazdra, and J. Eichler, “The measurable Q factor and observable

energies of radiating structures,” IEEE Trans. Antennas Propag., Vol. 62, No. 1, 311–318,
Jan. 2014.

9. Mikki, S. M. and Y. Antar, “A theory of antenna electromagnetic near field— Part I,” IEEE
Trans. Antennas Propag., Vol. 59, No. 12, 4691–4705, Dec. 2011.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1087

A Surface Integral Expression for the Electromagnetic Energy in a
Microwave Cavity

J. Helsing1 and A. Karlsson2

1Centre for Mathematical Sciences, Lund University, Box 118, Lund 221 00, Sweden
2Electrical and Information Technology, Lund University, Box 118, Lund 221 00, Sweden

Abstract— Today, all high energy particle accelerators use microwave cavities for particle
acceleration by means of eigenfields, excited by external sources. In the design process of such
cavities it is important to evaluate these eigenfields and the corresponding resonance frequencies.
Numerical accuracy is crucial since even small errors in the evaluations may cause a deterioration
of the performance of the accelerator. It is convenient, and sometimes necessary, to use normalized
electric eigenfields En(r) such that

∫

V

|En(r)|2 dV = 1 (1)

In [1] we developed a high-order convergent Fourier-Nyström scheme for the magnetic field in-
tegral equation (MFIE) that can determine the eigenfields and their resonance frequencies with
very high accuracy. Since MFIE is a surface integral equation it is very costly to evaluate the
volume integral in (1). For this reason we derived a surface integral expression for the normaliza-
tion integral that is less expensive to evaluate. The integral is expressed in terms of the magnetic
vector potential and the scalar electric potential. In this contribution we present an efficient
numerical method for the numerical evaluation of the expression for some different types of cav-
ities. We also apply the surface integral expression to the exterior problems of radiation from
antennas and scattering of waves from perfectly conducting objects and give an interpretation of
the energy it then corresponds to.
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Estimating Antenna Q-factor from the MoM Impedance Matrix

Doruk Tayli and Mats Gustafsson
Department of Electrical and Information Technology, Lund University, Lund, Sweden

Abstract— The antenna Q-factor is a useful figure of merit that estimates the antennas band-
width [1, 2]. One difficult part of determining the antenna Q-factor is to calculate the stored
energy of an antenna. A method that can be applied to any small antenna is presented in [3–6].
Where the Q-factor is computed using an in-house solver based on a custom method of moments
(MoM) implementation. As this requires writing custom code, it is practical to take advantage
of the widely available commercial electromagnetic software that have already implemented the
MoM and have additional variety of post-processing capabilities.
In this paper the antenna Q-factor is computed from the numerical frequency derivative of
the MoM impedance matrix. The impedance matrix is obtained from the commercial software
FEKO [7]. Different Q-factor formulations are presented and used to estimate the Q-factor of
antennas. These are then compared with the Q-factor calculated from the derivative of the input
impedance [8], and the stored energies.
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Three-body Momentum and Energy Transfer out of Thermal
Equilibrium

Riccardo Messina and Mauro Antezza
Laboratoire Charles Coulomb (L2C), UMR 5221 CNRS and Université Montpellier 2, Montpellier, France

Abstract— A striking consequence of quantum electrodynamics is the existence of an electro-
magnetic force between any couple of neutral polarizable bodies even in the vacuum state of the
electromagnetic field. This effect, known as Casimir effect, was first theoretically predicted in
1948. In 2005 it was shown that the absence of thermal equilibrium deeply modifies this effect,
producing quantitative and qualitative differences, such as the appearance of new asymptotic
behaviors and the possibility of a repulsive force. The out-of-equilibrium scenario brings to the
attention a different closely related effect, the radiative heat transfer.
My talk addresses the combination of the absence of thermal equilibrium with three-body inter-
actions. To this aim I discuss a recently developed general theory describing Casimir force and
radiative heat transfer in a system consisting of three arbitrary bodies held at three independent
temperatures and immersed in a thermal environment. As an application, I consider the force
acting on an atom inside a planar cavity. I show that, differently from the equilibrium configura-
tion, the absence of thermal equilibrium admits one or more positions of minima for the atomic
potential, paving the way to a possible trapping scheme for Rydberg atoms.
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Near Field Heat Transfer Mediated by External Magnetic Fields

R. Esquivel-Sirvent
Instituto de Fisica, UNAM, Mexico D.F., Mexico

Abstract— We consider two bodies described by a local dielectric function at different tem-
peratures. Tuning of the near field heat transfer (NFHT) at the nanoscale can be achieved by
changing the dielectric function. However this means either changing the material or changing
the concentration of carriers in the case of semiconductors. Another possibility is using composite
materials that combined different materials with specific dielectric function, for example nested
nanoparticles.
In this work we given the materials the heat transfer can be modulated by applying external
magnetic fields. As a case study we consider the NFHT between a SiO2 substrate and a plate of
a III-V semiconductor such as InSb. When an external magnetic field is applied, the excitation of
magneto plasmons introduces an optical anisotropy that will change the reflection coefficients of
the InSb plate. This will change the radiative heat flux, depending on the magnitude and direction
of the external magnetic field. From a practical point of view, using graphene to control the heat
transfer is a better choice since low magnetic fields are needed.
Combining composites and external magnetic fields will provide for more flexibility on the tuning
of the heat transfer. The case of a SIO2 substrate and a superlattice with metal-semiconductor
unit cells will also be discussed.
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Mesoscopic Transport of Heat in Trapped-ion Crystals

M. Bruderer1, A. Bermudez2, and M. B. Plenio1

1Institut für Theoretische Physik, Albert-Einstein-Allee 11, Universität Ulm, Ulm 89069, Germany
2Instituto de F́ısica Fundamental, IFF-CSIC, Calle Serrano 113b, Madrid E-28006, Spain

Abstract— Measuring and controlling heat flow on the nanoscale poses formidable practical
difficulties as elementary devices such as switches and ‘ampere meters’ for thermal currents are
not available. We propose to overcome this problem by realizing heat transport through a chain
of trapped ions, where currents of local vibrations (vibrons) are induced by chain edges kept
at different temperatures. We show how to efficiently control and measure these currents by
coupling vibrons to internal ion states, which in turn can be easily manipulated in experiments.
Trapped-ion crystals therefore provide a promising platform for studying heat transport, e.g.,
through thermal analogues of quantum wires and quantum dots. Specifically, elusive phenomena
such as the onset of Fourier’s law or bosonic fluctuations of heat currents may be observable in
trapped-ion systems.
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Controllable van der Waals Interaction in a 1D Waveguide Geometry

Stefan Scheel1 and Harald Haakh2

1Institute of Physics, University of Rostock
Universitätsplatz 3, D-18055 Rostock, Germany
2Max Planck Institute for the Science of Light

Günther-Scharowski-Straße 1/24, D-91058 Erlangen, Germany

Abstract— Dispersion forces such as Casimir, Casimir–Polder and van der Waals forces arise
due to fluctuations of the quantised electromagnetic field. Any alteration of the environment
in which the (virtual) photons propagate leads invariably to a modification of the respective
interaction. Waveguide structures in particular are known to resonantly enhance Casimir-Polder
interactions [1]. Here we will focus on the van der Waals interaction between two isolated atoms
inside a cylindrical waveguide. Assuming an ideal, perfectly conducting waveguide, we will show
how the far-field van der Waals interaction between atoms located on the cylinder axis shows
an exponential distance dependence [2, 3], while the near-field potential scales polynomially as
in free space. Using dyadic Green function techniques as the basis of phenomenological field
quantisation, we are able to go beyond the ideal situation and treat arbitrary dielectric surface
materials. In that way, we gain an understanding of the underlying mechanisms and limiting
factors for the exponential suppression of the van der Waals interaction in the far field in waveg-
uide structures [3]. The existence of a fundamental mode without cut-off [2] implies a far-field
contribution to van der Waals interaction between excited atoms, thereby making it possible to
observe the yet elusive retarded dispersion potential between two emitters.

REFERENCES

1. Ellingsen, S. A., S. Y. Buhmann, and S. Scheel, Phys. Rev. A, Vol. 82, 032516, 2010.
2. Shahmoon, E. and G. Kurizki, Phys. Rev. A, Vol. 87, 062105, 2013.
3. Haakh, H. and S. Scheel, in Preparation.



1094 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Aspects of Nonlinear Response in Fluctuational Electrodynamics

Matthias Krüger
University of Stuttgart & Max Planck Institute for Intelligent Systems, Stuttgart, Germany

Abstract— We discuss developments of theoretical description of electromagnetic fluctuations
in out-of-equilibrium situations, as, e.g., radiative near field heat transfer and Casimir forces [1–
4], including interpretation of recent experimental measurements. Specifically, we will present
insights from statistical physics far from equilibrium applied to fluctuational electrodynamics.
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Casimir-Polder Potential of Spheres and Discs and Its Impact on
the Poisson Spot

J. Hemmerich, M. Könne, and S. Y. Buhmann
University of Freiburg, Germany

Abstract— The Casimir-Polder interaction of a ground-state atom or molecule with a dielectric
body may be interpreted as a consequence of the vacuum fluctuations of the electromagnetic field.
We study this interaction for spheres and discs on the basis of macroscopic QED [1], where it
can be given in terms of the atomic polarisability and the Green’s tensor of the electromagnetic
field. The latter is known for a sphere, while we resort to a Hamaker approach for a disc. We
calculate the potentials numerically and give analytical asymptotes for small and large distances
and object sizes.
The Casimir-Polder potential plays are crucial role in the interpretation of matter-wave exper-
iments. In particular, scattering at compact objects is known to lead to a bright spot — the
Poisson spot — in the classical shadow region due to constructive interference [2]. The Casimir-
Polder potential experienced by an atomic matter wave upon passing the scattering object im-
prints an additional phase and hence alters the Poisson-spot signal. We show how a comparison
between theory and experiment can lead to direct evidence for Casimir-Polder interactions from
matter-wave scattering.
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Tunable Casimir-like Interactions in Bosonic Ultracold Atoms

E. Compagno1, G. De Chiara2, D. G. Angelakis3, 4, and G. M. Palma5

1Department of Physics and Astronomy, University College London, UK
2Centre for Theoretical Atomic, Molecular and Optical Physics, Queen’s University

Belfast BT7 1NN, United Kingdom
3School of Electronic and Computer Engineering, Technical University of Crete

Chania, Crete 73100, Greece
4Centre for Quantum Technologies, National University of Singapore, Singapore

5NEST-INFM (CNR) and Dipartimento di Fisica e Chimica, Università degli Studi di Palermo, Italy

Abstract— A toolbox for the quantum simulation of attractive and repulsive polarons in ultra-
cold atoms is presented. Motivated by impressing experimental advances in the area of ultracold
atomic mixtures, we theoretically study the problem of ultracold atomic impurities immersed in
a Bose-Einstein condensate (BEC). The impurity-BEC interaction gives rise to the formation of
polarons whose interaction can be effectively tuned using an external laser in a quasi-resonant
Raman scheme. Our scheme allows one to change the effective interactions between polarons from
positive to negative. This is achieved by simply changing the intensity and the frequency of the
two lasers. Such arrangement opens new avenues for the study of strongly correlated condensed
matter models in ultracold gases.
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Casimir Momentum in Complex Media

B. A. van Tiggelen1, G. L. J. A. Rikken2, and M. Donaire1, 2, 3

1Laboratoire de Physique et Modélisation des Milieux Condensés
UMR 5493, Université Grenoble 1/CNRS, B.P. 166, Grenoble 38042, France

2Laboratoire National des Champs Magnétiques Intenses, UPR 3228
CNRS/INSA/UJF Grenoble 1/UPS, Toulouse & Grenoble, France

3Laboratoire Kastler-Brossel, CNRS, ENS and UPMC, Case 74, Paris F-75252, France

Abstract— Casimir energy refers to the electromagnetic energy that quantum mechanics im-
poses to exist even in a fully empty space at temperature zero. In the presence of polarizable
matter it gives rise to many fundamental phenomena in physics such as Lamb shift and Van de
Waals forces, and maybe even the cosmological constant. In the conventional picture — either
with or without matter — the expectation value of the electromagnetic momentum, 〈E × B〉,
called Casimir momentum vanishes. This may be physically obvious in “simple media”, when
〈E × B〉 is directly proportional to the energy flow 〈E × H〉 which arguably vanishes uncon-
ditionally in thermodynamic equilibrium, but as soon as symmetries are broken (P , and T in
particular) the question whether Casimir momentum can exist appears and turns out nontrivial.
The momentum of classical electromagnetic waves has been the subject of a longstanding con-
troversy. In the presence of both an external electric E0 and magnetic field B0 the so-called
Nelson version (our favorite) predicts a momentum α(0)E0 ×B0 which results in the “Abraham
force” F = α(0)d/dt(E0 ×B0). We have measured this very tiny force in atomic gases and also
searched — in vain — for possible deviations from the (Nelson version of) classical theory. In the
QED picture in fact three momenta appear that are all different: kinetic momentum (related to
force and thus observable), canonical momentum (conjugate to position operator and subject to
gauge fields), and pseudo-momentum (which commutes with Hamiltonian and is thus conserved).
We have developed a nonrelativistic QED theory for the electromagnetic momentum for simple
objects coupled to the quantum vacuum. It produces the Abraham force with a QED correction.
For the hydrogen atom the relative correction is equal to −0.12α2, nonzero, yet very small. We
speculate that for other (hydrogen-type) atoms the correction scales as (Zα)2. Important to
note is that the classical theory diverges in the infrared, and with some cut-off much higher QED
corrections are proposed, that would have been within our experimental reach. In the full QED
theory, this divergence disappears after mass renormalization.
Does Casimir momentum exist with only a magnetic field? If the matter is optically active, with
β(0) the static rotatory factor, a momentum β(0)/α(0)eB0 could exist in view of its correct PCT
symmetry and its correct dimension. However, such a momentum does not emerge from classical
electrodynamics. We have developed a QED theory for a chiral, anisotropic, harmonic oscillator
subject to a magnetic field. This theory, free of divergence, predicts a Casimir momentum
proportional to −(α/4π)β(0)/α(0)eB0. Observation of this momentum is a next challenge. For
atypical chiral compound C8H18O we predict velocities P/M = 0.5 nm/sec at 10 Teslas.
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Vacuum Field Energy Densities and Casimir-Polder Forces near a
Fluctuating Boundary

F. Armata1, S. Butera2, and R. Passante3

1QOLS, Blackett Laboratory, Imperial College London, London SW7 2BW, United Kingdom
2SUPA, Institute of Photonics and Quantum Sciences, Heriot-Watt University, Edinburgh, United Kingdom

3Dipartimento di Fisica e Chimica, Università degli Studi di Palermo and CNISM
Via Archirafi 36, Palermo I-90123, Italy

Abstract— We consider a quantum field inside a one- or a three-dimensional cavity with a wall
which is allowed to move. We assume that the mobile wall is subjected to a harmonic potential,
and its mechanical degrees of freedom are treated quantum-mechanically; it is also subjected to
the radiation pressure. The wall’s position has thus quantum fluctuations around the equilibrium
position. The possible motion of the wall makes the cavity length variable, and this gives rise to
a wall-field interaction and an effective interaction between the modes of the cavity [1]. Although
this system has some analogy with the dynamical Casimir effect, in our case the motion of the
wall is not prescribed by an external action but follows the system’s internal dynamics.
We consider three different cases: a scalar field in a one-dimensional cavity, the electromagnetic
field in a one-dimensional cavity and a scalar field in a three-dimensional cavity. For all these cases
we consider the ground state of the interacting wall-field system at zero temperature. We show
that the true ground state of the system contains admixtures with states containing excitations in
the field and in the mechanical degrees of freedom of the moving wall. We evaluate the consequent
change of the field energy densities and field fluctuations inside the cavity with respect to the
fixed-wall case [2, 3]. We find that these vacuum energy-density changes are particularly relevant
in the proximity of the mobile wall and discuss their dependence from the cutoff frequency, related
to the plasma frequency of the conducting wall. The results obtained in the three cases considered
(1D scalar, 1D electromagnetic and 3D scalar) are compared with each other. Observability of
the new effects obtained through the Casimir-Polder interaction on a polarizable body such as
an atom placed inside the cavity is also discussed, and we show that they should be measurable
with actual optomechanical techniques. The dependence of the energy-density change and the
atom-wall Casimir-Polder interaction on the relevant parameters of the mobile wall, such as its
plasma frequency, mass and frequency of the harmonic potential, is discussed in detail.
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Resonant and Dispersion Interactions between Uniformly
Accelerated Atoms

M. Lattuca1, J. Marino2, A. Noto1, 3, R. Passante1, L. Rizzuto1, and S. Spagnolo1

1Dipartimento di Fisica e Chimica, Università degli Studi di Palermo and CNISM
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2Institute of Theoretical Physics, TU Dresden, D-01062 Dresden, Germany
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Université Montpellier 2, F-34095, Montpellier Cedex 5, France

Abstract— We investigate the effect of a uniform acceleration on resonance interactions and
dispersion Casimir-Polder interactions between uniformly accelerated atoms in vacuum. We first
consider the Casimir-Polder interaction between two neutral ground-state atoms uniformly accel-
erated in the same direction and separated by a constant distance, orthogonal to their trajectories.
The atoms interact with the electromagnetic field in the vacuum state. We obtain the dispersion
energy between the two accelerating atoms as the interaction between the instantaneous atomic
dipole moments, which are induced and correlated by the zero-point field fluctuations. We find
that the interaction energy is time-dependent; we also find that the dependence of the interatomic
Casimir-Polder interaction from the distance is different with respect to the case of atoms at rest.
We discuss the physical meaning of these results [1] and their relation with the Unruh effect [2].
We then derive the interatomic scalar Casimir-Polder interaction energy using a different ap-
proach; specifically we calculate the interaction between the two atoms separating at the fourth
order in perturbation theory the contributions of vacuum fluctuations and radiation reaction.
We show that the Casimir-Polder force between the two uniformly accelerated atoms exhibits a
transition from the short distance thermal-like behavior predicted by the Unruh effect, to a long
distance non-thermal behavior. We identify the characteristic length scale for this crossover with
the inverse of the proper acceleration of the two atoms [3].
Finally, we consider the resonance interaction between two uniformly accelerated atoms, one ex-
cited and the other in the ground state, and interacting with the quantum electromagnetic field
in the vacuum state. We assume the two identical atoms prepared in a maximally entangled
state. Separating the contributions of vacuum fluctuations and radiation reaction to the evolu-
tion of atomic observables, we show that Unruh thermal fluctuations do not affect the resonant
interatomic interaction, which is exclusively modified by radiation reaction corrections. Beyond
a characteristic length associated to the breakdown of a local inertial description of our two-
particle system, non-thermal effects in the radiation reaction corrections change qualitatively the
distance-dependence of the resonance interaction.
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Small Self-contained Quantum Thermal Machines

Jonatan Bohr Brask
Département de Physique Théorique, Université de Genève, Switzerland

Abstract— Small autonomous quantum thermal machines function without any external source
of coherence or control, but using only incoherent interactions with thermal baths. We discuss
the generation of steady-state entanglement in a simple autonomous machine, with possible
implementations in superconducting qubits and quantum dots, and we also look into the transient
behaviour of a three-qubit quantum referigerator.
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Thermodynamics of the Quantum Measurement Process

Philipp Kammerlander1 and Janet Anders2

1Institute for Theoretical Physics, ETH Zürich, Switzerland
2Department for Physics and Astronomy, University of Exeter, UK

Abstract— Thermodynamics is a highly successful macroscopic theory widely used across
the natural sciences and for the construction of everyday devices, from car engines and fridges to
power plants and solar cells. With thermodynamics predating quantum theory, research now aims
to uncover the thermodynamic laws that govern finite size systems which may in addition host
quantum effects. Recent theoretical breakthroughs include the characterisation of the efficiency
of quantum thermal engines [1–3] and the extension of widely used classical non-equilibrium
fluctuation theorems to the quantum regime [4–7]. A new thermodynamic resource theory [8, 9]
has led to the discovery of a set of second laws that replaces the standard macroscopic second
law for finite size systems [10]. These results have substantially advanced our understanding of
nanoscale thermodynamics, however putting a finger on what is genuinely “quantum” in quantum
thermodynamics has remained a challenge.
We lay out consequences of seeing measurement, one of the central pillars of quantum theory,
not merely as a mathematical projection but as a thermodynamic process. We uncover that
measurement, a component of any experimental realisation, is accompanied by work and heat
contributions and that these are distinct in classical and quantum thermodynamics. Implica-
tions are far-reaching, giving a thermodynamic interpretation to quantum coherence, extending
the link between thermodynamics and information theory, and providing key input for the con-
struction of a future quantum thermodynamic framework. Repercussions for existing quantum
thermodynamic relations that omitted the role of measurement are discussed, including quantum
work fluctuation relations and single-shot approaches.
ArXiv reference: arXiv:1502.02673.
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Information Thermodynamics in a Hybrid Opto-mechanical System

Cyril Elouard, Maxime Richard, and Alexia Auffèves
Institut Néel, CNRS, France

Abstract— Information thermodynamics is a recent field that investigates the links between
information and energy. Its most famous “Gedankenexperiments” are Landauer’s erasure and
Szilard’s engine, that allow for the reversible conversion of a single bit of information into an
elementary amount of work between a small system and a battery. In the twenty-first century,
the validity of such a conversion has been extended to information of quantum nature, i.e.,
encoded into one or several quantum bits. Along this line, coherence and entanglement have also
been shown to have energetical counterparts, leading to stimulating theoretical results about the
efficiency of non-local thermal engines, the operational signification of Von Neumann entropy, or
the energetical value of entanglement.
In this field, most theoretical proposals rely on the ability to reversibly convert information into
energy, namely to experimentally realize Landauer’s erasure and Szilard’s engine. However so far,
direct evidences of such reversible work exchanges have remained elusive: if Landauer’s bound
has been measured, Szilard’s engines protocols are still perturbed by irreversible mechanisms,
leading to best information-to-energy conversion rates of typically 30 percents.
In this talk, we investigate potential playgrounds for information thermodynamics. In particular,
we show that a hybrid opto-mechanical transducer is a proper platform to monitor these conver-
sions. Such devices consist in an optically active quantum emitter, playing the role of the bit,
coupled to a mechanical resonator, playing the role of the battery. Heat is exchanged with the
electromagnetic reservoir. Within a mechanical oscillation, we connect the entropy variations of
the quantum emitter with the mechanical energy variations, that are identified with work ex-
changes. These results pave the road towards experimental investigation of quantum information
thermodynamics.
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Casimir Force within an Inhomogeneous Medium

Fanglin Bao1, 2 and Sailing He2, 3

1Department of Physics, Zhejiang University, Hangzhou 310058, China
2Centre for Optical and Electromagnetic Research, Zhejiang University, Hangzhou 310058, China

3Department of Electromagnetic Engineering, Royal Institute of Technology, Stockholm 10044, Sweden

Abstract— As is well-known, the diverging part of Casimir energy can usually be regularized
and expressed with the Heat-Kernel coefficients Ẽ ∝ V ξ−4 + Sξ−3 + . . . + C + X log ξ, where
ξ → 0 is a cutoff parameter E = 1

2

∑
n ωn = lim

ξ→0

1
2

∑
n ωne−ξωn . Coefficients V , S are geometric

characteristics, i.e., the Volume and the Surface area of the space where field exists, while prefactor
X is unknown of its physical meaning. Many Casimir problems have shown the existence of
the logarithmically diverging term, and it is still unresolved how to remove such a logarithmic
divergence.
On the other hand, considering Casimir energy or Casimir stress within inhomogeneous media, it
is reported that the regular subtraction of the bulk contribution, leaving only the scattering part
of the green function which comprises the interaction between molecules, is insufficient to obtain
finite results. Additional regularizations must be introduced, however, no one has succeeded.
Here in our paper, we have connected the above two problems. We have shown that the remained
infinity in the Casimir stress within inhomogeneous media, contains a logarithmically diverging
term and a quadratically diverging term. These two terms, just like the worst diverging term
V ξ−4, can be compensated by introducing an adjoined cavity. That is, they become constant
if we adopt the Casimir piston model rather than the half-space model, then they vanish in
the Casimir force. We have also shown that, based on the piston model, for any continuous
inhomogeneity we always have cutoff-independent (finite) Casimir force. To illustrate, we have
given an explicit example, which should be the benchmark analytical solution for the Casimir
force within inhomogeneous media. As for the physical meaning of the logarithmic divergence,
we still need further study.
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Singular Evanescent Waves in Moving Media

Yu Guo and Zubin Jacob
Department of Electrical and Computer Engineering

University of Alberta, Edmonton AB T6G 2V4, Canada

Abstract— Resonators fold the path of light by reflections leading to a phase balance and thus
constructive addition of propagating waves. However, amplitude decrease of these waves due
to incomplete reflection or material absorption leads to a finite quality factor of all resonances.
Here we report on our discovery that evanescent waves can lead to a perfect phase and amplitude
balance causing an ideal Fabry-Perot resonance condition in spite of material absorption and
non-ideal reflectivities. This counterintuitive resonance occurs if and only if the metallic Fabry-
Perot plates are in relative motion to each other separated by a critical distance. We show that
the energy needed to approach the resonance arises from the conversion of the mechanical energy
of motion to electromagnetic energy. The phenomenon is similar to lasing where the losses in the
cavity resonance are exactly compensated by optical gain media instead of mechanical motion.
Nonlinearities and non-localities in material response will inevitably curtail any singularities
however we show the giant enhancement in non-equilibrium phenomena due to such resonances
in moving media.
The canonical example of a resonator is the Fabry-Perot (FP) system consisting of two reflecting
plates separated by a vacuum gap [1, 2]. Light bouncing between them serves as a textbook
introduction to the concept of a resonance and is the basis of practical devices from the laser to
the interferometer [1, 2]. A simple argument suffices to understand this resonance. The reflection
coefficient of propagating waves with frequency ω from the first mirror (r1(ω)) times that of the
second mirror (r2(ω)) along with the propagation phase accumulated over a round trip (e2ikzd)
should reconstruct the wave, capturing it inside, leading to a resonant build-up of intensity. Here,
d is the vacuum gap between the mirrors and kz is the propagation constant perpendicular to
the mirrors. We arrive at the Fabry-Perot resonance condition

r1(ω)r2(ω)e2ikzd = 1, (1)

which also follows from a plane wave multiple scattering approach.
It is well known that this above equation cannot be fulfilled by any passive media. Note that the
reflection coefficients are complex signifying the change in phase and amplitude of the propagating
wave at the mirrors. A closer look reveals that an optimum choice of the gap can possibly lead to
a net phase balance (arg(r1(ω)r2(ω)e2ikzd) = 2nπ) for a resonance, but material absorption and
non-ideal reflections necessarily require |r1(ω)r2(ω)| < 1. A gain medium is needed to compensate
for this loss in amplitude as in a laser. The arguments presented above can be generalized to
arbitrary passive structures showing that the bound resonances are signified by the poles of the
scattering matrix which always lie in the lower half (Im(ωres) < 0) of the complex frequency
plane [3]. This condition ensures that all resonances decay in time leading to a finite quality
factor.
In this paper, we show that the conventional Fabry-Perot condition has fundamental differences
in the case of moving media. We explain that evanescent waves bouncing between moving plates
can lead to a counterintuitive resonance with perfect amplitude and phase balance. We introduce
the concept of a negative Poynting vector flow arising from Doppler shifted negative frequency
modes in moving media. The spontaneous emission of negative frequency modes from the moving
plate forms the subtle reason for the existence of such a resonance, which in essence is similar to
the concept of a laser. The gain is provided by the conversion of the mechanical energy of motion
into electromagnetic energy through the negative frequency modes. Finally we show that this
resonance can dominate the non-equilibrium heat transfer leading to a singularity for a critical
velocity of the moving plate. The singularities will inevitably be curtailed by nonlinearities and
non-localities close to the resonance and we discuss in detail the effect of hydrodynamic non-
locality on our predicted resonance.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1105

Nanolevitation Phenomena in Real Plane-parallel Systems Mediated
by Gravity and Casimir Forces at Thermal Equilibrium

S. Carretero-Palacios, V. Esteso, and H. Mı́guez
Instituto de Ciencia de Materiales de Sevilla, Consejo Superior de Investigaciones Cient́ıficas

Universidad de Sevilla, Sevilla 41092, Spain

Abstract— One of the most exceptional predictions of the generalized Lifshitz’s theory is the
appearance of repulsive Casimir forces [1–11] when real materials are considered. Additionally,
when two interacting objects are under the influence of both Casimir and gravity forces, nanole-
vitation may take place if the Casimir force equals the gravity force at a certain (equilibrium)
distance. Here, we report on the theoretical analysis of equilibrium distances in real plane-parallel
systems under the influence of Casimir and gravity forces at thermal equilibrium. Due to the
balance between these forces, thin films of teflon, silica (SiO2), or polystyrene (PS) in a single
layer configuration and immersed in glycerol, stand over a silicon substrate at certain stable
or unstable positions depending on the material and the slab thickness [12]. Hybrid systems
containing SiO2 and PS, materials which display Casimir forces and equilibrium distances of
opposite nature when considered individually, are analyzed in either bilayer arrangements or as
composite systems made of a homogeneous matrix with small inclusions inside. We show that
the equilibrium distances are modified through the variation of the slab thickness in the single
layer configuration, the thickness of the individual components in the bilayer configuration, and
the filling fraction of inclusions in the nanocomposites, parameters which have a strong effect in
both Casimir and gravity forces. Our results pave the way for novel suspension and nonadhesive
strategies at the nanoscale.

(a) (c)(b)

Figure 1: (a), (b) Equilibrium distance (deq) in a bilayer configuration (containing SiO2 and PS), immersed
in glycerol over a Si substrate, as a function of the slab thickness of the bottom layer (d1), for different
thicknesses of the top layer (d2), for the configurations represented with the schematics in each panel.
(c) Schematics of a bilayer system considered in our studies.
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Tunable and Reconfigurable Frequency Rejection Circular Slot
Antenna for UWB Communication Applications

Yingsong Li1 and Raj Mittra2

1College of Information and Communications Engineering, Harbin Engineering University, Harbin, China
2Electromagnetic Communication Lab, Penn State and Central Florida Universities, USA

Abstract— In this paper, a tunable and reconfigurable circular slot antenna with frequency
rejection characteristics is proposed for UWB communication applications. The proposed antenna
can provide triple-band-notch characteristics by using various stubs for filtering out unwanted
narrowband signals shoes frequencies overlapped with those of the UWB band. Center frequencies
of these notch bands are tunable, and are realized by adjusting the dimensions of the proposed
stubs. Also, the proposed antenna has a reconfigurable frequency rejection function to render
the designed antenna suitable for UWB, band-notched UWB, dual band-notched UWB, tri-
band-notched UWB or multi-band communication applications. The experimental results show
that the proposed can also provide wide tunability, excellent reconfigurable frequency rejection
characteristics and good omnidirectional radiation patterns, which make it attractive for indoor
UWB communication applications.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1109

A Triple Band-notched UWB Antenna by Using an Arc-shaped Slot
and a U-shaped Resonator Techniques

Yuanyuan Kong, Yingsong Li, and Wenhua Yu
College of Information and Communications Engineering

Harbin Engineering University, Harbin 150001, China

Abstract— In this paper, an ultra-wideband (UWB) antenna with triple notch bands is pro-
posed and well designed by etching double arc-shaped slots (DASS) on the fan-shaped radiating
parch and integrating a U-shaped resonator (USR) alongside the microstrip feed signal line. The
proposed antenna consists of a microstrip feed structure, a trapezoidal ground plane, a fan-shaped
radiating patch, which are printed on a substrate with its dielectric constant of 2.65. The three
band-notched characteristics are successfully realized by the use of the DASS and USR tech-
niques, while the center frequencies of these notch bands are tunable by adjusting the dimensions
of the proposed DASS and USR. By using these techniques, the proposed antenna can filter out
unwanted narrowband signals from WiMAX, WLAN and RFID band. The proposed antenna is
well designed and extensively investigated. The experimental results are given to verity that the
proposed antenna with a wide bandwidth, three designated band-notched functions and good
omnidirectional radiation patterns, which is suitable for modern high rate UWB communication
applications.
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Design of a High Isolation Dual-band MIMO Antenna for WLAN
and WIMAX Applications

Lanchao Zhang, Tao Jiang, and Yingsong Li
College of Information and Communications Engineering

Harbin Engineering University, Harbin 150001, China

Abstract— A high isolation dual-band multiple-input multiple-output (MIMO) antenna of two
elements is presented for wireless local area networks (WLAN) and worldwide interoperability
for microwave access (WIMAX) applications. The MIMO antenna is printed on a FR4-epoxy
substrate with the dielectric constant of 4.3 and an overall size of 46 × 40 × 1.6mm3. Each
element consists of two monopole antennas which locate at the top and bottom sides of the
substrate respectively. The top one is fed by a 50 Ω microstrip line directly, and operates in
2.45GHz band. The bottom is fed by the coupling current and operates in 3.55GHz band. The
two elements are placed perpendicularly to reduce mutual coupling. The neutralization line and
the narrow slot are fabricated to improve the isolation characteristic in the high frequency band.
The minimum distance between elements is 10.15mm and superior isolation performance (higher
than 20 dB) is achieved in two operation bands (2.4–2.484 and 3.4–3.69 GHz). In addition, good
return loss is achieved, above 20 dB in the low frequency band and 14.5 dB in the high frequency
band respectively. It is shown that the MIMO antenna presented in this paper is suitable for
WLAN and WIMAX applications.
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A Compact Dual Band-notched UWB Band-pass Filter by Using a
Stub and a Folded Stepped Impedance Resonator

Yanyan Wang, Tao Jiang, and Yingsong Li
College of Information and Communication Engineering
Harbin Engineering University, Harbin 150001, China

Abstract— Mobile communication systems must support multiple users achieving at same
time privacy of users contents. Security common solutions are based on encrypted algorithms
from higher layers, such as private and public encrypted keys. Other possibility is to implement
physical layer security schemes. One advantage of physical layer security relies on their ability
to be combined with other security schemes from higher layers.
MIMO (Multiple-input multiple-output) systems can increase throughput in modern wireless
networks and reduce interference. Other advantage of MIMO systems is the reduction of the
transmitted power. On the other hand, to achieve high spectral efficiency multilevel modulations
with high peak-to-average power ratios should be used, which may affect efficiency of power am-
plification. This problem can be avoided with a transmission scheme, where the constellations are
decomposed on several uncorrelated BPSK (Bi Phase Shift Keying), QPSK (Quadri Phase Shift
Keying) or OQPSK (Offset QPSK) components, being each component amplified and transmit-
ted independently by an antenna. Combination losses are also avoided since the several signal
components are combined at channel level. On the other hand due to the broadcast nature of
MIMO systems, security is another critical issue in such systems. However, the constellation
shaping on the desired direction introduced by these new transmitters means that we have direc-
tivity at the transmitted constellation that can be employed to assure security at physical layer.
Privacy is achieved since each user must know the set of coefficients associated to each BPSK
component as well as the array configuration, otherwise receives useless data. Therefore, the
inherent security lies on the constellation directivity, i.e., the direction in which the constellation
is optimized, which can be improved by changes on coefficients’ phases or using constellations
that are decomposed with a higher number of BPSK components. The several cases analyzed
here show effectiveness of the proposed approach to implement a security scheme at physical
layer level.
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A Compact Ultra-wideband Band-pass Filter Integrated with Dual
Tunable Notch Bands

Shumiao Hao, Tao Jiang, Lanchao Zhang, and Yingsong Li
College of Information and Communications Engineering

Harbin Engineering University, Harbin 150001, China

Abstract— A novel ultra-wideband filter integrated with dual tunable notch bands is proposed
on the basis of the source-load cross coupling and an L-shaped slot. The dual notch bands are
realized by using L-shaped slot and coupled-line sections, which act as inverter circuits in this
design. High-low impedance lines are used to form the basic resonators. A folded cross-coupled
feeding structure is used to mimic the size and three open stubs are employed to enhance the
performance of the band-notched function. The experimental results show that the proposed
filter can provide a wide pass-band bandwidth, two designated notch bands and high selectivity,
making it promising for UWB applications.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1113

Miniaturized Tag Antennas with Artificial Magnetic Conductor for
UHF RFID On-body Applications

Chien-Wen Chiu and Cheng-Yan Yang
Department of Electronic Engineering, National Ilan University, Ilan 260, Taiwan

Abstract— UHF RFID technique is popular in the logistics, inventory management or bioengi-
neering. The performance of an UHF RFID tag antenna is seriously degraded as it is placed close
to a human body. The input impedance, radiation pattern, and realized gain of the tag antenna
are influenced due to the body-proximity and absorption effects. Recent study finds that reading
range of a UHF RFID tag is limited to 3 m [1]. Therefore, the body-proximity effects must be
considered when a tag is held or put on the body. Some literatures recommended using artificial
magnetic conductors (AMCs) to insulate the effect of the human body for wearable devices.
In this presentation, a two-dimensional square metal patch is initially applied as the unit cell
of an artificial magnetic conductor (AMC). The unit cell size of the AMC is 55 × 55mm2 and
the gap separation between each unit cell is 1 mm. To miniaturize the AMC size and lower the
first resonant frequency, four T-type slots are symmetrically inserted into each side of the metal
patch. Each slot is designed with Lp = 40 mm and Wp = 3mm so that the operating frequency
is reduced to 915MHz. The periodic square patches are built on a grounded FR4 substrate with
height = 3.2 mm, εr = 4.4 and loss tangent = 0.02. In order to achieve maximum benefit and
minimum size, 3×3 T-slot patch-typed AMC unit cells were studied. A miniaturized dipole with
T-matching structure was discussed in this presentation. It is placed on the above plane of the
AMC in to insulate the influence from the human body. The tag on the AMC substrate is then
placed close to a four-layer stratified elliptical cylinder human model to study the performance
of the designed tags. Another kind of miniaturized AMC will be presented and discussed in the
reference.
The power transmission coefficient and realized gain for the tags with and without AMC were
simulated by HFSS. The study finds that the influence due to the body effect is small for the tag
with AMC. The maximum realized gain of the designed T-matching dipole without AMC is about
1.9 dBi in the free space. The designed dipole on the T-slot patch-typed AMC raises realized
gain up to 3.5 dBi since the AMC has 00 reflection phase and it would not cause destructive
interference between the direct and reflected waves. When the tag is placed near the human
model, the realized gain of the dipole on the AMC is about 2.7 dBi but the realized gain of the
tag antenna without AMC is only −10 dBi. The maximum radiation efficiency is up to 38 % for
the tag with AMC but only 10% for the tag without AMC. The practical structures were also
constructed to measure the input impedance and reading ranges. The measured reading range
is about 11m for the tag with AMC in the free space as the UHF RFID reader has 4W EIRP
output power. Considering real body-proximity effects on the tag, the reading range can achieve
9 meters for the tag with AMC but only 2m for the tag without AMC. However, the size of the
AMC is still too large for on-body applications. The design for the miniaturized AMC and tags
will be presented in the conference.
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A Compact VHF Antenna for Smart Meters

Paul Record and Komsan Kanjanasit
School of Engineering & Physical Sciences, Institute of Sensors, Signals and Systems
Heriot Watt University, Mountbatten Building, Riccarton, Edinburgh EH14 4AS, UK

Abstract— To ease data collection and enable variable energy tariffs the energy companies have
demanded two way communications between the consumer energy meter and the company. There
are serval bands in use from GSM to short range terminals working at 315, 434 and 868 MHz. In
hilly terrains and meters located in basements this frequencies do not propagate well, however
frequencies below 200 MHz are much better. This work describes a narrow band antenna derived
from a patch antenna with perturbations, working at 169 MHz. Its largest dimension is only
0.06λ at the resonant frequency and it has ka = 0.18. A gain of −1.2 dBi and an SII of −20 dB
was achieved. The antenna was designed to fit directly to the smart meter so its radiation pattern
was optimised to radiate broadside. It incorporates a novel matching element to allow ease of
manufacture. From near field studies it can be described as parasitic resonator driven by a single
driven electrode matching 50 Ohms. The main method of tuning was by altering the separation
of the top fin structures. The antenna was tuned to the require resonant frequency when enclosed
a ABS plastic housing.

 
95 mm

Figure 1: Antenna section within smart meter housing. Arrow indicates method of attachment.
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The Performance Improvement of Printed Inverted-F Antennas
Using the Slot Mesh on Ground Plane

Yao-Chiang Kan
Department of Communications Engineering, Yuan Ze University, Taoyuan City 320, Taiwan

Abstract— Most wearable or Band-Aid like sensors employed in mobile health (m-Health)
applications is required to integrate a microcontroller, a RF chip, a sensor chip, and a printed
antenna onto a small substrate. For the off-body communication, the radiative RF channel is
responsible for node-to-gateway data transmission. The performance of the printed antenna is
not only affected by the human body, but also the size of the area reserved for the radiator. As
shown in Fig. 1, the area reserved for printed antenna is about 20mm× 5mm and a mender line
monopole or an inverted-F antenna are good candidates for the application. However, the size of
the ground plane is significantly sufficient with respect to the frequency at 2.4 GHz, the target
frequency of this m-Health application. A slot mesh on the ground plane, located at the second
layer in Fig. 2, is employed to improve the antenna performance in this study. The ground plane
is first partitioned into a 2m × 10 rectangle mesh. Each element of the mesh could be filled with
a rectangle metal or air, the latter is named a slot. The arrangement of the slots in the mesh
is decided by the particle swarm optimization (PSO) with the target functions derived from the
required antenna parameters. The simulation is implemented using the distributed binary PSO
(DBPSO) and run on four computers with HFSS and Matlab installed. A printed IFA with
24 × 10 slot mesh on the ground plane is found to have bandwidth from 2.4 to 2.5 GHz with
efficiency above 80%. Note that the length of radiator, Lr in Fig. 2, is half of that calculated by
the empirical formula of printed IFA if the slot mesh is employed. In DBPSO computation, the
slot mesh can be replaced by any EBG or AMC element and more general computation algorithm
can be developed.

Figure 1: An on-body band-aid sensor. Figure 2: The structure of the printed IFA.
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Sierpinski Fractal Monopole Antenna for Wireless Applications

Zachariah C. Alex and K. Shambavi
School of Electronics Engineering, VIT University , Vellore-14, Tamiladu, India

Abstract— Recently the Ultra Wide Band Technology has experienced a rapid growth in
wireless communication applications, since federal communication commission (FCC) declared
the frequency band (3.1–10.6 GHz) as unlicensed band. The UWB technology is very attractive
because of its high data rate transmission and low power consumption, simple hardware config-
uration and excellent immunity to multipath interference when compared with existing wireless
communication systems. Planar antennas reported in literature forUWB systems are large in size
compared to our proposed antenna (19.5×19.5×1mm3) that incorporates fractal techniques and
multiresonance effect. Fractal planar antennas generally contribute narrow bandwidth, but when
realized in monopole configuration it exhibits wideband width and improved radiation efficiency
In this paper we propose Sierpinski fractal monopole antennas for wireless applications. We
used Sierpinski fractals to realize antennas for wireless applications. Sierpinski fractal antenna
in monopole configuration operates in WLAN/WiMAX frequency range (3.86 GHz to 5.7 GHz),
whereas Sierpinski fractal monopole antenna inside a ring structure operates in UWB range
(4.24 to 10.25 GHz). The wide bandwidth is due to multiresonance effect of ring and fractal
structures. The proposed antennas are designed on FR4 substrate with εr = 4.4 and thickness
1mm. Its parametric analysis was carried out using High Frequency Structure Simulator (HFSS
v 13). Radiation pattern is omnidirectional in azimuth plane and it is like figure of eight in the
elevation plane. Consistent radiation characteristics is observed in both the planes. Since the size
of the proposed antenna is very small (19.5 × 19.5 × 1mm3) compared to other existing fractal
antennas it is well suited for integration with portable UWB devices
It can be observed from the analysis that when the number of iterations of Sierpinski fractal
increases, the bandwidth and return loss characteristics are improved with stable radiation pat-
tern. Hence further enhancement in bandwidth and efficiency can be achieved by incorporating
more fractal techniques.

(a) (b)

Figure 1: Geometry of (a) WLAN antenna, (b) UWB antenna.
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A Miniaturized Metamaterial Inspired Hexaband Antenna for GSM,
GPS-L1, WLAN and WiMAX Applications

Bharath Raj, G. S. Kartikeya, K. Ullas,
Sanjji N. Manjunath, and C. Vindhya

Antenna Research Laboratory, Department of Electronics and Communication
B.M.S. Institute of Technology and Management, Bengaluru, India

Abstract— This paper illustrates the application of metamaterial inspired unit cells in the
patch as well as the ground plane to obtain a compact hexaband antenna. The patch consists
of three split ring resonators separated by a distance of 0.5 mm. In addition, each ring has a
thickness of 0.5 mm. The splits in the ring helps in reducing the size of the antenna by shifting
the resonant frequency towards the lower frequency region. These rings exhibit definite inductive
and capacitive characteristics. In addition to the split rings other metamaterial structures like a
circular middle portion with interlocking pattern is also utilized. Besides the patch, the ground
plane is in the shape of a square spiral, which is also a type of metamaterial structure. FR4 epoxy
of thickness 1.6 mm is used as the substrate in the design. The excitation was provided by normal
50Ohm linefeed. Distinct bands were obtained at various frequencies for LTE (900 MHz), GPS-
L1 (1.575 GHz), GSM (1800/1900 GHz), UMTS (B2/B1), WLAN (2.4 and 5.5GHz) and WiMAX
(2.5 and 3.5 GHz). The radiation pattern obtained for the specified frequencies displays an Omni-
directional pattern. Furthermore, the radiation pattern also possesses a wide beam width. These
two properties are very useful when the purpose of the antenna is wireless communication. These
results were obtained while maintaining the antenna dimensions to be limited to 30 × 30mm2.

Figure 1: The proposed antenna.

Figure 2: S11 of the proposed antenna.
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The size of the patch for resonating at 900 MHz is theoretically calculated to be 79.4×79.4mm2.
It was concluded that the proposed antenna has decreased the size of the antenna resulting in
a miniaturization of over 62% and increased the number of bands at which it is resonating.
Therefore, by utilizing metamaterial structures the size is reduced by a factor of 0.09λ0 and the
number of bands covered by the antenna were improved.
Antenna Design: The unit cell consists of three split rings in addition to the central circular
pattern with the interlocking design. The split rings have a thickness of 0.5 mm and is separated
from each other by the same amount. The circular pattern has a radius of 6.2mm. The complete
unit cell occupies an area of 20 × 20 mm2 and is positioned on top of the FR4 substrate of
dimensions 30× 30× 1.6mm3. The ground plane has the shape of a square spiral etched out.
Results and Discussion: The S11 of the proposed antenna is given in Fig. 2.
The S11 of the antenna shows resonance at several frequencies in the range from 900 MHz to
6.5GHz. Among these the widely used ones are LTE (900 MHz), GPS-L1 (1.575 GHz), GSM
(1800/1900GHz), UMTS (B11/B1), WLAN (2.4 and 5.5 GHz). The overall dimension of the
antenna is 30× 30mm2. This accounts for a reduction of over 62% in the size of the antenna. In
addition, the radiation patterns of the antenna at these frequencies were Omni-directional and has
a wide beam width. Both of these properties are significant in portable wireless communication
devices such as smart phones and tablets which are widely popular.
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Quad Band Split Koch Snowflake Antenna for
LTE/WLAN/WiMAX Applications

K. Ullas, G. S. Karthikeya, Bharath Raj, Sanjji N. Manjunath, and C. Vindhya
Antenna Research Laboratory, BMS Institute of Technology, India

Abstract— Quad Band Split Koch Snowflake antenna is investigated as radiating element. Res-
onant bands of 0.77–0.82 GHz, 2.3–2.42 GHz, 3.6–3.7GHz and 5.3–6GHz with center frequency of
0.8GHz, 2.35 GHz, 3.65 GHz and 5.5 GHz.These bands very well cover the LTE/WLAN/WiMAX
spectrum which are widely used to provide wireless service. The antenna was realized on a FR4
epoxy substrate with dimension 0.08λo×0.08λo×0.0042λo (30mm×30mm×1.6 mm). The pro-
posed antenna design is inspired from Koch snowflake fractal of first iteration and split element
found in Split Ring Resonator (SRR) which is a metamaterial unit cell. The width of the trans-
mission line in the proposed antenna is tapered gradually for impedance matching. The antenna
was excited using a normal line feed technique. For the simulation of the proposed antenna a Fi-
nite Element Method solver was used. Antenna was analyzed with normal ground plane and the
proposed ground plane, and the results were compared. The contribution of the split element in
the Koch snowflake fractal of the proposed antenna was also studied by simulating the proposed
antenna with and without the split element and the results were compared. Parametric analysis
were carried out on the dimension of various elements of antenna. The radiation pattern of the
proposed antenna was obtained at resonant frequencies in both E-plane and H-plane. After an
extensive study of the proposed antenna it was found that the multiple Koch snowflake fractal

Figure 1: Proposed antenna design. Figure 2: Ground plane of the proposed antenna.

Figure 3: S11 of the proposed antenna.
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structure was responsible for multiband resonance. The ground plane consisting of a protruding
structure was responsible for the antenna to resonate at 5.3 to 6 GHz .The split element in the
Koch snowflake fractal enhanced the antenna’s ability to resonate at lower frequency of 0.8 GHz.
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Miniaturized Multiband Antenna with Modified Split-ring
Resonator for WLAN/WiMAX Applications

C. Vindhya, G. S. Karthikeya, Sanjji N. Manjunath, K. Ullas, and Bharath Raj
Antenna Research Laboratory, Department of Electronics and Communication

B.M.S. Institute of Technology and Management, Bengaluru, India

Abstract— In this letter, we propose a novel compact and planar triple band antenna designed
using a metamaterial-inspired structure that consists of a slightly modified split-ring resonator
(SRR). The ground plane has dielectric slots embedded in it. The proposed design measures
0.156λ0 × 0.156λ0 × 0.012λ0. It resonates at 2.351, 3.635 and 5.121 GHz respectively covering
LTE2300, WiMAX and WLAN bands. Radiation pattern along H plane shifts by 90◦ between
3.8–4GHz providing beam steering suitable for MIMO LTE (4G) and WiMAX. As a consequence
of rapid development in wireless communication, compact multi-band antennas attracted research
interest. It is desirable to have a single antenna operating at multiple bands. This enhances com-
pactness which reduces VLSI real estate, cost and volume required in the casing of the device.
The proposed design has multiple frequency bands at 2.351, 3.490–3.770 and 5.041–5.256GHz
with reflection co-efficient greater than −6, −10 and −10 dB respectively. It covers LTE2300
(2300–2400MHz), WiMAX at 3.5 GHz and WLAN at 5.2 GHz. An attempt has been made to
improvise on a conventional SRR to scale-down the dimensions while retaining multifrequency
functionality. The radiating face of the antenna consists of a remodeled SRR. Resonant frequen-
cies are created by fine tuning the gaps and embedding dielectric slots in the ground plane whose
size and position were both realized through a parametric study. In addition to triple band op-
eration, the antenna exhibits frequency beam-scanning ability inherent in a leaky wave antenna.
Beam steering up to 90◦ can be achieved between 3.8–4GHz. One of the LTE bands is centered

(a) (b)

Figure 1: (a) Radiating surface. (b) Ground plane.

(a) (b)

Figure 2: (a) Simulated S11 for antenna 1, antenna 2, antenna 3 and antenna 4 and (b) radiation pattern
shift.
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at 3.5 GHz which is also applicable for WiMAX. This feature is similar to the property of a smart
antenna used in MIMO system. The geometry of the proposed antenna is shown in Fig. 1. It is
fabricated on FR4 epoxy substrate of dimension 20 mm×20mm×1.6 mm with dielectric constant
4.4 and loss tangent of 0.02. The patch consists of a metamaterial structure comprising a rect-
angular split-ring configuration with two non-opposite slits in each ring which are repositioned.
Out of a total of four gaps/splits, three have a width equal to the thickness of the ring and the
fourth is slightly smaller. The design uses a novel ground plane configuration. The size of ground
plane is half the overall size, i.e., 20mm× 10mm. It is slotted with a wide gap at the centre and
narrower gap on either side. Gap between slots on either sides of the centre remains constant. It
is fed by a microstrip line which can be connected by an SMA. Ansys HFSS software is used to
evaluate the antenna performance. The other optimal parameters are W = 20 mm, d = 2mm,
d1 = 1.5 mm, d2 = 7 mm, d3 = 9.75mm, t = 1 mm, g = 1 mm, g2 = 10 mm. Frequency bands at
2.351, 3.635 and 5.121 GHz with reflection co-efficient −6.467, −13.494, −15.201 dB respectively
are presented in Fig. 2(a). Bandwidths for resonances with S11 better than −10 dB at 3.635GHz
is 140MHz and at 5.121 GHz is 96 MHz. Addition of a new set of gaps/split resulted in multi-
ple bizarre resonances. The position and width of each gap/split were tweaked to get the final
result through parametric analysis. It can also be observed that the radiation pattern changes
with frequency variation in the range 3.5–4GHz which is a characteristic of leaky-wave antennas.
A change from 3.8–4GHz returns a 90◦ shift in radiation along H plane. This is depicted in
Fig. 2(b).
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Research on Dual Bandpass of Wide Stopband Filter with Tunable
Center Frequency

Zhao-Qing Sun, Yong-Sheng Zhao, Han-Lin Duan, and Tao Jiang
College of Information and Communication Engineering
Harbin Engineering University, Harbin 150001, China

Abstract— A dual passband of wide stopband varactor tuned filter using stepped impedance
resonators (SIRs) is proposed in this paper. A varactor is loaded on the middle of the E-
shaped resonators, through changing the value of the bias voltage across the varactor, the center
frequency of the second passband can be tuned from 1.56GHz to 2.25 GHz, however, the center
frequency of the first passband is fixed and maintained at 1.02 GHz. In fact, it is fixed during the
whole process. The relative bandwidth of the first passband is 14.7%, the return loss of is 19 dB
and the insertion loss is 0.2 dB. The second passband can tuning from 1.56GHz to 2.25 GHz
with the tuning range of 36.2%. The relative bandwidth almost keep unchanged. The return
loss change from 16 dB to 30 dB and the insertion loss change from 0.2 dB to 0.8 dB. This filter
proposed in this paper has a great characteristic of harmonic suppression, −20 dB up to 3.5 GHz.
There are two advantages of the optimization process. The first is that a filter network is added in
the input and output coupling line to depress stopband. The second is that spurlines are added
at the input and output coupling line which can add zero between the two passbands, which
improved the performance for filter. It is good to improve the selectivity of the filter. The filter
proposed in this paper can achieve a compact size, lower insertion loss and wider rang harmonic
suppression. Simulations show that the filter proposed is valid and has a good performance.
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A Very Small Triangular Shaped Printed Monopole Antenna for
Bluetooth/WLAN and UWB Applications

Praveen V. Naidu and Akshay Malhotra
Centre for Radio Science Studies, Symbiosis International University (DU), Pune 412115, India

Abstract— In this paper, a compact (12 × 20mm2) triangular shaped microstrip antenna
with dual band characteristics is presented for Bluetooth/WLAN and ultrawideband (UWB)
applications. The proposed structure consist of a simple triangular shaped radiating patch for
achieving UWB characteristics and quarter wavelength inverted L shaped strip for achieving
2.45GHz Bluetooth applications. The first operating band characteristics can be controlled by
changing the electrical length of the strip along with coupling gap between the patch and strip. To
enhance the impedance bandwidth of second operating band, an equilateral triangular shaped cut
has been introduced in the patch. The results demonstrates that the proposed antenna exhibit
dual frequency operation from 2.4 to 2.52 GHz and from 3.6 to 10.6GHz. The antenna has
omnidirectional radiation patterns in H-plane, bidirectional patterns in E-plane and acceptable
peak gains and radiation efficiencies.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1125

Effect of Slow Wave Structures on Scan Angles in Microstrip
Leaky-wave Antennas

Saeid Mohammadpour Jaghargh, Pejman Rezaei, and Javad Soleiman Meiguni
Faculty of Electrical and Computer Engineering, Semnan University, Semnan, Iran

Abstract— This paper presents two miniaturized slow wave structures in microstrip leaky-
wave antennas (MLWAs) which operate about 8 GHz. The effects of these structures on the scan
angles have been compared in the paper. The designed interdigital capacitors and folded-back line
have been investigated with ADS Momentum software. It has been shown that the interdigital
capacitors (IDCs) yield to a broad scan angles from +53 to −74 degree, while the folded-back
line inductor scans only the positive angles.
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Red-shift between Near- and Far-field Electric Intensity Peaks

Alex J. Yuffa and Gorden Videen
Computational & Information Science Directorate, Army Research Laboratory, Adelphi, MD 20783, USA

Abstract— In classical wave scattering by small particles problems, the quantities of general
interest are the far-field quantities such as the scattering cross-section. Recent technological
advances have made it possible to control the light at the nanoscale by using nanoparticles and
nanostructures. At this scale the quantities of interest are related to the near-field and not the
far-field as in the classical scenario. A particular quantity of interest in plasmonics is the near-
field electric intensity. It has been recently observed that the resonances in the near-field electric
intensity are red-shifted with respect to the far-field electric intensity resonances. With the help
of a damped harmonic oscillator model, one can demonstrate that the red-shift is caused by the
contribution of the evanescent waves to the near-field electric intensity. This model definitely
provides valuable physical insight into the problem but it does not provide a value for the red-
shift. Clearly an ability to predict the near-field resonances based on the far-field data would be of
great practical value to the community. However, to the best of our knowledge, no such formula
has appeared in the literature. In fact, currently one computes the red-shift by first numerically
computing for the far-field and the near-field resonances and then, taking their difference, which
is clearly very time consuming and cumbersome.
In this presentation, we will derive a simple analytical expression for the red-shift between the
near- and the far-field electric intensity resonances. This formula will be derived for a cylinder
as well as a sphere by using only the Lorenz-Mie theory. We will also demonstrate that our
simple formula computes the red-shift within a relative error of one percent. Furthermore, we
will discuss possible generalization of our red-shift formula to other particle shapes.
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Scanning Near-field Optical Spectroscopy of Semipolar InGaN/GaN
Single Quantum Wells

Mounir Mensi, Ruslan Ivanov, and Saulius Marcinkevičius
Department of Materials and Nanophysics

KTH Royal Institute of Technology, Stockholm, Sweden

Abstract— Group III-nitride ternary alloy light emitting devices present outstanding electro-
luminescence efficiency. However, they typically exhibit band potential fluctuations related to
spatial variations of the alloy composition, strains, extended defects, and cation clustering. Such
fluctuations may have different consequences on nitride device performance. In some cases, e.g.,
polar InGaN quantum wells (QWs), localization separates carriers from dislocations reducing the
rate of the nonradiative recombination [1]. In addition, for emitters of polarized light based on
non- and semipolar QWs, carrier localization may reduce degree of the linear polarization [2]. De-
tailed understanding of potential fluctuations and their relation to properties of material growth
and defects is important for the development of efficient light emitting devices. Since fluctuations
occur on the nanoscale, near-field optical techniques, allowing a resolution beyond the diffraction
limit should be used.
This presentation will focus on near-field scanning optical spectroscopy of semipolar (202̄1) plane
InxGa1−xN/GaN single QWs [3–6] for 0.11 ≤ x ≤ 0.36. During the near-field scans, the photo-
luminescence spectra were measured at every point, which allowed performing correlations and
statistical analysis of these maps. Results include spatial variations of emission spectra, peak
emission wavelength, intensity, spectral width, and polarization ratio of the photoluminescence
emission. The nanoscale data revealed by the subwavelength near-field measurement not only
provide a deeper understanding of phenomena behind the band potential fluctuations, but also
pinpoint directions towards improvement of device efficiency and stability.
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Generation of 1D High-frequency Interference Patterns of
Evanescent Waves Using All-dielectric Photonic Crystals

E. A. Bezus1, 2, E. A. Kadomina1, 2, and L. L. Doskolovich1, 2

1Image Processing Systems Institute of the Russian Academy of Sciences, Samara 443001, Russia
2Technical Cybernetics Department, Samara State Aerospace University, Samara 443001, Russia

Abstract— During the last decade, many works dedicated to the generation of high-frequency
interference patterns of evanescent electromagnetic waves were published due to both fundamental
interest and potential applications in nanolithography and optical trapping and manipulation
systems. Most of the research was centered on plasmonic structures [1, 2]. In a recent paper, the
generation of such patterns in multilayer metal-dielectric structures was explained in terms of
the excitation of volume plasmonic modes in hyperbolic metamaterials [3].
In the present work, we study theoretically and numerically the generation of high-frequency
interference patterns of evanescent electromagnetic waves with essentially subwavelength period
using all-dielectric structures containing a diffraction grating and a one-dimensional photonic
crystal. It is shown that high-quality interference patterns with subwavelength hot-spots can be
obtained due to resonant enhancement of the evanescent diffraction orders associated with one of
the two possible mechanisms: the excitation of Bloch surface waves or the Fabry-Perot resonance
of a high-k volume Bloch mode of the photonic crystal. Contrast of the generated patterns is
close to unity, while the period is by an order-of-magnitude (10–20 times) smaller than the period
of the used diffraction grating. The presented approach can be used in photolithography systems
for the fabrication of periodic structures with nanoscale features.
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Polarisation Imaging Reveals Near-field Properties of Materials

P. Török, C. A. Maćıas-Romero, and M. R. Foreman
Department of Physics, Imperial College London, Prince Consort Rd, London SW7 2BW, UK

Abstract—
Introduction: Imaging systems have provided the means to gather information about the phys-
ical world throughout history. Recent years have witnessed the development of numerous super-
resolution imaging schemes. These techniques however forego the greater information content
afforded by polarisation, rather than irradiance, measurements. In this talk we confirm both
experimentally and theoretically that far-field polarization imaging allows for continuous nano-
metric spatial variations in the polarization to be resolved. We present optical measurements of
nanostructures resolving spatial polarization changes on the scale of tenths of nanometers. In
optical data storage, polarization encoding via nanometric pits is furthermore shown to allow a
sevenfold capacity increase.
Optical System: The optical system of a Müller matrix polarimeter microscope is shown in
the figure below. The light of the laser is passed through a polarisation state generator that is
capable of producing an arbitrary state of polarisation. The rest of the optical path is identical
to that of a reciprocal confocal microscope. In the return path light passing through the pinhole
is recollimated and split by a non-polarising beam splitter (NPBS). The polarisation state of
the light emerging from the NPBS is then analyser by a Stokes polarimeter. By imparting at
least four different states of polarisation on the incident light by the polarisation state generator,
each one of these producing four intensity measurements in the Stoke polarimeter, it is possible
to determine the Müller matrix of a given sample. The possession of this information in turns
permits one to determine a wealth of information pertaining to the sample, such as polarisance,
diattenuation, etc..

Discussion: It is possible to show using first principle arguments and more conventional optical
system analysis that the determination of polarisation state in the far-field is not limited by
Abbe’s diffraction limit, even though it is emphasised that “breaking the diffraction limit” is
not claimed by the present authors. The talk will present experimental images revealing that
certain structures can be distinguished by a Müller matrix polarimeter microscope even when
their spatial separation does not exceed 50 nm.
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Structure-mediated Nano-biophotonics

Jesper Glückstad, Mark Villangca, Andrew Bañas, and Darwin Palima
DTU Fotonik, Department of Photonics Engineering

Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

Abstract— The latest Nobel Prize in chemistry on Nanoscopy has cemented that optics is a
key enabling technology for getting a grasp of the micro- and nano-world. By creatively com-
bining a host of complementary approaches one can today realize advanced optical modalities
that integrate an increasing number of functionalities and augment not just passive observa-
tion but also active access and control over the nanoworld [1, 2]. Using a merger of light and
matter sculpting, we have 2PP-fabricated free-floating waveguides that can be optically trapped
and “remote-controlled” in a volume; hence coined Wave-guided Optical Waveguides (WOWs).
Combining micro-fabrication with optical trapping and manipulation allows us to exploit these
WOWs in versatile and dynamically reconfigurable architectures [3]. A plurality of counter-
propagating beam-traps relayed to the trapping volume by low-NA microscope objectives on our
Biophotonics Worskstation (BWS) [4] control the WOW-structures demonstrating the possibility
for a structure-mediated paradigm where micron-sized tools are used to achieve optical near-field
tip-size access. However, realizing the full potential of this new structure-mediated approach in
challenging microscopic geometries requires a versatile 3D light coupling that can dynamically
track a plurality of WOWs to ensure continuous optimal light coupling on the fly.
To maintain high light throughput for the WOWs, we have integrated computer generated holog-
raphy that can dynamically control the 3D focus position of the coupling beams. Our results
show that we can simultaneously maneuver the WOWs in 3D space while dynamically coupling
light through them (see Figs. 1(a) and 1(b)) [5]. This structure-mediated approach enables a host
of new microscopic functionalities. WOWs with metal-coated tips can exploit plasmonic effects
to achieve extreme confinement for localized light excitation and acquisition.

(a) (c)

(b)

Figure 1: Dynamic coupling of light to 3D-manipulated Wave-guided Optical Waveguides (WOWs). The
coupling beams are positioned holographically at the input facets of each WOW making targeted light-
delivery at the sub-micron level possible at the WOW-tips. Experimental results show (a) lateral and
(b) axial tracking of the coupling beams. (c) A concept art showing the holographically coupled WOWs and
snapshot from the experiment.

Nanowires that exhibit particular optical properites can be attached to the WOWs to obtain
tunable and fully maneuverable “nano-torches”. Another potential application is for advanced
Tip-Enhanced Raman Spectroscopy in a full 3D-manuevarable configuration. The micro-to-nano
light coupling and the possibility of integrating material transport in the WOW-structures can be
a new gate-way for life sciences at the sub-cellular level. The design possibilities offered by 2PP-
fabricated WOWs, the augmented holographic light coupling combined with the advanced 3D
micromanipulation opens the possibility for performing exciting precision engineered light-matter
interaction where it is needed.
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Cascaded Field Enhancement in a Multi-scale Nanoparticle-in-cavity
Plasmonic Nanoantenna Array Boosted by Fano Resonance

Benfeng Bai and Zhendong Zhu
State Key Laboratory of Precision Measurement Technology and Instruments
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Abstract— Strong optical near field (i.e., field “hot spots”) can be generated in properly
designed metallic nanostructures via the coupling and hybridization of localized surface plasmon
modes [1], which can greatly enhance the light-matter interaction in the vicinity of the structures.
In this work, we propose and realize a nanoparticle-in-cavity (PIC) plasmonic nanoantenna array,
in which a 20 nm gold nanoparticle is located at the bottom of a 120 nm truncated gold void
in each nanoantenna (see Fig. 1(a)). In this multi-scale system, cascaded field enhancement
(CFE) [2] can be realized so that extremely strong and highly confined field hot spots can be
generated in nanoscale volumes (Fig. 1(c)). Furthermore, by utilizing and tuning the mode
hybridization between the plasmonic dark mode of the gold nanoparticle and a high-order cavity
bright mode of the nanovoid, strong Fano resonance can be generated at a target wavelength of
720 nm (Fig. 1(b)), which can significantly boost the CFE. The maximum enhancement factor
of the localized field amplitude can reach 103. We have developed a cost-effective, efficient
and reliable nanofabrication method based on room-temperature nanoimprinting and anisotropic
reactive ion etching to fabricate the PIC array (Fig. 1(d)). With this technique, only one gold
nanoparticle is guaranteed in each nanovoid and the nanoparticle size can be finely controlled,
which are crucial for realizing the CFE effect. To demonstrate the performance of the PIC
array, the fabricated PIC samples are employed as active SERS substrates for detecting 4-ATP
molecules. The experimentally obtained SERS enhancement factor is as high as 2×107, verifying
the field enhancement and the potential application of this device.

(a)

(b)

(c)

(d)

Figure 1: (a) Schematic of the PIC array; (b) Far-field and (c) near-field responses of the PIC array; (d) A
fabricated PIC sample.
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Demonstration of Unusual Nanoantenna Array Modes through
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Abstract— We perform complex investigation of the distribution of electromagnetic fields in
the vicinity of an array of silver nanoantennas, which can operate as an efficient light trapping
structure in the visible spectral range. In theory, this array should support unusual collective
modes (referred to as domino-modes [1]) that possess an advantageous distribution of local electric
fields, ensuring both strong field localization beneath nanoantennas and a low level of optical
losses inside the metal. To study the distribution of the electromagnetic field near the array we
use an aperture-type near-field scanning optical microscope (NSOM) with oblique excitation of
the sample. We obtain near-field patterns that show excellent agreement with the NSOM signal
which we directly reconstruct from rigorous numerical simulations using an approach based on
the electromagnetic reciprocity theorem [2, 3]. This model relates the fields picked up by the
near-field probe to the fields that this probe emits when excited by a point (dipole) source placed
at the position of the detector. The approach allows us to account both for the non-locality
of the NSOM detection process and the shape of the near-field probe. The agreement between
theory and experiment allows us to claim the first-time experimental verification of the existence
of domino-modes in an array of silver nanoantennas in the visible range.
We also demonstrate that the model of the near-field probe sensitivity based on the reciprocity
theorem is very powerful and can be successfully used for the interpretation of the observed NSOM
patterns, even in the case of complex geometry with oblique excitation and for structures made
of high-index materials, where the probe-sample interaction can be significant. This encourages
us to use this model for interpretation of the NSOM signal obtained from the most complex of
structures.
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On the Effective Volume of Mie Resonators
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Abstract— We show that the effective volume of spherical resonators depends on ten pa-
rameters. We relate each of these parameters to meaningful classical parameters such as the
orientation and position of the emitting dipole who gives rise to the effective volumes; Mie-like
coefficients; and multipolar decomposition coefficients. As a consequence, we find that given a
multipolar order j, the average electric effective volume (for an electric dipolar emitter) is always
smaller than the magnetic one. This fact is reversed when a magnetic dipole is coupled to the
same resonator.
Introduction: In his seminal letter, Purcell showed that the spontaneous emission of a radio-
frequency dipolar emitter in contact with a resonator is enhanced by a factor F [1]. He defined it
as F = 6πc3Q/ω3V where ω is the emission frequency of the dipolar emitter, Q the quality factor
of the resonator, and V the effective volume of the resonator. Since then, the Purcell factor has
been used in different domains, e.g., optics. It has been known for many years that the Purcell
factor gives a good estimation of the enhancement of the decay rates when i) the resonator only
supports one mode, ii) when the dipole is oriented along the polarization direction of the mode
of the cavity, and iii) when the dipole is located at the modes’ maximum [2]. Then, the effective
volume is defined as V =

∫
V

ε(r)‖E‖2dV . However, it was seen that F cannot be directly applied
in nanophotonics to obtain the enhancement of spontaneous decay rates. In order to do that,
very recent works have been done to modify the definition of F [2–4]. The definition of effective
volume has been changed to Vµ = 1/(p ·E)2 where up is the dipolar moment of the emitter, and
Eµ is a cavity normal mode [3, 4].
Results: Here, we use Mie resonators to give a classical meaning to the effective volume defined
by the expression above [5]. It is seen that the effective volume expresses the partial coupling
between a dipolar emitter and the normal mode in consideration. Because of that, its expression
can be given as a function of the translation-addition coefficients of multipolar theory [5]. As
a result, its value can be predicted for some symmetric cases without doing any calculation [5].
Then, using these facts, we compute the average effective volume of an ensemble of uniformly
distributed and randomly oriented dipoles for different normal modes of a Si-based resonator. It
is observed that the average effective volume is always smaller than the magnetic one [5]. Our
calculations can also be applied for magnetic dipoles.
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Imaging with Multimode Fibers

Demetri Psaltis
Ecole Polytechnique Federale de Lausanne (EPFL), Switzerland

Abstract— Holography and phase conjugation were proposed in the middle 1960’s for cor-
recting the distortions in imaging systems due to aberrating or scattering media. These early
methods have been revisited in recent years and successful experimental demonstrations have
been reported with digital holographic methods in which the recording and reconstruction of the
hologram is done with the help of a digital computer. The digital holographic methods offer a lot
more flexibility and control compared to the all-optical methods of the past making holographic
imaging much more practical. In addition, adaptive wavefront shaping techniques have been
recently developed providing a set of related and synergistic methods for imaging in complex
media. In this presentation we will focus primarily on the application of the modern tools of
holography to the control of light transmission through multi-mode fibers. The modal dispersion
that severely scrambles images propagating through multi-mode fibers can be compensated al-
lowing us to exploit the many degrees of freedom available in the multi-mode fiber for imaging
and sensing.
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Fiber Lasers and Electro-optic Polymer/Si Waveguide Modulators
and Their Applications

N. Peyghambarian
University of Arizona, College of Optical Sciences, USA

Abstract— This talk will be focused on (1) fiber lasers and their bio-medical applications and
(2) electro-optic polymer modulators for telecom applications. Phosphate, telluride, and fluoride
glasses allow new fiber laser frequencies. Some nonlinear effects including optical parametric
oscillators (OPO), SRS and SBS extend the operating wavelengths while others like SBS prevent
high power operation. Our recent advances in fiber lasers will be summarized including demon-
stration of a synchronously pumped fiber optical parametric oscillator (FOPO) operating in the
normal dispersion regime. The second part of the talk will focus on the use of EO polymers
with r33 of = 200–300 pm/V (r33 of LiNbO3 = 30 pm/V) in polymer/Si nanowire modulators.
Centimeter-length modulators will also be described. Polymers low dielectric constant and low
capacitance make them suitable for > 100G telecom applications.
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Spectral Engineering with Tunable Photonic Molecules

Mario C. M. M. Souza1, Luis A. M. Barea2, and Newton C. Frateschi1

1Device Research Laboratory, Applied Physics Department, IFGW, UNICAMP, Campinas, Brazil
2Electrical Engineering Department, Federal University of São Carlos, São Carlos, Brazil

Abstract— The ability to control the spectral features of compact photonic devices is a key
capability for photonic integration. Diligent device design and active control allow flexible spectral
responses that can be tailored to deliver complex optical signal processing functionalities with
low power consumption in a reduced footprint.
We present our recent advances using passive and actively controlled silicon photonic molecules
for enhanced optical signal processing [1–3]. Based on arrangements of multiple coupled mi-
croresonators, these devices overcome the intrinsic interdependence between photonic lifetime,
resonance spacing and footprint for single microresonators, introducing a new degree of freedom
to perform spectral engineering. Carrier recycling [2], potential for modulation beyond resonance
line-width limit, and low-power wavelength multicasting using multiple-split resonances that over-
come the trade-off between the cavity free spectral range (FSR) and optical field enhancement [3]
are demonstrated in micrometer-scale devices. Using active control, we will demonstrate recon-
figurable and continuously tunable mode-splitting in a multi-GHz range with very low resonance
shift using an embedded coupled microring device to control the excitation of counter-travelling
modes (Figs. 1(a)–(b)). The change in phase response of tunable mode-split resonances is also
shown to transit between distinct dispersion regimes, allowing for controllable optical pulse de-
lay/advancement (Fig. 1(c)). These features will be shown to provide great flexibility in designing
devices for optical signal processing using very compact structures based on silicon-on-insulator
technology.

(a) (b) (c)

Figure 1: (a), (b) Tunable mode-splitting using embedded coupled microcavities when cavity H2 is detuned.
(c) The dispersion regime is changed from normal to anomalous as mode-splitting increases in the central
resonance, associated with the outer ring, leading to continuous tuning from light delay to advancement.
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Si Photonics for Exascale Computing

Paul S. Davids
Sandia National Laboratories, Albuquerque, NM 87185, USA

Abstract— Optical interconnects have been proposed for more than 25 years as the solution
to distance and bandwidth limitations of electrical interconnects. They are currently used in
long distance and metro-distance telecommunications and are making extensive inroads in data-
center and high performance computing applications. Chip-scale optical interconnects based on
Si photonics leverages advanced CMOS process technology but is constrained by the material
systems used in standard CMOS processing. Recent advances in low power, small capacitance
Si photonic modulators and detectors allows for the realization of compact low power chip-scale
transceivers that can provide high bandwidth optical IO for advanced computing applications. In
order to achieve the promise of Si photonics in exascale computing, heterogeneous integration of
new materials and devices, such as III-V laser sources, and flip chip bonding of high performance
electronics with Si photonics are needed to extend the functionality and provides new capability
within the Si photonics platform.
In this talk, we will examine advances in the integration and new device architectures that enable
low power, high bandwidth communications for exascale computing and also examine extension
to quantum Si photonics that could lead to advanced communication networks that promise both
algorithmic and physical security.
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Photonics as a More-than-Moore Device Technology within
Sub-100 nm SOI CMOS
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1University of Colorado Boulder, USA
2Massachusetts Institute of Technology, USA

3University of California Berkeley, USA
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Abstract— I review recent progress of a collaborative effort (by Stojanović, Ram and Popović
research groups) to enable the design of photonic devices, and complete on-chip electronic-
photonic systems and interfaces, directly in standard microelectronics complementary-metal-
oxide-semiconductor (CMOS) processes in a microprocessor foundry, with no in-foundry pro-
cess modifications. This approach, “zero-change CMOS photonics”, allows tight and large-scale
mono-lithic integration of silicon photonics with state-of-the-art (sub-100 nm-node) microelec-
tronics, here a 45 nm silicon-on-insulator (SOI) CMOS process. Very large scale integration
is enabled by the same manufacturability design methodology that has enabled CMOS micro-
electronics to yield billions of working transistors on a chip. It enables natural scale-up to
manufacturing, and rapid advances in device design due to process repeatability. Our initial
driver application is to address the processor-to-memory communication energy bottleneck. In
this talk, I will highlight the challenges, and unique opportunities, for photonic device design
within an advanced-node scaled CMOS process, using a couple of examples, and their impact
through demonstrations of mono-lithically integrated electronic-photonic subsystems on chip.
First, I will describe energy-efficient modulators based on an interleaved junction that take ad-
vantage of the high resolution of the sub-100 nm (immersion lithography) CMOS process dopant
implant masks. They enabled mono-lithically integrated electronic-photonic transmitters on chip
(modulator + driver) with record 20 fJ/bit wall plug energy/bit. Second, I will describe array
nanoantenna grating couplers that allow efficient and ultra-wideband unidirectional light emis-
sion and Gaussian beam forming in unmodified CMOS, and enable 1 dB or better optical coupling
from fiber to a 45 nm-node CMOS chip. Last, I will briefly review other unique device technolo-
gies that provide a complete photonics platform, and will show results demonstrating the same
photonics infrastructure smoothly transitioned one node down in the same CMOS technology
strand, into the 32 nm node. These are encouraging developments for the prospects of mono-
lithic electronics-photonics integration. Beyond processor-to-memory interconnects, approaching
photonics as a “More-than-Moore” technology inside advanced CMOS promises to enable VLSI
electronic-photonic chip platforms tailored to a vast array of emerging applications, from optical
and acoustic sensing, high-speed signal processing, RF and optical metrology and clocks, through
to analog computation and quantum technology.
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Developing a Poly Silicon Photonic Platform on Bulk CMOS

Amir H. Atabaki1, C. Sun1, M. Georgas1, J. S. Orcutt1, F. Pavanello2,
L. Alloatti1, B. R. Moss1, Y.-H. Chen1, J. Shainline2, M. Wade2,

K. Mehta1, K. Nammari2, E. Timurdogan1, D. Miller3, O. Tehar-Zahav3,
Z. Sternberg3, J. C. Leu1, J. Chong1, R. Bafrali3, G. Sandhu3,

M. Watts1, R. Meade3, M. A. Popović3, V. Stojanović1, 4, and R. J. Ram1
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Abstract— Bulk CMOS processes make up for the majority of manufactured electronics for
applications as diverse as microprocessors, FPGAs, foundry ASICs and DRAM. Integration of
photonics in bulk CMOS has the potential to provide low-power, low-latency interconnects for
all of these applications. The main challenge for achieving this goal has been the focus on
thick silicon-on-insulator substrates for photonics whereas the majority of CMOS transistors are
fabricated directly on bulk Silicon. This fact has driven two-chip hybrid solutions that are not
able to leverage the savings in energy, packaging, and manufacturing costs enabled by monolithic
electronics and photonics.
In this work, we present a photonics platform in the same polysilicon that is used as the transistor
gate in bulk CMOS processes. Through materials and process optimization low-loss polysilicon
waveguides using the gate polysilicon have been demonstrated. Waveguides formed from high
temperature columnar deposited polysilicon with chemical mechanical polishing (CMP) for im-
proving the top surface roughness; and low temperature amorphous-deposited polysilicon with
high temperature anneals without the need for CMP have been demonstrated. These waveguides
can be embedded with appropriately doped diode junctions to realize both depletion modula-
tors [1] and all-silicon photodetectors [2] at 1280–1550 nm. The process modules required to
realize integrated photonics are inserted without requiring any modification to the performance
of electronics.
Recently, passive and active photonic devices have been monolithically integrated with CMOS
electronics used for driver and control electric circuits to implement monolithic optical receivers
and transmitters that have enabled the successful demonstration of 5 Gbps optical links between
two transceiver chips [3]. This demonstration shows the capabilities of the developed polysilicon
material platform for electronic photonic integration for a wide range of applications [4].
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Abstract— Hybrid metal/dielectric structures are very promising for the fabrication of compact
and efficient optical sources. Beside the development of micro- and nano-lasers based on surface
plasmons, other surface modes presenting less damping than conventional plasmons can be used
such as Tamm plasmons. These surface modes appear at the boundary between a distributed
Bragg reflector (DBR) and a metallic layer [1], and present both the advantages of surface plas-
mons and of microcavities photonic modes. In particular, the losses are reduced compared to a
conventional plasmon. We will describe some features of semiconductor quantum wells coupled
to extended Tamm modes, like strong coupling with the excitons and lasing [2, 3].

(a) (b)

Figure 1: (a) Confined Tamm structure and (b) electric field associated with the Tamm mode.

The main advantage of the Tamm modes lies in the easy confinement of the mode which can
be obtained by structuring the metallic part of the structure [4]. The reduction of the mode
volume leads to an efficient control of the spontaneous emission (increased beta factor), making
Tamm confined structures well suited for single photon emitters and lasers. We will show that
confined Tamm plasmon modes can be advantageously exploited for the realization of new kind
of metal/semiconductor lasers. Laser emission is studied for Tamm structures with various di-
ameters of the metallic disks which provide the confinement. A reduction of the threshold with
the size is observed.
The easy control of the mode properties offered by the patterning of the metallic layer can be
applied to the control of the polarization of the emission. Polarization effects in asymmetrical
Tamm structures will be discussed. Laser emission with a degree of linear polarization of more
than 90% is demonstrated. The polarization can be controlled by tuning the gain of the quantum
wells with the Tamm resonance.
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Metal-coated Patch Nanolaser Resonators Coupled with a
Waveguide

Qian Ding, Amit Mizrahi, Yehaiahu Fainman, and Vitaliy Lomakin
University of California, San Diego, USA

Abstract— An important component to enable miniaturized and integrated photonic circuits
is small lasers, which can be required to be smaller than the wavelength of light. In this work, we
present electromagnetic design and modeling of nanoscale laser resonators that are smaller than
the wavelength of light in all dimensions, including the modal volume extent. The resonators are
based on using a low-index dielectric shield layers surrounding a high index core, both placed
between two metallic patches. The combination of the high- and low-index dielectric material
as well as the metal patches allows significantly reducing both metal and radiation losses. The
presented structures are suitable for both optical and electrical pumping, and are smaller than
the vacuum wavelength in all three dimensions. The are shown to have a low threshold gain
for lasing at room-temperature. Further, it is shown that shifting the gain (high-index) core
enables controlled coupling of the resonator electromagnetic modes into a waveguide, opening
opportunities for chip-scale integration. It also provides control of the radiation pattern of the
resonator. The work includes a analytical analysis of the resonant frequencies and estimates of
the threshold gain of the standalone resonators and numerical modeling supporting the analytical
findings. The work also includes the analysis of the resonator radiation patterns as well as the
resonator coupling to the guided modes of a dielectric waveguide.
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Nanoscale Engineering Optical Nonlinearities and Nanoemitters

Y. Fainman
Department of Electrical and Computer Engineering, University of California, San Diego

9500 Gilman Drive, La Jolla, California 92093-0407, USA

Abstract— This paper discusses nanoscale engineered second order nonlinearities in silicon and
a 3-D confined metal-dielectric-semiconductor resonant gain geometries used to create a new type
of nanolasers for chip-scale integration of photonic information systems. The integration of a pho-
tonic information system onto a single chip requires great research effort toward miniaturization
of the optical components, similar to the effort that has led to the extensive miniaturization of
electronic components. For applications involving a photonics layer between different components
on the same chip, the photonic components must be comparable in size to the electronic compo-
nents, and minimally interfer with each other when densely packed. Such future systems, further
require the discovery of new technologies that can operate not only at ultrafast rates (< 1 ps),
but also at extremely low energies, and with low levels of insertion loss. Additionally, future
technologies will need to be highly compact, as well as resilient to temperature change. More-
over, the device designs should provide scalability with respect to the operating wavelength, and
the optical carrier should be allowed to range in a broad spectral range to support the necessary
aggregate information bandwidth. Our most recent work emphasizes the construction of optical
subsystems directly on-chip, with the same lithographic tools as the surrounding electronics.
As specific example of our most recent work towards these goals, we present nanoscale engineered
second order nonlinearities in silicon. Strained silicon’s nonlinear properties were demonstrated,
but despite recent accomplishments, the physical mechanisms behind strained silicon’s character-
istics remain poorly understood. Therefore, the calculations of scaling coefficients which relate
the nonlinearity to the local strain gradient are critical to the design of future devices implement-
ing strained silicon. We theoretically analyzed the breaking of symmetry which occurs in silicon
as a result of asymmetric strain. We also established phenomenological relationships between
two of strained silicons nonlinear components, χ

(2)
xxy and χ

(2)
yyy, and the local strain gradient. To

verify our prediction of these nonzero tensor components, we fabricated Fabry-Perot resonators
from silicon on insulator (SOI) waveguides strained by silicon nitride. By applying a positive and
negative voltage of 25 volts vertically across the waveguides, we induced and measured shifts in
the resonances exhibited by the transmission spectra. These shifts correspond to nonlinearities of
χ

(2)
xxy,eff = 29.6 pm/V and χ

(2)
yyy,eff = 44.5 pm/V. By combining our experimentally obtained opti-

cal nonlinearities with finite element model simulations, we defined and calculated two scaling co-
efficients which linearly translated the local strain gradient to the local nonlinearity. We obtained
Cxxy = χ

(2)
xxy/(dexx/dy) = 2.34(10−15)m2/V and Cxxy = χ

(2)
yyy/(dexx/dy) = 7.23(10−15)m2/V.

Using these values, we were able to map local nonlinearities exhibited by our waveguides.
For construction of compact nanolasers and light emitters we incorporate metals to reduce the
size of the resonator in all 3-D. The modes in such 3-D cavities can be grouped into two main
categories: (i) surface bound (that is, surface plasmon polariton (SPP)) resonant modes and (ii)
conventional resonant modes within the metal cavity. Although highly confined, the plasmonic
modes are lossy and the lasing gain threshold for such cavities can be very large. However, the
negative permittivity of metals enables them to act as efficient mirrors, leading to the second class
of metallo-dielectric cavity modes, which can be viewed as lossy approximations of the modes
in a perfectly conducting metal resonator. In this type of cavity it is possible to achieve higher
Q factors and lower lasing gain thresholds, albeit at the expense of reduced mode confinement.
Specifically, we describe two types of metal-dielectric 3-D resonators: (a) a composite metal-
dielectric-semiconductor cavity where the low index dielectric acts as a shield to reduce the loss
into the metal and (b) a coaxial resonator that supports a TEM-like mode which has no cut-off
and the physical size of the cavity can be infinitely scaled down in lateral dimensions.
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Real Time Single Nano-particle Detection and Sizing thru
Whispering Gallery Micro-global Positioning

David Keng1, 2 and Stephen Arnold1

1MicroParticlePhotoPhysics Lab
NYU Polytechnic School of Engineering, Brooklyn, NY 11201, USA

2MP3Laser, Inc., USA

Abstract— Over the past decade, Whispering Gallery Mode (WGM) based optical sensors
have demonstrated the ultimate goal of real-time single nano-particle sensing in an aqueous
environment; and this achievement has led to the detection of individual virions and single protein
molecules from WGM frequency shifts that are proportional both to the volume of the particle
and relative intensity at the biding location. However, stochastic random walk of nano-particles
in aqueous environment leads to random binding locations on the WGM’s sensor surface, causing
large variations in the WGM frequency shift, and thereby making real-time sizing problematic.
This has made researchers rely on a statistical sizing approach in which the largest signal from an
ensemble is associated with equatorial binding, where particle size is extracted from the frequency
shift signal. Here we have devised a simple method for determining the size of a nanoparticle in
just one binding event by locating its latitudinal position using the shifts of two polar modes of
a slightly eccentric WGM spheroidal resonator [1].
Due to the eccentricity of almost all fiber taper driven “micro-spherical” resonators, the 2l + 1
degeneracy of WGM modes (−l < m < l) is lifted and the modes having different m values for
a given l are individually accessible. The equatorial mode (l − |m| = 0) is concentrated near
the equator and has the highest sensitivity. In contrast, the higher latitude modes (l − |m| > 0)
cover a wider sensing surface area but have lower sensitivity. The ratio of WGM shifts of the
equatorial mode to the next higher latitude mode (l − |m| = 1) locates the absolute latitude
angle at which a nano-particle binds. This ratio has only binding latitude location dependency
and is unaffected by the intrinsic properties of the nano-particle (i.e., size, refractive index).
Using this binding location, the size of the nanoparticle is calculated using the Reactive Sensing
Principle. In addition to single particle size and location determination, this sensing scheme also
enlarges the effective sensor surface since non-equatorial higher latitude modes also convey the
same particle size information. We have experimentally demonstrated this sensing scheme by
detecting particle sizes of a colloidal bimodal mixture.
Although our latitude-only micro-global positioning scheme is applied to nanoparticle sizing using
slightly eccentric spheroids in aqueous solution, this approach can also be applied to WGM micro-
resonators having a variety of shapes and in non-aqueous surroundings (i.e., air, vacuum) as well.
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Spectral Correlation in Coupled Random Lasers

Antonio Consoli and Cefe López
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Abstract— Two coupled random lasers show spectral emissions with strong correlation, with
the same mode frequencies activated in both resonators. Experimental evidence of strong mode
coupling between adjacent resonators is reported.
In random lasers (RLs), the feedback is given by multiple scattering. A typical feature of RL is an
emission with narrow peaks, where the spectral position of the modes arises from the randomness
of the cavity. So far, experiments and theoretical work have been oriented to the study of a single
random resonator where the cavity is defined either by the pump extension, in large sample, or by
the confined region where scatterers are distributed, in micron sized samples. Indirect pumping
has been demonstrated as a way of tailoring RL emission [1]. The transverse beam of the pump
is properly shaped with the aim of changing the pumping conditions on the considered random
resonator. This experimental configuration is particularly interesting for studying interactions
between adjacent resonators. We designed our samples in order to have large (hundreds of µm
to few millimetres) scatterers aggregates placed at distances of few millimetres (TiO2 in a bath
of dye). We performed experi-ments on a single resonator, by pumping a small region (150 µm)
of the TiO2 with stripe shaped beams of varying length. Selecting two adjacent clusters, placed
at 4.0 mm separation, simultaneous pumping with a stripe shaped beam activates the same
frequencies in both clusters. Experiments, varying the geometry of the shaped beam show mode
competition and strong coupling [2]. These results open the way to a new field of application as
networks of mutually coupled RLs.
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Abstract— When two resonant modes in a system with gain or loss coalesce in both their
resonance position and their width, a so-called exceptional point occurs, which acts as a source of
non- trivial physics in a diverse range of systems [1]. Lasers provide a natural setting to study such
non-Hermitian degeneracies, as they feature resonant modes and a gain material as their basic
constituents. In my talk I will demonstrate that exceptional points can be conveniently induced
in a photonic molecule laser by a suitable variation of the applied pump [2] — a concept that
was meanwhile also successfully implemented experimentally. In a first realization [3] we used a
pair of coupled microdisk quantum cascade lasers, which were shown to produce a characteristic
reversal of their pump dependence in the vicinity of these exceptional points. A particularly
counter-intuitive aspect we demonstrated here explicitly was a strongly decreasing intensity of
the emitted laser light for increasing pump power. In a second realization [4] based on two
coupled silica micro-resonators, this phenomenon could directly be linked to the movement of
resonance eigenvalues in the complex plane, which follow an avoided eigenvalue crossing near
the position of the exceptional point. One of the curious results of this non-trivial behavior
is that close to an exceptional point, lasing is inducible solely by adding loss to a resonator.
Through this demonstration of “loss-induced lasing” we provide a counter-intuitive extension of
the conventional rule that loss needs to be avoided for the laser to reach its lasing threshold.
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Abstract— Internet boom can be slowed down by power hungry data centers. Silicon photonics
is the technology to face this. A new twist to silicon photonics is provided by microresonators
which enable complex functions and devices. The large refractive index difference between sil-
icon and silicon oxide allows a tight confinement in silicon waveguides with small bend radius.
Therefore, very small silicon microrings with high quality factors are possible. Microrings show
different properties that can be integrated into functional silicon photonic devices. Single, coupled
or cascaded microring geometries can be used to achieve complex functions. Still many aspects
of the physics of photon confinement in small optical cavities have to be investigated. Therefore
silicon microresonators are ideal devices for looking at new phenomena and new physics. Here
we review and summarize few of these.
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Fiberized Novel Wavelength-scale Planar Waveguides

Xian Feng, Jindan Shi, Peter Horak, and Francesco Poletti
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Abstract— The modern glass optical fiber, starting from the simplest circularly symmetric
waveguide geometry, has been widely inspired by the geometrical structure and functionalities of
glass or non-glass based planar channel waveguides. For instance, the currently well-developed
microstructured optical fiber [1] has been inspired by works on planar photonic crystal waveg-
uides [2]. On the other hand, planar channel waveguides, such as slab waveguides, ridge waveg-
uides and slot waveguides, are typically fabricated by various processing approaches, e.g., de-
position, sputtering, etching, lithography and so on, at relatively low temperatures. Compact
microstructured planar waveguide devices play important roles in various technical areas includ-
ing telecoms application, sensing, and biomedical diagnostics and imaging. In comparison with
planar waveguides, optical fibers have numerous advantages, e.g., long length, low cost per unit
length due to high yield and low propagation loss. Fiberization of planar waveguides is a sim-
ple and neat idea to combine the advantages of both planar and fiber waveguides for realizing
economic and compact photonic devices.
In this work we presented our first fiberized ridge waveguide. A long, narrow raised strip waveg-
uide was constructed on top of a thin, flat substrate, which has a refractive index lower than the
ridge. The ridge waveguide with the supporting substrate was built inside a glass jacket, similar
to the format of holey fiber. The fiber was fabricated using a sheet-stacking method [3]. Three
types of commercial glasses were employed in constructing the fiber. The outer jacket glass has
significant lower viscosity than the core glass during the fiber drawing. Because of this large ther-
mal mismatch between the cladding glass and the core glass, the ridge geometry was maintained
with acceptable distortion, even when the dimension of the ridge waveguide was reduced to 1µm.
The loss of was measured to be 0.039 dB/cm at 1.55 µm in the fiberized ridge waveguide with
∼ 1 µm dimensions, showing a low loss comparable with reported low-loss planar waveguides. A
high birefringence of 9.5× 10−3 was measured in a fabricated fiber ridge waveguide at 1.55µm.
This is close to the highest reported birefringence (1.1×10−2) in optical fibers. Because the ridge
waveguide is surrounded by air on three sides, this kind of geometry allows a strong overlap of
the optical evanescent field with the surrounding medium. Hence, it provides a highly sensitive
structure for chemical sensing. In addition, the ridged geometry also provides a convenient plat-
form for adding heterostructures composed of other materials such as polymer, glass, metal, and
semiconductor onto the top of the ridge. Extra optical functionalities can thus be added onto
the waveguides. Therefore, we believe that this fiberized waveguide can be a powerful platform
to complement the lab-on-fiber technique for chemical sensing.
In addition, the fabrication and characterization of other types of fiberized planar waveguides,
e.g., of a slot waveguide [4] which consists of two parallel rails of a high-index glass separated by
a subwavelength (∼ 100 nm) air-slot, are currently ongoing.
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Coupling between Photonic Microcavity and Plasmonic Nanocavity
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Abstract— We present highly efficient coupling between whispering-gallery-mode photonic mi-
crocavity and multipolar-mode plasmonic nanocavity. The first topic concerns complete coupling
between propagating light (PL) and a single localized-surface-plasmon (LSP) nanostructure. We
proposed a tapered-fiber-coupled microspherical cavity system combining an Au-coated probe
tip [1]. This system possesses the unique characteristic of precise adjustability for the fiber-
cavity coupling rate and the cavity-plasmon coupling rate, which is indispensable for achieving
the critical coupling conditions. We successfully demonstrated the 93% PL coupling into the LSP
antenna with an effective area of 58-nm circle, exceeding the diffraction limit. In other words, the
cross-section of a single plasmonic nanostructure can be effectively enlarged to a size comparable
to a mode area of a waveguide, thereby bridging the three-order-of-magnitude difference in size.
The well-designed combination of the microcavity enhancement and the LSP localization can
realize light focusing into a single-nanometer area with perfect efficiency. The second topic is
related to plasmonic nanovortex field. The Laguerre-Gaussian (LG) beam, called as the opti-
cal vortex, that possesses helical wave-front and doughnut beam profile has recently attracted
significant attention because of the unique characteristics of carrying the orbital angular momen-
tum [2–4]. We proposed a novel approach to forming the single-nanometer-scale localized fields of
optical vortex, which works as optical nanocavity. We theoretically demonstrated that a tailored
plasmonic multimer surrounding a nano-sized gap makes it possible to localize the LG-mode
field into the gap space with conserving the high-order orbital and spin angular momenta. This
plasmonic nanovortex field can be expected to fit with the shape of the molecular electron orbital
and spin having the corresponding angular momenta. In the presentation, the relation between
the degrees of freedom in the metal multimer structure and the transferable angular momenta is
also discussed.
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Bioinspired Soft Photonics

Melik Demirel
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Abstract— This talk will focus on soft photonic devices with non-linear optical properties
that are manufactured as fibers, waveguides, and resonators. Specifically, we will talk about
soft photonic devices that have unique mechanical and optical properties. A broad body of lit-
erature has been published in the last decade on optical and photonics biomimetic structures.
Recent developments in optical technologies have revealed the strong need for developing soft
photonic devices and photonic structures with novel functionalities that cannot be attained with
current optical materials. This, in turn, requires utilizing unconventional materials with physical
properties different or superior to those presently implemented. Moreover, greener photonics
products with less chemical processing and energy consumption are in high demand due to grow-
ing environmental concerns. The interplay between the molecular architecture, morphology, and
composition of biological photonic systems can provide inspiration for bioinspired soft photonics.
Particularly, soft photonics provide molecular level programmability that provides tunability to
enable novel functionalities such as Raman enhanced lasing.
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Liquid Droplet Microcavities
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Abstract— Surface tension shapes liquid droplets of sub-millimeter size into virtually perfect
spheres with atomically smooth surfaces. Such spherical droplets represent spontaneously formed
optical microcavities capable of sustaining high-quality whispering gallery modes (WGMs). Strong
spatial confinement of the WGM resonant light circulating near the droplet internal surface then
results in very high optical intensity that can couple strongly to the molecules or small particles
contained within the droplet liquid. Consequently, lasing emission from a suitable gain medium
suspended in the droplets can be observed with pump thresholds that are significantly lower than
those required for bulk liquid samples.
Naturally produced fluorescent proteins and their genetically engineered variants with adjustable
spectral properties have become a tool of choice for quantitative, selective visualization of local-
ization and mutual interactions of molecular constituents of live cells. In a typical experiment,
the intensity of spontaneous light emission from optically pumped fluorescent proteins is detected
and evaluated. However, the resulting optical signal is often too low to collect a sufficient number
of photons before the chromophore photobleaches. In addition, detection of weak fluorescence
signals is frequently hampered by the presence of non-specific background. Incorporation of flu-
orescent proteins into an optical cavity can lead to the significant increase of fluorescence signal
levels due to stimulated emission and light amplification in the cavity, effectively forming a laser
with biological active medium. Lasing emission from fluorescent biological molecules can then
greatly enhance the performance of fluorescence-based biosensors benefiting from the high sensi-
tivity of non-linear lasing processes to small perturbations in the cavity and the active medium.
We report on experimental characterization of miniature optofluidic biolasers utilizing liquid
optical microcavities formed by aqueous droplets deposited on superhydrophobic surfaces. We
exploit purified yellow fluorescent protein or a suspension of live E. coli bacterial cells expressing
the fluorescent protein as the active medium of the studied optofluidic lasers. We characterize
the dynamics of lasing emission from these biological materials and show that a single fluorescent
bacterial cell of micrometer size confined in a droplet-based cavity is sufficient to serve as a laser
gain medium. The lasing bacteria suspended in an aqueous droplet can be provided with all
nutrients required for unimpeded growth, which may allow for extension of the operation time
of this biologically controlled source of laser light by active regeneration of the gain medium.
Using bacterial strains expressing two different fluorescent proteins that form a Förster resonance
energy transfer (FRET) donor-acceptor pair, a non-radiative energy-transfer mechanism can be
used for laser pumping which would further improve lasing efficiency and open up the possibility
for emission wavelength tuning. Furthermore, FRET lasing in connection with self-recognition
and self-assembly of biological molecules attached to the fluorescent proteins can be exploited to
program and modulate the laser characteristics, thus paving the way to new routes of live-cell
bio-sensing.
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Whispering-gallery Mode Resonators Based on Liquid Droplets
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Abstract— Over the last decade, optical whispering-gallery modes (WGMs) have been ob-
served in solid micro-cavities of various geometries. WGMs supported by dielectric microspheres
and toroids exhibit and optical field that is confined near to the surface. Using highly-transparent
glasses, light that is coupled into a WGM can circulate around the resonator for a long time be-
fore being scattered or absorbed. Q factors > 109 can be achieved using silica material. Silica
resonators proved ultra-sensitive bio-chemical probes but were also studied as miniature systems
to observe coupling and interaction phenomena between light and matter. The peculiarity of
WGMs is that light travels along closed paths at the interface between the surface of the res-
onator and the surrounding environment. Unfortunately, most of the light circulates inside the
resonator and only the evanescent wave tail may interact with the external medium, i.e., only a
small fraction of light is actually used for sensing, thereby reducing the effective cavity enhance-
ment. Here, we propose to use liquid droplets as micro-resonators for sensing applications. The
droplet itself serves as the sensor and the sample at the same time, where the internal optical field
is directly used to probe dissolved analytes or particles. We demonstrate free-space excitation
and laser frequency locking on whispering-gallery modes in vertically-suspended mm-size liquid
droplets. Photon lifetime measurements are performed by cavity ring-down techniques recording
Q-factors ranging from 5 · 105 to 107 in the near-infrared and visible spectral regions. Lifetime
changes are measured in mixtures made from different liquids as a proof-of-concept of chemical
sensing. Effects of metallic nanoparticles dissolved in the droplets were studied in view of possible
plasmon-assisted detection of rare analytes. Appealing applications for spectroscopy, biosensing,
material characterization and non-linear optics are envisaged.
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Design, Fabrication, and Evaluation of a Polymer Mach-Zehnder
Electro-optic Modulator

Xinjie Song, Rainer Leonhardt, and Stuart Gerald Murdoch
Department of Physics, The University of Auckland, New Zealand

Abstract— We have designed and fabricated a novel polymer M-Z EO modulator for the use at
the 1550 nm telecommunication wavelength. Our waveguide structures are cut with µm-resolution
by laser ablation. The core layer of the device is made of Polycarbonate/Disperse Red1 (PC/DR1)
polymer system. For proper operation, the waveguides of the modulator have to be single mode.
A numerical simulation program MODE has been used and shows that typical configuration for
a single mode ridge waveguide is 7 × 4 × 2.5 µm (width × height × slab thickness). To achieve
the necessary µm-resolution for our waveguides, a 248 nm KrF excimer laser machining system
(running at 500 Hz with 5 ns pulse duration) is used to ablate the waveguide structures. Ablation
rates for PC at different laser fluences have been characterized, and used for the waveguide
machining. ESEM pictures have shown very good surface quality (Fig. 1). In order to measure
the propagation loss, we proposed a new method, where waveguides of different lengths are
fabricated on one substrate so that the attenuation can be characterized by plotting the output
power of these waveguides as a function of length. For our waveguides, the loss was measured to be
∼2 dB/cm. MCL (a moisture-curing polyurethane coating product), UV15 (an epoxy based UV
curable coating system) are our choice for the cladding materials, taking into consideration laser
machining performance, curing process, refractive indices, resistivity, solubility, glass transition
temperature and other properties. An Au-electrode is precisely deposited to cover one arm of
the M-Z structure with a metal evaporator. The poling process takes place at 105◦C with an
applied field of 140V/µm. A sinusoidal electrical signal (1 kHz) is applied to test the set-up, and
the modulated output intensity is measured to determine the effective r33 EO coefficient (Fig. 2).
Up-to-now, values of 2.5 pm/V have been achieved for r33.

(a) (b)

(c) (d)

Figure 1: ESEM pictures for single-mode PC waveg-
uides on glass substrate: (a), (b) rectangular waveg-
uides (with material totally removed on both sides);
(c), (d) ridge waveguides (with material partially re-
moved on both sides).

Figure 2: Modulated output amplitude as a function
of the DC voltage for a polymer M-Z modulator.
The corresponding r33 value was estimated to be
∼2.5 pm/V.
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Simple Waveguide-QED-based Photonic Quantum Gates
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Abstract— Photonic systems are promising for realizing quantum information processing be-
cause of their long coherence times. However, due to the weak interaction between photons,
implementation of photon-photon gates has been difficult. One way to overcome this problem is
to exchange the photonic and atomic qubits and to enhance the interaction using the cavity-QED
or waveguide-QED systems [1–3], where the spatial modes of the input photon and the radiation
from the atom match in a one-dimensional field and strongly interfere with each other. Recently,
Zheng, et al. proposed a waveguide-QED based photon-photon gate [3], which has advantages
compared to Ref. [1] such that it has a cavity-free setting and that single-qubit rotation of the
atom is unnecessary. However, in their scheme, three atomic systems are required: a four-level
atom is used for the interactions and also two five-level atoms are used for assisting the interac-
tion. Those three atomic systems should be located separately and be kept coherent, which is
highly demanding in practice.
In this work, we propose a simple scheme for a waveguide-QED based photonic quantum gate,
using only a single six-level atom coupled to a waveguide. The M-shape five levels in the atom
are used as a quantum memory like as Refs. [4, 5] for trapping the first incoming photon. The
rest one level in the atom is used for performing the controlled-phase gate between the trapped
photon and the second incoming photon. The second photon is reflected by the atom or the end
of the waveguide without being trapped by the atom. After that, the first photon is retrieved by
sending an ancillary photon. The scheme retains the advantages of Ref. [3] such as cavity-free
setting and no single-qubit rotation on the atom. This system would be a simple building block
for on-chip quantum computation using such as superconducting circuits or photonic crystal
waveguides, which recently have dramatic progress [6–9].
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Directional Emission from Chaotic Microdisk Lasers and the Role of
Boundary Imperfections
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Abstract— Optical microdisk laser provide a promising alternative to the well-known Fabry-
Perot lasers as well as to VCSELs as the size of optical devices is further reduced to the scale of
few micrometers. Whereas high Q-modes are available through whispering-gallery (and similar)
resonances that are trapped by total internal reflection inside the resonator, it remains a challenge
to achieve directional emission by suitably breaking the rotational symmetry of the devices. In a
previous work [1] we have shown that the so-called Limaçon-shape is provides a robust possibility
to combine directional far-field emission with high Q-factors. In detail, the far-field character-
istic is determined by the unstable manifold of the cavity, a quantity well-known in the field of
dynamical systems and quantum chaos. It implies that ray-based calculations, wave-simulations
and experiments yield practically the same result. In particular, the easy-to-implement ray-optics
methods are an appropriate tool to predict the far-field of microdisk lasers.
We complement our results by discussing various other resonator geometries and alternative
schemes to achieve directional light output from microoptics devices. Furthermore, we discuss
how boundary imperfections may affect the far-field pattern. To this end we study the effect of
sharp and rounded cusps reaching into the resonator or to the outside on the reflection of an
incoming test ray.
Finally, we will briefly discuss the polarizations dependence of the emission characteristics as well
as semiclassical corrections to the ray picture that occur in the form of beam-shift effects that
may become important in the far-field pattern prediction of very small optical microdisk lasers.
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D. Ristić1, 2, A. Chiappini3, H. Gebavi1, 2, V. −Derek1, 2, A. Lukowiak4, R. R. Gonçalves5,
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Abstract— We will discuss several applications of the coating of silica microspheres. Silica
microspheres fall in the group of so called whispering gallery mode (WGM) resonators. They are
known to have a very high Q-factor and a low modal volume. Therefore they are suitable for
a number of different applications such as lasing, frequency comb generation or sensing. In this
paper we will discuss three different applications. Firstly we will discuss the sensing properties of
the coated microsphere. We have found that a high refractive index coating can greatly improve
the sensing properties of a silica microresonator, improving the theoretical sensing sensitivity from
5nm/RIU for a blank silica sphere to a maximum of 145 nm/RIU for an amorphous silicon coating.
We will also discuss some experimental results dealing with the coating of silica microspheres
with a LPCVD a:Si coating. Second application which we will discuss is lasing and optical
amplification. By coating the microsphere using an optically active material, microsized lasers can
be produced. We have coated a silica microsphere using an erbium doped glass (70SiO2-30HfO2)
and have shown that such a system exhibits both lasing and wavelength selective amplification.
Finally we will discuss the possibility to tailor the modal dispersion of the resonator by applying a
high refractive index coating on top of the microsphere. This can be a crucial step for improving
the applicability of the microsphere in non-linear optics applications, such as for four-wave mixing.
We used erbium doped silica hafnia glass as a probe to study the influence of the coating on the
modal dispersion inside the microresonator and have found that the coating can be used to tailor
the modal dispersion in a very wide range in both the normal and anomalous regime.
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Wave-inspired Corrections for an Efficient Ray-optical Description
of Micro-optics Devices
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Abstract— Ray optics is a versatile tool to describe microscale optical systems like microlasers
and their far-field emission. It is successful even in the regime where a wave-dynamical description
would be expected to be appropriate. Indeed, when considering structures at length scales of
a few light wavelengths, wave-inspired adjustments have to be taken into account to ensure the
accuracy of ray-based predictions. These corrections to ray optics are known as the Goos-Hänchen
shift, a lateral shift along the interface, and the Fresnel filtering effect, an angular shift, violating
Snell’s law and the principle of ray-path reversibility.
In a previous work, we have shown that these beam shifts at curved interfaces, characteristic
of optical microcavities and microlasers, deviate strongly from the results anticipated for planar
interfaces [1]. Especially, the Fresnel filtering effect grows considerably with increasing curvature.
This is crucial for the precise prediction of far-field emission characteristics. In this contribution,
we study in detail the influences of different factors on the exact size of the corrections paying
special attention to the interplay between beam parameters and interface geometry. We obtain
our results from analytical calculations using an expectation value approach to the beam shifts.
These findings are supported by FDTD simulations.
Knowing the influences of the different parameters, we are able to incorporate well adjusted
correction terms in the ray-optical calculations for a large class of micro-optics devices with
curved and planar boundaries. Thus, we can make predictions for these devices exploiting the
simplicity and efficiency of geometrical optics while keeping the accuracy of wave calculations.
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Modulation of Nanolaser Output for Information Encoding
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Abstract— Nanolasers are currently at the focus of much research due to their potential as
highly integrable, low-consumption and sub-microscopic footprint devices. Given the ultrahigh
modulation speed which are projected for some of the most promising devices, modeling is being
actively pursued to predict the modulation bandwidth achievable with these devices.
Sophisticated modeling has been conducted up until now on the basis of greatly enhanced rate
equations which take into account the physical characteristics of the semiconducting structure
both for nanolasers [1, 2] and for nanoLEDs [2]. However, the device’s sensitivity to the intrinsic
noise cannot be easily tested with these numerical approaches.
Using a recently developed alternative modeling technique [3], based on a Stochastic Simulator
(SS) which reproduces the physical processes taking place in a laser, we investigate the potentials
for direct modulation (and therefore bandwith response) of nanolasers. Since the SS intrinsically
reproduces the stochastic nature of the events which take place in the pumping and in the emission
processes, we focus our attention on the effect of noise on the fidelity with which a modulation
signal can be transferred onto the optical carrier. Different regimes are considered, from the point
of view of biasing, modulation amplitude and cavity quality factor.
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Fano Resonances of a Silicon Microsphere on a Silica Optical Fiber
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Abstract— Previously, Lorentzian lineshape optical resonances have been observed in silicon
spherical optical microcavities. Here, we present Fano lineshape whispering gallery mode (WGM)
resonances in the 90◦ elastic scattering obtained from a silicon microsphere. The Fano lineshape
optical resonances arise from the constructive interference between a coherent DC background
and the WGM resonances, where the Fano lineshape depend on the relative phase between the
DC background and the WGM resonances. For the experimental part, an optical fiber half
coupler (OFHC) is used to excite the WGMs of the silicon microsphere. A distributed feedback
(DFB) laser is used as a tunable light source. The analysis of the experimental spectra shows
that the polar angular mode spacing of 0.23 nm correlates well with the calculated mode spacing
of the WGM resonances. The measured effective quality factor (Q) of the Fano resonance is on
the order of 105, which can be further improved with an appropriate choice of experimental setup
parameters.
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Study on Magnetic Shielding Effect versus Metal Thickness and
Aperture Size of Metal Case

S. Yahagi, R. Suga, T. Uwano, and O. Hashimoto
Aoyama Gakuin University, Japan

Abstract— A power control unit for electric and hybrid electric vehicles contains inverter
circuits and their switching noise interferes with AM radio. A shielding technique using metal
case is widely used for avoiding the interferences, and lightweight case is desirable considering
the fuel consumption of the vehicles. Usually, the case has apertures to connect wire cables
and exhaust heat and the interferences due to the switching noise through the apertures are
concerned. In this paper, the magnetic shielding effect versus metal thickness and aperture size
of copper case is discussed.
Figure 1 shows a measurement system of the magnetic shielding effect of a copper case. The
shielding effect versus metal thickness t of the case is measured using the system. A 10-turn
loop coil with a diameter of 100 mm is located at the center of the case as a virtual noise source.
Figure 2 shows the simulation model where W shows a square aperture size of the case. The
simulated results with W of 0 mm are compared with measured ones. Here, the shielding effect is
evaluated on the basis of the received power with W of 300 mm. Figure 3 shows the measured and
simulated results of shielding effect versus t with W of 0 mm. The measured results agree well
with the simulated ones and the usability of the simulation is shown. Figure 4 shows simulated
results of the shielding effect versus W with t of 105 µm. The shielding effect more than 30 dB is
obtained with W of 50mm. It is shown that the shielding effect is constant by the aperture size
below 30 mm.
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Figure 1: Measurement system of shielding effect. Figure 2: Simulation model of shielding effect.

20 30 40 50 60 70 80 90 100
Metalt hickness t [mm]

Measurement
Simulation

1 MHz

455 kHz

32 kHz

0

10

20

30

40

50

60

70

Sh
ie

ld
in

g 
ef

fe
ct

 [
dB

]

Figure 3: Shielding effect versus the metal thickness
(W = 0 mm).
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Development of Radar Sensor for Intelligent Building Energy
Systems

Tae-Yun Lee, Vladimir Skvortsov, Junghwan Han, and Min-Ho Ka
School of Integrated Technology, Yonsei Institute Convergence Technology

Yonsei University, Seoul, Korea

Abstract— Energy consuming has recently become an important research topic in the world.
Buildings are one of the fastest growing energy consuming sectors. The identification of major
factors of building energy consumption, together with a thorough understanding of the impacts
of the identified on energy consumption patterns, could assist in achieving the goal of improving
building energy efficiency and reducing greenhouse gas emissions due to the building energy
consumption. One of main building energy consumption factors is Heating, Ventilation and
Air-Conditioning (HVAC) energy efficiency. HVAC energy efficiency is closely related to sensors
installed in building. Sensors determine that HVAC systems turn on/off. And those control
temperature as well as a Wind direction and wind speed. IR-based sensors are one of main
sensors that are currently used in building. IR-based sensors have a good performance to detect
human. However, those performance are limited to just detection. Microwave-based sensors
can to detect human as well as to estimate humans location. Location is an important factor in
intelligent building energy systems because that has a strong in uence on HVAC energy efficiency.
Radar is extensively used for disaster application. There are some areas in the disaster application
field that use radar for detecting human and estimating humans location. This paper analyses
the development of radar sensor for intelligent building energy systems. The paper focuses on a
technique to detect human and to estimate a location of occupants. In the end, the experimental
results show that the proposed radar sensor and algorithm is simple and feasible.
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Improvement of Standard EM Fields Distribution in 4-port TEM
Cell with Slit-structured Septum

Sung Woong Choi, Sang Bong Jeon, and Heung Mook Kim
Broadcasting & Telecommunications Media Research Lab.
Electronics and Telecommunications Research Institute

161 Gajeong-ro, Yuseong-gu, Daejeon 305-700, Republic of Korea

Abstract— In recent years, as many kinds of electronic devices are present, EM (electromag-
netic) fields generated from these electronic devices may not only cause problems in the human
body, but also affect the electronic devices to induce a malfunction and failure. Therefore, the
EMC (electromagnetic compatibility) studies are actively ongoing so that radiation of undesired
EM fields can be suppressed below a regulation value and a normal operation can be done in an
EM field environment with a constant regulation value.
Standard EM field generators such as transverse electromagnetic (TEM) cell and Gigahertz Trans-
verse Electromagnetic (GTEM) cell are widely used in these EMC field, but have a difficulty in
reducing unwanted field components. That is, because the unwanted field components may occur
highly in a direction corresponding to the traveling direction of the EM field, there is a problem
when generating a near field mode as well as the TEM mode.
In this paper, we proposes a method of reducing the unwanted EM field component in the 4-port
TEM cell with two internal septa, which is used for EMC test. Adopting slit structure in the
internal septa, 4-port TEM cell provide the improved standard EM field distribution inside the
usable test volume.
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Measurement of Electromagnetic Radiated Field for Magnetic
Resonance Wireless Power Transmission System

Sangbong Jeon, Jong-Hwa Kwon, In-Kui Cho, Jung-Ick Moon,
Seong-Min Kim, and Sung-Woong Choi

Electronics and Telecommunications Research Institute, Korea

Abstract— Magnetic resonance wireless power transmission (WPT) have been used as charging
systems without power cables such as mobile phones, laptop, etc. [1–3]. However, using WPT
systems, unintentional high power interference in a near-field region gradually has become an
important issue in practical fields of EMC test [4]. Recently, CISPR published unintentional
radiation less than 30 MHz in this point [5]. In this paper, we measured of electromagnetic
emission for WPT system as shown in Figure 1. The measurement is carried out in a semi-
anechoic chamber using implemented E-bicycle wireless charging system and the measurement
distance between the center of the antenna and the EUT (WPT system) is 3m. In addition, we
also analyzed noise source of WPT system.

Figure 1: Measurement setup of EM radiated fields for wireless power transmission.
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Study on Evaluation of Composite Electromagnetic Wave Absorber
Made of Sendust Particles Dispersed in Polystyrene Resin

Takumi Kubota1, Kenji Sakai2, Yuuki Sato1, and Shinzo Yoshikado1

1Doshisha University, Japan
2Okayama University, Japan

Abstract— Development of an electromagnetic wave absorber suitable for frequencies above
10GHz is required because of the increasing use of wireless telecommunication systems. For
example, it has been proposed to utilize electromagnetic wave of approximately 76 GHz and
90GHz to the Intelligent Transport System (ITS). In the previous study, Composite electromag-
netic wave absorber made of sendust dispersed in resin is low-cost and contains no rare metal.
The frequency dependences of the relative complex permeability µ∗r , the relative complex per-
mittivity ε∗r and the absorption characteristics for composite electromagnetic wave absorbers
made of sendust particles dispersed in polystyrene resin were investigated in the frequency range
from 100 MHz to 20 GHz. The composite made of spherical sendust particles with 5 µm were
dispersed in polystyrene resin containing 20.0 vol% have approximately 27% normalized −20 dB
bandwidth. In this study, to clarify the absorption characteristic in the high frequency range,
which has not been evaluated in previous studies, the composites made of sendust particle dis-
persed in polystyrene resin with the volume ratio of 12.7–28.0 vol% were evaluated return loss in
the frequency range of 12.4–110 GHz by free space method. Moreover, it was compared between
the measurement values of the absorption characteristics and calculated values of the absorption
characteristics obtained from the value of relative complex permeability µ∗r and relative complex
permittivity ε∗r . As a result, the composites made of sendust particle dispersed in polystyrene
resin ware obtain 1.4–3.0% normalized −20 dB bandwidth at frequency range of 12.4–110 GHz.
Thus, the composites made of sendust particle dispersed in polystyrene resin can be used as an
electromagnetic wave absorber up to 90GHz.
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Nonlinear Plasmonic Converters for Solar Cell Applications

Musa Kurtulus Abak1, 2, Bilge Can Yildiz Karakul2, 3, 4, Yusuf Kasap2, 3,
Ildar Salakhutdinov2, and Alpan Bek2, 3

1Micro and Nanotechnology Program, Middle East Technical University, Ankara, Turkey
2The Center for Solar Energy Research and Applications (GÜNAM)

Middle East Technical University, Ankara, Turkey
3Physics Department, Middle East Technical University, Ankara, Turkey

4Atilim University, Ankara, Turkey

Abstract— Development of alternative sources of energy is extremely important. Solar energy
is one the most promising source of alternative energy and plasmonics can be an important tool
to obtain a highly effective solar cells.
Most common material used to produce a solar cell is Silicon because of its availability and low
price However, one of a serious limitation of the silicon based solar cells is related with the fact
that Silicon does not absorb energies less than 1 eV significantly and there is a substantial amount
of solar energy in this region [1]. Optical up-conversion properties of plasmonic structures can be
used to efficiently convert unused portion of energy into the useful range. The main focus of our
study is to investigate the nonlinear optical up-conversion properties of the plasmonic structures.
Two types of plasmonic interaction appear to be promising and will be investigated in this man-
ner: (a) Localized surface plasmons (LSP) observed on metal nanoparticles. In order to obtain
strong nonlinear responses we will decorate dielectric surfaces with periodic or random nano-
patterned asymmetric structures which serve as optical antennae leading to strong interaction of
solar radiation with LSP at these structures. This kind of design can couple the signal from in-
dividual LSP into combined nonlinear response. (b) Lang range surface plasmon-polaritons (LR-
SPP) observed on multilayer metal-dielectric structures. When the long range surface plasmon
polaritons obtain required phase matching condition; effective conversion to higher harmonics is
possible [2, 3]. We will create controllable metal-dielectric periodic modulations with holography
to generate LRSPPs.
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Simulations of Metamaterial Structures for Enhancement of
Radiation Absorption in Long Infrared

Mihai Kusko1, Cristian Kusko1, and Costin Onofrei2

1National Institute for Research and Development in Microtechnologies IMT-Bucharest, Romania
2“Politehnica” University from Bucharest, Romania

Abstract— A promising option for the enhancement of radiation absorption for thermal de-
tectors as YBCO based superconducting Transition Edge Sensors is the use of configured layers
which manifest resonant absorption. Essentially, a resonant system surrounded by a medium
with a small extinction coefficient may present high losses due the thermal dissipation appearing
at resonance. The most used resonant system is the split ring resonator (SRR) which is an RLC
oscillator having its resonance frequency determined by its geometrical parameters. The SRR is
considered to be composed of a YBCO/YSZ/Au thin layer systems on YSZ substrate with the
gold and YSZ upper layers to be patterned.
The absorption induced by SRR configurations has been evaluated with simulations performed
with OptiFDTD software based on the Finite Difference Time Domain method — FDTD. The
dependence with wavelength of power transmission and reflection has been calculated with a
Gaussian Pulse which propagates through two observation planes situated after structure and
before the radiation input plane, respectively. The obtained results have been used to evaluate
the absorption dependence with wavelength. Since the entire system would function at transition
temperature from the superconduction to normal state, the YBCO optical complex conductivity
was described by using a two fluid model.
From numerical analysis a very sharp peak of absorption has been observed around 8 microns
for a SRR with 1.6 micron ring radius. The maximum absorption value is 0.75. The absorption
maximum position varies with the SRR ring value so it is possible to design detectors with great
absorption at certain wavelengths which opens a way for more efficient thermal detectors.
From numerical analysis a very sharp peak of absorption has been observed around 8 microns.
for a SRR with 1.6 micron ring radius. The maximum absorption value is 0.75. The absorption
maximum position varies with the SRR ring value so it is possible to design detectors with great
absorption at certain wavelengths which opens a way for more efficient thermal detectors.
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A Short Note on the Optimization of Halbach Arrays Used as
Magnetic Springs

D. Månsson
Royal Institute of Technology KTH, Sweden

Abstract— Neodymium magnets are today widely used for a wide variety of purposes and
some commercial types have an adhesive capability of approximately 100 kg even though the
dimensions are only 5 ∗ 5 ∗ 2.5 cm. Therefore the idea of using permanent magnets as springs
or bearings isn’t uncommon. The simplest form of a linear magnetic spring constitutes of two
permanent magnets, with opposing individual magnetizations (e.g., M̄ = ±M0ẑ), this however
is not the best choice.

If several small individual magnets are used according to a specific magnetization scheme often
described as a “Halbach array” [1], i.e., M̄ = M0 (x̂ sin kx± ŷ cos kx), a structure that (ideally)
have a one sided flux is formed [2]. I.e., the magnetic field is concentrated to the “enhancing
side” and the field strength is (ideally) zero on the opposing, “cancellation side” of the structure.
(This constitutes however not a magnetic monopole.) If two such Halbach arrays, with opposing
magnetization schemes, are employed opposite each other, the total magnetic field is primarily
concentrated in the gap between the two structures and an improved, linear, magnetic spring is
formed.

Here, both analytical methods using Maxwell’s stress tensor (MST) and numerical simulations
using FEMM [3] are applied to calculate the vertical force on the lower structure (if this is
considered to be fixed in space). The characteristics of the vertical force between the two Halbach
arrays are very dependent upon the dimensions and the wavelength of the magnetization in the
material (through k = 2π/λ). Thus, it should be clear (see Fig. 1) that varying λ will greatly
affect the characteristics of the magnetic spring and different applications will require different
dimensions and magnetization wavelengths.

In addition, increasing the discretization of the individual elements that are used to form a
Halbach array quickly improves the formed magnetic field towards that which is created by a
continuous magnetization. Thus, instead of looking at the number of elements per wavelength,
the actual wavelength is a more important variable for optimization.

Vertical force for different magnetic springs
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Figure 1: The vertical force created in different magnetic springs using two opposing Halbach arrays with
different wavelengths, λ (in relation to the width, α, of the Halbach array). The dimensions here (α = 5 cm,
β = 1 cm, γ = 1 cm) are in the (x̂, ŷ, ẑ) direction respectively. The results are acquired both using numerical
simulations (FEMM) and Maxwell’s stress tensor (MST). Both methods agree very well. Notice the much
lower force (i.e., at most a factor of 10) created between two “normal” magnets of the same dimensions
and maximum magnetization (M0). The small differences, between the MST and FEMM results, in some
cases are due to approximations made in order to acquire a simple analytical expression. (In the case where
λ/α = 2, the magnetic structure can’t really be considered a Halbach array anymore.).
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Also, important aspects such as internal stresses, horizontal forces and spring stiffness are dis-
cussed.
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Integral Formulation of Rectangular Chirowaveguides Based on
Green’s Equations

M. J. Núñez-Trigueros1, G. J. Molina-Cuberos1, J. Margineda1,
J. Muñoz1, A. J. Garćıa-Collado2, O. Fernandez3, and A. Gómez3

1Department Electromagnetismo y Electrónica, University de Murcia, Murcia, Spain
2Department Ciencias Politécnicas, University Católica San Antonio, Murcia, Spain
3Department Ingenieŕıa de Comunicaciones, University Cantabria, Santander, Spain

Abstract— The boundary value problem in chirowaveguides with translational symmetry is
formulated in this paper and used to study the rectangular case. By applying the Green’s second
identity to a metallic guide filled with chiral material and using the propagation modes in unbound
chiral media, i.e., right (RCP) and left (LCP) circularly polarized waves, the electromagnetic
field components in the waveguide can be retrieved. To do that, the boundary conditions were
formulated in terms of the propagation modes and the integral equations discretized into a matrix
equations. The application of the compatibility condition to the system of linear equations
provides the propagation constant and, therefore, the dispersion diagram.
The model has been applied to study several chiral materials. The diagram dispersions and
transversal cross secton of the propagation modes will be presented for a wide range of the
chirality parameter, including a comparison with the achiral guide.
As an example the figure shows the transversal cross section of the longitudinal component of
the RCP field for the first propagation mode as a function of the relative chirality parameter:
κr = 0.1 (a), κr = 0.3 (b), and κr = 0.5 (c). It can be observed that the reflection symmetry
of the typical TE10 mode for dielectric waveguide is broken and the fields still keep a rotacion
symmetry.
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Propagation of EM Fields through a Rotating Circular Hollow
Dielectric Cylinder: Numerical Simulation in 2Ds

Mingtsu Ho, Hui-Hung Lin, and Tsaoan Chang
Graduate School of Opto-Mechatronics and Materials, WuFeng University, Taiwan

Abstract— The propagation of electromagnetic (EM) fields through a rotating circular hollow
lossless dielectric cylinder has been numerically simulated in two dimensions using the method
of characteristics (MOC) and the numerical results were presented in this paper. The passing
center swing back grids (PCSBG) technique was devised and introduced in collaboration of MOC
in a modified O-type grid system to resolve the distortion of grid cell caused by the rotational
movement. There are two cylinders under the illumination of EM pulse, made of dielectric and
impedance matching materials, were used in this work. The computational results, presented in
a side-by-side manner for clear comparisons, include the EM field distribution over the whole
numerical domain and the EM fields sampled at the center of cylinder.
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A Computational Model of Heat Spreader Sheet for
Electromagnetic Shielding and Heat Spread

Jin-Sup Kim and Jong-Kyu Kim
Convergence Communication Components Research Center
Korea Electronics Technology Institute, Republic of Korea

Abstract— In this paper, we have designed a computational model of heat spreader sheet using
smart device. Modeling heat transfer in a thin graphite sheet, this paper simulates how to use the
heat transfer interface’s out-of-plane heat transfer feature. Because the spreader sheet thickness
is only 35 µm, it is appropriate to simulate the process using a 2-D approximation where the
temperature is assumed to be constant along the thickness. Comparison of the temperature from
both the 2-D and 3-D model. The simulation graphs coincide to a very high degree, making it
difficult to tell them apart. In this paper, we used carbon sheet. The thermal conductivity is
1350W/m·K (x-y axis) and electrical conductivity is 15000 S/cm. Fig. 1 shows the temperature
profile in the 3-D case.

Figure 1: Heat Spreader Sheet Model for 3-D Thermal simulation.
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Rapid High-accuracy Modeling Simulation Method for Full
Trajectory of the Ballistic Missile

Jianhua Wu, Gang Li, Jian Chen, Shiyou Xu, and Zengping Chen
Science and Technology on Automatic Target Recognition Laboratory

National University of Defense Technology, Changsha, China

Abstract— Ballistic missile trajectory modeling is one of the key technologies in the missile
echo simulation and recognition system. However, to the best of our knowledge, all the existing
modeling methods simply ignore the characteristics of different flight phase, the effect of the
earth’s rotation and the low speed of the ballistic generation. In order to overcome these prob-
lems, a simulation modeling method with six degree of freedom for the full ballistic trajectory is
proposed. The method needs the latitude and the longitude of ballistic missile’s launch point and
impact point to be known. The first procedure of this method employs an improved inverse solu-
tion of Bessel’s geodetic algorithm to calculate the trajectory’s flight range and azimuth angles of
missile’s launch point and impact point. The main advantage of this improved algorithm is that
it could be suitable for missiles with different trajectory ranges and obtain the results with higher
accuracy. Then, based on the ellipse trajectory theory and the minimal energy trajectory theory,
we put forward an optimized ballistic iterative method,during which performance parameters
(including velocity, optimum ballistic angle and coordinates at the missile burnout point) were
estimated. It turns out that the method can markedly decrease the iterations, speed up ballistic
generation and improve the accuracy of the result. Moreover, the error of the missile’s impact
point also can be constrained in a permissible range. We have applied the modeling method into
a system of target echo simulation and recognition; the results have shown that the modeling
method is rather effective.
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Electromagnetic Forces in the Complex-octonion Curved Space

Zi-Hua Weng
School of Physics and Mechanical & Electrical Engineering

Xiamen University, Xiamen 361005, China

Abstract— J. C. Maxwell was the first to research the electromagnetic field with the algebra
of quaternions. This method encourages scholars to study the electromagnetic and gravitational
theories with the complex quaternion and octonion. In the paper, the complex octonion can
be separated into the complex quaternion and S-quaternion. And the curved complex octonion
space is separated into two subspaces, the curved complex quaternion and S-quaternion spaces.
The curved complex quaternion space can be used to depict the gravitational field, while the
curved complex S-quaternion space is able to describe the electromagnetic field. From the inte-
grating function of field potential, the paper is able to study the field potential, field strength,
and field source, in the curved complex octonion space. From the field source, it is capable of
researching the linear momentum, angular momentum, torque, force and so forth in the curved
complex octonion space.
The paper discusses the influence of curved complex octonion space on the motion of object in
the electromagnetic and gravitational fields. It reveals that the field source and curved octonion
space both will impact the object’s motion in the two fields. By means of the coefficient and
curvature in the curved complex octonion space, the field potential (or angular momentum, or
the integrating function of field potential) has an extra influence on the field source (or force, or
field strength).
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Electromagnetic Force on Charged Objects with the Angular
Velocity

Zi-Hua Weng
School of Physics and Mechanical & Electrical Engineering

Xiamen University, Xiamen 361005, China

Abstract— The quaternion was first used to study the electromagnetic theory by J. C. Maxwell.
Nowadays the complex quaternion is applied to describe the electromagnetic and gravitational
theories. Further the complex octonion is capable of studying the electromagnetic and grav-
itational fields simultaneously, including the field potential, field strength, field source, linear
momentum, angular momentum, torque, force and so forth.
The complex octonion radius vector can be combined with the integrating function of complex
octonion field potential to become one compounding radius vector, in the compounding complex
octonion space. Meanwhile the compounding complex octonion space is able to be separated into
two components, the compounding complex quaternion space, and the compounding complex
S-quaternion space.
The compounding complex quaternion space is fit for describing the object’s movement with the
angular velocity in the gravitational field. While the compounding complex S-quaternion space is
suitable to depict the charged object’s movement with the angular velocity in the electromagnetic
field. In other words, in the compounding complex octonion space, it is able to investigate the
force in the presence of the velocity curl, acceleration, jerk, and jounce.
The compounding force includes the gravity, inertial force, and Lorentz force and so on. When the
compounding force and torque are equal to zero respectively, it is able to deduce some equilibrium
states. When the field source does not equal zero, the compounding force and torque may deviate
from zero. That is, the rotating charged object will not stay on the equilibrium state. It causes
the field to exchange the angular momentum and so on with the rotating charged object.
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Power Spectrum Method for the Processing of the DNA in the
Genome Sequencing

M. Valla, E. Gescheidtova, and P. Fiala
Department of Theoretical and Experimental Electrical Engineering, DTEEE, FEKT

Brno University of Technology, Brno, Czech Republic

Abstract— The fractal systems are broadly found throughout the nature, generally in any
scale. For each dimension (1D, 2D...) in any structures and in any mathematical algorithms
or in any object (sequence, line, square) its dimension can be calculated. These dimensions are
specific parameters for description of the DNA sequence characters ACGT strings. Generally a
first step consists in the converting of a one-dimensional sequence into the image. In the second
step, the method for calculating the dimensions for all scales is selected. For the calculations
of the above mentioned dimensions the Power Spectrum (PS) method has been proposed and
examined. The Power Spectrum method provides universal calculation of dimension and it allows
to obtain the resulting multifractal coefficient. The multifractal coefficient represents the means
rate of approximation to ideal power spectrum. It has to be emphasized that the multifractal
coefficient is independent of any scale to be chosen. Moreover, the multifractal coefficient serves
as an advanced parameter for mathematical description of analyzed specific sequence of the
deoxyribonucleic acid (DNA) or the whole genome. The conversion of the sequence into the
image as the first step of the pre-processing can be used also for the alternative imaging and
the description of sequence and it is possible to choose another method for the processing and
analysing a fractal image (for example Box Counting method).
In the paper, the method for the processing of the DNA in the genome sequencing, the Power
Spectrum method, will be introduced. The results of the Power Spectrum methods will be
presented also.
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Electrically Tunable Spin Polarization in Silicene

Son-Hsien Chen
Department of Applied Physics and Chemistry, University of Taipei, Taiwan

Abstract— It was shown recently that charge currents can be highly spin-polarized during
transport through silicene in the phase of marginal valley-polarized metal (MVPM). In this paper,
by employing the spin-density matrix formalism capable of dealing with spin-flip processes such
as in the case of Rashba spin-orbit (SO) interaction, we show that the spin polarization can be
tuned via amenable electrical means. Considering the setup consisting of metallic source (injector)
and drain (detector) in contract of a MVPM silicene nanoribbon (SN), where two opposite out-
of-plane electric fields are applied to the left and right portions, respectively, we find that the
outgoing polarization can be adjusted by varying the position of the internal boundary of the
two electric fields for injected spins that are in x direction, in y direction, or unpolarized. In
the case of two opposite fields applied to top and bottom portions, the polarization oscillates
rapidly with the position of the internal boundary. This suggests that the polarization is more
controllable by left-right than top-bottom internal boundary. The polarization grows linearly
with the Fermi energy in the linear band regime near zero energy. As the length of the SN
becomes larger, polarization first oscillates, and starts to increase when the ribbon length is
comparable to the width. For incoming spins polarized in arbitrary directions, the out-going
polarizations all approach one-hundred percent in the limit of long SN (length much greater than
width), which even holds when injecting currents are unpolarized. In the case of weak Rashba
SO interaction (weaker than intrinsic SO coupling), if the injected spins are in z direction,
then the detected spins are almost fully polarized because z direction is approximately the spin
quantization axis. In fact, irrespective of the injected spin directions, the presence of the Rashba
SO interaction suppresses polarization because of the entanglement of the spin and orbit degrees
of freedom. Contrarily, the disorder effectively closes conducting channels and thus reduces the
entanglement, giving larger polarization. The enhancement of the polarization due to similar
diminishing of the entanglement is also found by increasing the applied electric field uniformly
applied to the SN so that the SN reaches the phase of band insulator in which field-dependent
bulking potential is greater than some value characterized by the intrinsic SO interaction. This
again implies that the spin polarizations are electrically tunable.

Figure 1: Detected outgoing spin polarization as
a function of position of the internal boundary Nx

with different directions Sinj of injecting spins. Here
Sinj = 0 denotes the case of injecting unpolarized
currents. The inset shows the studied setup, while
the schematics indicates the direction of the applied
electric fields Ez.

Figure 2: Detected outgoing spin polarization as a
function of the length of silicene nanoribbon. The
inset shows polarization as a function of Fermi en-
ergy.
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Lorentz-like Transformations for the Velocity and Acceleration

Zi-Hua Weng
School of Physics and Mechanical & Electrical Engineering

Xiamen University, Xiamen 361005, China

Abstract— Analyzing the existing studies relevant to the Lorentz transformation reveals that
all of these existing theories started off with some invariants (space-time interval, or speed of
light), to deduce the Lorentz transformation and so forth. However the paper is able to direct
deduce some invariants and the Lorentz transformation and so forth in the complex quaternion
coordinate system, without the help of introducing the basic postulate.
In the complex quaternion space, when the coordinate system transforms orthogonally from one to
the other, the scalar part or norm of one complex quaternion physical quantity remains invariable.
The coordinate transformation between two threedimensional coordinate systems with the time,
in the presence of relative movement, is equivalent to the orthogonal transformation between two
complex quaternion coordinate systems.
Obviously it is able to direct deduce the invariants and Lorentz transformation and so forth, for
the three-dimensional coordinate systems in the presence of relative movement, from the orthog-
onal transformation of complex quaternion coordinate systems. Especially it is not necessary
to introduce additionally the invariant or basic postulate into the complex quaternion space, to
deduce the coordinate transformations in the Special Theory of Relativity.
Furthermore, making use of the orthogonal transformation in the complex quaternion coordinate
system relevant to the radius vector and velocity, it is able to deduce directly the invariants
and some other coordinate transformations, besides the Galilean and Lorentz transformations.
Similarly one can derive the Galilean-like and Lorentz-like transformations for the velocity and
acceleration and so forth, from the above equivalency and invariants.
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Realization of a Compact High Speed Mass Storage System

Haishan Tian, Wenge Chang, and Xiangyang Li
College of Electronic Science and Engineering

National University of Defense Technology, Deya Street 109, Changsha 410073, China

Abstract— The ongoing effort of the miniaturization of the airborne synthetic aperture radar
(SAR) systems demands for the compact SAR storage components, particularly in the application
where the data rate of the SAR is very high. Conventional on-board storage systems are often
weighty, large and power consuming, which can’t meet the requirement of the miniature carrier
platform.
A new data storage system, integrated with SAR signal processor on one board, is presented in
this paper. It uses compact flash (CF) card as storage medium and the FPGA as the host of the
CF card. However, there are two obstacles for the high speed data storage. The first one is the
internal overhead that the operation of the content erasing of the sectors is needed before the
write operation of the CF card. Another obstacle is the frequently cluster switching involving the
retrieving and updating of the cluster connection information in the file allocation table (FAT)
and file information in the file directory table (FDT). The write response time due to above two
obstacles is relatively long and can’t be predicted precisely.
Two methods are presented in this paper to solve the problems. The first one is that the DDR3
flashes connecting with the DSP are used as the buffer of the SAR data in the irregular write
response time. When the CF card start to store the data, the SAR data in the buffer is transferred
to the DSP and then to the FPGA through the high speed interface:the SRIO. The flashes with
the capacity of 1 GB are large enough as the buffer of the SAR data. In addition, the speeds
of the SRIO and DDR3 interface are all so high that it wouldn’t influence the speed of the
storage. Another method is that all the available clusters are pre-allocated at once when the files
are created. Thus the file can be written without further cluster allocation which requires the
updating and retrieving in the FAT and FDT. When the data storage ends, the unused clusters
and files are released. According to the two methods and the data flow of the signal processor,
the hardware circuit and the software design of the data storage are presented respectively. The
block diagram of the implementation is shown in Fig. 1, which consists of the data channel,
containing data transfer and CF card read/write unit, and their control channel which controls
the work of data channel.
To verify our proposal, the prototype data storage system is implemented on a signal processing
board and a CF card with the capacity of 128 GB, as shown in Fig. 2. Yellow marked parts are
the key devices of data storage system: CF card, FPGA, DDR3 flashes and DSP. The added size
for the data storage is about 60mm × 41mm × 2 mm and the added weight is no more than
70 grams. Moreover, the data writing rate is over 100MB/s and the added power consumption
is no more than 1.2 W. As a consequence, the system achieves our goal successfully in that the
storage system of the miniature SAR is compact, high speed and large capacity.
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Data transfer
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Figure 1: The block diagram of implementation of
data storage.

Figure 2: Hardware platform of data storage
system.
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Development of Intelligent Electronic Fence System

Jin-Sup Kim
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Abstract— Radar sensors for monitoring the movements have been continuously evolved from
the radar sensor module to the integrated circuit form. Such integrated circuits include RF
front-end, analog block, and voltage regulator. Intelligent Electronic Fence (IEF) system is one
of the important system for avoiding critical accidents in industrial area. In this paper, IEF
system based on radar for avoiding accidents is proposed and implemented using 0.13µm CMOS
technology. The block diagram of the proposed one is shown in Figure 1. In this work, we
design and fabricate the IEF system with Bi-CMOS transceiver for low power consumption. The
detecting range is about 25 m. The output power is 10 dBm at 24.15GHz. The frequency tuning
range is from 24.05 to 24.25 GHz. The supply voltage is 12-V.

Figure 1: Block diagram of the proposed IEF system.
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Analyzing Five-layer Planar Optical Waveguides with Kerr-type
Nonlinear Metamaterial Guiding Films

Yaw-Dong Wu, Ming-Hsiung Cheng, and Tien-Tsorng Shih
Department of Electronic Engineering
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Abstract— In this paper, we proposed a method to analyze the electric field distributions of
the five-layer planar optical waveguide structure with nonlinear metamaterial guiding films. The
proposed nonlinear metamaterial planar optical waveguide is composed of two different kinds of
media. One is the Kerr-type nonlinear metamaterial in the guiding films, and the other is the
linear double-positive medium (DPS) in the interaction layer, the cladding and the substrate.
We have derived the transcendental equations of the proposed five-layer planar optical nonlinear
metamaterial waveguide structure. The propagation characteristics of the transverse electric
(TE) waves were investigated analytically and numerically in the this structure. The analytical
and numerical results show excellent agreement. The simulation results are helpful to figure out
the propagation situation of the TE polarized waves in the five-layer nonlinear metamaterial
waveguide structure. The transverse magnetic (TM) polarized waves can also be predicted by
the similar process. It can also be very useful for designing a planar nonlinear metamaterial
waveguide devices.
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Z-scan Determination of the Nonlinear Optical Properties of
Assembled Gold-nanoparticle Films

Tsong-Ru Tsai1, Ming-Chan Shieh1, I-Chi Ni2, and Shien-Der Tzeng2

1Institute of Optoelectronic sciences, National Taiwan Ocean University, Keelung 20224, Taiwan
2Department of Physics, National Dong Hwa University, Hualien 974, Taiwan

Abstract— The nonlinear optical properties that were obtained by femtosecond pulsed Z-
scan measurements in assembled gold-nanoparticle films were investigated at 720 nm. Very large
value of the nonlinear optical absorption coefficient β was estimated to be 10−3 cm/W. And the
imaginary part of susceptibility Imχ(3) ∼ 10−7 esu was obtained. These experimental results
suggest that the assembled gold-nanoparticle films are promising materials for applications in
nonlinear optical devices.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1193

Plasmons Generation at a Lossy Interface with Induced Anisotropy

Jaromı́r Pǐstora1, Tibor Fördös1, Michal Lesňák2, and Marek Kolenč́ık1

1Nanotechnology Centre, VŠB — Technical University of Ostrava
17. listopadu 15, 708 33 Ostrava-Poruba, Czech Republic
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Abstract— The paper is devoted to the analysis of a plasmon field at a metal-dielectric bound-
ary. The model approach based on matrix algebra is used to describe plasmon polariton solutions
at a lossy interface with magnetic ordering. The attention has been focused on specification of ex-
act expressions for normal and longitudinal wave vector components on metal-dielectric boundary
with induced anisotropy. The influence of permittivity and wavelength on wave vector compo-
nents is discussed in detail.
The matrix formalism is an extremely useful form of describing the steady-state solution to
Maxwell’s equations subject to the boundary conditions imposed by isotropic and anisotropic
multilayer stacks. The effects of magnetization on the relative permittivity tensor components
are usually small and they can be expanded into series:

εij = ε0,ij + KijkMk + GijklMkMl + . . . = ε0,ij + ε1,ij + ε2,ij + . . .

where ε0,ij are the permittivity components without magnetization in the crystal (M = 0), Kijk

are components of the third rank linear magneto-optical tensor describing linear dependence on
the magnetization and Gijkl are components of a fourth rank quadratic magneto-optical tensor
characterizing quadratic dependence on the magnetization. Since the quadratic contribution to
the relative permittivity is generally small, the modeling has been focused on linear magneto-
optical properties. The chosen Cartesian system has the xy plane parallel to the planar system
(x-axis is normal to the incidence plane); z-axis is normal to the structure. For an anisotropic
case in the transverse geometry, the relatively single elements of characteristic matrices provide a
valuable insight into the magnetic and optical behavior of the system. In this special arrangement,
the mode conversion is not observed and waves are traveling through the structure without polar-
ization conversion. The analytical formulae for real and imaginary parts of longitudinal (parallel
to interface and plane of incidence) and normal wave vector components have been determined
as function of tensor permittivity elements. The realized model and analytical results including
induced anisotropy have been tested by using Bi:YIG off-diagonal tensor permittivity values.
The distribution of real part and imaginary one of normalized (ky/k0) tangential component of
wave vector (longitudinal orientation) as permittivity function of anisotropic medium has been
specified. The graphical results have been completed by the dependence of real ky/k0 component
in 3D image on permittivity and wavelength. Bottom curves characterize induced anisotropy
influence. The modulation of mentioned dependences created by induced anisotropy has been
observed. This effect explains on the one hand some incorrections when the approximate results
are employed for the analysis of a plasmon field at a metal-dielectric boundary, on the other hand
brings new ideas for SPR applications.
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Permittivity of Thin Quantum Dot Film with Local Field Effects

M. N. Anokhin, A. A. Tishchenko, and M. N. Strikhanov
National Research Nuclear University “MEPhI”, Moscow, Russia

Abstract— It is known that electronic properties of a quantum dot (QD) depend on its size
and shape. Spectrum of emission light of a QD is changed by tuning their core diameter. For
example, the cadmium selenite (CdSe) QDs emit blue light when the diameter of the core is 2 nm
and emit red light when it is 7 nm [1]. Because of it QDs have a good potential for using in
different light emitting devices including organic light emitting diodes (OLEDs). For example,
QDs gives a good opportunity for design white OLEDs etc..
In this work we study a natural variation of dielectric properties of a very thin film consisting of
QDs, with thickness in some QD diameters. For such thin film usually used macroelectrodinamical
approach does not work, which needs improving of existing techniques. We manage to obtain
the generalized Clausius-Mossotti relation for dielectric permittivity of thin film from the first
principles with help of the local field theory [2–4]. The distinctive feature of the local field
theory is that it permits to take into account interaction between the QDs, and to express the
results through the properties of single QD and radial function of distribution, characterizing
their mutual disposition. In article [4] such method was developed for an amorphous substance
occupying a half-space. Here we develop this technique for the case of very thin layer using
dipole approximation assuming that a QD diameter is considerably smaller than the wave-length
of light. We obtain the conditions when resonance lines for system of interacting QDs are shifted
in comparison with the resonance lines of a single QD, which is defined by local field effects.
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Dielectric Properties and Solvothermal Synthesis of Nanocrystalline
TiO2 in Toluene with Surfactant

Jong-Ho Park
Department of Science Education, Chinju National University of Education, Jinju 660-756, Korea

Abstract— Nowadays as the concerns with global environmental issue increase, the application
of TiO2 to the treatment of polluted air and wastewater has become more and more widespread
because of its promising photocatalytic performance. Solvothermal treatment is useful because it
can control the grain size, the particle morphology, the crystalline phases, and the surface chem-
istry by regulating the sol composition, the reaction temperature, pressures, solvents, additives,
and aging time. In this article, we report the synthesis of TiO2 nanoparticles with a solvothermal
method and their characteristics in anhydrous toluene solutions. Since toluene has a relatively
lower vapor pressure than other organic solvents, the synthesis of TiO2 nanoparticles can be
achieved safely at a relatively high temperature in a shorter time than usual with a relatively
simple process. Therefore, we could control the shapes of the TiO2 nanoparticles by using the
solvothermal method.
Synthesis of narrow-dispersed nanocrystalline TiO2 was investigated by surfactant-aided solvother-
mal synthetic method in toluene solutions. Titanium isopropoxide, Ti[OCH(CH3)2]4 (TIP) was
used as precursor, which was decomposed at high temperature in the surfactant-dissolved solu-
tion. After the solution was thermally treated at 250 ◦C for 20 h in an autoclave, low-dispersed
TiO2 nanocrystalline particles with average size of < 6 nm were synthesized. When a sufficient
amount of TIP, was added to the solution, the shapes of TiO2 nanoparticles changed from spheres
to long dumbbell rods.
The aggregated microstructures of the nano-sized TiO2 in systems of spheres, long dumbbell rods
were studied using X-ray, TEM, dielectric spectroscopy. From X-ray experiment, when sufficient
amount of TIP or surfactant was added in the solution, long dumbbell-shaped nano-rods were
formed, which may be due to the oriented growth of particles along [0 0 1] axis.
The dielectric property in spheres and rod-nano TiO2 were measured over a temperature range
of 30–500 ◦C at several frequencies. we carried out a data analysis in the frequency space. The
rod TiO2 nano particles present the variation of the imaginary dielectric (e”) vs. frequency using
a double logarithmic scale for several temperatures. The relaxational peak frequency of e” moves
to a high-frequency region with increasing temperatures. In the low-frequency region, the other
relaxational peak frequency of e” in rod nano TiO2 particle appeared from room temperature and
rose with the increase in temperature. These two different tendencies in temperature dependence
suggest that two dispersion mechanisms may be involved.
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Optical Properties of Poly-3-hexylthiophene Crystalline Nanofibers
Oriented by the Electric Poling Procedure

Gleb Lobov, Yichen Zhao, Alexandrs Marinins, Sergei Popov, and Muhammet Toprak
KTH, Sweden

Abstract— Non-linear optics (NLO) had recently made a great contribution to the integration
of various photonic devices to the circuit and even chip scale. Organic chromophores with the
donor-bridge-acceptor structure are known as good candidates to replace the well-studied non-
organic materials. However the area of search for more efficient NLO materials extends beyond
the boundaries of azo dyes.
It was recently shown that the conjugated polymer poly-3-hexylthiophene (P3HT) which lacks
the classical donor-acceptor structure shows the third-order susceptibility higher than that of
Disperse Red 1 [1]. The third-order susceptibility for a 0.1–0.2% wt solution of P3HT was
measured to be 1.55 × 10−8 esu, while the maximum value for a 1% wt solution of Disperse red
1 was shown to be 10−7 esu [2]. Moreover, it was discovered that the χ(3) of P3HT is strongly
enhanced by the lamellar stacking through a π-orbital overlap [3]. This stacking results in having
P3HT in a conformation of separated fibers of controlled thickness and length with a random
orientation (Figure 1).
Further on our task was to show that it is possible to achieve other unique optical properties
by breaking the centro-symmetry through introducing the spatial ordering of the fibers. The
alignment of the fibers was achieved under application of a quasi-static electric field between
specially designed electrodes. The results were verified by SEM analysis after poling a very
diluted sample at ≈ 1.8V/µm and are shown on Figure 2.
As seen on the Figure 2, fibers react to electric field and align perpendicular to the gold electrodes.
Such induced anisotropy of crystalline polymer conformation is absolutely novel and unstudied
in terms of spectroscopic measurements and electro-optical properties. Anisotropic ordering of
the fibers also allows 2nd order non-linear effects which had not been studied in this material
ever before.

Figure 1: SEM image of unordered P3HT
nanofibers.

 

Figure 2: SEM analysis of the ordered P3HT
nanofibers.
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New Design of All-optical Flip-flop Device Based on Multimode
Interference Photonic Crystal Waveguides

Yaw-Dong Wu, Jui-Hong Hsu, Hsiu-Chuan Huang, and Tien-Tsorng Shih
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Abstract— In this paper, we proposed an all-optical flip-flop device based on the multimode
interference (MMI) with photonic crystal (PC) waveguides. The proposed all-optical logic gate
was numerically studied by the finite-difference time-domain method (FDTD). In recent years,
the photonic crystal is a very popular topic due to photonic band gaps (PBGs) which were known
to exist in the periodically modulated dielectric materials. We try to combine the MMI principle
and photonic crystal waveguide to design a whole new all-optical RS flip-flop device based on
the MMI PC waveguide structures. By introducing a point defect rod both in the control ports,
we can make outgoing field propagating in the output waveguide or not. The intensity profiles
show snapshots optioned at different times. This numerical results show that the proposed PC
waveguide structure could really function as an all-optical RS flip-flop logic gate. Note that if we
have an RS flip-flop, we can realize various much complex logic processing based on it.
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Abstract— The generation of ultrashort pulses at shorter wavelength near 450 nm is especially
preferred in satellite sensors, ophthalmology in optical coherence tomography system, optical
imaging, etc.. However, it is difficult to produce such a shortest pulse at near visible wavelength
even from the best available laser sources. Of late, the generation of desired pulse width of
ultrashort pulses is quite possible through pulse compression technique with the advent of pho-
tonic crystal fiber (PCF) where the anomalous dispersion can also be obtained at visible regime.
Achieving single mode and high dispersion near the visible wavelength are considered to be chal-
lenging tasks in the generation of ultrashort pulses in PCF. In general, there are two proven ways
to enhance the nonlinearity and dispersion values in PCFs. First, one can modify the design
of PCF with large air hole size leading to high nonlinearity and large dispersion. However, the
single mode tends to vanish for larger values of air hole size. Second, the nonsilica technology
such as SF6, TF10, CS2, nitrobenzene, and so on, enhances the nonlinearity and eventually the
required input energy of the pulse can be minimized considerably. Even in the non-silica tech-
nology, obtaining a single mode as well as anomalous dispersion at visible regime is very difficult
in PCF for large air hole diameter.
In general, the tapering is done by reducing the pitch and diameter. Fiber tapering provides a
convenient way to reduce the mode-field diameter of fibers, thereby allowing for a better pulse
compression. We, thus, emphasize that the tapered PCFs (TPCFs) are very much suitable
for effective pulse compression when compared to conventional PCFs. In this paper, we design
hexagonal and octagonal TPCFs wherein dispersion and nonlinearity vary exponentially in line at
400 nm wavelength according to the self-similar analysis. By exploiting these optical properties,
we demonstrate the effective pulse compression schemes at 400 nm wavelength.
Geometrical structure and variations of group velocity dispersion (GVD) and nonlinearity along
the propagation direction for both hexagonal and octagonal TPCFs at 400 nm wavelength are
given by:
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Electrical Field Energy Oscillation near the Photonic Structure
Faces

Vyacheslav A. Trofimov, Elena S. Komarova, Alexey S. Barykin, and Mikhail V. Fedotov
Lomonosov Moscow State University, Leninskie Gory, Moscow 119992, Russia

Abstract— Using on the 1D Maxwell’s equations, we analyze a femtosecond laser pulse in-
teraction with transparent layered structure (1D photonic crystal — PhC). As it is well-known,
such structure is wide used in photonics.
Laser pulse falls on a PhC and propagates inthe structure. Because of multi-layers the laser pulse
reflects many times from boundaries between the PhC. As a consequence of this, part of a laser
pulse localizes in the PhC during certain time interval. Analyzing this process we found out new
effect: oscillation of laser pulse energy near the PhC faces but outsides the PhC. More precisely,
part of laser pulse, leaving the photonic crystal through its faces, changes its motion direction
and returns into the structure. A reason of such electric field energy evolution is wave vector
direction change. Therefore, the corresponding part of wave packet moves more towards to the
PhC and comes back into the structure.
Amplitude of electric field energy oscillation depends on dielectric permittivity of PhC layers and
their lengths. We investigate in details the laser pulse duration influence on the electric field
energy oscillation as well as the PhC characteristic influence on this regime of laser radiation
interaction with PhC.
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Accuracy of Waveguide Mode Solver Based on Boundary Integral
Equations
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3IRMAR — Université de Rennes 1, Rennes, France

Abstract— In this paper, we investigate the accuracy of a waveguide mode solver based on
boundary integral equations. The propagation of light in several Photonic Crystal Fibers with
different geometries of their cross section is analyzed. The obtained results are compared with
those given by the Finite-Element Method.
Introduction: To design Photonic Crystal Fibers (PCF) for various applications, fast and
accurate numerical simulations are needed. Recent studies [1, 2] shows the efficiency of a high
order waveguide mode solver based on the Boundary Integral Equations (BIE). The aim of this
paper is to use this solver with different PCF geometries and to evaluate the accuracy of the
results with those given by the Finite-Element Method (FEM) computed with the commercial
software COMSOL.
Formulation and Solution of the Problem: The cross section of a PCF consists of a fi-
nite number of homogeneous inclusions with refraction index ni, embedded in a homogeneous
background material with refraction index ne. The problem is to determine the total effective
refraction index neff of the structure. Writing Maxwell equations and the interface conditions
on the electromagnetic field, one obtains a system of equations. The use of the single and dou-
ble layer potentials on all the hole boundaries in the previous system gives rise to a nonlinear
eigenvalue problem

A(neff)x = 0, (1)

where the vector x gathers the unknown values and the matrix A is an analytic function of
neff . The main advantage of using BIE instead of the FEM is that only the boundary holes
are discretized. This matrix problem can be turned into a complex root finding process for the
function f(neff) with two fixed random vectors y and z

f(neff) =
1

(yT A−1(neff)z)
= 0, (2)

where A−1z is computed by solving the system Ab = z. Since the operator in the matrix A are
hypersingular and the interfaces between the holes and the cladding of the PCFs are smooth,
kernel-splitting techniques developed by Kress [3] are used. As in [1, 2], we solve neff ∈ [ne; ni]
from (2) using Müller’s method.
Conclusion: This study shows the accuracy of a waveguide mode solver based on boundary
integral equations for different PCFs. The results are compared with those given by the FEM
computed with COMSOL.
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A Method of ISAR Sequences Quality Assessment for Aerospace
Target

Gang Li, Qingkai Hou, Shiyou Xu, and Zengping Chen
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National University of Defense Technology, Changsha, China

Abstract— Inverse synthetic aperture radar (ISAR) can generate 2D image for a non-cooperati-
ve moving target and be used for military and civilian purpose. In practice, however, the effect
of ISAR imaging is affected by many factors, some quality problem is existed in the ISAR image,
such as blur, deformation, tailing, ghost copy etc.. So it is necessary to evaluate the image
quality by some corresponding parameters. In addition, the research on that how to choose the
high quality image from the mass result, has important significance to realize image interpretation
and obtain the target information. The techniques for SAR image quality assessment have been
developed in recent years, and already formed a commercial product, but the research on ISAR
image is still poor.
In the traditional method, image entropy and contrast is adopted to evaluate the image quality,
however, this method is only suitable for comparing the image quality from the same measurement
data in different processing algorithm. It still has no viable standard on that how to evaluate the
ISAR images in different measurement periods.
In this paper, the traditional ISAR image quality evaluation standard and its limitation is an-
alyzed. An ISAR quality evaluation method of aerospace targets is presented, combining with
ISAR imaging mechanism and the structural characteristics of aerospace targets, referencing the
standard of optical image quality evaluation. Beyond some current commonly used indications,
a new indication based on the power spectrum is adopted in this method. The simulation data
and real data shows the validity of the algorithm.
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Compensation for System Distortion Using Low
Signal-to-noise-ratio Echo from Spherical Satellite
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Abstract— Compensation for amplitude and phase distortion in inverse synthetic aperture
radar (ISAR) system is important for the system performance. There are two types of techniques
to measure the amplitude and phase distortions in the system: closed loop and the employment
of an external test target. The former excludes the antenna and propagation medium, leading to
limited results. The latter uses the complete system and is better. The type of the test target
may be a corner reflector, a metallic ball towed by a balloon, an active radar calibrator (ARC)
on a tower, or a spherical satellite. However, the corner reflector may suffer from high level of
clutter. The metallic ball towed by a balloon will be difficult to carry out daily in practice and
is costly. The current approach is to use the ARC. But the ARC includes optic transceivers,
fibre-optic delay line, and amplifiers, which induces additional distortion. Although it is best to
take the spherical satellite as the test target, it is unpractical because the signal-to-noise-ratio
(SNR) is too low.
In this paper, we analyze the reason why the low SNR signal received from the spherical satellite
fails to compensate for the distortion. Then we utilize pulse compression technique based on
matched filtering to find the target region and then take inverse matched filtering on the region
to get high SNR signal. Thus we can achieve the distortion coefficients and compensate for the
system distortion. Experiments based on real radar data show that the results are better than
that by the ARC.
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Abstract— We design an index guided silica core photonic quasi-crystal fiber of twelve-fold
symmetry for enhancing the efficiency of second harmonic generation by using the fundamental
input wavelength of 1.55 µm in the telecommunication band. We find the quasi periodic arrange-
ment of holes in the cladding does highly influence the modal confinement as well as the intensity
distribution of both the fundamental and second harmonic fields inside the core. As a result,
the two most important aspects of second harmonic generation, namely, phase mismatch fac-
tor and overlap area related to the efficiency of second harmonic generation get highly affected.
Moreover, these two quantities must be as minimum as possible for enhancing the efficiency of
second harmonic generation. Hence, in this study, we emphasize on minimizing these two factors
with proper choice of geometrical parameters of the photonic quasi-crystal fiber. In this analy-
sis, we consider the pitch range of 1–15 µm and relative hole diameter of 0.5. We find that the
overlap area increases with increase in pitch but the phase-mismatch factor decreases. Also here
we consider the first order quasi phase matching technique for phase matching. In quasi phase
matching, the phase mismatch factor is taken care by the quasi phase matching period. Hence, in
quasi phase matching, the overlap area takes much significant role in determining the efficiency of
second harmonic generation. But a lower value of phase mismatch factor always supports ease of
poling by increasing the quasi phase matching period. With the available poling technology, we
optimize the pitch of the photonic quasi-crystal fiber at 7 µm and report a relative efficiency of
second harmonic generation as 38.22% W−1cm−2, when the overlap area is 2.74µm2 and phase-
mismatch factor is 0.102 µm−1. This value is much higher than that of already reported relative
efficiency of second harmonic generation with photonic crystal fiber. This work can be extended
for higher harmonic generation and atto-second pulse generation.
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Few-cycle Pulse Generation Using Solid-core Photonic Quasi-crystal
Fiber

K. Senthilnathan1, M. S. Aruna Gandhi1, S. Sivabalan2, P. Ramesh Babu1,
Abdosllam M. Abobaker3, and K. Nakkeeran4

1Photonics, Nuclear and Medical Physics Division, School of Advanced Sciences
VIT University, Vellore 632 014, India

2School of Electrical Engineering, VIT University, Vellore 632 014, India
3Department of Communications Engineering, College of Electronic Technology, Bani Walid, Libya
4School of Engineering, Fraser Noble Building, University of Aberdeen, Aberdeen AB24 3UE, UK

Abstract— In recent years, the generation of few cycle pulses has been of great scientific and
technological interest. In this line, the microstructured optical fibers have been playing a vital
role since the desired optical properties can easily be engineered by adjusting the geometrical
parameters. The recent results reveal that the quasicrystals exhibit several interesting photonic
properties over periodic crystals. A solid core photonic quasi-crystal fiber (SC-PQF) is a novel
microstructured fiber with quasi periodicity in structure and has a long range order with aperiodic
arrangement in its cladding region. The structure of the cladding region consists of air holes of
diameter d and pitch, Λ, with five rings of air holes. In the central region, the air hole is
removed and the resulting solid silica core acts as a defect and gives rise to the propagation of
guided modes.The photonic quasi-crystal fiber provides a very large nonlinearity and sufficiently
lowdispersion that could be exploited for generating single cycle pulses.We look for the hitherto
mentioned optical properties in the proposed SC-PQF by carefully optimizing the geometrical
parameters namely, core diameter and the pitch. Eventually, with the proposed fiber, we study
both dispersion and nonlinearity for a range of wavelengths from 300 to 2000 nm and demonstrate
sufficiently low dispersion (−1.9478 ps2/m) with zero confinement loss and enhanced nonlinearity
(γ = 578W−1m−1) for a wavelength of 850 nm. The higher-order soliton effect compression of
the femtosecond pulses in the proposed SC-PQF at 850 nm wavelength is numerically studied. An
input pulse of 15 fs widthis compressed down to 5 fs nearly 1.8 cycles of pulse generation.Besides,
we also calculate the power (211 W) and energy (0.9 pJ) of the compressed few-cycle pulse at
850 nm wavelength.
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Figure 1: (a) Geometric structure of the proposed fiber with the fundamental mode field distribution and
(b) output pulses with number of oscillations at 850 nm wavelength.
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Overcoming Bandwidth Limitation of LED by Using Multilevel
Differential PAM in VLC

S. H. Yang, D. H. Kwon, and S. K. Han
Department of Electrical and Electronic Engineering, Yonsei University

50 Yonsei-ro, Seodaemun-Gu, Seoul, Korea

Abstract— Narrow modulation bandwidth of commercial white LED is limitation of optical
wireless visible light communication system. Thus, several studies have been researched to over-
come the bandwidth limitation of white LED. First, for the white lighting, most devices use a blue
LED which illuminates a layer of yellow phosphor. However, modulation bandwidth is typically
lower than several MHz by slow time constant of the yellow phosphor, thus optical blue filtering
techniques have been researched to improve the modulation bandwidth. Secondly, to enlarge
modulation bandwidth and compensate the channel response, electrical equalizer is adopted.
Thirdly, to secure the additional optical channel, WDM based on RGB LED with optical filter
at receiver and PDM based on polarizer are researched. Last, high-speed wireless connectivity is
implemented using adaptive modulation: QAM with OFDM or DMT. The transmission capacity
can be increased significantly, because spectral efficiency is maximized. However, these modu-
lation methods need additional digital signal processing such as FFT and IFFT, thus hardware
and computational complexity of transmitter and receiver is increasing. In addition, modulated
signals have a high PAPR, thus the linear devices to have large dynamic range is required. As a
result, nonlinear characteristics of RF and optical devices are cause of undesired distortions.
In this paper, we propose a novel modulation and de-modulation format to reduce the complex-
ity of transmitter and receiver which is named multilevel differential pulse amplitude modulation
(MD-PAM). The proposed modulation scheme transmits different PAM signals with same am-
plitude and unit time delay using multiple LED chips, respectively. Optical signals from every
LED chips are linearly accumulated during through the optical wireless channel and directly de-
tected at the single optical receiver. Received signal is demodulated using received signal power
difference which is changed by light intensity. As a result, we experimentally confirmed that
100-Mbit/s transmission was possible using LED which has 25 MHz modulation bandwidth.
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Photo-induced Electrical Instability in Transparent Electronics

Jun-Young Jeon and Tae-Jun Ha
Department of Electronic Materials Engineering, Kwangwoon University, Seoul 139-701, Korea

Abstract— Transparent conducting oxides (TCOs) are based on post-transition of metal com-
bined oxides with an outer major quantum number of > 4. Since the s orbital possesses a large
spatial size and forms hybridization, oxide can be a good electrical dopant securing high den-
sity and stability. Most TCOs exhibit visible-light insensitivity and difficulty attaining charges
by light absorption due to the wide band gap. High performance transparent electronics con-
sisting of metal-oxide semiconductors such as zinc-oxide (ZnO), indium-zinc-oxide (IZO) and
indium-gallium-zinc-oxide (IGZO) have been extensively investigated to realize the unit pixels
for next-generation displays. However, unexpected instability caused by photo-induced electrical
bias in amorphous metal-oxide based thin film transistors (oxide-TFTs) retards the development
of transparent electronics.
We will present the origin of photo-induced electrical instability in oxide-TFTs based on trans-
parent electronics by applying the photo irradiation with a wave length of 400 ∼ 800 nm by
using a monochromator. The combination of photo irradiation and prolonged gate bias stress
enhanced the electrical instability in transparent devices. Such results stem from the extended
trapped charges possessing the energy absorbed from light-wave at the localized defect states re-
lated to oxygen vacancy. We will also demonstrate the chemically clean interface in oxide-TFTs
by employing oxygen annealing which reduces the density of trap states, thereby resulting in
improved photo-induced stability.
We believe that this study provides significant information on the device physics of optoelec-
tronics, which commonly exhibit photo-induced instability and charge transport, as a results of
prolonged exposure to photo irradiation.
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Split-step Time-domain Analysis of Optical Code Division Multiple
Access En/Decoder Composed of Ring Resonator Waveguides

Youngchul Chung
Department of Communications and Electronics Engineering, Kwangwoon University

20, Gwangun-ro, Nowon-gu, Seoul 139-701, Korea

Abstract— By applying CDMA (Code Division Multiple Access) to optical communication
systems, it is possible to use wide bandwidth of optical fiber, to provide passive code decryption,
and to protect the optical physical layer. Two-dimensional (2-D) OCDMA (Optical CDMA)
en/decoders can be realized in the form of compact photonic integrated circuits by cascading
ring resonator waveguide filters as shown in Fig. 1. The 2-D optical en/decoder based on micro-
ring resonators can provide wavelength hopping and spectral phase coding patterns which can
be simultaneously reconfigured. In this paper, a split-step time-domain modeling (SS-TDM) is
adopted to analyze the reconfigurable 2-D OCDMA en/decoders. The SS-TDM is implemented
in two-steps. First the optical wave propagation through every divided section of the bus and
ring waveguides is calculated with appropriate boundary conditions. Using the calculated electric
field values, the bus-ring and ring-ring coupling calculations are performed. In the calculation
the stepping time interval should be equal to the section length divided by the group velocity.
With this algorithm the pulse propagation characteristics through the ring resonator filters can
be efficiently analyzed, thus the encoded and decoded waveform can be readily obtained to assess
the applicability of the designed en/decoder devices. The 2-D en/decoder with two wavelengths
and two phases are simulated for a demonstration and the results are shown in Fig. 2. The
encoded waveform is shown in Fig. 2 and the decoded waveforms are shown in Fig. 3. When the
conjugate code is used for decoding, the original optical pulse is found to be recovered.

Figure 1: A configuration of a 2-D OCDMA en/decoder composed of four cascaded double-ring add/drop
filters.

0.4 0.5 0.6 0.7 0.8 0.9
0

4

8

12

16

Encoded OCDMA 

Optical Signal

P
o

w
e

r,
 A

rb

Time, ps

Input Optical Pulse

(π,0,

1550, 1550.08 nm)

Figure 2: An encoded waveform.

0.6 0.7 0.8 0.9 1.0 1.1
0

2

4

6

(0, 0,

1550, 1550.08nm)

(0, 0, 

1550.08 1550nm)

(π,0, 

1550.08, 1550nm)

( 0,

1550, 1550.08nm)

Time, ps

P
o

w
e
r,

 A
rb

π,

Figure 3: Decoded waveforms with various codes.



1208 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

ACKNOWLEDGMENT

This work was supported by Basic Science Research Program through the National Research Foun-
dation of Korea funded by the Ministry of Science, ICT and Future Planning in 2013 (NRF-
2013R1A1A2007276).



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1209

Dependence of Radio Frequency Magnetron Sputter-deposited
ZnO-SnO2 Thin Films on Substrate Temperature

Ik-Jae Lee, Hoju Kang, and Nark-Eon Sung
Pohang Accelerator Laboratory (PAL), Pohang University of Science and Technology

Pohang 790-784, South Korea

Abstract— ZnO-SnO2 (ZTO) thin films were deposited by radio frequency sputtering on quartz
substrates at various substrate temperatures TS , and characterized using x-ray diffraction (XRD),
selected-area electron diffraction, atomic force microscopy (AFM) and spectrophotometer, four-
point probe method and Hall measurement. XRD analysis indicates that the ZTO films can be
either amorphous (TS ≤ 350◦C) or crystalline (TS ≥ 450◦C). AFM studies of the ZTO films
indicate that the surfaces are fairly smooth with root-mean-squared surface roughness of 1.04 to
3.55 nm. The average optical transmittance of the ZTO films was ≥ 85%. The optical bandgap,
estimated using a Tauc plot, increased as TS increased. Blue shift was observed in the absorption
edge and was attributed to decrease in the oxygen vacancies and dangling bonds. The lowest
resistivity was on the order of 10−2 Ω·cm for films deposited at TS ≥ 650◦C: films deposited at
TS ≤ 450◦C were weakly conducting. The conductivity of films increased as TS increased. These
results can guide modifications of ZTO for applications that incorporate electrically-conducting,
optically-transparent thin films.
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Figure 1: (a) XRD patterns of ZTO thin films deposited on quartz substrates by RF magnetron sputtering
at various substrate temperatures. (b) Optical transmittance as function of wavelength for ZTO thin films
deposited at various substrate temperatures (350–750◦C). Inset: enlarged view of transmission spectra from
360 to 400 nm. (c) Relationship between (αhω)2 and hω for ZTO thin films at various substrate temperatures.
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Design Procedure for 2D Slotted Waveguide Antenna with Inclined
Coupling Slots for Sidelobe Level Control

H. M. El Misilmani1, M. Al-Husseini2, and K. Y. Kabalan1

1American University of Beirut, Beirut 1107 2020, Lebanon
2Lebanese Center for Studies and Research, Beirut 2030 8303, Lebanon

Abstract— Slotted Waveguide Antennas (SWAs) radiate energy through slots cut in a broad
or narrow wall of a rectangular waveguide. They offer clear advantages in terms of their design,
weight, volume, power handling, directivity, and efficiency. SWAs can be resonant (standing
wave) or non-resonant (traveling wave). Resonant SWAs outperform the non-resonant SWAs in
terms of efficiency due to its termination with a short circuit, compared to matching load in the
case of the latter, but with a narrower bandwidth. For broad-wall SWAs, the slot displacements
from the wall centerline determine the antenna’s sidelobe level (SLL). In addition, the rotation
angle of the coupling slot in a 2D system array of SWAs determines the power fed by each slot
into each branchline SWA.
This paper presents an inventive simple procedure for the design of a two-dimensional (2D)
SWA array system with desired sidelobe level (SLL). The system consists of multiple branchline
waveguides with broadwall radiating shunt slots. A main waveguide is used to feed the branch
waveguides through a series of inclined coupling slots with well-defined rotation angles for low
SLLs. For a specified number of identical longitudinal slots, the described procedure finds the
slots length, width, locations along the length of the waveguide, and displacements from the
centerline, for each branch waveguide. Furthermore, for a specified number of branch waveguides,
the method finds the rotation angle of each of the coupling slots.
To explain the controllable-sidelobe 2D SWA design procedure, an SWA with 8×8 elliptical slots,
designed for an SLL lower than −20 dB, is taken as an example. An 8-element 1D SWA with
a desired SLL is designed first. Eight identical such SWAs are then attached side by side. The
proper design of the 1D SWAs ensures having the desired SLL in one principal plane. To enforce
the same SLL over the whole 3D pattern, special care should be given to the design of the feed
SWA, whose slots should power the radiating SWAs according to a correct distribution. For the
taken example, the feed SWA should have 8 slots, separated consecutively by a distance related
to the radiating SWA aperture width and wall thickness. The power fed by each slot in the feeder
and fed to the branchline waveguide is controlled by the inclination angle of the coupling slot.
Figures 1(b) and 1(c) show a comparison of the gain patterns for the following 2 cases: Case
1 where the radiating slots have a uniform displacement and the coupling slots have a uniform
rotation angle; and Case 2 where the radiating slots have non-uniform displacements and the
coupling slots have non-uniform rotation angles as per the design procedure. As inspected,
the SLL decreased from −12.1 dB in case of uniform displacements and rotation angles to less
than −20 dB with the non-uniform displacements and inclinations calculated using the presented
simple design procedure.
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Figure 1: (a) 2D System, Compared gain pattern results of the uniform and non-uniform displacements and
rotation angles design cases: (b) E-plane, (c) H-plane.
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Tripolarization Antenna for DSRC Applications

Sumin Yun and Sangwook Nam
INMC, School of Engineering and Computer Science, Seoul National University, Korea

Abstract— With a development of wireless communications, a DSRC (Dedicated Short Range
Communication) applications are proposed for various applications like collision avoidance, traffic
control, autonomous driving. Therefore, the reliability of DSRC is essential because the vehicle
safety is directly affected by the communication reliability. In this paper, the MIMO (Multiple
Input Multiple Output) antenna is proposed for the DSRC applications.
A patch antennas, which has many favorable characteristics like low-profile, planar structure, are
widely used in various applications. A patch antenna also can be used in MIMO systems [1],
because it has degenerate modes. A horizontal polarization can be easily generated by the patch
antenna. However, it is hard to generate perpendicular polarization in same frequency. The
monopole like characteristic mode, which generates the vertical polarization, has lower resonance
frequency compared to that of the resonant modes generating the horizontal polarization.
In this paper, the parallel plate is placed between a patch and a ground for the monopole mode.
By using the parallel plate, the resonance frequency of monopole mode has increased to the
resonance frequency of patch modes. Along with the two degenerate patch modes, the excited
monopole mode generate tripolarization. As the three ports excite orthogonal characteristic
mode, higher than 30 dB isolation is achieved. The simulated result shows that the proposed
antenna has −10 dB impedance bandwidth from 5.8 to 6GHz. The proposed antenna has a
dimension of 24× 24× 3.14mm3, which is a size of a conventional patch antenna. The proposed
achieved tripolarization without increasing the conventional size of the patch antenna.

Figure 1: Geometry of the proposed tripolarization antenna (dimensions of the simulated antenna, h = 3.14,
pl = 7.2, pr = 9.4, gr = 12, dl = 2.18, gl = 1.4, all in the unit of mm.).
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Wide Bandwidth Compact Size Meander Antenna for the 800MHz
LTE Band
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Abstract— The machine-to-machine (M2M) connection is the key technology nowadays. Lots
of sensors and devices have acquired the communication ability. Then, more and more devices
become connected and will constitute a huge network in the future. However, current communi-
cation modules or chipsets are mainly focusing on the higher data rate. In order to facilitate the
machine connection, an exclusive small and cheap communication module which supports long-
term evolution (LTE) is highly desired. One of the most important factors to build the M2M
exclusive LTE module is to minimize the antenna size. We chose the meandering with the CPW
feeding method for this purpose. The antenna is optimized to use the adaptive particle swam
optimization with the ten particles and six design parameters. The FR-4 type PCB showing the
permittivity constant of 4.4 has the size of 30 × 35mm2 with height of 1mm. The measured
resonant frequency band ranges from 810 to 915MHz which is 10 MHz wider than the simulation
results, as shown in Fig. 1.

Figure 1: Compact size meander antenna for the 800MHz LTE band.
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Cavity-backed and Shorted Microstrip Patch Antenna for On-body
Systems

Sehwan Choi and Hojun Lee
Korea Electronics Technology Institute, Seongnam-si, Gyeonggi-do 463-816, Korea

Abstract— After the introduction of wireless wearable devices, the interest to applications
utilizing this technology has increased. These devices have been applied in sports, military and
medical area such as monitoring of heart rate and blood pressure. But it has been an obstacle
to use them because of the inconvenience caused to be attached to the human body. Antennas
must have the characteristics of low profile, small size and high efficiency in order to reduce the
inconvenience. Various antennas such as textile and UWB have been researched actively and
electro-magnetic band-gap materials are also researched to reduce phenomena such as frequency
shift and efficiency decline appears when they are closer to the human body.
This paper proposes the cavity-backed and shorted microstrip patch antenna for antenna minia-
turization and insensitivity for surrounding environment. The proposed antenna is fabricated by
bonding two substrates that are Rogers RT5880 31 mil. In order to know the changes depending
on environment, placing the antenna on air, arm, breast and pig skin, the frequency responses
were measured by network analyzer. And the radiation efficiency is measured in anechoic cham-
ber. As a result of the measurement, frequency responses are hardly changed and radiation
efficiency reduces from 73.2% in the air to 32.5% on the pig skin.

Figure 1: Measured return loss of the proposed antenna.
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Frequency Invariant Beamforming under Bandpass Sampling Based
on Convex Optimization

Lijie Fan, Bian Tian, Shiyou Xu, and Zengping Chen
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National University of Defense Technology, Changsha, Hunan 410073, China

Abstract— Beamforming is a spatial filtering technique for receiving signals illuminating an
array of sensors from some specific directions, whilst attenuating signals from other directions.
As higher frequency and lager bandwidth has been utilized in many real platforms especially in
the field of radar and electronic reconnaissance systems, wideband beamforming has been stud-
ied extensively in the past decade. For wideband signals, there exists phase difference between
sensor outputs cause wideband signals consist different frequency components and usually this
phenomenon is called “the array dispersion”. For a fixed aperture, the spatial resolution of a
beamformer is proportional to frequency. Our purpose is to obtain the nearly identical beam
response for wideband signals getting through the array of sensors. Such beamformers are in-
dependent of frequency, they are often called frequency independent beamformers or frequency
invariant beamformers (FIBs). Many literatures have considered and promoted various meth-
ods to solve this problem. Among these methods, the class of optimization method is the main
stream. Wideband beamformer is implemented by a group of FIR filters after each sensor and
the coefficients of FIR filters are obtained through the optimization process.
A common assumption is made that these algorithms handle the receiving signals by Nyquist
sampling, but we are acquainted with that signals are often bandpass sampled getting through
the sensors and transformed to the base band through the digital down conversion (DDC) pro-
cessing in many practical systems. After the DDC processing, the signals are passed to the
FIR beamformer. The bandpass sampling and DDC alter the signal expression and make the
objective function different compared with signals under Nyquist sampling. The main difference
induced by bandpass sampling and DDC is the implementation resource consumption under the
identical desired beam pattern, in detail the FIR beamformer cost more taps to achieve the same
beam pattern under bandpass sampling. In this paper, the effect caused by bandpass sampling
and DDC is addressed and analyzed in detail; through convex optimization toolbox a strategy
to deal with this circumstance is proposed; the formulation of such convex optimization problem
is presented.
A comparison has been made between two kinds of sampling procession to achieve FIB beam-
forming. The effect caused by bandpass sampling and DDC is addressed and analyzed in detail
for wideband beamforming. Simulation results show that the method proposed in this paper is
effective in dealing with FIB problem under bandpass sampling.
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A Novel InP Based Planar PIN Diode
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Abstract— A InP based novel planar PIN diode was fabricated for high frequency and high
speed circuits applications. This novel structure diode provided new ideas for fabrication high
speed and frequency switch circuits.
PIN diode heterostructures were grown on a 2′′ SI-InP substrate by V90 GSMBE system using
AsH3 and PH3 as group V sources and CBr4 as p-type doping source. The epitaxial layers include
a thick (∼3 µm) un-doped In0.53Ga0.47As buffer layer. Followed a 300 nm thick heavily silicon
doped In0.53Ga0.47As N layer, a 1 µm thick un-doped In0.53Ga0.47As as I layer and a 200 nm thick
heavily carbon doped In0.53Ga0.47As (3× 1019 cm−3) P layer.
A novel planar air-bridge structure was utilized to form good connection with the anode and cath-
ode of the PIN diode, of which structure can simplify the processing compared to the traditional
one. The air-bridges were fabricated using phosphoric acid base wet lateral etching technologies.
Etching velocities as well as morphology of the etched In0.53Ga0.47As materials were studied for
different rations of phosphoric acid base etchant solutions by the profiler, and scanning electron
microscopy (SEM) respectively.
InGaAs/InP PIN diodes with an anode of 4µm radius were fabricated. The planar air-bridge
was of 4 µm wide, 30 µm wide and 4 µm high. A turn on voltage of 0.43 V and breakdown voltage
of larger than 7 V were obtained by DC measurement. The equivalent turn-on resistance of
9 ohm and shut-off capacitance of 18 fF can be obtained from the S-parameters measurement.
This novel structure diode provided new ideas for fabrication high speed and frequency switch
circuits.

Layer Dopant Doping (cm−3) Thickness (nm)

P+ InGaAs C 3× 1019 200

I InGaAs - - 1000

N+ InGaAs Si 3× 1019 300

I InGaAs - - 3000

InP S.I. Substrate

Table 1: InGaAs/InP PIN diode epitaxy heterostruc-
ture.

Figure 1: SEM image of PIN diode with planar
air-bridge.

Figure 2: DC I-V curve of the PIN diode. Figure 3: S parameters of the PIN diode.
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Switched Phase Shifter for Load Modulation of QPSK Signal

Sehwan Choi, Jin-Sup Kim, and Jae-Young Lee
Korea Electronics Technology Institute, Republic of Korea

Abstract— For the demand for high-speed wireless communications, MIMO (Multiple-Input
and Multiple-Output) has become mandatory in many modern wireless communication systems.
This MIMO technology provides significantly us with a spectral efficiency but increases the num-
ber of antennas and RF front-end modules. This finally causes an increasement of current con-
sumption and overall size of the system. In order to solve these problems, researches utilizing a
single RF system based on ESPAR (Electronically Steerable Parasitic Antenna Radiators) and
LMA (Load Modulated Array) have been actively conducted.
In the case of ESPAR, various orthogonal radiation patterns are generated by impedance loading
circuits. Digital signals are modulated by mapping digital signals onto radiation patterns. So,
these systems requires many orthogonal radiation patterns and ultra-high speed switches with
a few nanoseconds. LMA systems are operated independently by multiple antennas with high
isolation. Because each antenna sends the separate stream, these systems have the advantage
of improving the system implementation and data-rate. In order to implement LMA system,
phase shifter was developed by using high speed switches in this paper. It was successfully sent
4-stream QPSK signal of 2.5 MHz chip-rate at 2.38GHz using this board.

Figure 1: Constellation using the proposed switched phase shifter.
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Compact Waveguide Load with Thin Film Resistor
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Abstract— Due to excellent electrical performance such as low insertion loss, high return loss
and high power handling capacity, waveguide components are widely adopted for microwave com-
munication systems in spite of a relatively larger volume than microstrip or coaxial components.
Waveguide loads are needed for directional couplers used for test set-up and hybrid waveguide
couplers for obtaining high output power from parallel power amplifiers. Especially, a compact
waveguide load is required to develop compact SSPA using hybrid couplers (branch coupler or
magic-tee combiner) with matched loads.
Since absorbing material in the waveguide attenuates input RF signal, the shape and the place
of absorber depend on electrical performances of loads. In general, gradual increase of absorber
makes good impedance matching over a wide bandwidth. The absorber is located at the highest
electric field intensity.
We proposed a compact rectangular waveguide load using a thin film resistor as an absorber. It
works by placing a resistor in the center of the waveguide where the electric field intensity is the
greatest. An increase in step width of the resistor will lead to good return loss. The thin film
resistor with good temperature coefficient and stable performances is produced on an alumina
substrate that shows suitable accuracy of dimension. We designed a compact waveguide load
with TaN thin film resistor for Ka band applications. The resistivity is 100 Ω/sq and the height
of substrate is 5 mil. The proposed matching termination can be easily attached at an end wall
of a waveguide. Thus it can be easily connected to the waveguide flange of a component.
Several samples for WR 28 standard waveguide were fabricated and measured to confirm the
reproducibility. The actual size of the alumina substrate is 3.5 mm× 9.0 mm. We confirmed that
all the results agreed excellently. The measured results have proved the design results, as shown
in Figure 1. Return loss above 20.0 dB has been obtained over 4.0 GHz of bandwidth in the Ka
band.

(a) (b)

Figure 1: Design and test results of the fabricated waveguide load composed of thin film resistor. (a) Photo
of the fabricated waveguide load. (b) Results.
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Channel Equilibration in Wideband Digital Array Radar Test-bed

Weixing Li, Jianzhi Lin, Weihua Wang, Biao Tian, and Zengping Chen
Science and Technology on Automatic Target Recognition Laboratory

National University of Defense Technology, Changsha, China

Abstract— Digital array radar (DAR) is remarkable for the characteristics of large instanta-
neous dynamic range, flexible control, multi-beams simultaneously and superior ability of anti-
interference. Most array processing algorithms are based on ideal assumption of both the signals
and channels. For actual systems, amplitude and phase errors caused by antennas, amplifiers
and ADCs will lead to substantial performance degradation of digital processing such as digital
beam-forming (DBF) and direction of arrival (DOA).
Based on a wideband DAR test-bed operating at 0.6∼3.0GHz with the instantaneous bandwidth
of 500MHz, this paper presents the design and implement of channel equilibration module. In the
first part, a wideband waveform generator based on DAC + FPGA architecture is designed with
the purpose of generating various analog waveforms for channel equilibration. The waveform
generator is a FPGA Mezzanine Card integrated with a 12 bits, 3 Gsps DAC. It is capable of
generate desired waveforms from 0GHz to 6.0 GHz flexibly by direct digital synthesize technology.
In order to calibrate the reconstruction errors, a pre-distortion filter is designed to compensate
the waveforms generated by DAC. In the second part, a practical algorithm is proposed for
wideband channel equilibration in jamming environment. The operating bandwidth of DAR is
divided in to two parts: the frequency band without interferences and with interferences. In the
first frequency band, the channel responses can be obtained by coupling high quality wideband
signals into the receive channels. As for the frequencies that exist in unknown interferences,
this paper takes the interferences as calibration signals to evaluate the amplitude and phase
errors. After the distortion characteristics of the whole bandwidth are obtained, an improved
frequency-domain equilibration algorithm based on overlap-save is studied and realized in FPGA
to eliminate the discontinuity of phase. Finally, experiments are carried out using the DAR test-
bed. The processing results of measured data demonstrate the feasibility and effectiveness of the
channel equilibration module.
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An Ultra Low-power and Low-noise VCO Using Transformer
Coupled Dual LC Tanks Topology

Tzu-Yun Chou, Kuan-Hsiu Chien, and Hwann-Kaeo Chiou
Department of Electrical Engineering, National Central University, Jhongli City, Taoyuan, Taiwan

Abstract— A K-band low power voltage-controlled oscillator (VCO) using transformer coupled
dual LC tanks is implemented in a tsmcTM commercial 90-nm CMOS process. The use of
transformer provides tight coupling factor between two identical LC tanks that improves the
phase noise performance by increasing the output signal swing and waveform symmetry of the
VCO. The cross-coupled transistors provide an effective negative resistance for the VCO core to
compensate the resistive loss in the primary and secondary LC-tanks. The secondary LC tank
is DC isolated from the primary one, thus it does not consume DC power from the primary
LC tank. Accordingly, compared to the conventional topology, this core power consumption can
be significantly reduced. The drain voltage could swing above the supply voltage by using the
proposed transformer. Effectively, the oscillation amplitude is enhanced, and the supply voltage
can be reduced for the same phase noise with lower power consumption or for better phase noise
with the same power consumption. By taking advantage of the tight-coupling transformer, the
inductor layout is properly designed to obtain a high Q-factor and a die area comparable to single-
inductor VCO. The VCO core dissipates very small DC power of 1.61 mW from a 0.7-V supply
due to the benefit of tight-coupled transformer. The measured phase noise is −97.61 dBc/Hz
at 1-MHz offset frequency from the oscillation frequency of 24 GHz. The proposed VCO has
an excellent FOM of −183.14 dBc/Hz. This novel VCO topology will find wide applications in
24GHz low power wireless sensor networks.
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A Reconfigurable Bandpass to Bandstop Filter Using PIN Diodes
Based on the Square Ring Resonator

Salman Arain, Muhammad Ali Babar Abbassi, Symeon Nikolaou, and Photos Vryonides
Department of Electrical Engineering, Frederick University, Cyprus

Abstract— Microwave filters are of primitive importance when dealing with RF communication
systems. Modern day development in this technology has led to the requirement of a compact,
multipurpose and efficient design. In this context electronically switchable filters are gaining wide
interest of both researchers and developers. Microwave filters are designed keeping in mind the
compactness and ease in switching ability among different operational modes. Using commercially
available PIN diodes, filters can be engineered to switch between different resonating frequencies
hence making the structure reconfigurable.
This paper presents a reconfigurable bandpass to bandstop switchable filter based on square
ring resonator with two tuning stubs controlling bandpass response. In this work, switching
between the bandpass and bandstop filter has been achieved by strategically placing PIN diodes
in locations which do not affect the resonating response of the overall design. Skyworks SMP1345-
079LF RF PIN diodes are used to switch from bandpass to bandstop filter. Central frequency of
the filter is 2.4 GHz. The −3 dB bandwidth for the bandpass filter is from 1.9 GHz to 3.2 GHz with
an insertion loss of 0.8 dB. For the bandstop filter loss is 0.3 dB and −10 dB rejection bandwidth
is from 2.3 GHz to 2.6 GHz. DC bias lines of λ/ 4 lengths are integrated with radial stubs to
ensure compact physical length of circuit. The key advantage of this type of filter is efficient
switchability between two frequency responses. The filter is simulated on commercially available
cost effective substrate. The proposed filter can be a good candidate date for communication in
strong interference environments, for reconfigurable radios, or for alternating transmission and
reception schemes, in the highly congested, 2.4GHz frequency band.
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Metallic Grating-dielectric-metal Microcavities for Far-infrared
Narrowband Absorption

Pei-Kang Chung and Shun-Tung Yen
Department of Electronics Engineering and Institute of Electronics

National Chiao Tung University, Hsinchu 30010, Taiwan

Abstract— We study absorption properties of metallic grating-dielectric-metal microcavities
for resonant absorbers in the far infrared. The microcavities are composed of a subwavelength
silicon dioxide (SiO2) film sandwiched between a flat bottom metal and a top metallic film per-
forated with a two-dimensional square hole array. We investigate the microcavities by measuring
absorbance spectra and observing their variations with the size and the period of the holes. The
experimental data agree well with theoretical ones calculated with the model expansion method.
The absorbance spectra reveal two characteristic resonant modes which are strongly influenced
in both the resonant frequencies and the absorbance magnitude by the hole size and array peri-
odicity. The resonant frequencies correspond to emergence of the two lowest diffraction orders
and hence depend on the grating period. The resonant absorption is therefore ascribable to the
excitation of surface electromagnetic waves around the interfaces between the SiO2 film and the
top metallic film. Interestingly, as the hole size increases, the two resonant frequencies blue–shift
slightly; the lower resonant frequency shifts less than the higher one. The two resonances are
accompanied by strong localized fields around the edges of the holes and the lower-frequency
resonance has a higher quality factor. The resonant absorption strength depends on the hole
size and a maximal absorption occurs at a specific hole size for each of the resonant modes.
Absorption depends also on the thickness and the material of the dielectric film. This study
indicates that the proposed microcavity structure can act as a good reflective resonant absorber
at a desired frequency by proper design of the structure.
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Analysis of Substrate-defected Coplanar Waveguide of EBG

Lingyun Li, Tianyu Pen, Hao Sun, Qilian Zhang, Huifeng Ding, and Xiaowei Sun
Shanghai Institute of Micro-system and Information Technology, CAS, China

Abstract— The Electromagnetic Band-Gap (EBG) structures deduced from Photonic Band-
Gap (PBG) have attracted much attention, and many works focused on the pattern of signal
trace metal and Defected Ground Structure (DGS). However, along with the research progress,
the patterns of the trace metal or defected ground become more and more complicated and result
in difficulty in design and fabrication. In this paper, based on the concept of photonic crystal, a
Substrate-Defected Coplanar Waveguide (SD-CPW) is presented, whose substrate is wet-etched
to periodic pits, while the 50 Ohm metal trace and ground remaining intact. After the fabrication
and measurement, a wide frequency band gap is observed and the EBG characteristic is proved.
The process of wet-etching was used, because it is more economical than Deep Reactive Ion
Etching (DRIE). And by the wet-etching process, there is lateral erosion under the metal. So the
actual pits’ width is wider than the CPW gap, which is included in the simulation model too.
Actually it is found that the cavity under metal layer can improve the stop band characteristic.
The different percentages of etching length along the CPW line were analyzed. The depth of
the stop band gap is altered with the etching ratio (u = L1/T ), and it shows that 57.5% of
the substrate’s loss will provide the best stop band performance. And the central frequency of
the band gap depends on the period length of the etched pits. If the length is increased while
the etching ratio is fixed, the frequency of the stop band will be shifted toward lower band
consequently. So the frequency response of the band gap can be controlled. A SD-CPW was

Figure 1: Structure chart of the substrate-defected
coplanar waveguide.

Figure 2: Band-gaps of different etching ratios.

Figure 3: Measured S21 of the SD-CPW. Figure 4: Band-gaps of different period length.
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fabricated, whose etching length was 1.38mm, period is 2.4mm and 5 cycles repeated. The
measurement shown there was a deeper than −20 dB band gap between 28–32 GHz, which was
more than 4GHz bandwidth.
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Power Electronics for an Energy Harvesting Concept Applied to
Magnetic Resonance Tomography

L. Middelstaedt1, S. Foerster2, R. Doebbelin1, and A. Lindemann1
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Abstract— Within Magnetic Resonance Tomography (MRT) applications magnetic fields of
different orientations, magnitudes and frequencies are generated in order to produce images of
different body tissues. Three main magnetic fields need to be distinguished:

• the strong static uniform magnetic field B0 in z-axes,
• the high frequency excitation field B1 (≈ 123MHz) rotating in the x-y-plane and having

the highest amplitude in the isocenter,
• and the gradient field BG, that changes properties along the z-axes.

In order to supply small power electronic applications for devices used in the interventional
medical field, e.g., for the wireless power supply of small sensors and electronics in catheters, this
paper investigates the approach of energy harvesting inside the MRI scanner. The magnetic fields
of the scanner are transformed into electric energy supplying a device under test (DUT) using
the method of induction. Considering the present magnetic fields and according to Faraday’s
Law, the B1 and BG fields can be utilized for this approach.
For designing and building a suitable energy harvesting device different aspects need to be taken
into account. The effective area of the inductor needs to be orthogonal to the varying field
and should be appropriately large. With excitation frequencies of 123 MHz the layout of the
inductor should be chosen in a way, that the first resonant frequency is above the excitation
frequency. Contrary, the small amplitudes of B1 and BG theoretically ask for a high number of
turns in order to get sufficiently large induced voltages. However, the resulting large inductance
and its parasitic inter-winding capacitances result in small resonant frequencies. The power
electronic circuit needs to be built of small, non-magnetic elements with a minimum on-state
voltage drop, to achieve significant maximum output voltage. Overall, the imaging process of
the MRT should not be affected. In this study relevant magnetic fields are modeled with Empire
XCcelTM providing the basic environment for simulating induced voltages for different inductor
geometries. Inductors with different resonant frequencies have been designed and tested in terms
of induced open circuit voltage. Positioning the inductor inside or outside of the isocenter leads
to different induced voltages. In the isocenter the B1-induced voltage dominates, outside the B1-
influence decreases but BG induces considerable voltages. Finally, a power electronic circuit has
been designed and realized that fulfills the most important requirements of an MRI application
for interventional medical applications, i.e., small size and the use of non-magnetic materials.
Placing the device in the investigated MRI scanner lets the power supply operate and the LED
luminate (see Figure 1(b)). The block diagram of the designed power electronic circuit and the
test setup with the designed inductor is shown in Figure 1.
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Figure 1: Developed power electronic circuit with an inductor as source and LED as load for energy harvesting
in MRI-application. (a) Block diagram of power electronic circuit [1]. (b) Wireless power supply of an LED
within an MRI [1].
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Fast Time-domain Imaging for One-stationary Bistatic
Forward-looking SAR

Hongtu Xie, Daoxiang An, Xiaotao Huang, and Zhimin Zhou
College of Electronic Science and Engineering

National University of Defense Technology, Changsha, Hunan 410073, China

Abstract— One-stationary bistatic forward-looking SAR (OSBFSAR) is a special bistatic SAR
(BSAR) with a stationary radar, working in forward-looking mode. It has advantages of reducing
military vulnerability and improving target detectability, and implements imaging in forward
direction. However, its larger bistatic angle and synthetic aperture may induce the complicated
range-azimuth coupling of echoes and increases the difficulty of the precise imaging by frequency-
domain methods. So, such imaging usually relies on the time-domain backprojection algorithm
(BPA), but it requires a high computational load. Fast BPA (FBPA) has been implemented for
the strip-map BSAR imaging, but has not been mentioned for the OSBFSAR imaging in earlier
publications. In this paper, a FBPA is presented to process the OSBFSAR echoes. It can keep
the accuracy of the BPA but with a reduced computational load.
The key content of the proposed FBPA is organized as follows.

1. Definition of the polar subimage grid (See Fig. 1). First, the origin of the polar grid is
defined as the central point of the subaperture center and stationary radar. Then, ρn is the
range from the origin of a polar grid to the sample r, and θn is the angle from the major
axis an to the range ρn. Thus

{
ρn =

√
[xS/2− x]2 + [yM (ηn)/2− y]2 + [(zS + zM )/2]2

θn = arccos
((

c2
n + ρ2

n − ((xS − x)2 + y2 + z2
S)

)/
2ρncn

)
, θn ∈ [0, π]

. (1)

2. Sampling requirements of the polar subimage grid (See Fig. 2). The sampling requirements
of the polar subimage grid are derived from the bandwidth angle, which is given by

∆ρn ≤ c0

√
1 + δ2

n

/
(2(fmax − fmin)) ; ∆θn ≤ c0

√
1 + δ2

n

/
(fmaxdMn). (2)

Figure 1: Imaging geometry of the OSBFSAR. Figure 2: Bistatic range calculation for the sampling
requirements derivation.

(a) (b) (c) (d)

Figure 3: Imaging results obtained by different algorithms. (a) BPA; (b) FBPA; (c) Imaging result of the
central target extracted from Fig. 3(a); Imaging result of the central target extracted from Fig. 3(b).
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c0 is the speed of light, δn is the ratio of cn to ρn. dMn is the subaperture length of the
moving radar. fmax and fmin are the maximum and minimum signal frequency.

To prove the validity of the proposed FBPA, the simulation is carried out to compare the perfor-
mances of the proposed FBPA and BPA (See Fig. 3). From Figs. 3(a)–(b), it is seen that all the
targets are focused well. Figs. 3(c)–(d) are shown that the focusing performance of the central
target by the FBPA is very similar to that by the BPA. The processing time of the BPA and
FBPA is 128.1 s and 11.2 s, respectively.
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Rapid Echo Simulation for One-stationary Bistatic SAR Based on
FFT and Subaperture Processing

Hongtu Xie, Daoxiang An, Xiaotao Huang, and Zhimin Zhou
College of Electronic Science and Engineering, National University of Defense Technology

Changsha, Hunan 410073, China

Abstract— One-stationary bistatic SAR (OSBSAR) is a special bistatic SAR (BSAR) with
a stationary radar fixed on a tower. It has advantage of reducing military vulnerability and
getting additional information. Echo simulation is important in the SAR research, such as the
system design, algorithms test and so on. Echo simulation contains the scene simulation and
rapid echo generation; we only focus on the rapid echo generation of the OS-BSAR in this paper.
Echo simulation method main include the time-domain target by target (TBT) method, two
dimensional fast Fourier transform (2DFFT) method and imaging inverse processing (IMIP)
method. TBT method has high precision but with high computational load, while 2DFFT
and IMIP methods has high efficiency but with some approximate processing. In this paper, a
rapid simulation approach (RSA) based on the FFT and subaperture processing is presented to
generate the OSBSAR echo. It can keep the accuracy of the TBT method but with a reduced
computational load.

Imaging geometry of the OSBSAR in elliptical polar coordinate and subaperture processing in
the echo simulation are shown in Fig. 1 and Fig. 2. Implementation of the proposed RSA is
depicted as follow:

(1) Set the simulation parameters and scene scattering coefficients; (2) Generate the transmitted
signal and compute its FFT; (3) Divide the moving radar synthetic aperture into subapertures;
(4) Start subaperture processing, separate the scene into several equidistant elliptical ring domain
and elliptical subscenes; (5) Calculate the equivalent scattering coefficients of elliptical subscenes
at the subaperture central pulse. Based on the elliptical subscene scattering coefficients, calculate
the equidistant elliptical rings’ scattering coefficients for all the subaperture pulses using the FFT;
(6) Calculate the system’s impulse response function and its FFT for all subaperture pulses; (7)
Multiply the results of (2) and (6), and then transform their product into time domain using

Figure 1: Imaging geometry in elliptical polar coor-
dinate.

Figure 2: Subaperture processing in the echo simu-
lation.

    
(a) (b) (c) (d) 

Figure 3: Scene echoes including 81 discrete point targets. (a) (b) Amplitude and phase of the scene echo
simulated by the TBT method; (c) (d) Amplitude and phase of the scene echo simulated by the proposed
RSA.
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the IFFT and obtain the subaperture pulse echo; (8) In terms of the subaperture order, repeat
(4)–(7), and then the scene echo can be simulated.
To prove the validity of the proposed RSA, the simulation is carried out to compare the perfor-
mances of the proposed RSA and TBT method (See Fig. 3). It is seen that the scene echoes
simulated by the two methods are almost identical. From Fig. 4, it is found that all the scattering
targets are focused well, and the focusing performance of the central target in Fig. 4(d) is very
similar to that in Fig. 4(c). Simulation time of the proposed RSA and TBT method is 1042.2 s
and 21086.1 s, respectively.

    
(a) (b) (c) (d) 

Figure 4: Imaging results. (a) Imaging result of the echo simulated by the TBT method; (b) Imaging result
of the echo simulated by the RSA; (c) Imaging result of the central target in (a); (d) Imaging result of the
central target in (b).
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NDT Imaging Method for Detection of Surface and inside Defect
Using Secondary Harmonic Signal of TMR Sensor
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Kenji Sakai, and Toshihiko Kiwa
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3-1-1 Tsushima-naka, Kita-ku, Okayama-Shi, Okayama Prefecture, 700-8530, Japan

Abstract— Eddy current test using a search coil detecting high frequency as magnetic nonde-
structive test (NDT) is widely used. When a defect inside or back side of the metal exists, the
detection is very difficult because of shallow skin depth of the exposed high frequency magnetic
field. To detect a deep defect, high sensitive magnetic sensor operable with wide range from
extreme low to high frequency is necessary. In this study, we applied high sensitive magnetic
sensor with nanogranular type tunnel magnetoresistive (TMR) thin film operable from DC to
high frequency for NDT. TMR has an even functional characteristic to magnetic field. There-
fore, DC magnetic field bias or additional circuit is necessary to obtain linear magnetic response.
We developed a new second harmonic detection method without linearization. Moreover, eddy
current distribution can be imaged by the detection of tangential magnetic field component from
the sample. Using a pair of TMR sensor detecting x- and y-magnetic field components parallel
to the metal surface. The sensor probe consists of the exposure coil and MR sensors. Each
of the magnetic field vectors was calculated from two parameters of signal amplitude and phase
obtained by a lock-in amplifier. Using these magnetic field vector, the eddy current in the subject
was reconstructed. By the imaging of the disturbance of the eddy current distribution caused
by the defect, defect imaging at not only surface but also deep inside the subject was enabled.
Especially, the depth information of the defect was obtained by the changing frequency.
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Iterative K-means Clustering Based Fast Hybrid Segmentation
Method for Biomedical Optical Images

Seungbae Ji, Seung-Beom Yu, and Jae-Ho Han
Department of Brain and Cognitive Engineering, Korea University

145 Anam Rd., Seoul 02841, Republic of Korea

Abstract— Optical coherence tomography (OCT) is a well-established biomedical optical imag-
ing technique that non-invasively provides high-resolution images for cross-sectional view of reti-
nal structures [1, 2]. Retinal layers are observed in the acquired morphology depending on the
optical properties of neurosensory tissues. Even though most of the functional layers present
the changes of pixel intensities, it is not sufficient to find the precise retinal boundaries through
simple edge acquisition. Instead, in order to accurately investigate them, graph-cut segmentation
method has been widely employed [3, 4], which usually necessitates a high-time complexity for
fully realizing this algorithm. In this work, we propose a fast method for layer segmentation
with a high-accuracy with less time complexity than the conventional graph-cut method, which
is based on a hybrid method employing iterative k-means clustering in conjunction with edge
recognition. In our method, the former extracts the details at the interfaces of a similar pixel
group and the latter handles a drastic change of pixel intensity which appears as thick lines. This
introduced method can be expanded for other various image segmentation fields such as delicate
brain and vascular images as well as the fundography images for diagnostic purposes.
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Static Magnetic Fields Improve Proliferation of Osteoblast-like Cells
Cultured on the Poly-L-lactide Discs
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Abstract—
Objective: Biodegradable polymer [Poly(L-lactide), PLLA] scaffolds have been popular used in
the reconstruction of craniomaxillofacial defects because of their good biocompatibility and low
toxicity after degradation in vivo. However, lower cell proliferation rate and poor cell attachment
were reported when culturing osteoblst on the PLLA discs. The purpose of this study was to
evaluate the biological effects of static magnetic fields from Nd-Fe-B magnets on the morphology
and growth behavior of osteoblast-like cells cultured on the surface of a PLLA discs.
Material and Methods: PLLA discs (14-mm in diameter and 1-mm in thickness) were fab-
ricated with an injection molding technique at an injection temperature of 185◦C. MC3T3-
E1osteoblast-like cells were cultured on the surface of a poly-L-lactide disc. These cells were
continuously exposed to a 4000 Gauss-SMF for 5 days. Sham-exposed cells were served as
controls. The morphologic changes of osteoblast-like cells were observed by scanning electron
microscopy. The proliferation effects of the SMF were measured by MTT assay. In addition, the
effects of the SMF on alkaline phosphatase activity levels were compared between exposed and
unexposed cells.
Result: Scanning electron microscopy images revealed that SMF promote MC3T3-E1 cells ex-
press extracellular matrix on the Poly-L-lactide discs. The SMF exposed MC3T3-E1 cells ex-
hibited increased MTT values at 3 and 4 days of culture. The SMF exposed MC3T3-E1 cells
express the lower alkaline phosphatase-specific activity than that of the unexposed cells at 3 and
4 days of culture (p < 0.05).
Conclusion: These results demonstrated SMF can improve MC3T3-E1 cells growth on the
Poly-L-lactide discs.
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Effects of Static Magnetic Fields on the Growth of Dental Pulp
Stem Cells

Yu-Chi Chang, Wei-Zhen Lew, Kuo-Ning Ho, and Sheng-Wei Feng
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Abstract— Dental pulp stem cells (DPSCs) have multiple superior growth capacities when
compared to bone marrow stem cells. Therefore, it could be as a potential resource for clinical
cell therapy and tissue engineering. However, large amount of time are needed to generate
sufficient number of cells for tissue defects repairing. Therefore, the aim of this study was to
evaluate whether 0.4-Tesla static magnetic fields (SMF) can enhance the proliferation of dental
pulp cells (DPCs) and DPSCs in vitro.
Cells extirpated from dental pulp tissue were identified by surface markers expression and dif-
ferentiation stimuli. Our results showed that these cells can express the same characteristics as
the mesenchymal stem cells. Positive expressions of CD70, CD90, CD105, CD146, STRO-1 and
negative expression of CD14, CD34 were demonstrated from these dental pulp cells. Moreover,
calcium deposition, intracellular lipid droplets formation and GAG matrix deposition were found
after different kinds of stimulation. Therefore, we can confirm that these cells are DPSCs. After
that, the isolated DPSCs were cultured with 0.4 T SMF exposure and exhibited a higher prolifer-
ation rate when comparing to control group. Stem cells identification assays as mentioned above
were performed to exposure cells to characterize its stem cells properties. We found that either
exposure cells or sham cells have similar results. DPSCs cultured in SMF environment have no
adverse effects on the CD marker expression and their differential potential.
Thus, we suggest that in vitro 0.4 T SMF stimulation is positive for the proliferation rate of
DPSCs without adverse effect on its characteristic and differential potential.
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Abstract— 0.4 T static magnetic fields (SMFs) can enhance the proliferation of dental pulp
stem cells (DPSCs) in vitro. However, the microscopic subcellular changes of the exposed cells
are still unknown. Therefore, the aim of this study was to investigate the actual mechanism
activated by the stimulus of SMFs.
Because cell membrane is the biosensor of external applied SMFs, anisotropy of lipid bilayers was
examined by fluorescence polarization-depolarization assay. TMA-DPH labeled results showed
that exposed cells had higher anisotropy value, indicating that SMFs changed the order of lipid
bilayers. Because the actin cytoskeleton is link to cell membrane by a complex protein structure,
the change of cell membrane may affect the actin cytoskeleton. For this reason, we labeled the
cytoskeleton of exposure and sham cells by phalloidine fluorescence. Confocal microscope images
estimated that exposed cells had more order and thicker actin cytoskeletal structure,while the
actin cytoskeleton of sham cells was randomly oriented. Then, we focused on the MAPK pathways
to find out the possibility signaling cascade which induce the proliferation of 0.4 T SMFs exposure
cells. ERK inhibitor PD98059, JNK inhibitor SP was supplied to cultured medium respectively.
MTT results showed that p38 signaling pathway may be the possibility signaling cascade activated
by 0.4 T SMFs.
According to our results, we suggest that 0.4 T SMFs will affect the cell membrane and reorganized
of the cytoskeleton. Besides, p38 signaling pathway also will be activated to increase DPSCs
proliferation.



1234 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

7 Tesla Magnetic Resonance Imaging Does Not Induce DNA
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Abstract—
Purpose and Introduction: Magnetic resonance imaging (MRI) is a powerful, non-invasive
diagnostic medical imaging technique which has experienced increasing demand over the past
decades to also be used in the research with higher strength of magnetic fields (mainly 7T).
Although ultra-high field MRI has shown a very good safety record for 10 years, the scientific
basis for safe use in broader clinical applications is weak. Despite a fair number of studies in
this field, overall, the published data about the potential effect of UHF MR on inducing genetic
damage is not sufficiently conclusive. Most of the available literature reported no genetic effects;
however a few studies, including a recent study reported DNA damage detected after cardiac
MRI and suggested similar restrictions as for ionizing techniques [1].
In this in vitro study, we aimed to investigate the genotoxic and cytotoxic potential of 7T MRI on
isolated human peripheral blood mononuclear cells (PBMCs). Hence, unstimulated PBMCs were
exposed to 7T static magnetic field alone or in combination with maximum permissible gradient
fields and radio frequency pulses as well as ionizing radiation.
Methods: Peripheral venous blood was drawn from 16 healthy volunteers (8 male; 8 female;
age 25–58 years, mean 36 years). To detect and validate the MR-related effects, particular care
was taken in choosing ideal conditions for negative and positive control groups. Isolated PBMCs
suspension of each donor was divided into five sample tubes; unexposed, 7T static magnetic field,
echo-planar imaging (EPI), CT and γ-radiation. The echo-planar imaging sequence was employed
on a 7T whole-body MR scanner (Siemens AG, Healthcare Sector, Erlangen, Germany) and
tailored to the maximum switched gradient as well as 100% permissible specific absorption rate
(SAR) in 1 hour scanning. We used immunofluorescence staining of phosphorylated serine 139 in
the core histone variant H2AX (γH2AX) which forms a distinct focus at each break site in DNA
strands [2]. Automated fluorescence microscopy (AKLIDES system, Medipan GmbH, Germany)
and flow cytometric analysis were used to quantify the γH2AX foci intensity immediately (0
hour) as well as 1 h and 20 h after the exposure.
Results: Exposure of unstimulated PBMCs to 7T static magnetic field alone or combined with
gradient magnetic fields and pulsed radiofrequency fields did not induce DSB, whereas irradiation
with X- and γ-ray led to a dose-dependent induction of γH2AX foci. Further, there was no
evidence for altered proliferation responses after cells were exposed to 7T MRI.
Conclusions: In this study, we evaluated the impact of 7T MR-generated electromagnetic fields
on the induction of DNA DSBs in human PBMC. We examined and compared the extent of
damage with that observed in un-exposed and irradiated cells. Our results showed no significant
increase in DSBs level, in all individuals, immediately (0 hour), 1 h and 20 h after UHF MRI
exposure, compared to the unexposed group. Further, in vitro, in vivo and large scale epidemi-
ological studies with sufficient statistical power which include several genotoxic endpoints, such
as, chromosomal aberrations (CA) and micronuclei (MN) may further enrich the findings of the
present study. Data from such comprehensive studies are useful to pave the way for transferring
ultra-high field MRI to clinical adoption.
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Shielding and Mitigations of the Magnetic Fields Generated by the
Underground Power Cables

N. İl, S. Ozen, M. Çakir, and H. F. Carlak
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Abstract— In urban areas, especially in city centers, underground power cable usage in power
distribution lines has been increasing dramatically. Increasing energy demand results in more
loading in the power transmission lines and correspondingly more magnetic field occur around
transmission lines. These excessive magnetic fields can cause harmful effects on human health.
These fields can also cause deteriorating effects on the sensitive electronic equipment due to
the electromagnetic interference. Therefore, the investigation of the magnetic field that occurs
around the underground cable lines used in the energy distribution network become an important
research topic. There are number of design options that would mitigate the magnetic field.
However, magnetic field management can be basically classified into two main categories; which
are shielding the subject and shielding the source. In this study, shielding the source and shielding
the underground power cable raceway are investigated. In order to mitigate the magnetic field
caused by underground power cables, two different shield topologies, the flat plate and reverse-
U shape shielding screens, are examined theoretically and practically on currently used cable
raceways. The most appropriate shielding type was investigated.
The analysis of different shielding configurations with flat plate material denoted that, the effi-
ciency of the shielding strongly depends on the employed material. In case of reverse-U shield
configuration, higher shielding efficiency is obtained as shown in Figure 1.
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Figure 1: Shielding efficiency of reverse-U shield.

It is concluded that, better shielding efficiency is achieved when closed shields are used. On the
other hand, in case of the flat plate shield usage, the efficiency depends on the electrical features
and the thickness of the material.
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Occupational Exposure Assessment of Power Frequency Magnetic
Field in 154/31.5 kV Electric Power Substation in Turkey

S. Ozen, S. Helhel, and H. F. Carlak
Electrical & Electronics Engineering Department, Akdeniz University, Antalya 07058, Turkey

Abstract— The effects from exposure to power frequency electromagnetic fields are of interest
to the public. These 50-Hz field exposures raise the question of what effects these may have on
human health. Power subsystems are expected to produce very high magnetic field, since they
are driving very high electric current density that results in an accumulating exposure to electric,
magnetic and electromagnetic fields that cause some health problems if systems are designed
without obeying the standards. Some epidemiological studies have found weak associations be-
tween exposure to power-frequency EMFs and some forms of cancer, such as leukemia; while
other studies have failed to find such associations.
In this study has been proposed the survey of magnetic field measurements taken in a 154/31.5 kV
substation in the City of Antalya for occupational exposure assessment. The magnetic field
measurements carried out from substation equipment, including all transformers, circuit breakers,
feeders and buses, under the in-coming and out-going power lines and operator tables surrounding
the substation. Operator desk at read a lowest magnetic field of 0.46µT at minimum loaded
season and reached up to 1.34 µT at maximum loaded season that means operators exposed to
a magnetic field of 0.3 µT and more by eight hours a day. In switchgear regions, maximum
magnetic field reading is 20 µT at minimum loaded season and reached up to 65 µT. Outdoor
magnetic field measurement at circuit breaker region goes up to 45 µT with respect to operator
heights.

Table 1: Maximum induced electric fields and current densities for different locations in the substation.

Measurement Locations Magnetic field (µT) J (µA/m2)

Operator desktop 0.35 1.517

In front of 31.5 kV Command panel for main bar 40 173.416

31.5 kV side of TR-A 4.7 20.376

31.5 kV side of TR-B (2m from TR-B) 7.4 32.082

In front of the circuit breaker (SF6) 8.8 38.15

Under the 154 kV busbar for TR-B input 3.95 17.124

Under the 154 kV busbar for TR-A 6.5 28.18
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Abstract— The paper describes the recent development in the area of renewable energy sources
(RES). Shows the situations in countries supporting a great growth of RES, particularly in
photovoltaic energy what leads to the big problems. The modelling of situation shows that
in a very near future there will be a big overflow of electrical energy production in the low
voltage networks (LVN). It would evoke necessity to transfer energy into higher voltage networks.
However it’s not possible, because of the protection systems of high voltage networks (HVN) are
developed for the opposite flow of energy. The traditional power engineering industry assumes
centralized energy sources (power plants), and delivers electrical energy into consumers via very
high voltage networks (transition networks VHN), high voltage networks (HVN) into LVN. In the
low voltage networks the energy is totally consumed. Because of the existing protection systems
in the HVN, and the recent energy distributors and producers correspond with this traditional
conception, is necessary to consume all energy from RES in the low voltage networks where it
was produced. Our contribution deals with this phenomenon and offers some part solution of the
problem.
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Abstract— It this paper is showed design sensors physical variables, which is using for mod-
elling power in smart grid. In the next step is showed transfer data using GPRS and modelling
power provided renewable energy sources. In our distant sources we measure depend between
physical variables as lighting and photovoltaic power plants, the water level and hydroelectric
power plants. The power wind power plat is measure directly using wattmeter between plat
and battery. For transfer data is used datalogger DA4, which used GPRS and data represented
physical variables is storage in SQL database. In our 24 V smart gird is modelled power using
power source. In the hydroelectric power plants was problem with non-harmonic voltage and
current generated turbine. The design module includes analog multiplier for accurate measure
power, necessary for give depend power to the water level. This module and datalogger DA4
is powered small photovoltaic panel. The module measure lighting between photovoltaic power
plants is directly connection cable to the Compact Rio. The last renewable energy sources power
wind power plat is powered battery and charged power give power wind power.
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A Novel Design of the Wearable Antenna

Cheng-Nan Hu, Jhih-Neng Yang, Siam-Chen Huang, and Ju-Chun Lin
Communication Research Center, Oriental Institute of Technology, Taiwan

Abstract— Utilization of wearable textiles in the antenna segment is on demands for the
blooming development of the body-centric communication systems. A wearable antenna is meant
to be a part of the clothing used for communication purposes, which includes tracking and
navigation, mobile computing and public safety. In this study, a proof-of-concept dual-band
(2.4/5.7GHz) wearable antenna design is realized using a multiple inverted-L antenna printed on
a circular FR4 substrate above a ground plane with shape of button, termed as a button antenna.
Due to its shape (like button) and compact volume (12 mm in diameter and 5 mm in height),
the antenna can be easily implemented onto the wearable textiles for body PANs applications.
Numerical and experimental study are presented herein.
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Low-complexity Design of an 8×8 Modulation Configurable K-best
MIMO Detector
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Abstract— With growth of high throughput requirement in advanced communication stan-
dards such as IEEE 802.11ac, multiple-input multiple-output (MIMO) spatial multiplexing is
an important technique to increase data throughput in a limited bandwidth. In this paper, a
high power-efficiency 8× 8 MIMO detector which supports multiple modulation schemes is pre-
sented. According to the tree-type decoding process, a pipelined circuit architecture suitable for
high throughput is proposed for breadth-first type algorithm. To further reduce the circuit com-
plexity, a shift-multiplier is proposed to avoid a conventional multiplier in our design. Multiple
data modulation is also supported by flexibly extending the enumeration signal range. The cir-
cuit implementation has proved that our design has high power efficiency comparing with other
works.
In algorithmic aspect, a breadth-first type algorithm can achieve near-ML performance and a
fixed throughput, an algorithm modified from conventional K-best which is named distributed
K-best (DKB) is applied in our design. Comparing with the conventional K-best algorithm, DKB
can reduce the number of visiting nodes to 23.8% at each searching layer under 8× 8, 64-QAM
and K = 10 condition, i.e., prevents unnecessary power consumption. The MIMO system model
in our design is converted into a real-numbered one, and we modify the enumeration scheme
to further reduce computing power. Therefore, a shift-multiplier can be applied with only bit-
shifting and addition operations. Furthermore, multiple data modulation schemes are supported
by 1-D SE-enumeration without increasing algorithmic complexity.
In hardware aspect, our design applies multistage pipelined architecture to achieve high through-
put requirement. Each stage processes one tree-searching layer with DKB algorithm, a single
DKB block contains a first-child (FC) and a next-child (NC) functional block. The FC and
NC operate exclusively to find best K candidates within only K clock cycles. Thanks to DKB
algorithm, the sorting circuit in conventional K-best algorithm is avoided in our hardware archi-
tecture. The center calculation in order to find a FC is achieved by shift-multiplier which only
contains a few adders and MUXs. Since the proposed hardware architecture is very regular, it
has flexibility extending to other antenna configurations.
The proposed 8×8 MIMO detector has been implemented in a 90-nm CMOS technology with core
area of 0.99 × 0.99mm2. The maximum throughput achieves 710 Mbps at operating frequency
74MHz. At this condition, the power consumption is 17.2mW at 1 V supply voltage. The
normalized power is 24 pJ/bit, comparing with other works in the literatures, our proposed
design delivers very high power efficiency.
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Transformer for High Power Voltage Source
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Abstract— High power static voltage inverters found their application in a power conversion
for isolated power grids, especially in the shipbuilding and the maritime industry. When there
is a need for interconnecting ship with an external electric power source for technical (i.e., a
vessel is under a maintenance is shipyard, and it cannot use its own onboard power generator) or
economical (a ship is being unloaded in a harbor) reasons there are a few options. One of them
is to supply electrical energy from a static power inverter, which converts energy from a public
grid to the appropriate frequency and voltage needed on board.
Most of the problems related to the design of such inverters are that very often nominal power
of such devices is comparable to nominal power of its load. In case of a ship the major part of
the load are cranes, pumps, fans and so on, all driven by electrical machines (most frequently
induction machines). Starting current of the induction electrical machine is about 6 ÷ 7 times
nominal current. And this starting current must be withstood by a static power inverter, which
place great demands on its design.
The voltage source presented in this paper consist of two main elements: a static inverter and
a multi-windings transformer. To meet the requirements of ship electrical network, namely
frequency (60 Hz), voltage (440 V, 690 V) and high overload current it is proposed to use thyristors
as switching devices. The downside of this approach is that operating frequency of the inverter
cannot be as high as in a case of IGBT or other transistors, so a total harmonics distortion in
output voltage is high. To counter this effect and lower the THD to required by law or other
regulations a specially designed and connected multi-windings transformer is used. It also adjust
the output voltage level to the required one.
In this contribution a design of proposed voltage source, its computer simulations and experi-
mental results are shown.
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Abstract— This paper describes the behavior of a microwave external modulation link com-
posed of: optical and radio frequency sources, Mach-Zehnder modulator (MZ), optical fiber and
photodetector. The electro-optical circuit modulates the RF signals and transmits them to the
detector through the optical fiber. The main contribution of this paper lies on the different
approach to the system analysis; we consider an off-quadrature biased MZM.
By extending the mathematical model found in the literature for the case of different bias voltages,
we compute a few performance parameters of the system like Gain and SFDR. For computing
those parameters we use a custom made program written in the MATLAB environment.
In addition to the system‘s characterization and insights on its off-quadrature operation, another
contribution of this article is the model validation. We assembled the electro-optical circuit and
measured some performance parameters for different values of bias voltages. By comparing the
experimental results with the theoretical ones, we validated the model. Finally, we also consider
the applications for microwave signals distribution by optical fiber links.
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Abstract— The novel ternary europium (III) complex is synthesized. The photophysical sensi-
tization process involves an energy transfer from functional hemicyanine (aminostyrylpyridinium)
cation. The sensitization mechanism follows the F?rster, which is significantly different from the
Dexter, the most commonly used energy transfer mechanism from ligand. When the complex
is dissolved in a variety of solvents (acetone, dimethylformamide, ethanol and acetonitrile), a
remarkable solvent effect is observed. The emission intensity of europium (III) complex in ace-
tonitrile is much stronger than that in other solvents. The solvent effect on the photophysical
properties is studied. The result indicates that the solvent influences the emission intensity by
aid of many factors not only polarity.
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Working Frequency and Electrode Type on Temperature

Distribution

J. Vrba1, D. Vrba1, and M. Lorenc2
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Abstract— Temperature increase has a proved positive effect on pain relief, inflammation and
muscle spasms treatment. It is therefore utilized in physiotherapy as well as in other biomedical
applications. Temperature increase of the treated biological tissues is often performed by a well-
controlled exposure of the tissues to time-harmonic electric fields. To obtain only localized and
safe heating active electrode and return pad electrode differ by their size and shape. In this
paper, a numerical study of influence of working frequency and electrode type on power loss and
corresponding temperature distribution in exposed biological tissues was performed and some
results are presented and discussed.
A simplified 2D numerical model in the well-proven numerical simulation tool COMSOL Multi-
physics was created. The human body was represented by an elliptical layered model consisting
of skin and an inner region modeled as a muscle tissue. In the presented numerical study, thermal
material properties as well as frequency-dependent dielectric properties of the biological tissues
were considered. Within this study three working frequencies f = 0.5, 1 and 1.5 MHz and
following two types of electrodes are included. Resistive electrodes are in a direct contact with
treated biological tissues and capacitive electrodes which are equipped with a thin nonconductive
coating. Active electrode is circular with 15.9 cm2 area. Grounding pad is of rectangular shape
and approximately 7.5 times larger.
Main outcome of the performed numerical simulations is a prediction of spatial distribution of
power losses induced in the treated tissues. Corresponding temperature distribution obtained by
solving the Pennes’ bioheat equation is displayed graphically and further discussed.
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Abstract— Polylactic acid (PLA)-based composites were used as bone/tissue regeneration
materials for many years. Recently, how to modify the physical, chemical and biological prop-
erties of the PLA-based materials for improving its medical application has become an issue for
biomaterial sciences. It has been reported that iron oxide magnetic nanoparticles exhibit not
only biocompatibility, but also bioactive effect on the osteoblastic proliferation. Accordingly, the
aim of this study was to develop a novel nano-magnetic bioresorbable bone screw by using both
injection molding and 3D printing techniques. For methodology, nanoscale magnetite was incor-
porated into the PLA matrix with various nano-Fe3O4/PLA mixing ratios. Pure PLA samples
were carried out as a control. Thermodynamic, mechanical, and biocompatibility of the materials
were tested to confirm the performance of this composite. Then nano-Fe3O4/PLA bone screws
were fabricated by injection molding and 3D printing techniques. The mechanical properties
of these bone screw were tested by simulated model in vitro. In addition, animal studies were
performed to test the healing status between nano-Fe3O4/PLA screw and bone tissue. In the
strength tests, our results showed that the screws produced by 3D-printer are weaker than the
screws made by injection molding. In animal study, we found the implant side with screws that
contain ferromagnetic particles showed more regenerated bone volume and induce less inflamma-
tion and tissue mass. The CT imaging enhancement of the nano-Fe3O4/PLA bone screw was
proved. With these results, we concluded that this novel magnetic bioresorbable screw can be
applied in future orthopaedic treatment.
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Abstract—
Objective: Human dental pulp stem cells (DPSCs) have become an alternative source for tissue
engineering. Accordingly, how to increase viability of human DPSCs is vitro has become an
important issue in medical applications. Several studies showed that static magnetic field (SMF)
has positive biological effect on stem cells. However, the real signal transduction mechanisms are
still unknown. In this study, we focus our aim test the effect of SMF on human DPSCs. The
possible gene expression of DPSCs after exposure to SMF was explored.
Materials and methods: In this study, human DPSCs were isolated using magnetic activating
cell sorting technique. The test cells were treated with 0.4 T SMF exposure. A neodymium
disc was used to provide the magnetic field. For control group, the cells were exposed to a
non-magnetized neodymium disc. The cell proliferation rate and gene expression profiles were
performed by MTT assay and RNA microarray, respectively.
Results: Our results showed that the proliferation rate of SMF-treated human DPSCs sig-
nificantly increased. A total of 216 genes changed with a 2-fold or more ratio was found in
SMF-treated human DPSCs. In addition, Slightly increase of TGFB-2 and Col III genes were
noted after 24-hour exposure. Moreover, FGF2 gene increased after 48-hour exposure.
Conclusion: According to these results, we conclude that 0.4T SMF significantly improve the
proliferation and gene expression of human DPSCs.
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Abstract— How to successful cryopreservation of stem cells is a key issue for application of
regenerative medicine. Recently, magnetic cryopreservation has been reported to be an efficient
method for cell banking and cryopreservation. The purpose of this study was to test whether
static magnetic fields can improve cryoprotective effects of stem cells during cryopreservation
process. In methodology, human dental pulp stem cells were frozen with a 0.8-T SMF and then
stored at −196◦C for 24 hr. During freezing, the cells were suspended in freezing media containing
with 0%, 3%, or 10% DMSO. After thawing, the survival rate of the stem cells were tested and
compared to the control cells which were frozen without SMF. In addition, physical property of
the cellular membrane was determined to understand the possible cryoprotective mechanisms of
the SMF. The results indicated, the positive cryoprotective effect of SMF can be observed when
the freezing medium was DMSO-free. The survival rates of the thawed stem cells increased up
to 2.5-fold when the cells were exposed to a 0.8-T SMFs, respectively (p < 0.01). Meanwhile,
our results showed that the major mechanism of SMF-induced cryopreservation is due to the
membrane distortion due to magnetic force applied. These results suggested that SMF exposure
improved stem cell cryopreservation at DMSO-free environment. This phenomenon can be a
useful reference for future tissue engineering application.
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1School of Engineering-Emerging Technologies, University of Tabriz
Tabriz 51666-14761, Iran

2Department of Engineering, University College of Nabi Akram, Tabriz 51385-1488, Iran

Abstract— Metamaterial-based optoelectronic devices including Terahertz filters play a defini-
tive role in advancement of THz technology. In this article we present a design procedure to obtain
voltage-dependent carrier density control in a GaN-based hetero structure with a Schottky gate
configuration which serves as the substrate for a THz bandpass filter (BPF). The introduced
structure consists of a cross shaped metallic layer on the AlGaN/GaN hetero structures as pre-
sented in Figure 1(a). Then, we investigate tuning of transmission properties and the tunability
of the filter. Figure 1(b) illustrates the transmission properties of the designed structure at
different bias voltages. An overall tunability of about 103 GHz in the resonance frequency was
obtained by varying the applied voltage from −8 V to 2V. Also, a plasmonic metamaterial based
on the graphene cross-shaped structure is studied and a comparison has been performed between
the optical properties of graphene-based cross-shaped structure and the original structure. It is
noteworthy to mention that graphene-based THz filters are more flexible to achieving tunabil-
ity, and the continuous forms of graphene can be transferred to a flat substrate and the carrier
concentration of each layer in a graphene-based multi-layer filter can be dynamically tuned.
The surface conductivity of graphene that contains the effect of interband and intraband tran-
sitions has been calculated through the local limit of random-phase approximation (RPA). The
surface conductivity depends on the temperature, the intrinsic carrier relaxation time, τ , and the
Fermi level (which depends on the external bias voltage). Obtained results show considerable
resonance strength and dynamically controllable feature. Both of the presented structures can
be promising for developing electrically tunable THz BPFs.

(a) (b)

Figure 1: Cross-shaped THz BPF (a) and the obtained transmission characteristics as a function of applied
bias voltage.
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Continuous Wireless Monitoring and Wireless Power Transfer for
Leadless Pacemaker Systems

Rupam Kumar Das1, Dong Sik Woo2, and Hyoungsuk Yoo1

1University of Ulsan, Ulsan, South Korea
2Kyungpook National University, South Korea

Abstract— Pacemakers provide electrical stimuli to cause cardiac contractions when intrin-
sic cardiac activity is inappropriately slow or absent. Traditional cardiac pacing or pacemaker
systems comprise an implantable pulse generator and lead system. A conventional pulse gen-
erator has an interface for connection to and disconnection from the electrode leads that carry
signals to and from the heart. The complex connection between connectors and leads provides
multiple opportunities for malfunction. Moreover, the pacemaker lead may also interact with
magnetic resonance imaging (MRI) systems, which can cause tissue damage. Recently, an MRI-
compatible capsule-type leadless pacemaker was introduced to resolve these problems. A leadless
pacemaker has several advantages, such as being less invasive (no surgery, more cosmetically
pleasing for the patient, i.e., invisible), improved efficiency (no system connections, more readily
MRI-compatible), and cost-effectiveness (reduced length of hospital stay, less infection or ero-
sion). However, the potential disadvantages or technical challenges of the leadless pacemaker
cannot be neglected. These challenges include multiple chamber pacing, novel delivery systems,
battery longevity, telemetry and long-term efficacy.
The leadless pacemaker’s telemetry might facilitate a development that would allow healthcare
professionals to control the device and monitor patients using a standard programmer via smart
phones, thereby providing individual treatment to patients in the most rural of areas. Moreover,
the leadless pacemaker must remain in place even after the batteries are exhausted. If a noninva-
sive method of recharging the batteries or powering the leadless pacemaker could be found then
this would cease to be a problem and could even be considered an advantage. The implantable
antenna allows for wireless monitoring and device control in patients, and the inclusion of wireless
power transfer allows for continuous monitoring beyond normal battery lifetimes.
Here, we introduce an implantable antenna which can be incorporated into a capsule-type leadless
pacemaker for telemetry. This antenna was designed at Medical Implanted Communication
Service (MICS) band (∼ 400MHz). We also utilize the recently published midfield energy transfer
technique to check the likeliness of wireless powering of the leadless pacemaker and for removal of
batteries. A midfield transmitter antenna was designed for this purpose at 1.5 GHz. Finally, we
simulated and measured the performance of both antennas, and we also checked any significant
coupling between these two schemes.
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Some Effects of Specific Interest on the Brain of Children with
Autism Spectrum Disorder (ASD): A Functional Near-infrared

Spectroscopy Study

Huilin Zhu1 ∗, Yuebo Fan3, Xinge Li1, 2, Dan Huang3, Huan Guo2, and Sailing He1, 4

1Centre for Optical and Electromagnetic Research, South China Academy of Advanced Optoelectronics
South China Normal University (SCNU), Guangzhou 510006, China

2School of Psychology, South China Normal University (SCNU), Guangzhou 510631, China
3Guangzhou Rehabilitation and Research Center for Children with ASD, Guangzhou 510540, China

4Department of Electromagnetic Engineering, Royal Institute of Technology, Stockholm 10044, Sweden

Abstract— Autism spectrum disorder (ASD) is a neuro-developmental disorder, characterized
by two major domains: impairments in the social cognition and communication as well as re-
stricted, repetitive, stereotyped interests and behaviors. In this study, functional near-infrared
spectroscopy (fNIRS) was applied to investigate the atypical activation pattern of language areas
(bilateral inferior frontal gyrus and bilateral temporal cortex) and uncover the impact of a spe-
cific interest on the brain function of children with ASD. We employed a listening comprehension
task to stimulate the language areas of 2 ASD boys (A1 and A2) who had strong interests in
the experiment material (“Lightning McQueen”) and another 2 ASD boys (A3 and A4) who
were matched with A1 and A2 respectively by age, intelligence quotient, language ability and
the severity of symptoms. Our results showed that, during the task, the picture of “Lightning
McQueen”, but not the words of “The little red car”, elicited stronger activation in the bilateral
inferior frontal gyrus and temporal cortex of A1 and A2 than A3 and A4. These results could
facilitate our understanding of language development of ASD and reconsider the role of specific
interests (especially visual stimuli) played in the brain functional development of ASD.

*Corresponding author: Huilin Zhu (huilin.zhu@coer-scnu.org).
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Broadband Cross Polarization Converter Formed by Twisted
F-shaped Chiral Metamaterial

D. K. Sharma and S. K. Pathak
Microwave and ECE Diagnostic Division, Institute for Plasma Research, India

Abstract— A broadband cross polarization convertor (CPC) formed from Twisted-F Shaped
Chiral Metamaterial (TFSCM) having high optical activity is reported in this work. The pro-
posed structure supports high polarization conversion efficiency which has been demonstrated
numerically. The achieved optical activity in the structure is due to the presence of cross cou-
pling phenomena between electric and magnetic fields. The coupling mechanism is explained on
the basis of surface current distribution in between top and bottom metallic plates of TFSCM.
The TFSCM is a bilayered structure having F-shaped metallic inclusions on both sides having
twist in opposite direction and separated by FR-4 dielectric spacer. In direction of EM wave
propagation, structure lacks mirror symmetry which provides structure the property to have
strong optical activity in order to realize cross polarization conversion [1].
In Figure 1(a) numerical results of co- and cross polarization transmission coefficients of the
TFSCM are presented. At frequency of 25.8 GHz the observed maximum cross polarization
efficiency (CPC) is very high. At that frequency the distribution of surface current is as shown
in Figure 2. It observed that incident electric field in y-direction excites symmetric current
in front and back metal strips. Due to this a dominant electric dipole coupling is observed
at resonance frequency [2]. The proposed broadband TFSCM cross polarization convertor is
anticipated to have applications in microwave and photonics in the fields of communication,
polarization spectroscopy, imaging microscopy etc..

Figure 1: Cross and Co polarization coefficients of
TFSCM structure.

Figure 2: Surface current distribution of front and
back metallic plate of TFSCM structure at fre-
quency of 25.8 GHz.
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Effect of Frequent Degree of Deceiving on the Prefrontal Cortical
Response to Deception: A Functional Near-infrared Spectroscopy

(fNIRS) Study

Fang Li1, 2, Huilin Zhu1 ∗, Shijing Wu1, Qianqian Gao1, 2,
Ziqiang Hu1, 2, Jie Xu1, Guixiong Xu1, and Sailing He1, 3
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Guangzhou 510006, China
2School of Psychology, South China Normal University (SCNU), Guangzhou 510631, China

3Department of Electromagnetic Engineering, Royal Institute of Technology, Stockholm 10044, Sweden

Abstract— Functional near-infrared spectroscopy (fNIRS) is an emerging brain-imaging tech-
nique which has been used to various areas. Previous studies have indicated that frequent de-
ceiving would make deceiving easier. In this study, fNIRS was used to explore the effect of
frequent degree of deceiving on the prefrontal cortical response to deception. Self-related ques-
tions were used in the experiment. The results showed different patterns of neural activation
between non-frequent deceiving and frequent deceiving. In Channel 11 (in the left prefrontal
cortex), non-frequent deceiving led to a greater neural activation than telling the truth, while
this pattern did not appear in frequent deceiving. Our finding suggested that fNIRS has ability
to detect deception under different situations.

*Corresponding author: Huilin Zhu (huilin.zhu@coer-scnu.org).
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Phononic Metamaterials: Past, Present and Future Challenges

Johan Christensen
DTU Fotonik, 2800 Kgs. Lyngby, Denmark

Abstract— The boost experienced by acoustic and elastic (phononic) metamaterial research
during the past years has been driven by the ability to sculpture the flow of sound waves at
will. Motivated by the desire to engineer artificial structures in the form of metamaterials and
the quest to map quantum mechanical phenomena onto classical waves such as sound has led to
vast possibilities in material designs for control of wave motion and the potential for engineering
applications. Some striking material properties have shown in the past to be able to leave an
objective acoustically concealed, hence they are cloaks of “unhearability”. Also, fascinating
materials have been designed to be able to bend a ray of sound the “wrong” way when, for
example, a loudspeaker turned on irradiates such artificial structure with a negative refraction
index. In this talk, I like to review some of the key achievements made in this field and wish to
address some of the unanswered questions that might lead to a breakthrough in the future.
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Elastic Wave Propagation in Soft Matter Materials

Stephan Rudykh
Department of Aerospace Engineering, Technion-Israel Institute of Technology, Israel

Abstract— We study elastic wave propagation in finitely deformed soft materials [1]. First, we
derive explicit dispersion relations for homogeneous materials undergoing large deformations [2].
We show that large deformations significantly affect elastic wave propagation in soft materials.
Next, we analyze a class of periodically structured phonon crystals with layered microstructures.
These structures are known to develop elastic instability-induced wrinkling of interfacial lay-
ers [3]. The onset of a wrinkling instability in initially straight interfacial layers occurs when a
critical compressive strain or stress is achieved. Further compression beyond the critical strain
leads to an increase in the wrinkle amplitude of the interfacial layer. This, in turn, gives rise
to the formation of a system of periodic scatterers, which reflect and interfere with wave prop-
agation. We demonstrate that the topology of wrinkling interfacial layers can be controlled by
deformation and used to produce band-gaps in wave propagation and, hence, to selectively filter
frequencies [1]. Remarkably, the mechanism of frequency filtering is effective even for composites
with similar or identical densities, such as polymer-polymer composites. Since the microstructure
change is reversible, the mechanism can be used for tuning and controlling wave propagation by
deformation.
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Single Negative Metamaterials Take on Negative Indices Owing to
Multiple Scattering: Demonstration with an Acoustic Super-lens

N. Kaina, F. Lemoult, M. Fink, and G. Lerosey
Institut Langevin, ESPCI ParisTech, France

Abstract— We evidence that single negative metamaterials can turn into double negative ones,
hence leading to a negative band solely by breaking the symmetry. We explain this phenomenon
from multiple scattering effects and give an analogy with the phonon optical branch. We experi-
mentally demonstrate a negative index acoustic super-lens using a soda can hexagonal array with
λ0/15 spot.
Media presenting negative indices of refraction were first considered theoretically by Veselago in
the 60’s [1]. They have recently become a very attractive field of research since they theoreti-
cally offer the compelling possibility of designing flat super-lenses that can beat the diffraction
limit, as suggested by Pendry [2]. This negative refraction can be achieved using metamateri-
als presenting simultaneously two negative effective properties (permittivity and permeability in
electromagnetics or modulus and mass density in acoustics). From a practical point of view, this
requires to combine two single negative locally resonant meta-atoms, each bringing one of the
negative properties. On the other hand, it was highlighted that the negative refraction may also
occur from the superposition of a monopolar and a dipolar resonance of a single acoustic Mie
scatterer [3]. In this work, we show analytically and numerically, that, contrarily to previous
ideas, double negative media can be created from a single negative metamaterial, that is a meta-
material having a single resonant atom. We chose to work with an acoustic metamaterial made
out of soda cans as Helmholtz resonators. We start from a periodic one dimensional medium,
for which the elementary cell, of deeply subwavelength dimension, is composed of a single acous-
tic resonator and whose dispersion relation is polaritonic (Fig. 1(a)). By slightly breaking this
medium’s symmetry, thus creating a bi-periodic medium (Fig. 1(b)), we evidence the creation of
a negative band in the bandgap of the original medium. We prove that this can be explained
only by considering the multiple scattering within the unit cell, which allows the rise of a dipolar
mode otherwise inexistent. An analogy with the phonon optical branch will be provided. We
then experimentally demonstrate a negative index acoustic super-lens for a frequency within the
negative band of an hexagonal array of soda cans, that focus sound on a λ0/15 focal spot behind
the lens, in the vicinity of the output surface.
This new approach of a double negative medium from symmetry broken metamaterials stresses
the importance of multiple scattering at subwavelength scales that is generally considered unim-
portant, as metamaterials are considered as effective media. We believe this work simplifies the
design of negative index materials and paves the way to the design of new and exotic metamate-
rials.
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Figure 1: (a), (b) Simulated dispersion relation of a periodic triangular (resp. biperiodic hexagonal) array
of soda cans in the Γ-M direction and schematic of the simulated medium. (c), (d), (e) Experimental results
of super-lensing.
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Sound Absorption by a Structure with Straight Rectangular Pores
Loaded by Periodically Distributed Detuned Resonators

J.-P. Groby1, R. Pommier2, and Yves Aurégan1
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Abstract— We demonstrate that the phenomenon of slow sound propagation associated with
its inherent dissipation (dispersion + attenuation) arising from visco-thermal losses can be effi-
ciently used to design broadband sound absorbing materials. The propagation in straight pores
of rectangular cross-section loaded with tuned or detuned resonators is first analyzed. Below
the bandgap associated with the resonance, the sound speed is slow down inside the pores and
depends on the dimensions of both the pores and the resonators. Between the two resonances, a
transparency band is open also associated with a speed of sound much smaller than the one in
the air. We show that this speed is necessarily dispersive within the transparency band, while it
possesses a plateau at low frequency.
The absorption coefficient of a periodic arrangement of one straight pore loaded with detuned
resonators is then analyzed to obtained a perfect absorption condition, via an analysis in the
complex frequency domain. Perfect absorption is obtained for a wavelength in the air much larger
than four times the thickness of the structure, whose efficiency largely overcome the absorption
properties of usual air saturated porous materials. It is shown that this perfect absorption arises
from a critical coupling condition, the radiation loss being exactly compensated by the viso-
thermal ones for specific dimensions of the structure.
The absorption of a metamaterial consisting of a periodic arrangement of pores with different
lengths and cross-sections loaded with tuned or detuned resonators is finally shown to be unity
or close to unity over a broad frequency range due to a correct frequency distribution of the
resonances.
These conclusions are supported by experimental results.
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Boundary Layer Effects on Acoustic Transmission through Narrow
Slit-cavities

G. P. Ward1, R. K. Lovelock1, A. R. J. Murray1, A. P. Hibbins1,
J. R. Sambles1, and J. D. Smith2

1Electromagnetic and Acoustic Materials Group, Department of Physics and Astronomy
University of Exeter, Stocker Road, Devon, EX4 4QL, United Kingdom
2DSTL, Porton Down, Salisbury, Wiltshire, SP4 0JQ, United Kingdom

Abstract— We explore the slit-width dependence of resonant transmission of sound in air
through both a slit-array formed of aluminium slats, and a single open-ended slit-cavity (not
shown in this abstract) in an aluminium plate. By studying Fabry-Perot-like cavity resonances,
we find significant attenuation of the transmitted signal, and a reduction of the effective speed
of sound through the slits by as much as 18%, for slit sizes narrowed below 2% of the free space
wavelength. Our experimental results agree with numerical modelling and with theory which
stems from Lord Rayleigh [1], concerning how viscous and thermal boundary layers at the slit
walls effect the acoustic wave across the whole slit-cavity.

Figure 1: Dependence of the frequency of the fun-
damental Fabry-Perot resonance on slit width for
the slit-array with slats of length L = 19.80 ±
0.12mm. The data was taken under different tem-
perature, pressure and humidity, and then nor-
malised to 293.15K, with the other variables having
negligible effect. The long dashed line represents a
lossless FEM numerical prediction, the solid line a
numerical prediction that includes the viscous and
thermal properties of the system, and the circles
the experimental results. Also shown as a dot-dash
line is the prediction of the lossless model-matching
model proposed by Christensen [1]. (Inset) Exam-
ples of the experimentally measured transmitted
frequency spectra for the slit-array sample. Four
different slit widths 2.0 mm, 1.0 mm, 0.5mm and
0.2mm, are represented by the dot-dashed, long-
dashed, dotted and solid lines respectively.

Figure 2: Ratio of the effective speed of sound c′

to bulk speed c in each slit-cavity. Black represents
the array sample, and grey the single slit sample.
The solid lines show the result extracted from the
finite element method model, the dashed lines are
Stinson’s [2] simplified analytic theory. Points are
experimental data.
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Fick’s Second Law Transformed for Cloaking in Mass Diffusion

T. M. Puvirajesinghe1, 2, 3 and S. Guenneau3, 4
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3Aix-Marseille Université, Marseille F-13284, France

4Institut Fresnel, UMR CNRS 7249, Marseille, France

Abstract— We have adapted the concept of transformational thermodynamics, whereby the
flux of temperature is controlled via anisotropic heterogeneous diffusivity, for the diffusion and
transport of mass concentration. The n-dimensional, time-dependent, anisotropic heterogeneous
Fick’s equation is considered, which is a parabolic partial differential equation also applicable to
heat diffusion, when convection occurs, for example, in fluids. We initially used finite-element
computations to model liposome particles surrounded by a cylindrical multi-layered cloak in a
water-based environment, and for a spherical multi-layered cloak consisting of layers of fluid with
an isotropic homogeneous diffusivity, deduced from an effective medium approach [1]. Indepen-
dent research groups have applied our model to applications implicating the protection of steel by
protecting concrete against chloride ions penetration [2] as well as for the design of water-based
invisibility cloaks [3]. We now investigate the utility of the biocloak for vectorization of drugs [4].
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Topological Acoustics

Zhaoju Yang1 and Baile Zhang1, 2
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Nanyang Technological University, Singapore 637371, Singapore
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Abstract— The concept of topologically nontrivial bandstructures, which originally arose in
the study of the quantum Hall effect and topological insulator materials, has recently led to
the emergence of the field of “topological photonics”. Here, we further extend the concept to
acoustics by designing a phononic crystal which maps theoretically onto the integer quantum
Hall effect. Time-reversal symmetry is broken by a circulating fluid flow in each unit cell, which
corresponds to nonzero periodic effective magnetic flux density. We derive the bandstructure,
and show the existence of topologically nontrivial bands possessing nonzero Chern numbers.
Numerical simulations reveal the existence of unidirectional acoustic modes at the boundaries
of the phononic crystal, which are topologically protected against backscattering from disorder.
Such topological phononic crystals may have novel applications in acoustics.
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Phonon Tunneling Times of Semiconductor Heterostructures with
Different Tunneling Channels

Diosdado Villegas1, J. Arriaga1, Fernando de León-Pérez2, and Rolando Pérez-Álvarez3

1Instituto de F́ısica, Benemérita Universidad Autónoma de Puebla
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Abstract— Theoretical and experimental studies of periodic structures that exhibit the so-
called phononic band gaps have received great interest in recent years due to their potential
applications. Recently, a long-wavelength continuum phenomenological model [1, 2] has been
employed to study the phonon tunneling time at normal incidence in semiconductor heterostruc-
tures [3].
In this work, we study the phonon tunneling times at oblique incidence in asemiconductor het-
erostructure. Using the continuity equation for the vibrational energy density inside the system,
we deduce ageneral analytical formula containing the different tunneling times. In particular,
we demonstrate that this relation is reduced to the equation for the tunneling time at normal
incidence, corresponding to uncoupled modes. We present analytical expressions for the trans-
mission, reflexion, interference, and dwell times, for both, longitudinal and transversal modes.
We show that the interference time is a dwell time associated with the interference effect in front
or behind the barrier. As an additional complement, analysis for the vibrational energy and
for the energy density flux of the system is considered. We carried out numerical calculations
based on the transfer-matrix method. This study is easily extrapolated to other systems, and
our results could be useful for the design of acoustic devices.
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Fabrication of Large Area Metamaterials for Acoustic Attenuation
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Abstract— We report the development of film type acoustic metamaterials by utilizing mi-
cro scale resonators. In detail, we show the establishment of fabrication techniques for micro
resonator by using photolithography and replication processes. Throughout the research, we
have verified geometrical, material properties of metamaterials and target sound properties for
better optimizing acoustic attenuation. We observed micro-structured resonator has acoustic at-
tenuation at specific frequency range and absorbing resonant frequency can be adjust as change
the resonator’s geometrical values. Also, we developed mass production system by overcom-
ing traditional wafer scale fabrication system by using visually tolerable tiling method and roll
to roll imprint system. Ultimately, we hope to apply these acoustic metamaterials to various
applications such as national defence area and medical field.



1266 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Airborne Acoustic Transmission through Compound Arrays of
Subwavelength Slits

G. P. Ward, A. P. Hibbins, and J. R. Sambles
Electromagnetic and Acoustic Materials Group, Department of Physics and Astronomy

University of Exeter, Stocker Road, Devon, EX4 4QL, UK

Abstract— The angular dependence of the transmission of sound in air through four different
arrays of 2D slit-cavities formed from aluminium slats is explored, both experimentally and nu-
merically. For a simple array of geometrically identical and equally spaced slits, it is well known
that Fabry-Perot-like wave-guide resonances, supported by the slit-cavities, result in ‘Enhanced
Acoustic Transmission’ at frequencies determined by the length, width and separation of each
slit-cavity [1, 2]. We demonstrate that altering the spacing or width of some of the slits (i.e., the
structure factor) to form a compound array results in sharp dips in the transmission spectra,
that may have a strong angular dependence. These features correspond to ‘phase resonances’,
which have been studied extensively in the electromagnetic case [3, 4]. The introduction of struc-
ture factor to each array period allows additional near-field configurations, whereby the field
in adjacent cavities can be out-of-phase. Useful insight is gained by employing a surface-wave
band-folding picture to describe the phenomena as ‘Spoof Acoustic-Surface-Waves’ (SASWs)
propagating along a very deep grating structure, that arise from the strong coupling of Fabry-
Perot cavity resonances between adjacent slits. One of the structures investigated is optimised
to minimise the effect of boundary-layer loss mechanisms present in each slit cavity, thereby
achieving broad and deep transmission minima.

(a) (b)

Figure 1: (Schematics) Periodic unit cells for a (a) simple and (b) compound array structure. The grey
blocks represent the aluminium slats that form the sample walls. Labelled dimensions are B = A/2, A =
2.9mm, L = 19.8 mm, C2 = 5.9 mm, C = 1.5 mm and λg = 23.3mm. (Colour Plots) The corresponding
experimentally recorded transmission of sound (colour scale) through each sample, plotted as a function of
frequency vs in-plane momentum (kx = k0 sin(θ)). For reference, a solid line representing grazing incidence
k0 is included on each plot. The first order diffracted sound line kg calculated from the unit cell periodicity
is represented by the black dashed line.
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Graphene Plasmonics and Beyond

Tony Low
University of Minnesota, USA

Abstract— I will review our recent work on graphene plasmonics and nanophotonics based on
other 2D materials, such as black phosphorus, transition metal dichalcogenides, boron nitrides
and their heterostructures.
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Strong Absorption in a 2D Materials-based Spiral Nanocavity

Mohammad H. Tahersima and Volker J. Sorger
Department of Electrical and Computer Engineering, The George Washington University

Washington, D.C. 20052, USA

Abstract— Recent investigations of semiconducting two-dimensional (2D) transition metal
dichalcogenides have provided evidence for strong light absorption relative to its thickness at-
tributed to high density of states. Stacking a combination of metallic, insulating, and semicon-
ducting 2D materials enables functional devices with atomic thicknesses. While photovoltaic cells
based on 2D materials have been demonstrated, the reported absorption is still just a few percent
of the incident light due to their sub-wavelength thickness leading to low cell efficiencies. Here
we show that taking advantage of the mechanical flexibility of 2D materials by rolling a molyb-
denum disulfide (MoS2)/graphene (Gr)/hexagonal Boron Nitride (hBN) stack to a spiral solar
cell allows for solar absorption up to 90%. The optical absorption of a 1 m long hetero-material
spiral cell consisting of MoS2, graphene and hBN is about 50% stronger compared to a planar
MoS2 cell of the same thickness; although the ration of the absorbing material, here Gr and
MoS2, relative to the cell volume is only 6%. We anticipate these results to provide guidance for
photonic structures that take advantage of the unique properties of 2D materials in solar energy
conversion applications.
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Hyperbolic Media

Zubin Jacob
Department of Electrical and Computer Engineering

University of Alberta, Edmonton, AB T6G 2V4, Canada

Abstract— We review the recent progress in the field of hyperbolic media and in particular the
exciting developments of hyperbolic modes in graphene multilayers and hexagonal boron nitride.
Polaritons, collective excitations of light and matter are uniquely poised to usher a generation of
applications beyond the reach of conventional electronics and photonics. From exciton-polaritons
combining semiconductor electron-hole pairs with light for low threshold lasing [1] to plasmon-
polaritons which mix metallic free electrons and photons for nanoconfinement [2], unique appli-
cations exist for each polariton. Recent discovery of strongly confined phonon-polaritonic modes
in hexagonal boron nitride (hBN) can usher in new imaging, thermal and quantum applications
in the mid-infrared wavelength region [3–5].
Phonon-polaritons are collective oscillations of phonons (lattice vibrations) and light in polar
dielectrics such as silicon carbide (SiC), silicon oxide (SiO2) and strontium titanate (SrTiO3). The
characteristic frequencies at which these modes occur are related to the ionic mass (ω ∝ 1/

√
Mion)

and fall in the mid-infrared wavelength range for most materials. The dielectric permittivities
take on unique forms at phonon-polaritonic resonances either passing through a zero (ε ≈ 0)
or being enhanced to large values at a pole (ε À 1). In between the epsilon-near-zero (ωLO)
and epsilon-near-pole (ωTO) frequencies, these naturally occurring media behave like a simple
conventional metal and strongly reflect incident radiation. This range of frequencies is called the
“Reststrahelen band” which is forbidden for propagating rays of light.
However recent work has shed light on fundamentally interesting phenomena precisely within this
forbidden band of a unique phonon-polaritonic medium: hBN. The weak Van der Waals bonded
nature makes this medium optically anisotropic due to different effective masses of phonons
along the crystal axes. An unusual anisotropy leads to dielectric responses of opposite signs
in perpendicular directions (ε‖ε⊥ < 0). This gives rise to hyperbolic polaritons within the
bulk medium allowing electromagnetic modes to propagate in the forbidden band which is not
possible for conventional polar dielectrics. The word hyperbolic derives from the topology of
the isofrequency surface which is a hyperboloid in contrast to a closed sphere as in conventional
dielectric media [6, 7].
I will discuss many of the above properties and multiple new directions for the field.

REFERENCES

1. Bhattacharya, P., et al., “Room temperature electrically injected polariton laser,” Phys. Rev.
Lett., Vol. 112, 236802, 2014.

2. Nikolajsen, T., K. Leosson, and S. I. Bozhevolnyi, “Surface plasmon polariton based modula-
tors and switches operating at telecom wavelengths,” Appl. Phys. Lett., Vol. 85, 5833–5835,
2004.

3. Caldwell, J. D., et al., “Sub-diffractional volume-confined polaritons in the natural hyperbolic
material hexagonal boron nitride,” Nat. Commun., Vol. 5, 2014.

4. Dai, S., et al., “Tunable phonon polaritons in atomically thin Van der Waals crystals of boron
nitride,” Science, Vol. 343, 1125–1129, 2014.

5. Xu, X. G., et al., “One-dimensional surface phonon polaritons in boron nitride nanotubes,”
Nat. Commun., Vol. 5, 2014.

6. Smith, D. R., P. Kolinko, and D. Schurig, “Negative refraction in indefinite media,” J. Opt.
Soc. Am. B, Vol. 21, 1032–1043, 2004.

7. Podolskiy, V. A. and E. E. Narimanov, “Strongly anisotropic waveguide as a nonmagnetic
left-handed system,” Phys. Rev. B, Vol. 71, 201101, 2005.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1271

Metamaterials for Solar Energy Conversion and Chiral Sensors

Vivian Ferry
Department of Chemical Engineering and Materials Science

University of Minnesota, 421 Washington Ave SE, Minneapolis, MN 55455, USA

Abstract— The combination of plasmonics and metamaterials with tunable materials offers
new possibilities to manipulate optical and device properties. This talk will discuss the integration
of plasmonics into two application areas: solar energy conversion, and chiral nanoscale structural
sensors.
The first part will focus on combining photonic structures with semiconductors to enhance solar
energy conversion, and particularly on the design, fabrication, and characterization of luminescent
solar concentrators. In a standard LSC, light is absorbed by a dye and re-emitted at a longer
wavelength which is guided by total internal reflection to an adjacent solar cell. LSCs offer many
benefits compared to traditional concentrator designs, including the ability to operate under both
direct and diffuse incident sunlight, but are limited by parasitic losses. I will discuss recent efforts
to improve the concentration ratio of LSCs by combining narrow emission band light emitters
with wavelength-selective photonic structures.
The second portion of the talk will focus on tunable chiral metamaterials. Using DNA as a scaf-
fold, we self-assemble nanoparticles into chiral geometries where the circular dichroism response
arises from the spatial arrangement of nanoparticles rather than the DNA. These structures can
be made tunable by targeting interactions to specific DNA sequences, thereby changing the dis-
tances between nanoparticles in the chiral assembly. These assemblies can be used as nanoscale
distance sensors, as the wavelength, intensity, and sign of the CD spectra all encode information
about the nanoscale distances that are present. Through small structural modifications, these
assemblies can be made to flip handedness. In this geometry, CD spectra also arise from interac-
tions between nonresonant nanoparticles, and we show how different combinations of materials
produce spectroscopic signatures.
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Exact Solution for the Reflectivity of Grapheme at Nonzero
Temperature over the Wide-band Frequency Range
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Abstract— The quantum field theoretical consideration for the reflectivity of graphene will be
presented. This consideration exploits the polarization tensor of graphene at nonzero temperature
in (2+1)-dimensional space-time. The obtained form of polarization tensor possesses the required
analytic properties over the entire plane of complex frequencies. At zero temperature obtained
tensor coincides with that obtained in [1]. At nonzero temperature it takes the same values as
the one obtained in [2] at all Matsubara frequencies. This justifies all numerous applications
of the polarization tensor [1, 2] used for calculation of the Casimir interaction for graphene and
graphene-coated substrates [2–4]. However, as will be shown in our report, the polarization
tensor [2] is an oscillating function along the imaginary frequency axis, and this precludes the
use of its analytic continuation to real frequency axis for further theoretical description. In our
case, the obtained form of the polarization tensor is a monotonously decreasing function of the
imaginary frequencies and admits the analytic continuation to real frequency axis satisfying all
physical requirements.
The analytic expressions for the reflection coefficients and reflectivities of graphene for two inde-
pendent polarizations for high and low frequencies were obtained by us using the derived form of
the polarization tensor at nonzero temperature. Finally, we have performed numerical computa-
tions of the TM and TE reflectivities of graphene over the wide frequency range.
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Active 2D Material-based Nanophotonic Devices for Optical
Interconnects
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Abstract— The past decades have seen concerted efforts to combine optical and electrical
components into optoelectronic integrated circuits for a range of applications, including opti-
cal interconnects, sensing, and signal processing. The leading architectures for electro-optic
integration today are based on bulk semiconductor materials — for example, for detectors, pre-
dominantly bulk Ge, InP, and InGaAs. However, the integration of bulk semiconductor-based
detectors has faced important challenges, including for instance the need for frontend changes
in complementary metal-oxide-semiconductor (CMOS) processing, fixed spectral response due to
material’s bandgap, and an intrinsic speed limited by material’s carrier mobility. In addition,
optical nonlinearities are typically low in bulk semiconductor materials. Recently, the family of
twodimensional (2D) materials has been shown to offer new functionalities for optoelectronic ap-
plications, including onchip electro-optic modulation, ultrafast broadband photodetection, light
emission, and non-parametric and parametric nonlinearities. Moreover, it has been shown that
different types of 2D materials can be assembled nearly defect-free into entirely new types of 2D
heterostructures, producing optoelectronic properties and device concepts that were not feasible
or very difficult using bulk semiconductors.
Here, we describe recent work on 2D materials and 2D heterostructures for on-chip photodetec-
tors, modulators, and light emitters in photonic integrated circuits, see Figure 1. First, we discuss
a new type of waveguide-integrated photodetector consisting of a single-layer graphene (SLG) en-
capsulated by hexagonal boron nitride (hBN) that enables both high-responsivity photodetection
and ultrafast pulse measurements in a compact and efficient waveguide-integrated design [1, 2].
Second, we discuss a high-speed graphene electro-optic modulator design based on a SLG-hBN
heterostructure integrated with a silicon photonic crystal nanocavity. Strongly enhanced light-
matter interaction of graphene in this sub-wavelength cavity enables efficient electrical tuning
of the cavity reflection with a modulation depth of 3.2 dB and a cut-off frequency in excess of
1GHz [3]. Finally, we describe how nanophotonic device concepts for slow-light and modification
of radiative rates via the nanocavity Purcell effect can be used to enhance light emission from
2D materials [4].

Figure 1: 2D materials-based active electrooptic components on a photonic integrated circuit.
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Wire Antenna
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Abstract— Nowadays, there is an increase in the interest of the metamaterials (MTMs) and
their applications and this development has already altered the direction of the electromagnetic
wave scattering including cylindrical media. This is an important development in the field since
these types of structures can open a new way to design and characterize novel devices based on
MTMs. In this manner, a frequency dispersive MTM scatterer [1], the case of a metallic cylinder
coated by MTM [2], the fields in a multilayered cylinder containing MTMs, multiple scattering
by MTM cylinders, and scattering by two MTM cylinders have been already investigated by dif-
ferent researchers. In [3] it is shown that the proper posing of the scattering problem necessitates
originating the standing and travelling wave Rayleigh modes in the circular cylindrical regions
from the Green’s integral formulae. The truncation of the obtained linear algebraic equations
via such approach requires physical check of the boundary conditions to obtain a reasonable
solution. But via regularization, this requirement is alleviated and the solution becomes immune
to the round-off errors [4, 5]. In this study, this new numerically stable version of modal scat-
tering formulation of circularly cylindrical boundaries is applied to the problem of scattering by
an eccentrically metamaterial coated wire antenna where wire is assumed perfectly conducting.
Here, all formulations will be for the TM mode since the main focus does not differ from the
corresponding TE mode formulations. The stability of the algorithm which is free from checking
of the boundary conditions [1] and special considerations on geometry to ensure convergence [2],
under various metamaterial parameters and different geometries and a wide frequency range will
be demonstrated.

Figure 1: MTM covered (ε1, µ1) PEC wire (grey circle) in free space (ε0, µ0).

REFERENCES

1. Valagiannopoulos, C. A., “Electromagnetic scattering from two eccentric metamaterial cylin-
ders with frequency-dependent permittivities differing slightly each other,” Progress In Elec-
tromagnetics Research B, Vol. 3, 23–34, 2008.

2. Mushref, M. A., “Closed solution to electromagnetic scattering of a plane wave by an eccentric
cylinder coated with metamaterials,” Optics Communications, Vol. 270, 441–446, 2007.

3. Ioannidou, M. P., K. D. Kapsalas, and D. P. Chrissouludis, “Electromagnetic-wave scattering
by an eccentrically stratified, dielectric cylinder with multiple, eccentrically stratified, cylindri-
cal, dielectric inclusions,” Journal of Electromagnetic Waves and Applications, Vol. 18, No. 4,
495–516, 2004.

4. Dikmen, F., E. Sever, S. Vatansever, and Y. A. Tuchkin, “Well-conditioned algorithm for
scattering by a few eccentrically multilayered dielectric circular cylinders,” Radio Science,
accepted, DOI: 10.1002/2014RS005501, 2015.



1276 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

5. Sever, E., F. Dikmen, O. A. Suvorova, Y. A. Tuchkin, “An analytical formulation with ill-
conditioned numerical scheme and its remedy: Scattering by two circular impedance cylinders,”
Turk. J. Elec. Eng. & Comp. Sci., 2014, accepted, DOI:10.3906/elk-1312-262.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1277

Probing Graphene-nanoparticle Interactions via Hot Carrier
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Abstract— Hybrid graphene-metal plasmonic systems exploit the near-field coupling between
graphene carriers and surface plasmon (SP) excitations supported in the metal, and are emerging
as a class of optical metamaterials that facilitate strong light-matter interactions and are of
potential importance for hot carrier graphene-based light harvesting [1] and active plasmonic
applications [2, 3]. Central to the physics of such systems are plasmon-induced hot carriers,
generated directly in the graphene via the intense near-fields and in the metal nanoparticle (NP)
via absorption (plasmon decay). However, a complete understanding of the near-field interaction
between graphene and nearby plasmonic nanoparticles is lacking.
In this talk, we report the plasmon-induced hot carrier dynamics of a hybrid metal-graphene
system consisting of a gold plasmonic nanodisk resonators coupled to a graphene overlayer. Nan-
odiscs are an ideal test structure due to their ease of fabrication that allows close packing and
readily tunable dipole resonance that couples strongly to the far-field. By selectively probing
the photocarrier dynamics in the graphene layer, following excitation at the SP band of the
NP array, we gain direct access to the influence of graphene-NP interactions on the transient
hot carrier population in the graphene. In order to distinguish between plasmon-induced hot
carrier generation processes we compare samples where graphene is in direct contact with the
metal NP (sample A) to those in which a hexagonal boron nitride (BN) monolayer has been
introduced at the graphene-metal interface (sample B), shown schematically in Fig. 1a. The
BN spacer layer serves as an effective barrier to charge transfer, while being just angstroms
thick it has little effect on the plasmon-mediated electromagnetic field intensity at the graphene
(verified by numerical simulations). We demonstrate that direct near-field photo-excitation is
the dominant process for plasmon-induced hot carrier generation in the graphene and gives rise
to a strong optical anisotropy in the hybrid samples, absent in bare graphene and NP control
samples, as revealed by polarisation-resolved measurements. Intrinsic optical anisotropy, driven
by the preferential occupation of specific states in k-space through to the carrier-field interaction,
is known to occur in various semiconductors including graphene, but is generally short lived due
to fast carrier-phonon scattering (∼ 100 fs) that redistributes the photo-carrier momentum. Here
we show that the strong optical near-field coupling of graphene to plasmonic NPs underpins a
long lived extrinsic optical anisotropy. The effect arises from the action of highly localised hot
carriers in the graphene on the sub-resonant NP polarisability, and persists for several 100 fs,
determined by the diffusion of hot carriers away from hot-spots. Our observations highlight the
rich physics associated with the graphene-NP interaction, and the potential to exploit plasmonic
metal-graphene nanostructures in photo-thermoelectric applications.
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Faraday Rotation in Periodic Graphene Structures
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Abstract— It is known that a graphene sheet, under the action of a perpendicular static
magnetic field, provides a Faraday rotation that, per atomic layer, is much larger than that of
any other known material [1]. The Faraday rotation in continuous graphene originates from the
cyclotron resonance of massless carriers, which in turn depends on the carrier concentration. This
property allows for dynamical tuning of the Faraday angle through either external electrostatic
or magneto-static setting. Furthermore, the rotation direction can be controlled by changing the
sign of the carriers in graphene, which can be done by means of an external electric field.
However, large Faraday rotation in the THz regime still requires large magnetic fields. In a
previous work [2], we demonstrated that the needed magnetic field can be reduced in arrays of
graphene microribbons (alternatively the working frequency can be larger for a given applied
magnetic field) through the excitation of the magnetoplasmons of individual ribbons. This 1D
geometry is just one of the many possibilities which can lead to useful Graphene-based non-
reciprocal devices, for which the fundamental limits set by physical constrains [3] do not severely
limit useful applications. For instance, recently, it has been shown that strong Faraday rotation
can be achieved in lattices of graphene meta-atoms [4].
In this talk we consider the general situation of a 2D periodic metamaterial, and relate the
Faraday rotation resonances to the excitation of the different magnetoplasmon modes that can
be excited in the system.
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Perfect Extinction of Terahertz Waves in Monolayer Graphene over
2-nm-wide Coaxial Apertures
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Abstract— Two-dimensional (2D) materials such as graphene possess unique electrical and
optical properties that are not present in bulk materials. Due to their atomic-scale thickness,
however, 2D materials usually interact only weakly with electromagnetic waves, presenting chal-
lenges for realizing high-performance optoelectronic devices. This work demonstrates that by
confining light into ultra-small metallic gaps, it is possible to dramatically boost this interaction
with graphene. As an extreme case, terahertz (THz) waves are squeezed into gaps about 105

times smaller, allowing them to interact with 99% efficiency with a 0.3 nm-thick graphene layer.
To realize this experiment, we used atomic layer lithography to define 2-nm-wide gaps in a thin
gold film. While the resulting gaps cover only 0.002% of the sufrace, 25% of incident THz energy
passes through the metal film. Surprisingly, placing a monolayer graphene at the exit side of
these gaps without an Al2O3 spacer allows 99%THz extinction leading to a reduction by another
2 orders of magnitude at the resonance, while the graphene on the bare substrate shows a typical
extinction of ∼ 20% over a broad THz frequency range. This huge extinciton is mostly caused
by strong absorption near the nanogaps.
As an application of this strong absorption, we also demonstrate high-contrast modulation of
THz transmission using monolayer graphene. We constructed an electrically controllable hybrid
material platform, consisting of the 2-nm-wide annular gaps, monolayer graphene, and an ionic
gel layer. The enhanced intraband absorption in the graphene leads to a very large modulation
depth of 80% with an operational voltage as low as 1.5 V. In addition to graphene, such ultra-
strong light-matter interactions mediated by nanogap structures could benefit a wide range of
applications involving 2D materials.
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Photothermal Microbubbles-assisted Optofluidic Control
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Abstract— Optofluidics, the science and technology of integrating optical systems with flu-
ids, have been demonstrated a wide range of applications in areas including analytical chem-
istry, biotechnology sensing, nanofluidic concentration, DNA manipulation, and virus detection.
Optofluidic systems can synthesize the advantages of hydrodynamics and optics such as reduced
sample consumption, improved sensitivity and detection time, representing a new evolution of
microfabrication techniques. Over the past decade, optofluidic systems can be categorized into
three major groups: (1) A fluids-in-solids system by introducing fluids with specific optical prop-
erties into the porous solid to elicit changeable optical effects. (2) A fluids-in-fluids system by
mixing fluids in other fluids with relevant optical properties to enhance the controllability and
flexibility of the resulting system. (3) A solids-in-fluids system by manipulating solid particles
in a fluid to enable large changes in the optical properties of the resulting system. And its de-
velopment requires more novel devices to outreach the other application fields and deepen the
fundamental research. This we present and demonstrate a simple optofluidic device served by
assembling graphene oxide (GO) into micro/nanofibers (MNFs). By integrating the excellent
absorption and scattering properties of GO with attractive waveguide dispersions of MNFs, it is
possible to elicit the extraordinary photothermal effect from GO under light illumination. The
controllable vapor microbubbles can be generated from the excited GO. Theoretical and exper-
imental studies show that thermocapillary convection can be initiated by the microbubbles to
manipulate particles.

ACKNOWLEDGMENT

This work is partially supported by the National Natural Science Foundation of China (Nos.
61177077, 1104162, 21476052, 91233208, 61178062), the Guangdong Natural Science Foundation
(2013B090500123, 2014A030313432), the Guangdong Innovative Research Team Program (Grant
201001D0104799318), the National High Technology Research and Development Program (863
Program) of China (No. 2012AA012201), Swedish VR grant (# 621-2011-4620) and AOARD.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1281

Modified Periodic Method of Moments for the Analysis and Design
of Metasurfaces Consisting of 2D Materials

Arya Fallahi
DESY-Center for Free-Electron Laser Science, Notkestrasse 85, Hamburg D-22607, Germany

Abstract— A full-vector semi-analytical numerical technique for the analysis of metasurfaces
made out of 2D materials is presented. The method is based on the periodic method of moment
for the analysis of general frequency selective surfaces. The required modifications to consider
the anisotropic conductivity model as well as the spatial dispersion are described. The paper
is intended to serve as a general and complete reference for modeling planar metamaterials
containing 2D materials. Therefore, the various computational aspects of the method, such
as effect of basis functions type and combination with transmission line model for studying
periodically inhomogeneous substrates, are also investigated. As the choice for the 2D materials,
we mainly focus on graphene and black phosphorous. Through the analysis of some examples, the
properties of a periodic structure containing the aforementioned 2D materials are investigated.
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Nano-resolving the Optical and Electronic Properties of Graphene
Encapsulated in Boron Nitride

M. B. Lundeberg
The Institute of Photonic Sciences (ICFO), Spain

Abstract— Since a couple of years, a new dry transfer method has been producing clean
heterostructures of graphene encapsulated in hexagonal boron nitride (BN). The graphene in
these devices shows exceptional electronic quality, with carrier mobilities no longer limited by
disorder.
Besides the improvement in DC electrical properties seen in these heterostructures, improvement
is likewise expected for the optical, or AC, response. In particular, graphene’s propagating
plasmons were observed to damp out quickly in traditional graphene devices, a consequence of the
high electronic resistance. We show with scanning near field optical microscopy (SNOM) that the
plasmons in BN-graphene heterostructures show a dramatic improvement in propagation time,
approaching the intrinsic limits at room temperature [1, 2]. The measurements also demonstrate
the extreme size confinement for plasmons, enhanced by the high permittivity environment offered
by BN.
Time permitting, other practical aspects of encapsulated graphene devices will be discussed:
conductivity inhomogoneities, and induced photocurrents.

REFERENCES

1. Woessner, A., et al., “Highly confined low-loss plasmons in graphene–boron nitride heterostruc-
tures,” Nature Materials, Vol. 14, 421, 2014, Doi: 10.1038/nmat4169.

2. Principi, A., et al., “Plasmon losses due to electron-phonon scattering: The case of graphene
encapsulated in hexagonal boron nitride,” Phys. Rev. B, Vol. 90, 165408, 2014, Doi:
10.1103/PhysRevB.90.165408.



Session 3A3
SC3: Silicon Photonics — Novel Materials, Hybrid

Integration, Sensors and Nonlinear Devices

Experimental Measurement of Nonlinear Phenomenain Silicon Waveguides

Samuel Serna, Weiwei Zhang, Xavier Le Roux, Laurent Vivien, Nicolas Dubreuil, Eric Cassan, . . . 1284

Nonlinear Optimization of Slot Si Waveguides: Effective Mode Area vs FOM TPA

Weiwei Zhang, Samuel Serna, Nicolas Dubreuil, Eric Cassan, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1286

Challenges for Silicon Photonics Based Mid Board Modules to Achieve High Data Rate Transmissions

Benjamin Blampey, Stephane Bernabe, K. Rida, O. Castany, A. Myko, Christophe Kopp, . . . . . . . . 1288

Impact of Nonlinear Loss on Stimulated Brillouin Scattering in Silicon Waveguides

Christian Wolff, M. J. Steel, B. J. Eggleton, Christopher G. Poulton, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1289

Silicon Photonics Integrated Devices for Low Cost End-user Bidirectional Transmission in Passive Optical
Networks: The FABULOUS European Project

Guido Giuliani, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1290

Advanced Building Blocks in Thick Silicon on Insulator Technology: Echelle Grating Multiplexers and
Reflective Multimode Interference Couplers

Pascual Munoz, Jose David Domenech, Javier S. Fandino, R. Banos, Bernardo Gargallo, . . . . . . . . . 1291

Silicon Optical Routers for Photonic Networks-on-Chip

Lin Yang, Yuhao Xia, Hao Jia, Qiaoshan Chen, Fanfan Zhang, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1292

Optical Properties of 2D Materials on Silicon and Silicon Nitride Waveguides

Hon Ki Tsang, Z. Cheng, L. H. Liu, J. Wang, K. Xu, X. Wan, B. Q. Zhu, C. Shu, J. B. Xu, . . 1293

Femtosecond Modulations Based on Periodic Patterns of Excited Free-carriers in Semiconductors

Yonatan Sivan, G. Ctistis, Allard P. Mosk, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1294

1283



1284 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Experimental Measurement of Nonlinear Phenomenain Silicon
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Abstract— The main drawback of silicon for nonlinear application is its absence of second order
nonlinear effects (χ(2)) and the strong free-carrier phenomena (Free Carrier Dispersion: FCR, Free
Carrier Absorption: FCA) accompanying the Kerr effect when using χ(3)-processes.To overcome
this problem, the design and fabrication of Silicon guiding structures under different geometries
is reported with particular emphasis in Slot Photonic Crystal Waveguides [1, 2]. The latest offers
a natural potential for nonlinear χ(3) optical applications, due to the strong enhancement of the
electric field in the slot region and further more in the slow light regime.Chosen according to
its second and third order non-linear susceptibilities χ(2) and χ(3), the low index material that
fills the slot and the holes can dramatically enhance the non-linear effects in the photonic crystal
waveguides. χ(2) electro-optic modulation in slotted photonic crystals and χ(3) Four-Wave Mixing
in slot waveguides have been for instance, successfully demonstrated [2, 3].

The samples under analysis consist of SOI wafers (Soitec) with a 260 nm-thick silicon film over
2 µm of buried oxide. Patternsare defined in ZEP-520A resist (Zeon Chemical Co.) by 80 kV elec-
tron beam lithography (Nanobeam nb4 system) and then etched by Inductive Coupling Plasma
Reactive Ion Etching process using SF6 gas. The facets of the sample were finally cleaved after
removal of the resist.The surface of the samples is covered by a refractive liquid (Cargille) with
an index of 1.46 infiltrating both the holes and the slot. The total length of the sample is 4.5 mm,
which includes 3 µm-wide access waveguides intended for end-fire coupling. These waveguides are
tapered down along 300µm to match the 400 nm-wide wire waveguides, which are then connected
to the SPCW through a three-stage converter [4]. A SEM image of the structure is shown with
a respective zoom in Fig. 1(a), the optical linear transmission for different length SPCW in a
wavelength range of 100 nm, starting from 1510 nm until 1610 nm is shown in Fig. 1(b), the
transmission of a strip waveguide is added as a reference, allowing to distinguish clearly the light
cone effect, the fast and slow light regimes and the bandgap, higher than 20 dB in less than 5 nm.

The nonlinear response of SPCW has been measured under a pulsed excitation of 7 nm bandwidth
and duration time of 2 ps varying the input average powers until 15 mW as shown in Fig. 1(c),
which given the duty-cycle of the laser correspond to maximum peak powers of around 5 W
coupled into the waveguide. Emphasis is put on the slow light properties and the bandgap effect
of the investigated waveguide. For instance the asymmetric output spectra, unexpected due to
the normally symmetric broadening given by the Kerr effect could be explained by the inhibition
due to the forbidden band of the photonic crystal From this analysis the TPA saturation curve
could be extracted and compared with the reference strip. These experimental measurements

(a) (b) (c)

Figure 1: (a) SEM view of the engineered slot photonic crystal waveguide (SPCW), (b) transmission spectra
of different length SPCW with a strip as a reference level and (c) measured output spectra after 1 mm length
of light propagation for various input average power levels, in yellow the linear transmission spectrum of the
waveguide.
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open an interesting discussion about the slow light regime (close to the band edge) that will be
detailed during the conference.
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Nonlinear Optimization of Slot Si Waveguides: Effective Mode Area
vs FOM TPA
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Abstract— In the context of the planar silicon photonics technology, optical nonlinear (χ(3))
Kerr effects are every easily obtained by using submicron silicon wires in the telecommunication
wavelength window due to a dramatic reduction of the needed power compared with fibres Un-
fortunately, the third order effects (χ(3)) are partially spoiled due to the strong strength of the
two-photon absorption (TPA) effect, which in turn generates free-carriers and induces additional
absorption and refractive index changes. The relative competition between the optical Kerr and
TPA effects is usually quantified by the use of the figure of merit FOMTPA = n2/α2λ, with n2

the nonlinear refractive index and α2 the TPA coefficient.

One of the key solutions to minimize the detrimental effects of free carriers in silicon while still
benefiting from the high index core/cladding contrast of silicon on insulator (SOI) waveguides
relies on the use of hollow core silicon guiding structures, the so-called slot waveguides [1], filled by
highly nonlinear materials, for instance polymers. Under such a guiding geometry, the light power
confinement in the silicon rails can be reduced, leading to the reduction of the TPA effect. This
approach has received a considerable interest in the last years, showing demultiplexing capabilities
of 170 Gbits · s−1 data, 100 Gbits · s−1/1V electro-optical modulation and the demonstration of
slot waveguides with FOMTPA up to the record value of 2.19 [2], i.e., far above the intrinsic
silicon FOMTPA material value, which is around 0.38 [3].

In this context, we will firstly present results obtained by the conventional optimization method
based on minimizing the waveguide mode effective areas Aeff (Fig. 1(b)) in order to maximize the
nonlinear Kerr coefficient γ = n2ω/cAeff in the assumption that the introduced nonlinear mate-
rial dominates the nonlinear behavior of the slotted waveguide and that strong light confinement
in the slot allows neglecting TPA process in the silicon rails [4, 5]. On contrary, we will come
up in a second step with a semi-analytical approach fully accounted all nonlinear contributions
from the different materials on the whole mode profile area in order to investigate the FOMTPA

evolution. We will show that FOMTPA can vary from 1.8 to 4.25 in the case that nonlinear
cladding material has a bulk FOMTPA of 5. This strategy of nonlinear slot waveguide’s design
for on-chip all-optical signal processing will be thoroughly discussed at the conference.

(c)(a) (b)

Figure 1: (a) Scheme of SOI slot waveguide geometry configurations, (b) Calculated Power confinement
factor (P) and effective mode area (Aeff ) of cover cladding and Silicon, (c) Calculated effective mode index
(neff ) and FOM of slot the waveguides, in case of Wslot = 100 nm.
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Challenges for Silicon Photonics Based Mid Board Modules to
Achieve High Data Rate Transmissions

B. Blampey, S. Bernabé, K. Rida, O. Castany, A. Myko, and C. Kopp
University Grenoble Alpes, CEA, LETI, MINATEC Campus

17 rue des Martyrs, Grenoble F-38054, France

Abstract— Silicon-based integrated photonics nowadays generates a huge interest mainly for
optical data transmission and increasingly also for sensing. The developments of elementary
passive and active components have to reach high performance level in terms of sensitivity;
modulation efficiency and power consumption to be commercialized. To get such performances,
active silicon photonics modules need to be carefully studied, designed and optimized, from the
electro-optical integration into the chip up to the packaging. This is especially the case for the
modulator used in transmitter modules.
From the Si Electro-optical Modulator . . .: In this paper, we will first focus on RF design
challenges for electro-optical Mach-Zehnder modulator (MZM) using the PN junction carrier de-
pletion, to achieve high data rate transmission over 40 Gb/s. We will for example show how
the shield coplanar waveguide can increase the RF bandwidth and also the electro-optical per-
formances compared to the conventional coplanar one [1]. We will discuss new RF electrode
architectures [2]. Parasitic effects to be minimized to design MZM in travelling wave configura-
tion or by distributed electrodes will be pointed out.
. . . towards the hybrid silicon photonics module: In a second part, we will talk about
integration of transmitter photonic chips in modules, with several different architectures. Each
one has its figures of merits and can fulfill a specific application (e.g., rack to rack, board to
board or intra-board link). Depending on the targeted application, the packaging strategy will
differ, and various interconnection methods can be used, from legacy wire-bonding technology to
advanced micro-bump interconnections and Through Silicon Vias (TSV) technologies, or direct
Cu bonding technologies [3]. These interconnection technologies are used to connect the Photonic
Integrated Circuit (PIC) to the related control electronics (EIC), and also in some advanced
architecture to the host chip (switch, microprocessor, FPGA). In some cases the host chip can be
co-packaged with the Photonic transceiver in the same package. Each interconnection technology
has its own figure of merit in term of density, parasitic effects, data rate and manufacturing
throughput. We will consider it in three particular cases:

• Standalone module: the photonic transmitter in apart from the host chip module, on the
same motherboard.

• System In Package approach, the photonic transmitter and the host chip share the same
BGA package.

• Photonics Interposer: the Photonic chips acts as a 2.5D interposer, the host chip and EIC
are flip-chipped on the top of the PIC.
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Abstract— Stimulated Brillouin Scattering (SBS) is a highly resonant acousto-optic interaction
that leads to the formation of a hypersonic wave, which in turn acts as a traveling grating that
converts the incident pump wave into a red-shifted Stokes wave. This can be effectively described
as a third order optical nonlinearity. In this work, we investigate the impact of two-photon
absorption (TPA) and the resulting free carrier absorption (FCA) on the SBS gain especially of
silicon waveguides, which are one of the best candidates for the on-chip integration of SBS-based
functional devices such as amplifiers and oscillators.
To this end, we formulate a set of nonlinear steady state coupled mode equations that involve
effective TPA- and FCA-coefficients, which we derive as overlap integrals of the nonlinear material
parameters and higher order powers of the eigenmodes’ electric field distributions. As a further
approximation, we assume that the Stokes wave is weak. The resulting equations are solved
analytically. We find that two-photon absorption — being a third order process like SBS itself
— leads to a algebraic yet monotonic evolution of the Stokes signal as a function of both the
waveguide length and the pump power. The exponent is determined by the ratio of the SBS
gain and the effective TPA-coefficient. In contrast, free carrier absorption results in a Stokes
profile with an extremum as the pump power is varied; excessive pump powers in fact lead to
net loss in the Stokes wave. From this we obtain an expression for the optimal pump power as
a function of the material parameters and the waveguide length. Finally, we find that nonlinear
loss has exactly the same impact on forward SBS as on backward SBS within the weak Stokes
approximation.



1290 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Silicon Photonics Integrated Devices for Low Cost End-user
Bidirectional Transmission in Passive Optical Networks: The

FABULOUS European Project

Guido Giuliani
University of Pavia, Pavia, Italy

Abstract— We present the Silicon Photonics technologies developed within the European
project “FABULOUS” aimed at the demonstration of a low cost integrated end-user device (Op-
tical Network Unit, ONU) to be deployed in Passive Optical Networks (PON) for bidirectional
downstream and upstream optical communication.
The Si-Photonics chip integrates several sub-components, namely: i) fiber-to-device polarization-
splitting coupler with record coupling efficiency based on 2D-grating photonic crystal technol-
ogy; ii) ring-shaped waveguide pass-band filters; iii) Semiconductor Optical Amplifier (SOA)
realized by hybrid integration of III-V gain material on Si; iv) bidirectional Mach-Zehnder Mod-
ulator (MZM) to be driven by different electrical signals travelling in the two opposite directions;
v) photodetectors; vi) electronic driver for the MZM integrated on the Si chip.
The combination of the above sub-components allows the ONU to communicate bidirectionally
with a central node (Optical Line Terminal, OLT). The ONU is capable to receive a downstream
optical signal and, simultaneously, to impress an upstream modulation to a selected un-modulated
blank wavelength generated by the OLT. This scheme is compatible with the PON philosophy,
where the optical fiber connecting the OLT and the ONU is passive, and with the Wavelength
Division Multiplexing (WDM) configuration, where multiple wavelengths are used to enhance the
transmission capacity. The filter selects a specific blank wavelength, onto which the bidirectional
MZM impresses a signal modulation using the so-called Frequency Division Multiplexed Access
(FDMA) format, that has a high spectral efficiency thanks to the 16-QAM code used. The bidi-
rectional MZM, in conjunction with the polarization-splitting coupler, realizes a sort of Faraday
mirror, thus making the coherent detection of the upstream signal easier. The integrated SOAs
provide an optical gain that compensates for optical fiber propagation losses and instrinsic device
losses.
Predictions, based on experimental results obtained from the integrated device and its hybrid
version, show that a total upstream transmission capacity of 32Gb/s per single wavelength is
feasible over fiber networks with 31 dB optical loss.
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Advanced Building Blocks in Thick Silicon on Insulator Technology:
Echelle Grating Multiplexers and Reflective Multimode

Interference Couplers

P. Muñoz1, 2, J. D. Doménech2, J. S. Fandiño1, R. Baños1, and B. Gargallo1

1Universitat Politécnica de Valéncia, Spain
2VLC Photonics S.L., Spain

Abstract— In this paper we present the design, fabrication and experimental demonstration of
advanced building blocks in a thick Silicon generic photonic integration platform. The platform
provides a fabrication process with waveguides of different contrast ratio, through different etch
levels, and the possibility of metalization in selected areas. Combining waveguiding and metals
we report on Echelle Gratings (EG) multiplexers and re ective Multimode Interference (R-MMI)
couplers. Several devices were designed in the same reticle and several dies were supplied by the
fabrication platform. The experimental results for the individual devices are reported, as well as
a die to die comparison and statistical analysis.
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Silicon Optical Routers for Photonic Networks-on-Chip

Lin Yang, Yuhao Xia, Hao Jia, Qiaoshan Chen, and Fanfan Zhang
State Key Laboratory on Integrated Optoelectronics

Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China

Abstract— The performance of chip multiprocessor (CMP) is determined not only by the
number of the processor cores integrated on a chip, but also by the communication efficiency
among them. With CMP continuously requiring more communication bandwidths, metallic-
based electrical networks-on-chip (NoC) gradually becomes the bottleneck for improving the
performance of CMP due to its high power consumption, limited bandwidth and long latency.
Photonic NoC is considered as a potential solution to overcome the limitations of its electrical
counterpart. Optical router is an essential component for photonic NoC, which is responsible for
switching data from one optical link to another one.
In this paper, we will review the status of the optical routers for photonic NoC and introduce
our efforts on this topic. Firstly, we will introduce several demonstrated optical routers based
on microring or Mach-Zehnder optical switches. Then, we will introduce a universal method
for constructing an N-port non-blocking optical router for photonic NoC. The optical router
constructed by this method has minimum optical switches, in which the number of the optical
switches is reduced about 50% compared to the reported optical routers based on microring optical
switches and about 30% compared to the reported optical routers based on Mach-Zehnder optical
switches, and therefore is more compact in footprint and more power-efficient. Finally, we will
introduce the fabricated 4- and 5-port optical routers constructed by this method.
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Optical Properties of 2D Materials on Silicon and Silicon Nitride
Waveguides

H. K. Tsang, Z. Cheng, L. H. Liu, J. Wang, K. Xu, X. Wan, B. Q. Zhu, C. Shu, and J. B. Xu
Department of Electronic Engineering, The Chinese University of Hong Kong, Hong Kong, China

Abstract— The unique optical and electronic properties of two-dimensional (2D) materials
(such as graphene, MoS2) have attracted much research interest. The integration of 2D materials
on photonic integrated circuits (PICs) can offer dramatically increased interaction length with
light propagating along the plane of the 2D sheet, and can offer potential applications in nonlinear
devices and photodetectors [1]. In this talk, we will review our recent study of the optical
properties of 2D materials integrated silicon/silicon nitride (Si3N4) PICs.
Monolayer chemical vapor deposition (CVD) grown graphene can be placed on top of silicon or
Si3N4 waveguides by wet transfer and give rise to enhanced optical absorption. The absorption
is strongly polarization dependent. In a waveguide formed by 340 nm thick silicon-on-insulator
(SOI), graphene introduced 7.7 dB higher losses for transverse-magnetic mode in a 150 µm long
waveguide [2]. The graphene also improved the 1 dB grating bandwidth which was increased
from ∼ 60 nm to ∼ 72 nm because of the reduction of grating dispersion [3]. The free carrier
absorption and spectral hole burning of graphene-on-silicon waveguide were observed by using
a pump-probe measurement over microsecond timescales [4]. The graphene-on-Si3N4 microring
structure was optimized to enhance its effective absorption from 25 dB/mm to 174 dB/mm. Q
factors of graphene-on-Si3N4 microring resonator, was measured between ∼ 28200 to ∼ 3800
depending on the graphene length, in agreement with theoretical calculations [5].
Another interesting 2D material is MoS2. We transferred a flake of MoS2 onto silicon waveg-
uide. The high refractive index (RI) of MoS2 [6] induced a significant red shift in the grating’s
coupling center wavelength, with which the effective RI of the material was extract to be ∼ 4.5.
Self-phase modulation of chirped picosecond pulses were observed. The MoS2-on-silicon (MOS)
structure exhibited larger spectral broadening of the ∼ 60 ps gain switched pulses than the silicon
waveguides. This magnitude of the Kerr coefficient of MoS2 was estimated to about two orders
of larger than that of silicon in order to account for the enhanced spectral broadening.
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Femtosecond Modulations Based on Periodic Patterns of Excited
Free-carriers in Semiconductors
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Abstract— We demonstrate femtosecond-scale switching and modulations of ultrashort optical
pulses using transient Bragg gratings of free-carriers in a semiconductor waveguide. This is
enabled by employing the fast carrier diffusion or a double (non-uniform) pump schemes. The
demonstrated efficiencies are unusually high for the interaction durations employed.
Ultrafast switching is considered as one of the oldest and most important applications of non-
linear optics. Traditionally, ultrafast switching is based either on Kerr nonlinearity, which is
instantaneous, but weak, or on free carrier nonlinearity, which could be much stronger, but
comes at the cost of a substantially slower turn-off time [1].
Here, we demonstrate a simple scheme that enables to enjoy the best of the two worlds —
to have an utrafast and strong switching, based on free-carrier generation in a semiconductor.
Specifically, we describe a novel switching scheme operating on femtosecond time scales, which
is based on the generation of a periodic pattern of free-carriers (FCs) which serves as a transient
Bragg grating. In the first realization, we rely on diffusion to erase the initial FC pattern, hence,
to remove the reflectivity of the system. In the second realization, we erase the FC pattern by
launching a second pump pulse at a controlled delay. We discuss the advantages and limitations
of the proposed approach and demonstrate it for modulating and switching ultrashort pulses
propagating in silicon waveguides. We show reflection efficiencies of up to 50% for 100 fs pump
pulses (see Fig. 1), which is an unusually high level of efficiency for such a short interaction
time, a result of the use of the strong FC nonlinearity. Due to limitations of saturation and
pattern effects, the scheme can be employed for switching applications requiring femtosecond
features but standard repetition rates. Such applications include switching and modulations
of ultrashort pulses, femtosecond spectroscopy (gating) and time-reversal of short pulses for
abberation compensation [2].

0 0.05
0

0.5

1

|∆ n|

b
a
ck

w
a
rd

 w
a
ve

 in
te

n
s
ity

(a)

0 0.25
0

0.5

1

|∆ n|

b
a
ck

w
a
rd

 w
a
ve

 in
te

n
s
ity

(b)

Figure 1: (a) Intensity of the backward wave for the diffusive switching scheme for Trise = 50 fs, Tf = 1000 fs,
Tmod = 600 fs for various lengths of switching regions. (b) The same for the write-erase technique with
Tmod = 50 fs and Tmod = 150 fs.
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Laser-induced Thermomechanical Processes around Metal
Nanoparticles in a Transparent Medium

Alexey N. Volkov
Department of Mechanical Engineering, University of Alabama
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Abstract— Utilization of metal nanoparticles (NPs) for selective laser treatment of biological
tissues is a promising approach in medicine and, in particular, in cancer treatment. The ther-
apeutic effect is achieved by delivering NPs to cancer cells and irradiating the tissue by a laser
at a wavelength which can be efficiently absorbed by NPs only. Laser heating of NPs results in
the formation of thermal and pressure waves that propagate through the surrounding medium
and kill cancer cells. The practical use of this methodology, however, requires a detailed under-
standing of thermomechanical processes induced in the surrounding medium by laser heating of
NPs.
In the present work, the thermal and mechanical processes around gold NPs in water are studied
numerically in the broad range of laser fluences and pulse durations. Water is assumed to be
transparent to the laser radiation, so that all processes in the medium surrounding a NP are
induced by the heat transfer at metal-liquid interface and thermal expansion of metal nanopar-
ticles. Heating and thermal expansion of NPs are described by the balance equations based on
the one-temperature or two-temperature thermo-elastic models. The two-temperature thermal
model takes into account non-equilibrium energy exchange between the electrons and phonons
in metals irradiated by ultrashort, pico- and femtosecond, laser pulses. Heat conduction as well
as propagation and attenuation of the pressure waves in water are described by onedimensional
Navier-Stokes equations. Compressibility of water and water vapor is taken into account, and
the pressure and internal energy of water are calculated based on the semi-empirical multiphase
equation of state. Thermal boundary resistance and surface tension at metal-water interface are
taken into account, and the model of thermal boundary conductance is parameterized based on
results of molecular dynamics simulations. Both volume and surface mechanisms of vaporization
of overheated water are taken into account.
The calculations performed for the pulse duration varied from tens of femtosecond to microsec-
onds. The limiting case of continuous wave laser heating is also considered. Transient distribu-
tions of temperature and pressure in the surrounding liquid are obtained and analyzed. Threshold
values of the laser fluence which correspond to the onsets of boiling and spinodal decomposition
in the liquid adjacent to the gold particle are determined as a function of particle radius and pulse
duration. The effects of the finite thermal boundary resistance and surface tension at metal-liquid
interface are shown to be significant in the broad range of irradiation conditions. The size of
region around the absorbing particle, where the biological cells can be killed due to high pressure
or high temperature, is estimated for various irradiation conditions. Selected simulation results
are compared with experimental data.
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Effect of Laser Field Enhancement on Collision Frequencies and
Absorption during Ultra-short Laser Interactions with Dielectric

Materials
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Abstract— Laser-induced electronic excitation, absorption and relaxation are the key issues in
ultra-short laser interactions with dielectric materials. To numerically analyze these processes, a
detailed non-equilibrium model is developed [1] based on the kinetic Boltzmann equations without
any appeal to the classical Drude model. The calculations are performed including all possible
collisional processes. As a result, electron energy distributions are obtained allowing a better
analysis of ultra-short laser interactions. The results reveal a remarkable effect of the laser-field
on collision frequencies resulting in smaller free-carriers absorption than the one predicted by
commonly used rate-equation models. In addition, our calculations clearly demonstrate laser
intensity limits for the applicability of Keldysh’s equation for the photoionization process [2].
Both electron-electron and electron-phonon relaxation are then examined, and the mean energy
density of the electron sub-system is investigated as a function of laser fluence and pulse du-
ration. Because efficient bond breaking requires energy, these calculations provide the required
thresholds.
The dependency of the calculated fluence threshold on laser pulse duration is compared with
the available experimental data. The obtained results also explain several recent pump-probe
experiments. The developed model is useful for many laser applications including high precision
in laser treatment, laser-assisted atomic probe analysis, and for the development of new powerful
laser systems.
Furthermore, a finite-difference time-domain (FDTD) solution of Maxwell’s equations is numeri-
cally coupled with time-dependent electron carrier density equation for dielectric material (fused
silica) with a small inclusion. The process of plasma generation near the inclusion is studied and
local field distribution is obtained. The generated plasma is studied and the roles of the electron
collisional frequency and the irradiated wavelength are demonstrated.
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Femtosecond Laser Irradiation of Fused Silica with a Nanometric
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Abstract— Small nanometric defects, such as color centers or impurity sites, located in di-
electrics, irradiated by focused ultrashort laser pulses, can reinforce field localization and lead to
inhomogeneous distribution of multiphoton nonlinear ionization and formation of nanoplasmas.
A finite-difference time-domain (FDTD) method based on Maxwell’s equations coupled with time-
dependent electron carrier density’s equation is proposed to investigate numerically femtosecond
laser irradiation of dielectrics with a small inhomogeneity. The process of plasma generation due
to multiphoton absorption near small defect in fused silica is studied in details and local field
distribution around the void inhomogeneity is first explained by using the Rayleigh scattering
theory. Further investigation of the laser-matter interaction has shown that the generated plasma
properties do not significantly depend on the size of the inhomogeneity as long as it remains
considerably smaller than the irradiation wavelength. The calculation results show, however,
that there are several parameters, which are crucial. Among such parameters, for instance, is
collision frequency,which affects strongly both the created electron density and laser propagation.
In addition, the characteristics of the generated plasma are studied as a function of the irradiated
wavelength and the changes in the refractive index are explained by the Lorentz-Drudemodel
with time-dependent carrier density. The differences between the results obtained by considering
Keldysh theory for multiphoton ionization and by taking into account only six-photon ionization
are discussed. Finally, temporal changes in behavior of scattering due to generated nanoplasma
are observed and analyzed by using Mie scattering theory, which is more complete than Rayleigh
one.
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Femtosecond Laser Material Alteration by Means of Micro- and
Nano-particles

N. Bityurin, A. Pikulin, and A. A. Smirnov
Institute of Applied Physics RAS, Nizhniy Novgorod, Russia

Abstract— We consider laser nanostructuring of a material surface by means of a colloidal par-
ticle lens array deposited on the surface. Here, the monolayer of dielectric micro- or nanospheres
placed right on the surface acts as an array of near-field lenses that focus the laser radiation
into the multitude of distinct spots, allowing the formation of many structures in a single stage.
We consider optical properties of such layer taking into account that within this layer spherical
particles do not act as independent microlenses. Due to the coupling of the spherical modes, the
field near the clusters of spherical microparticles cannot be calculated by means of the super-
position of Mie solutions for individual spheres. We consider opportunities offering by combing
femtosecond pulses of the fundamental frequency and of the second harmonic.
We analyze the opportunities provided by the plasmonic nanoparticles inserted into the bulk of
a transparent medium to modify the material by laser light irradiation. This study is provoked
by the advent of photo-induced nano-composites consisting of a typical polymer matrix and
metal nanoparticles located in the light-irradiated domains of the initially homogeneous material.
The subsequent irradiation of these domains by femtosecond laser pulses promotes a further
alteration of the material properties. We separately consider two different mechanisms of material
alteration. First, we analyze a photochemical reaction initiated by the two-photon absorption of
light near the plasmonic nanoparticle within the matrix. We show that the spatial distribution of
the products of such a reaction changes the symmetry of the material, resulting in the appearance
of anisotropy in the initially isotropic material or even in the loss of the center of symmetry.
Second, we analyze the efficiency of a thermally-activated chemical reaction at the surface of a
plasmonic particle and the distribution of the product of such a reaction just near the metal
nanoparticle irradiated by an ultrashort laser pulse.
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Advantages of Contact Arrays of Spheroidal Particles for
Femtosecond-laser Micro- and Nanoprocessing of Materials

A. Pikulin, N. Mitin, and N. Bityurin
Institute of Applied Physics RAS, Nizhniy Novgorod, Russia

Abstract— Monolayers of dielectric spherical microparticles have become a convenient tool
for laser alteration of material surface [1–3]. Under the irradiation by a wide laser beam, such
particles act as focusing microlenses. When placed right on the surface, the arrays of micropar-
ticles provide the multitude of distinct field enhancement spots within the material, allowing for
the large-area single-step material nanomodification. The ultra-short laser pulse also provides
simultaneous withdrawal of the spheres from the surface.
The close-packed monolayers of spherical microlenses can be conveniently deposited onto the
surface, e.g., by means of drying of the colloidal solution droplet. However, the spherical shape
is not optimal for the beam focusing due to strong aberrations [4, 5]. In the case of silica or
polymeric microspheres with refractive index of about 1.5, the field maximum is situated close to
the surface of the sphere thus resulting in a small aspect ratio of the obtained nanostructures. In
the case of the higher refractive index, the maximum is placed inside the sphere, thus rendering
such particles inapplicable for the surface nanostructuring.
In this work, we study the possibility to employ spheroidal microparticles instead of the spherical
ones in order to reduce the aberrations. With self-made FDTD code, we calculate the laser field
intensities provided by monolayers of spheroidal particles and analyze the advantages and disad-
vantages of such focusing systems for surface nanomodification. In particular, we demonstrate
the possibility to improve the aspect ratio of the nanostructures and increase the density of the
modification spots.
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Comparison of Kinetic and Continuum Models for Simulations of
Laser-induced Plasma Plumes

A. N. Volkov, G. Silverstein, and O. Ranjbar
Department of Mechanical Engineering, University of Alabama
H. M. Comer Hall, 7th Avenue, Tuscaloosa, AL 35487, USA

Abstract— Plasma effects in laser-induced plume flows are known to be important for process-
ing of various materials by high-power nanosecond pulsed lasers. In particular, the plasma plumes
can efficiently absorb the incident laser radiation, thus substantially decreasing the amount of
energy absorbed directly by the target, reducing the target temperature, and, finally, decreasing
the amount of ablated material. Along with this major “shielding effect,” the plasma plume
induces a number of secondary effects like the heating and etching of the target by adjacent
high-temperature plasma. These plasma-related effects substantially limit the overall efficiency
of industrial laser systems and reduce the accuracy of laser machining.
The present work is aimed at the numerical modeling of laser-induced plasma plume expansion.
Although a number of diverse models of plasma flow in laser plumes were proposed in the litera-
ture, these models were not compared in a unified framework. The major goal of the present work
is to accurately compare the results of laser-induced plume expansions obtained with continuum
and kinetic models. The continuum model solves the one-dimensional gas dynamics equations
of the multi-component plume flow and incorporates both equilibrium, based on Saha-Langmuir
equations, and non-equilibrium, based on kinetic rates of ionization and recombination, models
of plasma. Boundary conditions at the irradiated target take into account the formation of the
Knudsen layer. The kinetic model of multi-component plume flow is based on the Direct Simu-
lation Monte Carlo (DSMC) method. This kinetic model is capable of taking into account the
same plasma models as the gas-dynamic model. Both the gas-dynamic and the kinetic models
are coupled with the same thermal model of the target. Boundary conditions at the target sur-
face account for the evaporation and condensation, thermionic emission, and back heating of the
target by the high-temperature plume. These models are applied to study the one-dimensional
plume expansion from a copper target irradiated by nanosecond and shorter laser pulses. The
gas dynamic and kinetic models are found to result in substantially different flow structures in
broad ranges of laser fluence and background gas pressure.
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Computer Modeling of Material Modification by Short Laser Pulses
and Optically-induced Surface Acoustic Waves

Leonid V. Zhigilei1, Chengping Wu1, Maxim V. Shugaev1, and Vladimir Yu. Zaitsev1, 2

1Department of Materials Science and Engineering, University of Virginia
395 McCormick Road, Charlottesville, VA 22904-4745, USA
2Institute of Applied Physics, Russian Academy of Sciences

Uljanova St. 46, Nizhny Novgorod, 603950, Russia

Abstract— Short pulse laser irradiation can trigger a cascade of structural and phase trans-
formations in the region of direct laser energy deposition and can also generate strong acoustic
pulses (bulk and surface waves) capable of affecting key processes responsible for material mod-
ification at a substantial distance from the absorption region. Large-scale atomistic simulations
are used in this work to investigate both the direct femtosecond laser material modification and
the acoustically-induced surface processes. In the case of the direct laser modification of metal
targets, the processes responsible for the formation of a sub-surface porous region covered by
a nanocrystalline surface layer with random crystallographic orientation of nanograins and a
high density of stacking faults, twins, and nanoscale twinned structural elements with five-fold
symmetry will be discussed and related to the experimental observation of surface swelling and
incubation effect in multi-pulse laser ablation. For the acoustic activation of surface processes,
the conditions leading to the maximum enhancement of surface diffusion are analyzed and ex-
plained by nonlinear wave profile sharpening leading to efficient generation of high-frequency
harmonics that directly couple to the vibrational modes of surface species. The implications of
the computational predictions for the design of new techniques where the acoustic energy serves
as an effective substitution for thermal activation of surface processes are discussed.

Figure 1: Illustration of some of the results of large-scale atomistic simulations of laser-induced structural
modification of Ag targets irradiated by 200 fs laser pulses. The simulations predict the generation of sub-
surface voids and nanocrystalline surface layer and explain the experimental observation of surface swelling
at laser fluences close to the ablation threshold.
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Nonlinear Absorption of Femtosecond Pulses in Fused Silica and
Inscription of Refractive Index Periodic Structures in Silica Fibers

A. V. Dostovalov1, A. A. Wolf1, V. K. Mezentsev2, A. G. Okhrimchuk3, and S. A. Babin1, 4

1Institute of Automation and Electroetry SB, RAS, Russia
2Photonics Research Group, Aston University, UK

3Fiber Optics Research Center, RAS, Russia
4Novosibirsk State University, Russia

Abstract— Results of numerical and experimental studies are presented for the absorption of
near-IR and visible femtosecond laser pulses focused in the bulk of fused silica and the application
of the method for the creation of fiber Bragg and long-period gratings in different types of silica
fibers.
Introduction: Femtosecond (fs) laser technologies making it possible to produce high-energy
ultrashort pulses are increasingly used in laser processing of materials. In comparison with other
well-developed methods of laser processing (cutting, ablation etc.), the key advantage of fs pulses
is the possibility of local change in the refractive index of nonphotosensitive transparent materials,
which allows one to create elements of integrated optics [1]. We report the results of numerical
and experimental studies of nonlinear absorption of fs laser pulses focused in the bulk of fused
silica and the application of the method for the creation of fiber Bragg (FBG) and long-period
gratings (LPG) in different types of silica fibers.
Modelling and experiments: Laser wavelength is one of the most important characteristics
that determine the process of material modification because it defines the order of multiphoton
absorption. In our work, the numerical and experimental investigations of fs laser pulses absorp-
tion were carried out for the fundamental (λ = 1026 nm) and the second (λ = 513 nm) harmonics
of Yb-doped laser. Numerical model adopted in this work comprises a nonlinear evolution equa-
tion for the envelope amplitude of the laser beam in a form of extended nonlinear Schrödinger
equation (NLSE) coupled to the balance equation for the concentration electrons-hole plasma [2].
It was found that second harmonic is more efficient in terms of amount of absorbed energy which
leads to lower inscription threshold, but localization of the absorbed energy is higher for IR pulses
due to higher order of multiphoton process.
Inscription of LGPs was carried out in different types of single-mode fibers including standard
telecom Corning SMF-28e+, Nufern 1060-XP and polarization maintaining “Panda” type Nufern
FUD-3561. The applied slit beam shaping technique allowed us to enlarge the cross-section of
created modification area in the core and thereby to increase the mode coupling coefficients.
Relatively low level of out-of-band losses (down to 0.3 dB) and high resonant dip amplitude
(> 12 dB) allows one to use such gratings in filtering applications. The first- and the second-order
FBGs, with the periods of 0.535 and 1.07 µm respectively, were inscribed in Corning SMF-28e+
fiber through the acrylate coating as well as in specialty fibers through the polyimide coating:
high-temperature tolerant Fibercore SM1500(9/125)P fiber and pure-silica core hydrogen tolerant
SM1500SC(9/125)P. Characterization of the FBGs was performed using differential interference
contrast microscopy and the measurement of refractive index modulation by means of quantitative
phase microscopy.
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2. Bergé, L., S. Skupin, R. Nuter, J. Kasparian, and J.-P. Wolf, “Ultrashort filaments of light in
weakly ionized, optically transparent media,” Reports Prog. Phys., Vol. 70, No. 10, 1633–1713,
2007.



1304 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Investigation of Instabilities in Femtosecond Laser Irradiated
Semiconductors Using Numerical Modeling and Dispersion

Relations

Thibault J.-Y. Derrien
HiLASE Centre, Institute of Physics, Academy of Science of the Czech Republic

Za Radnićı 828/5, Dolńı Břežany 25241, Czech Republic

Abstract— Illumination of semiconducting and transparent materials by a femtosecond laser
pulse leads to transient excitation of electrons from the valence band to the conduction band dur-
ing the laser pulse action [1]. As the front part of the pulse locally excites carriers and transiently
modifies the properties of matter, the tail of the laser pulse interacts with an inhomogeneously
excited plasma [2, 3]. As a result, modulation effects can be stimulated, leading to the develop-
ment of instabilities in the laser-excited region of the solid [4–6]. This study presents preliminary
theoretical works aiming at understanding the excitation of possible electrodynamic instabilities
in this context. To reach this aim, two complementary approaches are proposed.
First approach is a 2D time-dependent numerical modeling of the processes induced by a fem-
tosecond laser pulse focused on the silicon surface which was developed based on a finite element
method. The core of the modeling is a two-temperature model [3] taking into account the tran-
sient excitation of the electron-hole pairs by laser irradiation which is solved together with the
wave equation for the electromagnetic field of the laser pulse of a Gaussian temporal and spatial
shape. It has been found that, when reaching the critical density of the electron-hole plasma, a
spatial modulation is generated in the excitation region, where the gradients of electron density
and energy are large.
To understand the origin of the modulation of the electron-hole plasma density arising as a
result of highly non-linear interaction, a perturbative study is performed for the case of a laser-
irradiated system. The results reveal two oscillatory modes of the electron-hole plasma. While
the first mode exhibits a near-wavelength spatial modulation, the second mode is found to be
linked to the electron-hole plasma temperature, exhibiting a spatial period of ∼200 nm. Both
modes are found to be highly dependent on the laser wavelength and the band structure of the
material.
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Temperature Relaxation after Modulated Absorption of
Femtosecond Laser Pulses in Dielectrics: Possible Impact on

LIPSS Formation
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2Institute of Thermophysics SB RAS, Novosibirsk, Russia

3Applied Laser Technology, Ruhr-University Bochum, Bochum 44801, Germany

Abstract— In this work a simplified 2D model has been developed to analyze the temper-
ature relaxation of dielectric materials after excitation by femtosecond laser pulses at 800 nm
wavelength in the regimes of formation of laser-induced periodic surface structures (LIPSS). The
model assumes that laser absorption is modulated upon laser action as a result of partial scatter-
ing of the incident electromagnetic wave by surface roughness. The model is based on the rate
equation for free electron generation dynamics and the heat flow equations for electron and lattice
subsystems. Modeling has been performed for fused silica as an example. Peculiarities of mod-
ulated temperature profile evolution are analyzed. The effects of nanoscaled melting/softening
and heat and defect accumulation are discussed.
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Study of Orientational Effects in Magnetic Induction Tomography
(MIT) Using a Weakly Coupled Finite Elements (FE) Solver

Wuliang Yin and Anthony Peyton
School of Electrical and Electronic Engineering, University of Manchester

Sackville Street Building, Manchester M13 9PL, United Kingdom

Abstract— Non symmetrical objects show strong orientational effect in a MIT Sensor. In
this paper, we developed a fast magnetic induction FEM solver in the thick skin regime. This
solver delivers higher accuracy with reduced computation load. Using this solver, we investigated
the rotational effects of an object in MIT. A potential use of MIT for object recognition, which
exploits the new solver, is also investigated.
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A Formulation for Predicting the Asymptotical Magnetic
Polarization Tensors for Complex-shaped Samples Using the

Boundary Element Method

M. Y. Lu, W. Yin, and A. J. Peyton
School of Electrical and Electronic Engineering, University of Manchester, Manchester M13 9PL, UK

Abstract— The magnetic polarization tensor is a frequency-dependent, rotation-invariant and
object-specific property of a metallic object. This paper presents an approach to compute the
magnetic polarization tensor of a metallic object based on the Boundary Element Method (BEM)
which treats the object as a perfect electrical conductor (PEC) and therefore is able to predict
the limiting cases where very high frequency and/or high conductivity is assumed. A uniform
magnetic field is applied to an object and the scattered field at a certain distance is obtained
in the simulations. The magnetic tensor can then be deduced from the scattered field. The
simulated results agree well with an analytical solution for spheres and with measured results
for a number of cylinders at limiting cases. An explicit formulation is deduced for the magnetic
polarization tensor.
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Retrieval of Land Surface Temperature from Landsat 8 Thermal
Infrared Sensor in Heihe River Basin

Xiaoying Ouyang
State Key Laboratory of Remote Sensing Science

Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences, Beijing 100101, China

Abstract— One of the important land surface products derived from Landsat is the land
surface temperature (LST). The Thermal Infrared Sensor (TIRS) onboard Landsat 8 collects
two thermal bands with appropriate response spectral distribution in the atmospheric window
between 10–12 µm (833–1000 cm−1) at a spatial resolution of 100 m: B10, 10.6–11.2 µm (890–
945 cm−1) and B11, 11.5–12.5 µm (800–870 cm−1). This advance sensor could give the LST data
for global change analysis due to its highly technical advancements in both spectral and spatial
resolution in thermal infrared regions.
A split-window (SW) algorithm to obtain satellite-derived LST of semi-arid areas from freely
available and easily accessible data of the latest Landsat 8/TIRS is first developed. So far, great
efforts have been made in estimating LST using SW method from either geostationary or polar-
orbiting thermal infrared data. The SW method estimates LST by correcting for atmospheric
effects based on the different absorption in two adjacent infrared bands [1–4]. Wan and Dozier
(1996) proposed a generalized split-window (GSW) method and applied to top-of-atmospheric
(TOA) radiance observed by AVHRR and MODIS SW channels respectively to retrieve LST.
The retrieval parameters can be given by interpolation on a set of multi-dimensional look-up
tables (LUT) [1]. The accuracy in atmospheric water vapor content is vital for obtaining suit-
able coefficients in Wan and Dozier’s SW method in different ranges of atmospheric humidity
condition. Method using radiance observations in thermal infrared bands, say the Split-Window
Covariance-Variance Ratio (SWCVR) method [5, 6] is adapted to the Landsat 8/TIRS sensor for
water vapor content retrieval in this study. In situ LST data for the period from mid-June to
mid-September 2012 were acquired from automatic meteorological stations (AMS) that are part
of Heihe Watershed Allied Telemetry Experimental Research (HiWATER) project. TIRS-based
LSTs are compared with in situ measurements at 16 AMS sites with land cover types of veg-
etable, maize and orchards. The standard deviation (STD), root mean square error (RMSE),
and correlation coefficient (R) of TIRS/LST vs. the in situ measurements are 2.45 K, 2.78K, and
0.67, respectively, whereas those for the MODIS 1 km LST product vs. the in situ measurements
are 4.07 K, 2.98 K, and 0.79, respectively. The spatial pattern of the TIRS/LST over the study
area in the Heihe River Basin generally agreed well with the MODIS 1 km LST product and
contained more detailed spatial textures.
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Model Initialization and Inversion for Geophysical Retrieval Based
on Time Series Optimization of AMSR-E X-band Data

Steven Chan, Eni Njoku, and Mariko Bürgin
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA

Abstract— The zeroth-order radiative transfer model, also known as the tau-omega model, has
been used extensively for decades in passive remote sensing of soil moisture. In order to apply
the model successfully to obtain soil moisture estimates, the model must first be initialized with
known model coefficients, along with other ancillary data inputs. Although the values of these
coefficients are generally available at smaller spatial scales applicable to studies at point or field
scale, their values and geographical variability are usually not known at larger spatial scales appli-
cable to many recent satellite missions (AMSR2, SMOS, Aquarius, and SMAP) whose objectives
include frequent global mapping of soil moisture for hydroclimatological and hydrometerological
applications.
In this presentation, a time series optimization (TSO) approach will be proposed to address
the ambiguity associated with the initialization of these model coefficients, and the subsequent
uncertainty in geophysical retrieval. In this approach, satellite-based brightness temperature
(TB) measurements at a given geolocation from successive overpasses are used as observations
to construct the cost function ϕ(x) to be optimized, where x is a multi-dimensional vector that
contains model coefficients as well as geophysical parameters. By iterative optimization on ϕ(·)
formed from successive TB observations accumulated over a certain period, it is possible to obtain
an optimal xo that minimizes ϕ(·) in a least-squares sense. As this procedure repeats, the TSO
results in two-dimensional mapping of model coefficients and geophysical parameters. Because
the same computation can be repeated for the next time window, this approach also sheds insights
into the seasonality of model coefficients and geophysical retrieval.
An annual record of the X-band TB data acquired by the Advanced Scanning Microwave Ra-
diometer EOS (AMSR-E) onboard the NASA Aqua satellite will be used to illustrate the prin-
ciples and results of this approach. The TSO-based soil moisture estimate will be discussed. In
addition, estimates using other common soil moisture retrieval techniques will be presented as
a comparison to highlight the differences in spatial pattern among these methods. Finally, the
prospect of extending this approach to other satellites and hence the creation of a long-term
consistent soil moisture record will be discussed.
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Effect of the Rock/Water/Air Interaction on the Complex Dielectric
Permittivity and Electromagnetic Waves Attenuation in

Water-saturated Sandstones

P. P. Bobrov, A. S. Lapina, and A. V. Repin
Omsk State Pedagogical University, Omsk, Russia

Abstract— We have described how the complex relative permittivity (CRP) of water-saturated
rocks depends on textural and interfacial effects. We used an experimental wideband frequency
domain method for the CRP measurements of a porous medium at the frequency 10 kHz–
1GHz [1].
In the literature, for example in [2], the properties of elastic waves in the water-saturated sand-
stones, particularly the dispersion and attenuation, were described in details, but the properties
of electromagnetic waves were described insufficiently. It is known that the real part of CRP of
completely saturated sandstones depends on the porosity and it remains almost constant in the
frequency range of 1 MHz to 1GHz. At frequencies below 1 MHz observed abrupt increase due
to the relaxation of the double layer at the rock-water interface.
It is usually assumed that reduction of water content in the rock reduces the real part of CRP.
We measured CRP water-saturated powders of the quartz granules and hard sandstones with
a porosity from 7% to 40%, and showed that at the frequencies 0.1–10 MHz the real part of
CRP increases with decreasing of water content to 60–90% of the total porosity. In this case the
conductivity drops sharply. The CRP frequency dependence is similar to the dielectric relaxation,
described by the models of Debye or Cole-Cole.
A possible reason for this phenomenon is the interlayer polarization of the air-water boundary.
Relaxation time weakly depends on the overall porosity, but greatly increases with the increasing
of the pore size. In this case, the relaxation domain shifts down at frequency. In connection
with an increase of the real part of CRP and conductivity decrease, the attenuation of the
electromagnetic wave in relaxation domain decreases. The thickness of the skin layer at water-
saturation of 70–80% in 1.5–2 times higher than at the water-saturation of 50%.
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The Electrical Characteristics of the Rocks with Different Texture

P. P. Bobrov, A. S. Yashchenko, O. V. Rodionova, A. V. Repin, and A. S. Lapina
Omsk State Pedagogical University, Russia

Abstract— In the methods using ultra wideband electromagnetic pulses, as well as for dielectric
logging data interpretation while oil searching the complex relative permittivity (CRP) over a
wide frequency range are required [1].
The species CRP measurement indicates that the dielectric properties are the complex functions
of particle size, clay content, saturating the fluid and its components.
To determine the influence of these parameters we have measured the frequency characteristics
of the CRP of artificial mixtures that have different textures and saturating fluid. The mixtures
consisted of spherical quartz grains of various sizes, river sand, bentonite of 3 types or kaolin
clay in different proportions. They were saturated with liquid: distilled water, oil or saline. The
measurements were made using a vector network analyzer in the frequency range from 10 MHz
to 8.5 GHz. Samples were placed in a cell that can be connected as a coaxial line segment and a
cylindrical capacitor. The surface area was calculated for each sample.
For the analysis of the spectra of CRP the relaxation time was chosen. It was determined by the
model of Cole-Cole. It is shown that the relaxation time increases with a decrease in the specific
surface area of granule mix with all types of bentonite. The same relationship is observed in
mixtures of kaolin and bentonite with sand at low water content.
In the samples having the same specific surface area and the same fluid saturant but containing
different concentrations dissolved the relaxation time decreases with the increasing of the salt
content.
The CRP spectra of the mixtures with the same surface area emulsion saturated with diesel fuel
— water were also investigated. Simulations have shown that as the proportion of oil in the
emulsion decreases the relaxation time decreases too.
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Modeling of Microwave Backscattering from Rice Crops Based on
Radiative Transfer Theory and Antenna Array Concept
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Abstract— Typically, the three growth phases of a rice plant are vegetative, reproductive, and
ripening. The growth duration is determined by changes in the length of the vegetative phase.
Accordingly, radar response at different stages that present different scattering mechanisms,
either single mechanism or mixture, is of vital interest. In terms of scattering mechanisms,
seedling and tillering in vegetative phase present surface scattering, and often water body or wet
ground, while in stem elongation stage, vegetation crown appears, scattering may be from volume
together with surface depending on the radar probing wavelength. In reproductive phase, the rice
plant approaches to full-grown. From heading to flowering, the scattered signal levels may change.
Finally, in ripening phase, from gain milking to mature, the wetness of the ground underneath
changes as the rice filed undergoes practice of inundation and drainage. The rice plant height,
leave area index, and stem density, among other parameters, vary from reproductive to ripening
phases, although the land-cover may just look like a vegetation canopy as whole. All possible
scattering mechanisms may present but weight in differently to total returns. After harvest, the
bare soil presence prompts the surface scattering as the dominant scatterers.
In all, it can be seen that the complex process of rice growth makes an electromagnetic wave
modeling of it difficult, if not possible. In this paper, a three layer scattering model based on
radiative transfer theory by Karam and Fung [1], originally proposed to characterize backscat-
tering from vegetation canopy, is modified for rice plant and their growth phases. A rice plant is
electromagnetically modeled as cluster of rice plant components, a bunch. In particular, antenna
array concept is adopted into the three-layer scattering model to account for the intra-clusters in-
teractions between quasi-periodic bunches subtended by the antenna footprint. The performance
of the proposed method is validated by comparison with continuous ground-based measurements
for a complete cycle of rice growth [2], in which in-situ ground truths were collected as well and
used as the model inputs. Result shows that excellent agreement of backscattering coefficients for
various growth phases between model predictions and measured data is obtained. Dependence
and sensitivity of radar scattering on various radiometric and geometric parameters, including
water content, leaf size, curvature, and stem height and so on, will be discussed and reported.
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An Inverse Model for Sea Ice Thickness Retrieval Using Simulated
Annealing

Y. J. Lee, K. C. Yeong, and H. T. Ewe
Universiti Tunku Abdul Rahman, Malaysia

Abstract— An inverse model named the Radiative Transfer Inverse Scattering Model (RTISM)
for the retrieval of sea ice thickness using Radiative Transfer Theory (RTT) had previously been
developed by the authors. The model incorporates the use of the Dense Medium Phase and
Amplitude Correction Theory (DMPACT) for better accuracy in the radar backscatter calcula-
tions and the application of the Levenberg-Marquardt Algorithm (LMA) to predict the sea ice
thickness from the radar backscatter data. While the model has been successful in its attempts
to predict the sea ice thickness from radar backscatter data, it has limitations in extending its
applications to other sea ice parameters. In this paper, the study of using Simulated Annealing
(SA) as an alternative solution for the LMA in the RTISM is presented. SA is appealing as a
viable option to replace the LMA due to several reasons. It is a global optimizer and reduces
the likelihood of being trapped in a local extremum, thus improving convergence. In addition,
SA eliminates the cumbersome recalculation of the Jacobian matrices of the problem function
for different applications, as required by LMA. Thus, the use of SA generalizes the inverse model
and allows for more room to extend its applications. A comparison between the performances of
both optimizers implemented in the RTISM shall be explored in terms of the execution time and
accuracy in predicting the sea ice thickness.
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Adaptive Boundary Approach for EMF Exposure Assessment in
Broadband Measurements

Dragan Kljajic, Nikola Djuric, Karolina Kasas-Lazetic, and Danka Antic
Faculty of Technical Sciences, University of Novi Sad

Trg D. Obradovica 6, Novi Sad 21000, Serbia

Abstract— Recently proposed boundary approach for exposure assessment of humans to elec-
tromagnetic field (EMF), regarding continuous broadband monitoring, offers determination of
daily upper and lower exposure boundaries. This means that the range with potential exposure
of the general population, as well as occupational one, can be located in real time. As an ad-
vancement of this method, our paper presents a new approach based on adaptation of exposure
boundaries in order to reduce the difference between them and this will increase the precision of
the assessment. Frequency spectrum analysis has been applied, determining the appropriate ref-
erence levels, at particular in-situ location, for the boundary approach improvement. The results
of performed in-situ test measurement of high-frequency electric field strength show attainment
in reduction of boundaries difference of 36.25%, consequently resulting with increased precision
of the daily exposure assessment for the broadband EMF monitoring.
Introduction: The two most commonly applied approaches for the insitu measurements of
EMF level are frequency selective and broadband approaches. For requirements of the longterm
continuous EMF level monitoring in the environment and obtaining of real-time EMF level fluc-
tuations, the broadband measuring approach seems to be a more appropriate solution, because it
results with single value of the overall and cumulative EMF strength, unlike frequency selective
approach, which simultaneously offers results for each separate frequency in particular frequency
range.
Unfortunately, due to the lack of information on EMF sources operating frequencies, the uti-
lization of the broadband measuring approach leads to the difficulties in performing exposure
assessment, since it is not known which of reference levels has to be applied for a comparison.
The Boundary Exposure Assessment Approach: The proposed boundary approach sug-
gests comparison of the obtained measured values with the lowest and highest reference levels in
the field probe frequency range. Applying such an approach, the upper and lower boundaries of
exposure have been determined. In the case of high-frequency electric field measurements, the
boundaries are calculated via following expressions:

GERlow =
(

Em

Eref max

)2

and GERup =
(

Em

Eref min

)2

, (1)
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Figure 1: Adaptation of exposure boundaries.
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where Em is the measured electric field strength, while the Eref min and Eref max are minimum
and maximum electric field reference levels, defined by corresponding legislation acts.
Combining this approach and the results of continuous in-situ EMF broadband monitoring, the
daily boundaries can be obtained, showing fluctuation of the potential exposure over a long period
of time.
The Adaptive Boundary Approach: Calculation of exposure boundaries results with certain
difference between them. Therefore, this paper focuses on reduction of that difference through
the appropriate adaptation of exposure boundaries. The main idea is based on the utilization of
frequency selective in-situ measurement combined with broadband EMF monitoring.
The frequency spectrum scanning is applied to determine the frequencies on which EMF sources
emits over particular in-situ location. Consequently, it is possible to narrow the frequency range
over which the new minimum and maximum reference level should be selected for the exposure
boundaries. The performed test measurement brings the reduction of the difference between
exposure boundaries, as presented in Fig. 1.
The results show that, involving a frequency selective measurement, a reduction in boundaries
difference of 36.25% is attained, resulting with much clearer insight of the human exposure to
EMFs at particular in-situ location.
Conclusion: The performed analysis shows that having information on frequency spectrum
and EMF sources in the vicinity of in-situ location, it is possible to adapt proposed exposure
boundaries and reduce the difference between them.
It can be concluded that such adaptive boundary approach could offer clearer overview of exposure
of human population to EMF and increase the precision of the daily exposure assessment on the
chosen in-situ location.
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Topographic Effect on the Canopy Reflectance

Weiliang Fan1, 2, Qinhuo Liu1, 2, Jing Li1, 2,
Gaofei Yin1, 2, Yelu Zeng1, 2, and Baodong Xu1, 2

1State Key Laboratory of Remote Sensing Science, Institute of Remote Sensing and Digital Earth
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2Joint Center for Global Change Studies (JCGCS), Beijing 100875, China

Abstract— Many researches indicate that the topographic factors have strong influence on
forest canopy reflectance. However, the quantatively effects of canopy reflectance by topographic
is difficulty to be evaluated. For this purpose, the topographic effects on sloping forest reflectance
are quantitatively evaluated based on GOST model and the observed remotely-sensed images.
The following objectives are addressed: 1) the topographical effects on the sloping canopy re-
flectance; 2) the topographical effects on the multi-angle view canopy reflectance; and 3) the
topographical effects on the reflectance with different canopy structures. The major findings are
summarized as follows: First, the topographic factors (slope and aspect) have great impacts on
sloping canopy reflectance. A case study shows that the modeled topographic index for reflectance
([bidirectional reflectance distribution of a sloping forest-bidirectional reflectance distribution of
a flat forest]/bidirectional reflectance distribution of a flat forest), which is the relative error in
modeled canopy reflectance by ignoring the topographic effects, can reach up to 138%, while the
maximum observed topographic index for reflectance from a Landsat image is 99%. Therefore,
the forest reflectance models considering the topographic factors are recommended for canopy
reflectance simulation and canopy parameters retrieval. Second, model simulations show that
topography has differents effects on the sloping canopy reflectance in different view directions.
These effects should be considered in analyzing multi-angle images. Third, topographic fac-
tors have different impacts on sloping canopy reflectance of different canopy structures. Canopy
structure should also be considered in topographic correction on reflectance images because to-
pographic factors alone is insufficient for correcting all variations of reflectance with slope and
view angle.
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A Study of Scattering of Scatterers Using Equivalence Principle
Algorithm

Chan-Fai Lum1, Fu Xin2, Hong-Tat Ewe1, and Li-Jun Jiang2

1Universiti Tunku Abdul Rahman, Malaysia
2University of Hong Kong, China

Abstract— For theoretical models used in microwave remote sensing of earth terrain, it is
quite common to represent the medium as a random discrete medium where the medium can
be modelled as layers of scatterers of basic shapes embedded in the host medium and bounded
by upper and lower rough surfaces. By solving the wave propagation and scattering in the
medium through Radiative Transfer (RT) theory, the scattering returns from the medium can be
obtained. Traditionally, analytical expression of scattering from these scatterers of basic shapes
is derived and computed with simplification based on basic assumptions. However, it is generally
found from ground truth measurement that the actual shapes of those scatterers are much more
complex and irregular. Although it is difficult to simulate the scattering from this wide range
of scatterers of different sizes, orientation and shapes, it is possible to model the medium better
by representing the scatterers with the major types of scatterers of particular shapes, though
the shapes may not be of basic geometrical shapes like spheres. In this study, it is proposed to
use the Equivalence Principle Algorithm (EPA) method under the approach of computational
electromagnetics to perform the calculation of scattering from these scatterers and incorporate
this for the simulation of radar scattering returns from Radiative Transfer (RT) formulation. With
this approach, the theoretical model developed can be extended to cover scattering from scatterers
which are not easily represented by basic geometrical shapes. Comparison of the simulation based
on Mie scattering and EPA will be presented with theoretical analysis for better application of
this method in medium such as snow or sea ice. The model prediction is also compared with
satellite SAR data with physical parameters input from ground truth measurement conducted in
Antarctica.
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Ultra-sensitive Near-infrared Fiber-optic CO2 Sensors

Xinyuan Chong1, Ki-Joong Kim2, Paul R. Ohodnicki3,
Chih-Hung Chang2, and Alan X. Wang1

1School of Electrical Engineering and Computer Science
Oregon State University, Corvallis, OR 97331, USA

2School of Chemical, Biological & Environmental Engineering
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3National Energy Technology Lab
United States Department of Energy, Pittsburgh, PA 15236, USA

Abstract— IR absorption spectroscopy is widely used as a simple and reliable technique for
both detection and identification of hazardous and greenhouse gases. Various mid-IR (2.5–10 µm
wavelength) methods that work at the highly sensitive fundamental vibration bands, such as
Fourier transform IR (FT-IR) spectroscopy that detect gases through spectroscopic signatures,
are available commercially. However, most commercial mid-IR spectrometers are large, expen-
sive, and heavy tabletop instruments. On the other hand, near-infrared (NIR ∼ 0.6–2.5µm
wavelength) optoelectronic devices are miniaturized, low cost, and highly reliable. The biggest
challenge is that most gases do not have fundamental vibration bands at NIR regions, and hence
it has relatively low detection sensitivity.
To resolve this challenge, we develop an ultra-short NIR fiber-optic gas sensor by depositing a thin
layer of metal-organic framework (MOF) on the core of multimode fibers. MOF is a new class
of highly porous crystalline material consisting of metal ions and bridging organic ligands linked
together by coordination bonds. Due to its high surface area, chemical and physical tailorability
and tunable nanostructured cavities, it can be used for gas sensing by effectively concentrating
various gases from the ambient environment. The fiber-optic gas sensor was fabricated by growing
nanoporous MOF materials on the core surface of an etched optical fiber. First, standard buffered
oxide etchant was used to etch away the cladding of a fluorine-doped silica cladded/silica core
multimode fiber (MMF) (Thorlabs AFS 105/125Y). The etched length is about 8 cm. To increase
the interaction between the evanescent field and the surrounding gas molecules, the core of the
fiber was etched to approximately 75 µm. Second, the etched MMF was cleaned thoroughly,
followed by O2 plasma treatment (50w) for 20 minutes. Finally, a 100 nm thick MOF was grown
on the surface of the etched core by stepwise layer-by-layer (LBL) method. The fiber-optic sensor
was then placed inside a gas cell connecting with CO2 flowing system. Gas sensing experiment
was performed by scanning the wavelength from 1571.5 nm to 1573.5 nm. The detection limit is
500 ppm with overall real-time response of only 40 s. Such ultra-short fiber-optic gas sensors with
rapid response time can be used for greenhouse gas detection and environmental protection.
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Development of a Six-dof Fiber Bragg Grating Force-torque Sensor
for Minimally Invasive Robotic Surgery

Cheol Kim, Chan-Hee Lee, and Seong-Min Yun
Department of Mechanical Engineering, Kyungpook National University

80 Daehak-Ro, Book-Gu, Daegu 702-701, South Korea

Abstract— Minimally invasive robotic surgery is recently attracting much attention, because
it can alleviate patients’ pain, bleeding, and long-term recovery, etc.. If the robotic surgery
end has a haptic device equipped with a 6-dof force sensor, surgeons can easily control their
operating grasping forces. In an effort to develop a 6-dof optical sensing device with a FBG
(Fiber Bragg Grating) sensor which is applicable to detect forces acting on the end-effectors of
a minimally invasive surgical robot, a new design analysis method has been developed. The
sensing device attached to an end-effector consists of a cylindrical frame structure (Fig. 1) and a
FBG optical fiber surrounding the frame diagonally. As the frame deforms subjected to forces and
moments, the attached FBG fiber with 2000 micro-strain of pretension also elongates or contracts.
Deformations of the frame was calculated by the finite element method subjected to x-, y-, and
z-direction forces and three moments about x, y, and z axes, respectively. Displacements of
the FBG fiber regarding to six load-types could be then extracted from frame deformation data
and converted to changes in wavelength on the basis of an equation of optical fiber reflected
wavelength and FBG strain. Using the developed method, various wave lengths were calculated
as three forces changed from 0 to 10N and three moments varied 0 N-mm to 500 N-mm. To
validate accuracy of the analytic design method, a system of the 6-dof FBG sensor with a frame
was fabricated and tested under the loads used for analyses. The changes in wavelength were
measured by an optical spectrum analyzer in the experiment. Analytical and experimental results
showed a good correlation with 4% error. The sensitivities of the theoretical and analytical models
were very similar.

Figure 1: An 6-dof sensing device with a frame and FBG a fiber.
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In-line Fiber Filters Using Tapered Flat-clad Fiber

Jian-Wei Zheng1, Shih-Hsin Lo1, and Nan-Kuang Chen2

1Department of Electro-Optical Engineering
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Abstract— Making optical fiber sensor components technology have chemical-etching, fused-
tapering, laser ablation etc., Most of used the hydrogen flame to made the tapered fiber. In this
experiment, is used the hydrogen flame to made the taper fiber at the flat-clad fiber, shown in
Fig. 1. The diameter is around 20µm, then the fiber was connected to superluminescent diodes
and optical spectrum analyzer, Fig. 2 is the experimental set-up, we found the taper flat-clad
fiber has interference, shown in Fig. 3, and further explore.

Figure 1: The hydrogen flame-brushing technique.
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Figure 2: Experimental set-up.
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Figure 3: Spectrum of the taper flat-clad fiber.
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High Sensitivity Index Sensor Based on Core-cladding Modes
Interferences in Hollow Core Fiber

Shih-Hsin Lo1, Jian-Wei Zheng1, and Nan-Kuang Chen1, 2
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Abstract— In this work, we demonstrate using a single mode fiber (SMF-28) end-spliced with
a hollow optical fiber (HOF) composition broadband high sensitivity micro fiber Michelson in-
terferometers (FMI) possess a fiber spherical lens can test outside refraction index (RI). The
output end of the HOF is fused by arc to form a spherical lens, shown in Fig. 1, for efficiently
collecting reflection lights from external moving materials under test. This broadband high sensi-
tivity micro-FMI with extinction ratio of 25 dB over 1250–1650 nm wavelength and the reflected
cladding modes can rise to beat signals, shown in Fig. 2. The transmission spectra of using
this experimental set-up (Fig. 3) to test different external environment RI, the Fig. 4 shows the
transmission spectra in the difference RI of 1.456, 1.54 and 1.6. When refraction index increase
the extinction ratio will gradually decreased. Therefore, sensing external environment refractive
index for using this micro fiber Michelson interferometers is feasible.

Figure 1: FMI with a lensed HOF. Figure 2: The experimental set-up for FMI.

Figure 3: Transmission spectra of the FMI with an
end-sphered HOF.

Figure 4: The transmission spectra in the difference
RI.
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Surface Plasmon Resonance Excitation in Metal-clad Single-mode
Optical Fiber through the Tunneling of Fundamental Mode

Across the Fiber Cladding
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Abstract— We present a novel approach to the excitation of surface plasmon resonance (SPR)
in a single mode optical fiber with metal-coated optical cladding for precision refractometery and
biosensing applications. As a rule fiber-optic SPR-refractometers built around single-mode fibers
require removal of a part of optical cladding so that the metal layer could be deposited in close
proximity of the fiber core to make it possible for the fundamental mode to couple to surface
plasmons [1, 2]. The proposed method uses a bent fiber with a reduced normalized frequency to
enable the fundamental mode to tunnel across the cladding and excite surface plasmons in the
metal film applied to the outer surface of the cladding. Such an approach eliminates the need for
mechanical or chemical modification of the fiber thus simplifying the fabrication procedure and
increasing the robustness and longevity of the sensitive element.
The schematic of the waveguide under study is shown in Fig. 1(a). It consists of straight input
and output sections and a bent metal-clad central section. We used numerical modeling based on
eigenmode expansion method to simulate the propagation of light through the studied waveguide.
It was shown that by choosing a proper combination of normalized frequency, bend radius, and
metal film thickness one can achieve strong coupling between the fundamental mode guided by
the fiber core, and symmetric surface plasmon mode supported by the metal layer applied to the
fiber cladding. This brings about a narrow dip in the transmission spectrum of the waveguide
whose resonant wavelength has a strong and nearly linear dependence on the refractive index of
the surrounding medium n3, which enables precision refractometric measurements with spectral
sensitivity and resolution estimated at 70 µm/refractive index unit and 3 · 10−7, respectively.

(a) (b)

Figure 1: (a) The schematic of the waveguide under study: 1 — straight input section, 2 — bent metal-coated
sensing section, 3 — straight output section, 4 — waveguide core, 5 — waveguide cladding, 6 — polymer
jacket, 7 — silver layer, 8 — amplitude profile of one of the two modes responsible for the transfer of
the core mode power to surface plasmons, 9 — amplitude profile of the fundamental mode of sections 1
and 3. (b) Calculated transmission spectra for three values of the surrounding medium refractive index:
n3 = 1.4312 (1), 1.4314 (2), 1.4316 (3).
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High Sensitivity Vibration Sensor Using Monolithic Micro
Michelson Fiber Interferometer
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Abstract— We demonstrate high sensitivity monolithic micro Michelson fiber interferometer
with high order spatial modes beating using a hundreds-of-micrometer-long hollow core fiber,
with a lensed fiber end, splicing to a singlemode fiber for vibration sensing applications. In
device fabrication and experiment set-up we use single mode fiber (SMF-28) welding hollow-core
fiber (HOF) the sample HOF length is 151.13 µm, HOF core diameter is 5 µm then end spherical
we measurement sample Maximum power of 13.59 µm then we use super luminescent diodes
(SLDs), 3 dB coupler and optical spectrum analyzer (OSA) spectrum measurement (Figure 1)
Measurements use SLDs and OSA from this (Figure 2) use SLDs and OSA from this sample
then put mirror to end in this (Figure 3) use tunable laser and OSA from this (Figure 4) use
tunable laser and oscilloscope (OSC) from this sample no vibration straight 17mv peak to peak
(Figure 5) use tunable laser and OSC from this vibration mirror peak-to-peak dynamic 118mV
(Figure 6).

Figure 1: We use super luminescent diodes(SLDs), 3 dB coupler and optical spectrum analyzer (OSA)
spectrum measurement.

Figure 2: SLDs and OSA mea-
surements.

Figure 3: Use SLDs and OSA this
sample then put mirror to end.

Figure 4: Tunable laser and OSA.

Figure 5: Use tunable laser and OSC from this sam-
ple no vibration.

Figure 6: Use tunable laser and OSC from this vi-
bration mirror.
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Flow Rate Sensing Based on Monolithic Fiber Michelson
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Abstract— The fiber sensor had been widely used, such as strain, temperature, and in different
liquid. In this work, we demonstrate the micro-Michelson interferometer (MMI) flow speed sensor.
The micro-Michelson is made by single mode fiber end-flat and then fusion with hollow core fiber
(HOF), the end-flat of the HOF is the sphere. HOF core diameter is 5 µm and the length is
152 µm. We measurement the water flowing when the bobble past throw the sensor. Fig. 1 shows
the device structure and the experimental set up, the MMI is connect to the tunable laser and
the oscilloscope. The distance of MMI to the pipes is 6µm. Fig. 2(a) shows non-flow speed in the
pipes. When the bubbles pass through the sensor it with the different speed it will have different
effect it shown in Figs. 2(b), (c).

Figure 1: Device structure and the experimental set up.

(a) (c)(b)

Figure 2: (a) Non-flow speed pass through sensor, (b) high-flow speed pass through sensor, (c) slow-flow
speed pass through sensor.
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Micro Non-contact Profilometer Using Integrated Fiber Michelson
Interferometer

Jhih-He Jhang1, Yu-Lin Tseng1, and Nan-Kuang Chen1, 2

1Department of Electro-Optical Engineering, National United University, Miaoli, Taiwan
2Optoelectronics Research Center, National United University, Miaoli, Taiwan

Abstract— Fiber sensors had been widely used in many different places, the traditional fiber
Michelson interferometer is non-integrated. In this work, we demonstrate a high-sensitivity micro-
Michelson interferometer (MMI) using a single mode fiber end-spliced with a short hollow-core
fiber end-fused by arc to measure a tiny variation of topography. The experimental set-up as
shows in Fig. 1, the topography using a gold tape and a silver tape to made topography. Thickness
of gold tape and silver tape are 70µm and 37 µm, respectively. The depth on the gold tape is
equivalent to the lower topography. Non-cleaved place on the gold tape is equivalent to the higher
topography. Fig. 2 shown the spectrum respond of the MMI is correspondence to the high and
low topography.

Figure 1. Figure 2.
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Micro Fiber Accelerometer Based on Multibeam Michelson
Interferometer
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Abstract— We use a High-sensitivity broadband micro-Michelson-interferometer to measure
acceleration. Use a single mode fiber (SMF) end-spliced with a short hollow-core fiber (HOF)
end- fused by arc to measure a sway of spring piece. Tunable laser is launched into the optical
fiber and fixed spring piece on the fixture. The distance of optical fiber to spring piece is around
16.14 nm. Then, make the optical fiber and spring piece together become a devise, shown in
Fig. 1. Push the devise going quickly and make it stop suddenly. At this time, we can see spring
piece sway violently to weakly and then stop, shown in Fig. 2. When light passes through an
optical fiber to the spring piece, the light will be reflected back from the surface of spring piece
and get spectrum from Oscilloscope. By calculating, we can get acceleration from sway of spring
piece.

Figure 1. Figure 2.
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Generating Non-reciprocal Phases in Photonic Systems

Benjamin J. Eggleton1 and Enbang Li2

1CUDOS, University of Sydney, NSW, Australia
2University of Wollongong, NSW, Australia

Abstract— Photonic topological insulators support unidirectional protected modes and enable
light to flow around imperfections with perfect transmission. Generating non-reciprocal phases in
photonic systems is vital in realizing photonic topological insulation. In this talk, methodologies
and techniques for experimentally generating non-reciprocal phases will be discussed.
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Topological Photonics Quasicrystals

Miguel A. Bandres1, Mikael C. Rechtsman1, and Mordechai Segev2

1Physics Department and Solid State Institute, Technion, Haifa 32000, Israel
2Department of Physics, The Pennsylvania State University, University Park, PA 16802, USA

Abstract— Topological insulators are materials that insulate in their bulk, but allow extremely
robust flow of current on their surfaces [1]. In two dimensions, they possess one-way edge cur-
rents that that are immune to scattering and imperfections. Recently, the ongoing theoretical
effort to realize topological insulation and protection in optics [2–8] culminated in the first ex-
perimental observation of photonic topological insulators in optics [9], as demonstrated in an
honeycomb array of evanescently coupled helical waveguides. This effect was also demonstrated
in a silicon-chip platform using a lattice of coupled ring resonators [10]. Introducing topological
protection into photonics not only brings technology closer to employing the unique properties
of topological phases in real applications but also provides an entirely new platform for probing
and understanding topological protection.
Quasicrystals are unique structures with long-range order but no periodicity [11]. They constitute
an intermediate phase between crystals and disordered media. Quasicrystal transport is extremely
rich, this is evidenced by the surprising regime of disorder-enhanced transport in a photonics
quasicrystal [12], and the direct connection between 1D quasi-crystalline band structures and
topological physics [13].
Here we show that it is possible to have a topological phase in two-dimensional quasicrystals
without zero magnetic field. This topological quasicrystal exhibits gapless one-way edge states
that scale with the systems perimeter, contrary to the general states of a quasycristal system
which are critical, characterized by a power law decay. We show that the spectrum exhibits a rich
structure of topological minigaps whose gapless edge states only form by increasing the system
size due to their long penetration depths into the bulk. This is a new phenomenon in which
the quasicrystal topological structure emerges as a function of the system size, in contrary to
periodic systems where the topological phase can be completely characterized using its unit cell.
We demonstrate the existence of this topological phase both by using a topological index (Bott
index) and also by studying the dynamics (unidirectional transport) of the gapless edge states.
Our specific model is a Penrose lattice of helical optical waveguides, a photonic quasicrystal;
however we expect this new topological quasicrystal phase to be universal.
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Measuring Topological Invariants in Photonic Systems

Sunil Mittal1, 2, Sriram Ganeshan1, 3, Jingyun Fan1,
Abolhassan Vaezi4, and Mohammad Hafezi1, 2

1Joint Quantum Institute, NIST/University of Maryland, College Park, MD 20742, USA
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Abstract— Recently, there has been a surge of interest in investigating topological edge states,
with synthetic gauge fields, in various photonic systems. In particular, topological robustness
of photonic transport was quantitatively confirmed both in the microwave [1] and telecom do-
mains [2], using synthetic 2D structures. Moreover, topological photonic edge states have been
imaged in two concurrent experiments [3, 4]. Edge states are char- acterized by a topologically
invariant integer, the winding number. However, measurements of the winding number have
so far remained elusive in photonic systems. Here, we report first measurement of the winding
number of photonic edge states. We implement the integer quantum Hall model in a photonic
system: a two dimensional square lattice of ring resonators with a uniform synthetic magnetic
field in the bulk and a tunable gauge field coupled only to the lattice edge. By selectively tuning
the gauge flux coupled to the edge, we show that the edge states resonances in the transmission
spectra of the device undergo a spectral ow. In particular, for a gauge ux of 2π, the edge state
resonances move by their winding number. This experiment provides a new approach for direct
measurement of topological invariants, independent of the microscopic details, and thus could be
extended to probe topological orders in other photonic and atomic systems.
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Crystal by Both Parity and Time-reversal Symmetry Breaking
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Abstract— One-way propagation of optical wave is highly desired due to its applications as
photonic devices, whereas negative refraction have attracted much attention since it companies
such novel effects as super-lensing and subwavelength resolution potential. With recent studies on
one-way optical propagation, how to realize one-way negative refraction or even one-way cloaking
attracts much attention, which has particular importance in security and military applications.
Up to now all realized negative refraction are reciprocal. Very recently some theoretical studies
predict the nonreciprocal refraction can exist in PCs with symmetry breaking however, they need
further experimental verification. In this work, we theoretically and experimentally demonstrate
one-way negative/positive refraction based on a two-dimensional composite magneto-optical pho-
tonic crystal (MPC), which is fabricated by alumina and ferrite square rods. Biased by magnetic
field, the ferrite element breaks the time-reversal (T) symmetry. In the meantime, the hetero-
structure of the MPC makes the parity (P) symmetry broken. The two broken symmetries induce
the MPC has distinguished refractions under a pair of counter-incidence angles (+ and −). The
EM wave can transport through the MPC at one incidence angle but be forbidden totally at the
opposite angle, forming a one-way refraction. In addition, such one-way refraction could be ei-
ther positive or negative, which depends on the incidence angle and operating frequency. Further,
corresponding experimental demonstrations are given and the results are in good agreement with
theoretical predictions. These interesting properties would offer promising applications in opto-
electronic devices such as optical isolator, and provide a practical way toward one-way focusing
and one-way cloak.
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Chiral Interaction of Light and Matter in Confined Geometries

A. Rauschenbeutel
Vienna Center for Quantum Science and Technology, Institute of Atomic and Subatomic Physics

Vienna University of Technology, Wien, Austria

Abstract— When light is strongly transversally confined, significant local polarization com-
ponents that point in the direction of propagation arise. In contrast to paraxial light fields, the
corresponding intrinsic angular momentum of the light field is position-dependent — an effect
referred to as spin-orbit interaction of light. Remarkably, the light’s spin can even be perpendic-
ular to the propagation direction. The interaction of emitters with such light fields leads to new
and surprising effects. For example, when coupling gold nanoparticles or atoms to the evanescent
field surrounding a silica nanophotonic waveguide, the intrinsic mirror symmetry of the parti-
cles’ emission is broken. This allowed us to realize chiral nanophotonic interfaces in which the
emission direction of light into the waveguide is controlled by the polarization of the excitation
light [1] or by the internal state of the atoms [2], respectively. Moreover, we employ this chiral
interaction to demonstrate nonreciprocal transmission of light at the single-photon level through
a silica nanofiber [3].

REFERENCES

1. Petersen, J., et al., Science, Vol. 346, 67, 2014.
2. Mitsch, R., et al., Nature Commun., Vol. 5, 5713, 2014.
3. Sayrin, C., et al., arXiv: arXiv:1502.01549, 2015.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1339

Non-Hermitian Topological Photonics
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Abstract— The recent development of topological insulator states for photons [1–3] has led to
an exciting new field of “topological photonics,” which has as a central goal the development of
extremely robust photonic devices [4]. Topological insulator physics has been studied extensively
in condensed matter [5] and cold atoms [6], but photonics facilitates introducing non-Hermitian
effects through the engineering of optical gain and loss. In this talk, we will present two results
demonstrating non-Hermitian topological systems for the first time, as described below. Our
systems are realized in an array of laser-written waveguides. Losses in the waveguides are engi-
neered by oscillating waveguide trajectories (Fig. 1(b)). Although in the experiment there are
only passive components, this maps directly onto the problem with gain and loss (modulo an
overall exponential decay).

(1) The first experiment concerns a one-dimensional dimer model (lattice part S in Fig. 1(b)) in
which the non-Hermitian character of the system can be used to extract topological information
purely from the bulk dynamics of the system [7]. Since the diffraction of light through the
waveguides maps to the Schrödinger equation, its topological character carries over into the
optical domain. We show that, as predicted in [7], the ‘mean displacement’ 〈∆m〉 of the optical
wavepacket on the Bsites undergoes a transition as a function of the ‘dimerization’ [d1− d1]/2 of
the lattice (Fig. 1(a)). This transition measures the ‘winding number’ of the lattice, a topological
number that must be either zero or one in our case.

(2) The second is the proposal of the first non-Hermitian, PT-symmetric topological system, and
its experimental realization in the ‘passive-PT’ framework. It had been previously thought that
PT-symmetric topological states were impossible [8]. Here we provide an example of such a state.
The model comprises a topological defect state in a one-dimensional system (shown in Fig. 1(b)).
Due to the global PT symmetry, both the bulk and defect states have real eigenvalues. The
defect state is observed in Fig. 1(c).

In conclusion, these two experiments constitute the first realization of non-Hermitian topological
states in any system in nature.

(a) (b) (c)

Figure 1: (a) Simulation and experiment showing the topological transition in the non-Hermitian dimer
model; (b) schematic showing the experimental setup with global PT symmetry; (c) experiment showing no
topological state (above), and with topological state (below).
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Unidirectional Spontaneous Emission in Waveguides with Tailored
Photonic Spin-orbit Coupling

Søren Stobbe and Peter Lodahl
Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, DK-2100 Copenhagen, Denmark

Abstract— We review the recent experimental progress on using the spin-orbit interaction of
light to construct deterministic light-matter interfaces. We show that photonic-crystal waveguides
with particular symmetries exhibit a pronounced photonic spin-orbit coupling, and quantum
emitters placed inside such media exhibit highly directional emission. The direction depends
on the orientation of the dipole moment of the emitters and we experimentally demonstrate a
directionality of 90% of single photons emitted from a quantum dot into a single propagating
mode.
When an excited quantum emitter decays by spontaneous emission, light is normally emitted in all
directions. By embedding the emitter in photonic nanostructures, the emission can be funnelled
into specific optical modes [1]. Using photonic-crystal waveguides, nearly all spontaneous emission
is emitted in the propagating modes (propagating in opposite directions) of the waveguide and
so far a coupling efficiency of 98.4% has been demonstrated experimentally [2]. Photonic-crystal
waveguides are therefore amongst the most promising platforms for deterministic quantum gates
with optical photons.
Photonic-crystal waveguides offer an exceptional exility in their design and fabrication, and novel
functionalities may be implemented by imposing a particular glide-plane symmetry of the crystal.
Here we are concerned with structures optimized for creating large regions with a local circular
polarization. In this case the internal quantum state of an embedded emitter is directly mapped
onto a single propagation direction due to the photonic spin-orbit interaction [3]. This interaction
is inherent to Maxwell’s equations but has only been studied rather recently because it vanishes in
the paraxial approximation, which is often a good approximation for laser beams but breaks down
in photonic nanostructures due to the strong transverse mode confinement. The link between
polarization and direction constitutes a deterministic chiral light-matter interface, which may be
probed by embedding quantum dots with circularly polarized excitonic states [4, 5].

REFERENCES

1. Lodahl, P., S. Mahmoodian, and S. Stobbe, “Interfacing single photons and single quantum
dots with photonic nanostructures,” arXiv:1312.1079, to appear in Rev. Mod. Phys., 2015.
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Surface Impedance and Bulk Zak Phase Correspondence in Two
Dimensional Photonic Crystals

Meng Xiao1, Xueqin Huang1, Zhihong Hang2, Z. Q. Zhang1, and C. T. Chan1
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The Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong, China

2Department of Physics, Soochow University, 1 Shizi Street, Suzhou 215006, China

Abstract— Surface impedance is an important concept in classical wave systems. It tells how
a wave reacts when encountering an interface, say between the vacuum and a dielectric photonic
crystal (PC). We find that the surface impedance of a truncated PC is related to the geometric
property (Zak phase) of the bulk band of this PC. This surface bulk correspondence plays a
crucial role in understanding the formation of interface states between PCs. While the existence
of interface states can be obtained with the surface impedance, this correspondence uncovers the
underlying physics which explains the robustness of the interface state through the Zak phases of
reduced 1D bulk bands. We give two examples to illustrate the significance of this surface bulk
correspondence.
The first example is about interface states between two PCs consisting of square array of dielectric
cylinders in the vacuum. The low frequency response of the PC can be described with the
monopole and dipole excitations of the dielectric cylinder. When the parameters of the cylinders
are carefully chosen, there exists an accidental degeneracy point between the monopole mode
and the dipole mode at the Brillouin zone center. We show that if the parameters of two PCs
are both near this accidental degeneracy point, we can always find at least one interface state at
the boundary. This peculiar feature can be explained with the surface bulk correspondence.
The other example is about the interface state between two PCs with mutually inverted structure
sharing a common gap above the lowest band. We show that the interface state exists as long
as the PCs possess a mirror symmetry on average along the direction of the interface. The
robustness of the interface state stems from the difference of the Zak phases of the lowest bulk
bands across the boundary. Zak phase is related to the distribution of the Wannier function and
that of the lowest band tends to concentrate on the high dielectric component of the PC. Hence
the Zak phases of the lowest bulk bands are different for PCs with inverted structure. According
to the surface bulk correspondence, the surface impedance of the gaps above the lowest band are
also different and thus interface state exists in the common gap region above the lowest band.
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Single Molecules Coherently Coupled to a Dielectric Nanoguide

V. Sandoghdar
Max Planck Institute for the Science of Light (MPL) and Friedrich Alexander University

Erlangen-Nürnberg, Erlangen 91058, Germany

Abstract— An efficient interface between photons and a controlled number of individual quan-
tum emitters would allow one to study fundamental many-body effects relying on cooperative
phenomena and polaritonic excitations. Several years ago, we demonstrated the first long-distance
coupling of two individual molecules via tight focusing [1]. In this talk I will report on a new
experimental system that allows the coupling of a mesoscopic ensemble of molecules. The core of
our setup consists of a glass capillary with a subwavelength and high refractive index core that
is doped with dye molecules. The highly confined mode of such a nanoguide can allow coupling
efficiencies up to 18%. By combining high-resolution microscopy with extinction, fluorescence
excitation and resonance fluorescence spectroscopy, we demonstrate the versatility of this geom-
etry for reaching high optical densities while maintaining a low background and addressability
of each single emitter. I will present our published experimental results [2], the prospects of
our approach, as well as the ongoing efforts for achieving higher coupling efficiencies in a chip-
compatible geometry. Furthermore, I show how efficient coupling of propagating photons to a
single molecule can make it possible to observe four-wave mixing of continuous-wave laser beams
via a single molecule [3].

(a) (b)

(c)

Figure 1: (a) Visualization of the sample geometry including the nano-capillary butt-coupled to a conven-
tional single mode fiber. (b) Transmission spectra of the nanofiber showing the stokes-shifted fluorescence
and (c) the extinction of the resonant light.
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Using Dressed-state Resonance Fluorescence from a Single
(In,Ga)As/GaAs Quantum Dot for Alkali Atomic Vapor

Spectroscopy

S. M. Ulrich1, R. Löw2, and P. Michler1

1Institut für Halbleiteroptik und Funktionelle Grenzflächen
Universität Stuttgart, Allmandring 3, Stuttgart 70569, Germany
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Abstract— Hybrid quantum systems combining semiconductor quantum dots (QDs) and atomic
vapors promise interesting applications in quantum information technology. Recent research in
this field has explored the resonant coupling between single GaAs QDs and Rubidium gas to
generate, e.g., frequency-stabilized non-classical emission (∼ 780 nm) as well as slow light for
qubit storage/retrieval operations [1, 2].
As an alternative hybrid approach, we use a cw laser-driven single (In,Ga)As/GaAs QD (4 K) in
the “dressed state” resonance fluorescence (RF) regime to address the D1 transitions of atomic
Caesium (Cs) vapor (300 K) [3]. QD-atom resonance is achieved by tuning the frequency of
the dressing laser close to the QD ground state v ∼ 335.116THz (894.592 nm) and shifting the
narrow-band center and side channels of the QD Mollow triplet. Using this laser frequency
controlled QD probe light for absorption measurements allows to precisely identify all four Cs
hyperfine-split transitions. Therefore, narrow-band (In,Ga)As/GaAs QD RF is demonstrated as
suitable to optically address individual channels of the D1 quadruplet without magnetic field or
electric field tuning. Further ongoing experiments will be discussed in the talk.
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Nonlinear Optics with Coupled Polariton Modes

S. R. K. Rodriguez, A. Amo, I. Sagnes, E. Galopin, A. Lemâıtre, and J. Bloch
Laboratoire de Photonique et de Nanostructures, LPN/CNRS

Route de Nozay, Marcoussis 91460, France

Abstract— Extreme optical nonlinearities emerge when photons are spatially confined and
rendered mutually interacting. Semiconductor optical microcavities are promising solid-state
systems wherein these two conditions can be simultaneously fulfilled. Photons in a microcavity
can couple strongly to excitons in semiconductor quantum wells, giving rise to composite light-
matter quasi-particles known as polaritons. The excitonic constituent confers polaritons giant
interaction strengths, while the photonic constituent enables micron-scale confinement of polari-
tons followed by photon emission. Hence, polaritons constitute an excellent system for studying
light-matter interactions under the influence of tunable coupling, driving, nonlinearity, and dissi-
pation. In addition to single-mode nonlinearities, coupled polariton modes exhibit rich nonlinear
dynamics and steady-states due to the interplay between nonlinear interactions and linear cou-
pling. Here, we will present recent experimental results on coupled semiconductor micropillars
exhibiting such strongly nonlinear optical dynamics and steady-states.
Our group has demonstrated several hallmark features of nonlinear Josephson oscillations in
a photonic system [1]. The system studied consists of two tunnel-coupled semiconductor mi-
cropillars. The dynamics was characterized by measuring the population imbalance and phase
difference between polaritons in adjacent pillars under pulsed excitation. In the linear regime
(low pump power), polaritons oscillate between the two pillars — Rabi oscillations. For increased
pumping, the oscillations become nonlinear. For even higher pumping, polaritons are trapped by
the intensity-induced nonlinearity in the pumped pillar. This fascinating phenomenon, known as
macroscopic self-trapping, was observed for the first time in a photonic system in Ref. [1].
Recently, we have studied the steady-states of coupled polariton modes under resonant excita-
tion [2]. In particular, we have observed how the symmetries of the hybrid modes formed by
the tunnel coupling between the two cavities can be broken, and restored, as the pump power
increases. Distinct nonlinear thresholds enable us to abruptly increase the emitted intensity by
one of the two coupled cavities or both. As we will show, these effects are associated with optical
multistability and a pronounced hysteresis spanning several orders of magnitude in pump power.
These results illustrate new ways to achieve all-optical nonlinear switching, and offer intriguing
prospects for accessing the quantum regime with polaritons. In particular, non-classical states of
light seem within reach with state-of-the-art polariton systems. Such extremely nonlinear optical
cavities hold great promise for the realization of polariton blockade, photon fermionization, and
quantum phase transitions beyond the Bose-Hubbard model.
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Single Photon Generation and Non-linearity with a Semiconductor
Quantum Dot
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Abstract— In a semiconductor quantum dots, the coulomb interaction between carriers results
in a strong anharmonicity of the energy levels. This non-linearity is widely used to generate single
photons on demand. It has also been recently explored to implement single photon routers. Both
these applications requires to implement a highly efficient single photon-single quantum dot
interface, so as to collect every photon emitted by the quantum dot or, symmetrically, so that
every photon sent on the device interacts with the quantum dot. In this talk, we will present our
recent progresses along this research line.
By deterministically coupling a single quantum dot to the optical mode of a micropillar cavity,
we implement a highly efficient single quantum dot-single photon interface. We demonstrate the
fabrication of ultrabright sources of indistinguishable single photons with a record brightness of
79% collected photon per pulse [1]. Under non-resonant excitation, we demonstrate indistin-
guishability of successively emitted photons in the 70- to 90% range. With electrically controlled
structures [2], strictly resonant excitation can also be achieved. Under a p-pulse excitation, a
near unity indistinguishability is observed. The quantum interference of photons emitted by
two remote devices is finally shown to be greatly enhanced by the acceleration of spontaneous
emission [3].
Symmetrically, we show that such devices can be used to demonstrate optical non-linearities at
the level of only few incident photons [4]. When a single spin is inserted in the quantum dot, the
polarization of a photon sent on the device can be rotated by ±6◦ depending on the single spin
state [5].
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Nanoparticle-assisted Stimulated Emission Depletion (STED)
Microscopy, Theory and Experimental Demonstration

Y. Sivan1, Y. Sonnefraud2, H. Sinclair3, M. Foreman4,
C. Dunsby3, M. Neil3, P. French3, and S. A. Maier3

1Ben-Gurion University, Israel
2Institut Neél, France

3Imperial College London, UK
4Max Planck Institute for the Science of Light, Germany

Abstract— We show experimentally a 4-fold reduction of the intensity required to achieve
sub-diffraction resolution in a stimulated-emission-depletion microscope, in good agreement with
theory. This shows that the theoretical prediction of a 100-fold intensity-reduction is achievable.
The limit that diffraction puts on imaging was considered as the most fundamental problem in
wave physics. This limit was broken in the early 2000s in the context of fluorescence microscopy,
eventually resulting in the awarding of the Nobel Prize in Chemistry, 2014. One of the promi-
nent super-resolution technique is stimulated-emission-depletion (STED) nanoscopy, which offers
superb resolution along with fast acquisition times. The STED nanoscope, however, suffers from
the need for high intensities required for efficient depletion. Here, we show that using metal
nanoparticles (NPs) improves the performance of STED nanoscopes [1]. Compared with a stan-
dard STED nanoscope, we show theoretically a resolution improvement by more than an order of
magnitude, or equivalently, depletion intensity reductions by more than 2 orders of magnitude;
these come along with a strong photostabilization due reduction of photobleaching. We show
that such performance improvement can be attained without excessive heating, making it useful
for live-cell studies.
We demonstrate the technique experimentally by comparing the resolution attained by imaging
dye-doped silica nanoparticles with or without a thin shell of gold [2]. We observe that an op-
timum resolution, limited by the particle sizes, can be reached for the NPs for a power of the
STED beam 4 times smaller than for the bare cores, see Figure below, in good agreement with
the theoretical calculations. We show that the experimental obstacles encountered all have very
satisfactory solutions. Accordingly, we expect to reach the theoretical predictions once the mea-
surements will be repeated with particles of optimal geometries. Our experimental demonstration
opens the way to improvement of existing STED nanoscopes and assisting the development of
low-power, low-cost nanoscopes. This has the potential to increase the availability of STED
nanoscopes and lead to an expansion of our understanding of nanoscale biological phenomena.

Figure 1: Resolution improvement using coreshell NPs vs. the STED depletion power density. Blue disks:
bare doped silica cores only. Black dotted circles: coreshell nanoparticles. The red dashed (respectively
green dotted) line is a least-square fit of the bare silica (respectively coreshell).
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The Wedding of Bioelectromagnetic and Biochemistry: Bridging a
Molecule and Its Own Electromagnetic Information

Alberto Foletti1, 2, Mario Ledda1, Settimio Grimaldi1, and Antonella Lisi1

1Institute of Translational Pharmacology, National Research Council-CNR, Rome, Italy
2Clinical Biophysics Research Group, Lugano, Switzerland

Abstract— Previously we showed an interesting effectiveness of the electromagnetic informa-
tion delivery of a specific source molecule in mimicking its specific biological effect [1, 2]. Never-
theless the effect was quite lower than the original positive control. Therefore we decide to assess
a possible synergism between a reduced dose of a molecule and its own electromagnetic informa-
tion in order to increase the efficacy of this procedure trying to disclose new possible avenues in
translational pharmacology [3] following suggestion from other works reporting synergistic effect
between molecules and extremely low frequency electromagnetic fields [4, 5]. A reduced dose of
retinoic acid, corresponding to a tenth of the usual, was delivered together with its own electro-
magnetic information to LAN-5 neuroblatoma cells. The signals from retinoic acid molecules was
transferred to the cell culture medium employing as for our previous reports a commercial avail-
able electro medical device (Vegaselect 719). The effect on cell differentiation was significantly
higher, and statistically significant, than the one obtained by the electromagnetic information
delivery procedure when performed alone. A positive and effective synergism between a reduced
drug dose and its own electromagnetic information seems to emerge as a promising and use-
ful perspective in translational pharmacology outlining future applications in new drug delivery
protocols allowing to reduce the amount of drug’s doses especially in the elderly and in the in-
creasing number of patients with multiple comorbidities. Bioelectromagnetic and biochemistry
should, therefore, be considered on the way of a promising wedding instead of a permanently
independent life. Future researches should either optimize the protocols of preparation of these
potentially new drugs, either assess the lifespan of their biological effect in order to translate
them into effective clinical application at the bedside through Biolectromagnetic medicine [6].
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Oversensing and Undersensing of Implantable Cardiac Medical
Devices Exposed to EMI

I. L. Spano, A. Serpi, M. Tomasi, I. Marongiu, and G. Gatto
Department of Electrical and Electronic Engineering, University of Cagliari, Italy

Abstract— In the last decade, the development of new technologies and the increased use of
Radio Frequency (RF) sources make Electromagnetic Interference (EMI) a growing issue. In
fact, when an electronic device is exposed to RF signals, they may prevent it to operate correctly,
causing malfunctions. EMI issues are particularly critical for Implantable Cardiac Medical Device
(ICMDs), which are generally employed for people whose spontaneous heartbeat is not good
enough to ensure normal living conditions. Nowadays, ICMDs are implanted even from a very
young age, thus it is no longer unusual for people wearing an ICMD to be highly exposed to EMI,
such as in factories.
In this context, EMI immunity of ICMDs against RF signals is a growing issue, particularly elec-
tromagnetic interactions between ICMDs and intentional and unintentional RF sources (e.g., cell
phones, safety systems, magnetic resonance, radiation, X-rays, etc.) may impair ICMD sensing
performances. Consequently, the device may interpret spurious signals as threatening arrhyth-
mias, starting unsuitable pacing activities or providing an improper defibrillation shock. Despite
the use of appropriate filtering systems and/or recognition algorithms, misunderstandings can
still occur, leading to undersensing or oversensing, as shown in Fig. 1. Particularly, undersensing
prevents ICMD to detect the heartbeat, whereas oversensing makes ICMD sensitive to spurious
signals.
In this paper, the problems of oversensing and undersensing due to EMI are addressed referring
to two different types of ICMDs, i.e., a pacemaker (PMK) and an Implantable Cardioverter
Defibrillator (ICD). This is done by means of a novel experimental testing procedure, which is
developed in order to reveal EMC susceptibility of the device under test. Experiments have
been carried out within an RF anechoic chamber, which guarantees a proper EMI injection,
shielding against external EMI sources at the same time. In particular, an equivalent EMI source
is employed, i.e. a Bilog antenna generates an RF signal (80% AM modulation), the frequency of
which has been chosen in accordance with ANSI/AAMI ISO 14117: standard 2012. In fact, this
last provides specific frequency ranges for EMC testing of ICMDs. As a result, different ICMD
behaviours have been revealed in absence/presence of EMI, as highlighted in Fig. 1. Much more
results will be enclosed in the final version of the paper, as well as a detailed description of the
proposed procedure.

(a) (b)

Figure 1: (a) Undersensing and (b) oversensing: heartbeat (green waves) and sensing thresholds (purple).
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Figure 2: Pacing occurrences for (a) PMK and (b) ICD over about fifty one-minute tests, with and without
EMI (yellow and green respectively).
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Biomagnetic Fields of Propagating Electric Activity in Functional
Syncytia Measured Using Amorphous Metal Magnetic Sensor

Shinsuke Nakayama1 and Tsuyoshi Uchiyama2
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2Graduate School of Engineering, Nagoya University, Japan

Abstract— Electric current propagates in excitable cellular organizations so as to achieve their
functions. In the heart, pacemaker potentials are amplified and forwarded from the atrium to
ventricle muscle, thus synchronizing heart beats. Also, in the gut, coordinated motions, such
as peristalsis and segmentations, require electric activities to organize smooth muscle segments.
Magnetic detection would provide a non-invasive and aseptic estimate of their functional states.
In this study, we performed real-time measurements of biomagnetic fields in the musculatures of
functional syncytium, using a gradio-type magneto sensor. Smooth muscles were isolated from
gastrointestinal and urinary systems of guinea-pigs. Also, right ventricular muscle along with the
right atrium was isolated from the heart of mice. In the gradio-magneto sensor, the performance
of differentiation was improved by using a single amorphous metal wire with a pair of transducer
coils, which produced well-balanced induction potentials. The distance between the sample and
the wire was ∼ 1mm.
When musculature samples were incubated in a physiological extracellular solution at 32–35◦C,
spontaneous magnetic waves of up to several nT were observed. The frequency and the time
course of biomagnetic waves reflected the cellular tissue-dependent excitability. For instance, in
stomach samples only several magnetic waves occurred in a minute, while in cardiac samples
magnetic transients occurred at 1–2 cycles/s at the beginning of recording. Since the thickness
of ventricular musculature was < 1mm in mice, it is considered that our sensor would be able to
measure magnetic activity in cardiac muscle sheets of regenerative medicine, if available.
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Performance Evaluation of Dipole versus Modified Bow-Tie in
Annular Phased Array Applicators

P. Takook, H. D. Trefná, A. Fhager, and M. Persson
Chalmers University of Technology, Sweden

Abstract— The main goal of the hyperthermia treatment is to heat up tumors to temperatures
above 42◦C while keeping healthy tissues at normal temperatures. To reach this goal, accurate
hyperthermia treatment planning is necessary. This demands finding the optimal excitation
amplitudes and phases of the antenna applicator to heat the tumor.

In this paper we utilized the 3D time reversal focusing method for hyperthermia treatment
planning application [1]. The method which is based on the constructive wave interference at the
tumor site, is implemented. The implementation used the finite-difference time-domain (FDTD)
to solve Maxwell’s equations. In a previous study conducted by the authors, the effect of different
parameters as the input settings of 3D method for optimal heating of tumor models was shown
in a head-and-neck phantom [2]. Among those, the antenna model is one the most influential
parameters.

This paper aims to study the effect of a simplified antenna model in hyperthermia treatment
of different tumor types and positions. The antenna used in this study is a modified version
of wide-band Bow-Tie antenna [3]. To simplify the architecture of the 3D model, the Bow-Tie
antenna models were replaced by half-wave dipole antennas. To evaluate the performance of the
simplified model, treatment planning outcome of Bow-Tie antenna applicator were compared with
that of the half-wave dipole antenna applicator. The efficacy of these two antennas in heating the
tumors were then evaluated in terms of average power absorption ratio (aPA), remaining tissue
maximum index (RTMi) [1] and target coverage25% [4].

Two spherical tumors were positioned in the center and the side of a homogeneous phantom
with radius 80 mm. The performance measures were then computed for each simulation. An
irregular shaped tumor in a non-homogeneous head-and-neck phantom of similar size was studied
afterwards.

The results of the simulations for the spherical tumors, demonstrated that for a centrally located
tumor with radius of 10mm (where distance of tumor center to the phantom surface is d = 80),
array of Bow-Tie antennas presented 3.3% higher aPA, 1% higher TC25% and 3.9% lower RTMi
compared to array of dipoles. When tumor was located closer to the phantom surface, d = 60, all
quality indicators were approximately the same for Bow-Tie and dipole. For the irregular shaped
tumor in the laryngeal region which was even closer to the phantom surface, d = 50, dipole
antennas showed considerably higher aPA and TC25% and lower RTMi values compared to the
Bow-Tie. The aPA = 47, TC25% = 84% and RTMi = 0.3 for dipole and aPA =25, TC25% = 78%
and RTMi = 0.64 for Bow-Tie respectively. This confirmed authors previous study, in which
for the same laryngeal tumor the treatment outcome from dipole antennas modeled in 3D code
was better than Bow-Tie in CST [2]. Figure 1 shows the power absorption distribution radiated
by Bow-Ties and dipoles in a 10-antenna applicator along the transverse plane of the laryngeal
tumor.

Hyperthermia treatment quality indicators are correlated with the size of tumor and its relative
position to other non-homogeneities. However, the results demonstrated that only based on the

(a) (b)

Figure 1: (a) Power absorption distribution radiated by Bow-Tie and (b) dipole in a laryngeal tumor, shown
along the transverse plane.
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relative distance between center of the tumor and the phantom surface, it can decided which
antenna type leads to a better treatment outcome. For example, more tumor coverage can be
achieved by Bow-Tie antennas for a tumor in tongue region, centrally located in a head-and-neck
phantom.
Further studies are necessary to reach higher treatment quality for all tumor positions, e.g., by
combination of different treatment plannings and hot-spot reduction techniques.
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RF-photonic 2D/3D Integrated Circuits for Arbitrary Waveform
Generation and Detection in Temporal, Spectral, and Spatial

Domains

S. J. Ben Yoo
Department of Electrical and Computer Engineering, University of California, Davis, USA

Abstract— We will discuss 2D and 3D photonic integrated systems designed for coherent syn-
thesis, processing, and detection of optical waves in time, space, and frequency domains. In
particular, we will discuss a new class of RF-photonic devices based on 3D ultrafast laser inscrip-
tion methods. The talk will be in three parts addressing applications in future communication,
computing, and imaging systems including chip-scale LIDAR, satellite communication, and data
systems. The 3D photonic integrated circuit (PIC) platform exploits direct inscribing of arbitrar-
ily shaped waveguides using femtosecond lasers. In one example, such a 3D PIC allows arbitrary
beam forming for spatial division multiplexing using orbital angular momentum states. We will
further discuss 2D integrated photonic technologies based on InP, silicon, and silica material
platforms. Examples at UC Davis include > THz coherent optical transmitters and receivers on
a monolithically integrated InP platform, silicon photonic RF-photonic lattice filters, and orbital-
angular-momentum (OAM) MUX/DEMUXes. Dynamic optical arbitrary waveform generation
and measurement (OAWG and OAWM) technologies enable > THz scale coherent optical trans-
mission systems with arbitrary modulation formats and bandwidth. Integrated 3D OAM devices
can realize arbitrary spatial beam forming. Finally, we will address future prospects of the new
2D/3D RF-photonic integration circuits towards realizing future communication, computing, and
imaging systems.
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Software-defined Integrated Microwave Photonics for Radio Access
Networks

Daniel Pérez, Ivana Gasulla, and José Capmany
ITEAM Research Institute, Universitat Politecnica de Valencia, Spain

Abstract— Microwave Photonic (MWP) systems are usually at the heart of analog signal pro-
cessing engines that are placed in between the signal acquisition devices and front-end digital
signal processors (DSPs) to accommodate the signal formats to the constraints imposed by the
DSP limited sampling rates. This entails the realization of a wide variety of functionalities.
Typical space, weight and power (SWAP) figures for commercial MWP systems are around 0.04–
0.2m2 in size, 1.5–10 kg in weight and 15–20W in power consumption, making them unsuitable
for mass production and widespread use required by the next generation and emerging applica-
tions. Integrated photonics has the potential to change the power scaling laws of high bandwidth
systems through proper architectural choices that combine photonics with electronics to optimize
performance, power, footprint, and cost. In particular, analog photonics has a qualitatively dif-
ferent behavior compared to digital electronics since the energy per analog task is dominated by
the steady-state bias power and does not increase significantly as the bandwidth increases.
Integrated Microwave Photonics (IMWP) [xx] that aims at the incorporation of MWP com-
ponents/subsystems in monolithic or hybrid photonic circuits is instrumental to achieve the
aforementioned evolution objectives. The activity in IMWP has been almost exclusively fo-
cused towards the so-called Application Specific Photonic Integrated Circuits (ASPICs) where
a particular circuit and chip configuration is designed to optimally perform a particular MWP
functionality. As a result, there are almost as many technologies as applications and, due to this
considerable fragmentation, the market for many of these application-specific technologies is too
small to justify their further development into low-cost industrial mass-volume manufacturing
processes.A radically different approach that we propose in this paper is to design a software
defined universal MWP signal processor architecture that can be integrated on a chip and is
capable of performing all the main functionalities by suitable programming of its control signals.
This is inspired by the flexibility of software-radio [16] and digital signal processors, where a
common hardware is shared by multiple functionalities through a software-defined approach (or
programmability), leading to significant cost reduction in the hardware fabrication. In the paper
we propose a general configuration of this processor, discuss its application as a reconfigurable
front-end subsystem in centralized radio access networks (CRANs) and its possible implementa-
tion in the different available material platforms.

REFERENCES

1. Capmany, J. and D. Novak, “Microwave photonics combines two worlds,” Nature Photonics,
Vol. 1, 316–330, 2007.

2. Marpaung, D., C. Roeloffzen, R. Heideman, A. Leinse, S. Sales, and J. Capmany, “Integrated
microwave photonics,” Lasers Photon. Rev., Vol. 7, 506, 2013.

3. Pizzinat, A., et al., “Infrastructure convergence for fixed and mobile access networks”, OFC
2009, Workshop “Migration scenarios toward future access networks I”, San Diego, March
22nd, 2009.



1360 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Application of Multicore Fibers to Microwave Photonics

Ivana Gasulla and Sergi Garcia
ITEAM Research Institute, Universitat Politecnica de Valencia, Spain

Abstract— The exploitation of the last available degree of freedom for optical multiplexing
-space- has been recently touted as a solution to the upcoming capacity bottleneck in Digital
Communications [1]. The future optical network can benefit from Space-Division Multiplexing
(SDM) by establishing independent light paths in a single optical fiber via multicore fibers or
few-mode fibers. This paper presents the novel extension of this concept to the areas of ana-
logue photonics and radio-over-fiber in order to create a new paradigm in the field of Microwave
Photonics (MWP).
Microwave photonics is currently being used in many information and communication scenarios,
including satellite communications, converged fiber-wireless communication networks, distributed
antenna sensing systems, signal processing, medical imaging systems and optical coherence to-
mography [2]. Most of the MWP solutions applied to these scenarios rely on a core optical
component, the true time delay line, which is typically implemented using discrete optoelectronic
or fiber-based devices, including switched and dispersive single-core fibers, photonic crystal struc-
tures and active semiconductor waveguides.
We propose to exploit the inherent parallelism of SDM to implement a sampled true time delay
line featuring, not only a reduction of size, weight and power consumption, but also unique pro-
cessing capabilities beyond the current state of the art in terms of system stability, flexibility,
versatility and record bandwidth. More specifically, we envision the application of heterogeneous
multicore fibers, which are composed of a set of non-identical cores, to provide in a single optical
fiber a broadband true time delay line featuring 2 dimensional tunability thanks to the simul-
taneous use of space and optical wavelength diversities. While keeping comparable propagation
characteristics in all the cores of heterogeneous multicore fibers is important in digital commu-
nications, tunable true time delay lines for MWP require to design each single core so that it
presents a different group delay and a different chromatic dispersion behavior.
We will also show how this SDM-based true time delay line can be applied to different MWP
applications, such as tunable microwave signal filtering, optical beamforming networks for phased-
array antennas, arbitrary waveform generation, optoelectronic oscillators and radio-over-fiber
distribution in converged fiber-wireless access networks.
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Electro-optic Dual-comb Interferometry

Vicente Duran1, Santiago Tainta2, and Victor Torres-Company1

1Department of Microtechnology and Nanoscience
Chalmers University of Technology, 41296 Gothenburg, Sweden

2Department of Electrical Engineering, Universidad Pública de Navarra, 31006 Pamplona, Spain

Abstract— Dual-comb interferometry is a multiheterodyne technique based on two phase-
locked frequency comb sources. This technique permits to measure the complex spectral response
of a sample under test at ultrafast speeds because it avoids using any mechanically moving parts.
Dual-comb interferometry has impacted a wide range of fields, including spectroscopy, ranging
or Raman microscopy.
In this contribution, we present our results on dual-comb interferometry implemented with
electro-optic combs. These coherent light sources operate at repetition rates > 10GHz, which
allows for realizing dual-comb interferometry at speeds in the ∼MHz range. The fundamental
tradeoffs between number of lines, detection speed and number of bits are exemplified with pulse
shaping experiments.
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Ultrahigh-speed Photonically-enabled Compressive Microwave
Spectrum Sensing

Mark A. Foster
Department of Electrical and Computer Engineering

Johns Hopkins University, Baltimore, Maryland 21218, USA

Abstract— With its multitude of uses in communications and sensing, the radio spectrum is
a highly regulated and finite resource. At present the radio spectrum is tightly and statically
allocated This static allocation model is necessary to ensure that primary users have unimpeded
access free of interference from other users. However, the modern proliferation of wireless elec-
tronics is placing pressure on this 100 year old model. Modern electronic devices will increasingly
rely on high-bandwidth wireless communications for internet connectivity as well as inter-device
communications. Furthermore, while the radio spectrum is tightly allocated, recent investiga-
tions indicate that usage at any spatiotemporal location is generally sparse with a limited number
of active channels, scattered across an extremely broad bandwidth. This observation indicates
that a cognitive radio system that can efficiently and rapidly sense spectral usage could adapt
to exploit these temporary spectral opportunities and thus make more efficient use of the finite
radio spectrum resource. However, efficiently detecting spectrum usage across an extremely wide
bandwidth remains a primary challenge for any such system. Here we will discuss our recent
work on a microwave photonic compressive sampling system for extremely wideband microwave
spectrum sensing. Our approach employs chirp processing of ultrafast laser pulses to achieve
all-optical high-rate compressed sensing measurement. Pseudorandom binary sequence (PRBS)
patterns are modulated onto time-stretched optical pulses, encoding them onto the optical spec-
tra at a rate of one unique pattern per laser pulse. The pulses are then partially-compressed,
increasing the system’s effective sampling rate well beyond the electronic limits. The partially-
compressed patterned pulses are then modulated again with the microwave signal under test and
fully compressed to perform optical integration of the PRBS to microwave signal inner prod-
uct before output photodetection and digitization. Using this approach, we have successfully
acquired multi-tone sparse microwave spectra with instantaneous bandwidths beyond 15 GHz
utilizing both an electronic sampling rate two-orders of magnitude lower than the Nyquist rate
and also less than 1% of the measurements traditionally required for Nyquist sampling. Thus
this approach allows for a significant reduction in the hardware resources needed for wideband
spectrum sensing while maintaining rapid and continuous spectral awareness.
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Thermally-assisted-occupation Density Functional Theory
(TAO-DFT)

Jeng-Da Chai
Department of Physics, National Taiwan University, Taipei 10617, Taiwan

Abstract— In this talk, I will briefly describe the formulation of our recently proposed thermally-
assisted-occupation density functional theory (TAO-DFT) [1] and the density functional approx-
imations to TAO-DFT [2]. In contrast to Kohn-Sham DFT, TAO-DFT is a DFT with fractional
orbital occupations given by the Fermi-Dirac distribution (controlled by a fictitious tempera-
ture), for the study of large ground-state systems with strong static correlation effects. Rela-
tive to TAO-LDA (i.e., the local density approximation to TAO-DFT), TAO-GGAs (i.e., the
generalized-gradient approximations to TAO-DFT) are significantly superior for a wide range of
applications, such as thermochemistry, kinetics, and reaction energies. For noncovalent interac-
tions, TAO-GGAs with empirical dispersion corrections are shown to yield excellent performance.
Due to their computational efficiency for systems with strong static correlation effects, TAO-LDA
and TAO-GGAs are applied to study the electronic properties of acenes with different number
of linearly fused benzene rings (up to 100), which is very challenging for conventional electronic
structure methods. Some interesting results will be presented in this talk.
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Ensemble Formalism of the Orbital-free Density Functional Theory

Á. Nagy
Department of Theoretical Physics, University of Debrecen, Debrecen, Hungary

Abstract— There are two ways to perform density functional calculations: solving the Kohn-
Sham equations or the Euler equation. Nowadays mainly the Kohn-Sham equations are utilized.
This scheme has the disadvantage that there are several equations for systems with a lot of
electrons. The Euler equation, on the other hand, is a single equation, independently on the
number of electrons of the system under study. Naturally, the solution of a single equation
instead of several Kohn-Sham equations leads to a huge simplification. That explains the growing
interest in orbital-free methods. The reason for the fact that the orbital-free scheme is not so
popular lies in the lack of accurate approximation for the kinetic energy functional. Here, a way
avoiding the kinetic energy functional problem is presented.
Ensembles are constructed in the ground-state non-interacting density functional theory [1–4].
Ensemble Euler equation is derived from the ground-state non-interacting Euler equation. It
can be formulated as a one-particle Sccrödinger-like equation for the square root of the ensemble
density. The potential in this equation is the sum of the original Kohn-Sham potential plus the
ensemble Pauli potential. The latter satisfies a first-order differential equation. The true electron
density can be easily obtained from the ensemble electron density. The properties of the ensemble
electron density will be presented.
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Plasmon Excitations in Na Nanoparticles and Graphene Studied by
Time-dependent Density Functional Calculations

Guang-Yu Guo
Department of Physics, National Taiwan University, Taipei 10617, Taiwan

Abstract— Plasmon, a collective type of electronic excitations generally featured by metallic
systems, has been an old topic in physics. However, the prominent outlook of plasmonics for
various applications in nanotechnology has stimulated its intense studies in recent years. Previous
theoretical and experimental investigations on plasmons in metal nanostructures have mainly
been focused on the Mie surface plasmons, as opposed to volume plasmons which cannot be
optically excited in extended bulk metals. However, volume plasmons in small metal nanoclusters
and graphene nanoflakes have been theoretically and experimentally shown to be significant.
Furthermore, in nanoscale size regime, quantum plasmons could have distinct behaviors that are
different from classical plasmons.
In this talk, I will report our recent quantum mechanical calculations of plasmon excitations
in quantum-sized neutral Na clusters [1] and also in graphene [2]. Our theoretical calculations
are based on linear-response time-dependent density functional theory. In particular, the optical
absorption spectrum, density response function and static polarizability of the Na clusters are
evaluated [1]. The π- and π + σ-plasmon dispersions in graphene are calculated and compared
with electron energy loss spectroscopy [2].
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First-principles Simulation of Real-time Electronic Dynamics on
Surfaces of Materials

Rulin Wang1, 2, Dong Hou1, and Xiao Zheng1

1Hefei National Laboratory for Physical Sciences at the Microscale
University of Science and Technology of China, Hefei, Anhui 230026, China

2Beijing Computational Science Research Center, No. 3 He-Qing Road, Beijing 100084, China

Abstract— Understanding the electronic dynamics on material surfaces or at interfaces of
adsorbate-surface systems is crucially important to a variety of applications in physics and
chemistry, such as photovoltaic conversion, heterogeneous catalysis, and scanning tunneling mi-
croscopy. However, theoretically it is very challenging to simulate the electronic dynamics at
material surfaces/interfaces at atomic level. One major difficulty is that the conventional first-
principles methods, particularly those based on the time-dependent density-functional theory
(TDDFT), were developed mainly for isolated or periodic systems, while the surface of bulk ma-
terial has an open boundary and is thus beyond the realm of conventional TDDFT methods [1, 2].
To overcome the above difficulty, we develop a practical TDDFT approach for systems with
open boundaries [3]. Our novel TDDFT approach is based on a combined Padé and Lorentzian
decomposition scheme for resolving the energetic structure and memory content of bulk material
environment. A hierarchy of equations of motion is constructed, which accurately characterizes
the real-time electronic response to local potential perturbations at material surfaces/interfaces.
The new practical approach for open systems thus greatly extends the applicability of TDDFT.
The accuracy and practicality of our novel TDDFT approach is exemplified by simulations on two
prototypical systems: (1) the dynamic relaxation of an excess electron on the two-dimensional
surface of a graphene monolayer, and (2) the real-time electron transfer at the interface of a
molecule-graphene complex. Both the transient and long-time asymptotic dynamics are exam-
ined. The numerical results clearly affirm the correctness and usefulness of our open-system
TDDFT approach. The simulations also provide important insights into the characteristic fea-
tures of temporal electron evolution and dissipation on surfaces of bulk materials.
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Application of Density Functional Theory Combined with
Lippmann-Schwinger Equation to Thermoelectric Properties in

Atomic/Molecular Junctions from First Principles

Yu-Chang Chen1, 2

1Department of Electrophysic, National Chiao Tung University, Hsinchu, Taiwan
2National Center of Theoretical Science, National Chiao Tung University, Hsinch, Taiwan

Abstract— Thermoelectric nanojunctions for use in the development of new forms of energy-
conversion devices at the nanoscale have attracted rapidly growing attention. Thermoelectric
nanojunctions consist of a nano-structured object sandwiched between source-drain electrodes.
As the Seebeck coefficients are relevant not only to the magnitude but also to the slope of density
of states (DOSs), it is of key importance to investigate the details of electronic structures in
thermoelectric nanojunctions. Electronic structures offered by sized reduction thereby provide
new opportunities and challenges for exploring new forms of nanoscale renewable energy system.
Due to the relatively small sizes of junctions, the nature of electron transport are characterized by
coherent wave functions. To calculate the wave functions in atomic/molecular junctions, density-
functional theory (DFT) combined with Lippmann-Schwinger equation (LS) is applied to inves-
tigate non-equilibrium electron transport and thermoelectric properties. Firstly, we will briefly
present an introduction for DFT+LS theory for nanoscale junctions formed by atoms/molecules
sandwiched between bimetallic electrodes. We then focus on how we apply LS+DFT to investi-
gate the Seebeck coefficients in atomic/molecular junctions from first-principles approaches. To
gain further insight into the quantum transport of electrons and energy under nonequilibrium
conditions, we investigate effects of electron-vibration interactions on the Seebeck coefficient and
the figure of merit ZT. We also propose several atomic-scale thermoelectric devices, such as
nano-refrigerators, power generators, and self-powered atomistic transistor.

Figure 1: Inelastic Seebeck coefficients due to electron-vibration interactions.
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Exchange-correlation Functionals from the Strongly-interacting
Limit of DFT

Francesc Malet Giralt1, A. Mirtschink1, C. B. Mendl2, J. Cremon3,
S. M. Reimann3, and P. Gori-Giorgi1

1Department of Theoretical Chemistry and Amsterdam Center for Multiscale Modeling, FEW
Vrije Universiteit Amsterdam, The Netherlands

2Mathematics Department, Technische Universitat Munchen, Germany
3Mathematical Physics, Lund University, Sweden

Abstract— The strongly-interacting limit of the Hohenberg-Kohn functional is represented
by a reference system that is the opposite counterpart of the non-interacting Kohn-Sham one.
The properties of this strictly-correlated-electrons system can be used to build an exchange-
correlation potential that is able to describe strongly-correlated effects without introducing any
artificial symmetry breaking. We show applications of this method on semiconductor 1D quantum
wires and 2D quantum dots.
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Spin-polarized Transport through Single-molecule Magnetic
Junctions

Chao-Cheng Kaun
Acad Sinica, Res. Ctr. Appl. Sci., Taipei 11529, Taiwan

Abstract— We investigate spin-polarized (SP) electronic transport properties and hybrid states
of a single manganese phthalocyanine (MnPc) molecule adsorbed on a Co nanoisland, with the SP
scanning tunneling microscopy measurements and the first-principles calculations. Our analyses
show that the MnPc molecule can pin the Co surface state to the Fermi level, forming hybrid
stationary spin resonance states which, with an antiparallel-magnetization tip, give a resonant
SP conductance peak. Our calculations further reveal that as the tip approaches the molecule,
electronic and magnetic couplings in the junction are tuned as the Zener indirect exchange cou-
pling becomes prominent, which switches the conduction carriers from s to d electrons and leads
to the tailored magnetic moments and magnetoresistance.
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Theoretical Investigations on Band Gaps of Extended Systems

T. Tsuneda
Fuel Cell Nanomaterials Center, University of Yamanashi, Japan

Abstract— The difference between fundamental and optical band gaps is presented by com-
paring the excitation energies and corresponding orbital energy gaps of extended systems. In
solid state physics, optical band gaps are significant to investigate the electric conductivity of
semiconductors. These have often been evaluated as HOMO-LUMO gaps in band structure cal-
culations by neglecting excitonic effects, which are electron-hole interactions through Coulomb-
exchange-correlation integral kernels called Landau interactions. To figure out the excitonic
effects, we compared the time-dependent Kohn-Sham (TDKS) excitation energies and corre-
sponding orbital energy gaps of extended systems: all-trans polyacetylenes, linear oligoacenes,
symmetric graphenes, and fullerenes. Calculated results showed that the difference is significant
when long-range exchange interactions are properly involved, though long-range exchange inter-
actions should be incorporated to obtain accurate charge transfer excitation energies [1, 2]. We
also performed spin-flip (SF) TDKS calculations [3] to make clear the effects of double excitations.
As a result, we found that double excitations become significant especially in long oligoacenes
and large fullerenes, though the SF-TDKS method is found to considerably underestimate the
excitation energies for the excitations from HOMO.
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The Effect of Nitrogen-doping and Mechanical Strain on the
Enhanced Visible Light Absorption of Anatase TiO2

Chin-Lung Kuo
Department of Materials Science and Engineering

National Taiwan University, Taipei, Taiwan

Abstract— Atomic-level control and determination of the electronic band gaps of the semicond-
uctor-based photocatalysts such as TiO2 is of great importance for their applications in the
challenging photo-electrochemical water splitting reactions using sunlight. Due to the relatively
large band gap of TiO2, only a small portion of the solar spectrum in the UV light region
can be absorbed to excite electrons from the valence band top region to the conduction band
edge of TiO2 to generate photocurrents for use in photocatalytic reactions. Therefore, many
research efforts have been made to extend the absorption edge of TiO2 to the visible light part
of the solar spectrum to increase its photocatalytic efficiency under sunlight. Currently, one
main strategy to achieve this goal is to dope TiO2 with various transition metals or non-metal
elements to effectively narrow down the electronic band gap of TiO2. In particular, N-doped
TiO2 has recently become one of the most popular and widely investigated systems in the field
of photocatalysis since Asahi et al.’s experiment in 2001. Nevertheless, the physical origins of the
enhanced visible-light absorption of the N-doped TiO2 remain unclear to date and many critical
issues are still under intensive debate.
In the first part of my talk, I will briefly introduce our recent work on studying the effect of
nitrogen doping on the enhanced visible-light absorption of anatase TiO2. Regarding this aspect,
we have performed first principles calculations in conjunction with our newly developed method
to investigate the long-term controversy regarding the effect of nitrogen doping on the electronic
and optical properties of TiO2. Our main focus here is to reveal whether the enhanced optical
property is primarily attributed to the band gap narrowing of TiO2 or that is simply induced
by the excitation of the localized states within the electronic band gap. Moreover, we are also
interested in finding out if there is any other possible origin for the redshift-like behavior of the
light absorption edge, such as the O vacancy and H impurities in the TiO2 bond network. In the
second part of this talk, I will present our previous work on modulating the electronic properties
of anatase TiO2 via imposing a uniaxial/biaxial strain. Based on first principles calculations, we
have explored the effects of mechanical strains on the electronic band gaps, VBM/CBM positions,
and the effective masses of holes and electrons in anatase TiO2. Our calculations showed that
the effective masses of charge carriers and the band gap of TiO2 can be effectively modulated
by imposing mechanical strains along certain directions. This result also suggests that epitaxial
growth of TiO2 on some selected substrates/processing conditions could be a promising route
toward enhancing the charge carrier mobility and the visible light absorption in anatase TiO2.
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Simulating Nuclear Quantum Effects on the Fly with DFT

Jian Liu
Institute of Theoretical and Computational Chemistry

College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China

Abstract— The norm-mode analysis is useful for near-harmonic systems but does a poor job
when nuclear quantum effects become significant for anharmonic molecular systems. We have
recently combined quantum dynamics and thermodynamics methods (path integral Liouville dy-
namics and path integral molecular dynamics) on the fly with DFT and TD-DFT to study several
types of spectra (such as IR, Raman, electronic absorption, fluorescence spectra) of molecules
in gas phase and in solution. The traditional approaches — employing the norm-mode analysis
around the optical structure and/or ab initio molecular dynamics are often inadequate for de-
scribing these spectra in a consistent way. Comparison to experimental data reveals that nuclear
quantum effects can sometimes be important in these spectra.
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Application of Graphene Dopants to Anodes of Dye-sensitized Solar
Cells

Yu-Chao Wang and Chun-Pei Cho
Department of Applied Materials and Optoelectronic Engineering, National Chi Nan University, Taiwan

Abstract— Graphene oxide could be successfully reduced to graphene using autoclave, and
this has been demonstrated by the results of Raman, XRD and XPS analyses. Graphene was
doped into TiO2 electrode, which was applied to DSSC to improve device performance. It has
been discovered that appropriate graphene doping could enhance dye adsorption and absorption
of visible light. The optimum ratio of graphene doping in TiO2 was 0.005 : 1. Furthermore, it
was demonstrated that three-layer graphene-doped TiO2 covered on FTO conductive substrates
would be better than two- or one-layer graphene-doped TiO2 and could achieve an optimum
DSSC performance. Graphene was favorable for dispersion of TiO2 nanoparticles and reduction
of electrolyte by the dye, leading to improved electron transfer at the interface and decreased
probability of electron-hole recombination. The path and time of electron transport were thereby
reduced. Nevertheless, excessive graphene doping resulted in non-uniform dispersion of TiO2

nanoparticles and reduced specific surface area and amount of dye adsorption. This could cause
lower photocurrent density and DSSC performance. In this study, the most optimized ratio of
graphene doping in TiO2 has been ascertained.
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Microwave Tomography Technique for Concrete Diagnosis

Z. Meng
Fukuoka Univercity, Japan

Abstract— Concrete is a very fantastic construction material and concrete buildings occupy
over than 30% of whole buildings of office, hotel, and facilities for education and employee welfare.
However, concrete can be damaged by fire, aggregate expansion, sea water effects, bacterial
corrosion, calcium leaching, physical and chemical damage, and many incidents, such as falling
concrete, happen all over the world. Because some of the degradation could also occur unseen
in concrete, techniques for concrete diagnosis are needed in construction industry. Radiography
is one of well-known non-destructive inspection techniques with very high precision, but human
health risk is involved and applicable location is limited. On the other hand, Reinforced Concrete
Radar is developed for concrete diagnosis. The device radiates electromagnetic waves to a target
and receives the waves scattered by surface of the target as well as reinforcing steel bars, cavities,
or other objects in the target body. However, in practice it is difficult to comprehend and interpret
the scattering waveforms shown on screen of the device directly.
Microwave tomography is a hopeful technique for concrete diagnosis. The distributions of per-
mittivity ε, magnetic permeability µ and conductivity σ of a concrete body are computer-
reconstructed by making use of measured data of scattering waves. For example, a cost-function

Cost(ε, µ, σ) =
‖Emeasured −Eestimated(ε, µ, σ)‖

‖Emeasured‖
is introduced, where the Emeasured is measured scattering wave by a receiver, and Eestimated(ε, µ, σ)
is the scattering wave estimated by using wave scattering analysis technique, such as FDTD
method, and then ε, µ and σ are estimated by minimizing the Cost. Unlike common case of
inverse scattering problems, usually a target of concrete diagnosis cannot be separated from con-
crete structure body and taken into a radio wave dark room for measurement. This is why it is
so important in microwave tomography technique for concrete diagnosis how to determine the
area of scattering analysis and use measured data of scattering wave effectively.
In this paper, “Successive Estimation Technique” is introduced for concrete diagnosis, which is an
iteration method reconstructs the target part by part automaticly. Intuitive tomography images
of concrete targets are shown in numerical experiments.
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DC Impedance Tomography in Anisotropic Media

Stewart Greenhalgh1, Tim Wiese2, Bing Zhou3, Mark Greenhalgh4, and Laurent Marescot5

1Institute of Geophysics, ETH Zürich, Sonneggstrasse 5, Zürich 8092, Switzerland
2Santos Ltd., 60 Flinders Street, Adelaide 5000, Australia

3Department of Petroleum Geoscience, The Petroleum Institute
P. O. Box 2533, Abu Dhabi, United Arab Emirates

4Thumping Geophysics, Great Eastern Highway, Rivervale, Western Australia 6103, Australia
5Risk Management Solutions, Stampfenbachstrasse, Zürich 8021, Switzerland

Abstract— Many rocks and layered/fractured sequences have a clearly expressed electrical
anisotropy although it is rare in practice to incorporate anisotropy into low frequency impedance
tomography to reconstruct the resistivity structure of the subsurface. Most DC electric inversions
are based on the assumption of medium isotropy. In this study we develop a 2.5D anisotropic
impedance tomography algorithm using a novel Gaussian quadrature grid forward modeling ap-
proach, valid for arbitrary surface topography and the most general class of medium anisotropy.
We perform a series of 2.5D synthetic inversion experiments for various electrode configurations
and 2D models (tilted transversely isotropic solids) to recover the spatial variations of the lon-
gitudinal and transverse resistivities as well as the tilt angles of the local the plane of isotropy.
We examine and compare the image reconstructions obtained using the correct anisotropic in-
version code to those obtained using the false but widely used isotropic assumption. Superior
reconstruction in terms of reduced data misfit, true anomaly shape and position, and anisotropic
parameters were obtained when the correct anisotropic assumption was employed for medium to
high coefficients of anisotropy. However, for low anisotropy coefficient values the isotropic as-
sumption produced slightly better-quality results because the problem is better determined with
fewer unknown parameters to recover. When an incorrect isotropic inversion is performed on
medium to high level anisotropic data the images are dominated by patterns of banded artefacts
and high data misfits. Various pole-pole, pole-dipole and dipole-dipole data sets were investigated
and the inversion images compared against the true model. Eigen spectra analysis of the pseudo
Hessian matrix was performed along with computation of the model relative resolution matrix
to determine and contrast in a quantitative sense the information content and goodness of the
results. We also present a data selection strategy based on high sensitivity measurements which
drastically reduces the number of data to be inverted but still produces comparable results to
that of the comprehensive data set. Inversion was carried out using transversely isotropic model
parameters described in two different co-ordinate frames for the resistivity tensor viz. Cartesian
versus natural or eigen frame. The Cartesian frame provided a more stable inversion product.
This can be simply explained from inspection of the differing sensitivities for the two model
descriptions.
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Non-contact Measurements of Power-line Currents Using the
External Magnetic Field

F. Ghasemifard, M. Johansson, and M. Norgren
KTH Royal Institute of Technology, Sweden

Abstract— With the on-going development into more complex and controllable power grids,
monitoring of voltages and currents at different locations in the grids becomes of increasing
importance. In a non-contact measurement setup the voltages and currents are determined
indirectly by measuring the extraneous electric and magnetic fields. This study concerns the
inverse source problem of determining the currents in a parallel conductor structure, e.g., a
power line or a bus bar, from the magnetic field, measured in a finite number of points. The
method we have developed is capable of handling disturbance field from external sources, by
modelling the external field as an expansion into spherical harmonics. Hence, the field in the
different measurement points becomes a linear combination of the expansion coefficients and the
currents to be determined. For situations with a finitely conducting ground below the currents, a
model of the conductivity in the ground can also be included into the method. For a given level of
Gaussian measurement noise, the theoretically attainable standard deviation in the reconstructed
currents is quantified using the Cramer-Rao bounds (CRB). It turns out that a direct inversion
of the linear system yields results exceeding the CRB with about two orders of magnitude; a
consequence of the illposedness of the problem. To remedy this, we have employed Tikhonov
regularization, where the regularization parameter is determined using the L-curve criterion,
which results in reconstructions about one order above the CRB. Our numerical results show
that with a signal to noise ratio of 30 dB, the currents can be reconstructed with accuracy better
than five percent. Interestingly, when applying regularization, the incorporation of the model of
the ground does not significantly improve the results, which indicate that the spherical harmonic
expansion is in practice sufficient; in practice one does not need to know the ground conductivity.
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Auto-focused Imaging of a Moving Target Using an Ultra-wideband
Array Radar

T. Sakamoto1, T. Sato2, P. Aubry3, and A. Yarovoy3

1University of Hyogo, Japan
2Kyoto University, Japan

3Delft University of Technology, The Netherlands

Abstract— Recent terrorist threats necessitate the development of new measures for the pre-
vention of future attacks, especially in public places such as airports. One such measure is the
adoption of ultra-wideband radar body scanners. Many commercial body scanners employ a
mechanical scanning antenna array, and passengers are asked to remain stationary for a period
of seconds during measurement. For a moving target, however, the resultant image is blurred,
which prevents quick and convenient passenger screening.
To prevent such blurriness, the motion of the target must be compensated for. However, it is
not an easy task to estimate this motion because the antenna scans while the target is moving at
an unknown speed. In addition, the target shape is unknown, which makes the reflection point
sweeping on the target surface unpredictable. The conventional Doppler-based speed estimation
is thus not valid in such a case.
This paper demonstrates the imaging of moving targets using a scanning one-dimensional array
ultra-wideband radar system. We apply a fast radar imaging algorithm, referred to as revised
range point migration, to quickly obtain multiple images for various target speeds assumed. We
then select one of the images according to a certain criterion. The size of the image focus cannot
be adopted for the criterion because the image of a finite-sized target such as a human body does
not necessarily focus on a small area. Therefore, we exploit prior knowledge about human bodies
to estimate the target speed accurately, and realize auto-focused radar imaging of a moving
target. A measurement using a mannequin on a moving platform is conducted to demonstrate
the effectiveness of the proposed approach.
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Gradient-based Inverse Scattering Approach Using Only Total
Electric Field Data

Toshifumi Moriyama, Toshiyuki Tanaka, and Takashi Takenaka
Graduate School of Engineering, Nagasaki University

1-14 Bunkyo-machi, Nagasaki 852-8521, Japan

Abstract— We consider image reconstruction of an object imbedded in a homogeneous medium.
The object is successively illuminated by fields generated from several primary sources. The data
of the total field as the sum of incident and scattered fields is collected on an observation surface
for each illumination. By using these total field data, inverse scattering reconstructs the image of
the object. Most inverse scattering methods assume a priori information on incident field gener-
ated by a transmitting antenna. In near-field measurement situations, incorporation of antenna
modeling into numerical simulation of scattering by the object is preferable to take account of
incident field accurately. In our previous work [1], we have proposed an inverse scattering ap-
proach which uses only total electric field data on an observation surface and does not assume
the incident field information. This results in reduction of the calculation complexity. We set
up an interior boundary value problem in which the solution is the same as that of the original
scattering problem in the region Ω interior to the observation surface S enclosing the object.
The boundary value is given by the tangential components of total electric field of the original
scattering problem on the surface S. The data of the total electric field on S is collected till the
time t = T when the electromagnetic fields disappear almost entirely in the interior region Ω.
Then, the electromagnetic field u(r, t) of the equivalent boundary value problem is also null after
t = T . If the material in the interior region is different from that of the original problem, the
field u(r, t) of the boundary value problem does not become null at t = T . Therefore, the value
of u(r, t) at t = T can be used as an indicator of misfit between an estimated and the original
objects. The inverse scattering problem considered here is cast as an optimization problem where
the cost functional consisting of the stored energy in the interior region Ω at t = T .
It was demonstrated that the proposed method can estimate the locations and sizes of homoge-
neous scatterers in the region of interest by using a genetic algorithm (GA) as an optimization
tool to minimize the cost functional [1]. Since GA cannot deal with many unknowns, it is difficult
to reconstruct the electrical parameter’s distributions of inhomogeneous object. In this paper, we
apply a gradient-based optimization method to the proposed inversion method instead of GA and
examine a reconstruction of inhomogeneous object. Numerical examples show the effectiveness
of the method.

REFERENCES
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The Hollow Detection in the Concrete Wall Using 2D-FBTS
Method from Real Data

Toshiyuki Tanaka, Yuki Tanaka, Toshifumi Moriyama, and Takashi Takenaka
Department of Electrical and Electronic Engineering, Graduate School of Engineering

Nagasaki University, Nagasaki 852-8521, Japan

Abstract— Concrete radar is used the detection of a rebar or a hollow in concrete structure.
The existence of a rebar or a hollow is found easily using concrete radar. But we don’t estimate
the size, the position and the electric constant of the object. To estimate these values inverse
scattering analysis is required. One of them is Forward-Backward-Time-Stepping Method (FBTS
method). According to FBTS method, the distributions of the electric parameter of unknown
objects are clarified.
In this paper, the imaging of concrete wall from real data is discussed. The reconstruction of
concrete wall is performed by comparison between measured data and estimated field calculated
by FDTD. Three-dimensional analysis is necessary to reproduce observation data by numerical
analysis exactly. However, 2D-FDTD is used approximately to make computation time short.
A transmitter and a receiver are arranged at both side of concrete wall respectively. Dielectric
loading Vivaldi antennas are used for a transmitter and a receiver. In 2D-FDTD, as the shape
of antenna can be not incorporated, it is incorporated in program as directivity function. Also,
the directivity function is decided by the amplitude of electric field that was observed with a
homogeneous concrete wall. Furthermore, the incident current source is decided so that the
observation wave shape propagating the homogeneous concrete wall becomes the third derivative
shape of Gaussian function with center frequency 2GHz. The thickness of the concrete wall to
explore is 10 cm, and a cylindrical hollow of 5 cm in diameter exists in the concrete wall. As the
number of transmitting point and receiving point is 5 respectively, the number of the total data
is 25. It is shown to have succeeded in the reconstruction of a cylindrical hollow from measured
data by using 2D-FBTS method which incorporated antenna’s directivity.
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Exploiting a Sparsity Enhanced Microwave Imaging Approach for
Non-destructive Evaluation

M. Bevacqua1, L. Crocco2, L. Di Donato3, and T. Isernia1

1DIIES, University ‘Mediterranea’ of Reggio Calabria, Italy
2IREA, CNR, Naples, Italy

3DIEEI, University of Catania, Catania, Italy

Abstract— Compressive Sensing [1, 2] (CS) has recently become a relevant paradigm in the
signal processing and recovery community, due to the possibility of overcoming the Nyquist
criterion or to achieve “superresolution” in a number of recovery (and imaging) problems. CS
theory is based on the concept of “sparsity” of the unknown function, i.e., on the possibility of
representing the unknown by means of a limited number of nonzero coefficients with respect to a
given basis. Then, CS theory guarantees an accurate reconstruction of the unknown, even if the
number of data is much lower than the overall number of coefficients.
In inverse scattering problem the number of available data is limited, but in many applications
it is possible to assume that the unknown function is sparse. As such, the CS theory could
improve the accuracy of inversion techniques and/or drive the design of simpler and cheaper
measurement set-ups. In this respect, non-destructive evaluation (NDE) via microwave imaging
is a particularly relevant case, since localized anomalies are sought for in the imaging problem
and the reduction of the complexity of the hardware is an important goal. Unfortunately, a
fundamental difficulty exists, since CS theory is well developed for the case of linear problems,
while inverse scattering is generally cast through a non-linear (ill-posed) problem. Again this
is especially true in NDE, where often the target is an air gap (hosted in an electrically dense
medium) and possibly more damages may occur and have to be revealed.
In this contribution we present a new inversion approach [3–5], which allows an effective appli-
cation of CS theory for microwave imaging without neglecting the underlying no-linear nature of
the problem.
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Near-subsurface Imaging with a Single Frequency Scanner

C. Eyraud1, A. Litman1, H. Tortel1, M. Sobrero1, and F. Daout2

1Aix-Marseille Université, CNRS, Centrale Marseille, Institut Fresnel UMR 7249, Marseille 13013, France
2IUT/UFR SITEC Ville d’Avray, 50 rue de Svre, Ville d’Avray 92410, France

Abstract— Probing the near-subsurface is a very challenging problem. The usual methods
consist in prob- ing the soil with temporal techniques, i.e., directly with a temporal pulse or
with a synthetic pulse using a step-frequency acquisition. These techniques are widely exploited
since several years, but they may present some limitations. Indeed, the main advantage of these
approaches — the possibility to remove the contribution of the interface — fails for near-surface
probing when the target echo is in the temporal ambiguity with the interface echo. Moreover
natural soil consists of heterogeneous media having different types of dispersion relationships
with respect to the frequency.
Within that framework, we thus propose an original approach, where we analyze the capabilities
of a mono-frequency/multistatic setup for imaging shallowly buried targets. We have shown the
possibility to perform such an imaging in a previous study working with equivalent media —
composed by foams charged with carbon particles. Our study is now conducted with a realistic
embedding medium composed of silica sand. In the present contribution, we moreover focus on
the available information which can be acquired in such configuration and propose some strategies
to gather the maximum amount of it. The measured fields are post-processed with an efficient
method which takes benefit from the spectral bandwidth properties of the scattered field. The
calculated fields are performed with a home-made Finite Element Method software. Efforts are
put to precisely modelize the real configuration. In particular, an accurate method for modeling
the antennas behavior using a balanced set of elementary sources has been developed. Imaging
results of the near-subsurface from numerical and experimental fields are then fulfill with the
E-DORT method — an extension of the DORT method to elongated targets. This qualitative
and fast imaging procedure, which exploits the spectral properties of the multistatic scattering
matrix, has been adapted to the present stratified configuration. The resulting images will be
presented at the conference.
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Microwave Imaging of Dispersive Scatterers Using Vectorial
Lagrange Multipliers

T. G. Papadopoulos1, T. I. Kosmanis2, and I. T. Rekanos1

1School of Electrical and Computer Engineering, Aristotle University of Thessaloniki, Greece
2Department of Automotive Engineering

Alexander Technological Educational Institute of Thessaloniki, Greece

Abstract— A time-domain microwave imaging method is proposed for the reconstruction of
the spatial distribution of the electromagnetic properties of dispersive scatterers. The method is
based on the minimization of a cost function, which describes the discrepancy between measured
and estimated scattered field data. The Maxwell’s curl equations satisfied by the electromag-
netic field are introduced in the augmented cost function, as equality constraints, via vectorial
Lagrange multipliers. By means of the calculus of variations and the stationarity condition, it
is shown that the vectorial Lagrange multipliers are the solution of the adjoint scattering prob-
lem subjected to the Sommerfeld’s radiation condition. Moreover, the Fréchet derivatives of the
cost function with respect to the distributions of the scatterer properties are derived analyti-
cally. It should be mentioned that their evaluation involves the solution of the adjoint scattering
problem. As a result, the Fréchet derivatives obtained can be utilized by any gradient-based
optimization technique that updates the estimated scatterer properties iteratively. Also, it is
possible to apply any time-domain computational electromagnetics method to compute the esti-
mated scattered field data (direct scattering problem solution) as well as the vectorial Lagrange
multipliers (adjoint scattering problem solution). In this study, two cases of dispersive scatterers
have been investigated. The first case concerns Debye scatterers where the spatial distributions
of the electromagnetic properties of the medium, namely the relaxation time, the static and the
optical permittivity, are reconstructed simultaneously. In the second case, the method is applied
to the reconstruction of the resonant frequency, the damping factor, the static and the optical
permittivity of Lorentz dispersive media. The implementation of the proposed microwave imag-
ing method has been based on the finite-difference time-domain method and the Polak-Ribière
conjugate gradient optimization algorithm.
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Analysis of Radiation from X-band Slotted-waveguide Antenna
Arrays Using the Parallel DDA-FE-BI-MLFMA

Xu-Min Sun, Ming-Lin Yang, and Xin-Qing Sheng
Center for Electromagnetic Simulation, School of Information Science and Technology

Beijing Institute of Technology, Beijing 100081, China

Abstract— The slotted-waveguide array antennas are widely used in real-life applications be-
cause of their small size, light weight, compact structure, high efficiency, and low side lobe
characteristics. Due to their importance, various methods have been developed to compute the
radiation from slotted waveguide antennas, such as the variational approach in terms of equivalent
network, the method of moments (MoM), the finite-difference time-domain (FDTD) method, the
finite element method (FEM) and the hybrid finite element-boundary integral (FE-BI) method.
However, previous researches only study on radiation by a single slot in a waveguide, 1-D slotted-
waveguide arrays or small 2-D slotted-waveguide arrays in a planar surface. Full-wave analysis
for radiation from a 3-D X-band slotted-waveguide antenna array still faces great challenges due
to the electrically large size, large amounts of tiny slots in the narrow wall of each waveguide and
mutual coupling between two close slotted-waveguides through the inner interior the exterior free
space of the waveguide.
We adopted in this paper, the finite element-boundary integral-multilevel fast multipole algorithm
(FE-BI-MLFMA) for fast and accurate computation of radiation from large slotted-waveguide
antenna arrays. To simplify the calculation, for each single slotted-waveguide, a short and in-
finitesimally thin current probe is used as the front-end excitation. A perfectly matched layer
(PML) is used to terminate end of the waveguide port and absorb the reflected wave from the
antenna without any spurious reflection to make each slotted-waveguide antenna work in the
travelling wave mode. In a slotted-waveguide antenna array, each slotted-waveguide antenna
can be generally considered as a single sub-domain. Hence the domain decomposition algorithm
(DDA) can be applied to reduce computation resource and achieve a higher efficiency. To validate
the presented method for characteristic study of radiation from slotted-waveguide antenna ar-
rays, numerical results of radiation patterns for a slotted-waveguide array antenna are presented
together with the results from the commercial software CST. Good agreement can be observed
between the computed results by our DDA-FE-BI-MLFMA and the CST. To show capability of
the proposed parallel DDA-FE-BI-MLFMA, a large X-banded slotted-waveguide antenna array
contains eighteen waveguides with Taylor amplitude and inverse phase excitation is designed and
its radiation patterns are studied with the DDA-FE-BI-MLFMA.
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Scattering of a Gaussian Beam by an Ellipsoidal Particle with
Vectorial Complex Ray Model

K. F. Ren
CORIA — UMR 6614, Normandie Université, CNRS, Université et INSA de Rouen

675 Av. de l’Université, BP 12, 76801 Saint Etienne du Rouvray, France

Abstract— The numerical prediction of the scattering properties of electromagnetic waves or
light by objects of complex shape and of size much larger than the wave length has being always a
great challenge in both the filed of electromagnetic computation or light interaction with particles.
Among a large number of theories, models and algorithms the methods based on the ray models
seem the the most appropriate. But their precision is not often satisfactory because the wave
properties (phase, divergence/convergence. . .) are not or not properly taken into account.
In the model developed by the author — Vectorial Complex Rays Model (VCRM) [1, 2], the
aforementioned wave properties are counted correctly by introducing the wave front curvature
as a generic property of rays. So VCRM improves considerably the precision of ray models. It
has been validated by comparison with two rigorous methods: Lorenz-Mie theory for spherical
particle and the Multilevel Fast Multipole Algorithm (MLFMA) [3] for the ellipsoidal particles. It
is already used to the prediction of the scattering diagrams of the plane wave by large ellipsoidal
particles [4] and the elliptical infinite cylinders [5]. It has also been applied to the scattering of
a two dimensional Gaussian beam by an elliptical infinite cylinder at normal incidence. In this
communication, the VCRM will be further extended to the scattering of a Gaussian beam by an
ellipsoidal particle.
The amplitude, the phase and the wave front curvature of the incident Gaussian beam are con-
sidered in the model, but the diffraction has not yet taken into account. The developed code
has been compared with the rigorous Generalized Lorenz-Mie Theory (GLMT) and we found
that the agreement is perfect when the particle is on or near an incident Gaussian beam of waist
radius smaller the particle radius accept in a very narrow forward direction angle. This is due to
the diffraction effect to be considered in VCRM. Typical scattering diagrams will be exemplified
in the presentation to show the new phenomena of scattering when an ellipsoidal particles is
illuminated by a beam.
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4. Ren, K. F., C. Rozé, and T. Girasole, “Scattering and transversal divergence of an ellipsoidal
particle by using vectorial complex raymodel,” J. Quant. Spectrosc. Radiat. Transfer, Vol. 113,
2419–2423, 2012.

5. Jiang, K., X. Han, and K. F. Ren, “Scattering from an elliptical cylinder by using the vectorial
complex ray model,” Appl. Opt., Vol. 51, No. 34, 8159–8168, 2012.



1388 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Sesquicentennial Year of Maxwell’s Equations and Computational
Electromagnetics

W. C. Chew
Department of Electrical and Computer Engineering

University of Illinois, Urbana-Champaign, USA

Abstract— This year is the sesquicentennial year of Maxwell’s equations. Electromagnetics
and Maxwell’s equations have been instrumental in the conception of many electrical engineering
and optical technologies. It the beginning, it was telegraphy, and rotating machineries. Over the
years, Maxwell’s equations have given rise to wireless communications, antennas, radar, masers,
optics, and photonics.
An amazing feature of Maxwell’s equations is that they are valid from subatomic length scale to
galactic length scale. Therefore, they are valid over a vast frequency range where the wavelength
could be very long as well as being very short. Furthermore, they are also valid in classical
electromagnetics as well as in quantum electromagnetics. The validity of electromagnetic theory
has been tested at many different length scales. It has been tested to a few parts in a billion.
As a result, electromagnetic theory has impacted a whole sleuth of technologies in electrical
engineering, optics, photonics, as well as in material science.
Because of the highly predictive value of Maxwell’s equations, there is always a quest for their
accurate solutions. Various methods to solve Maxwell’s equations have been developed since the
dawn of their discovery. With the advent of computers, the need for more accurate and robust
solutions does not diminish, but indeed increases.
In this presentation, we will present the history of different solution methods in electromagnetic
theory, ranging from analytic methods, to approximate methods, to numerical methods, namely,
the computational electromagnetics methods. We will discuss some issues associated with com-
putational electromagnetics in solving Maxwell’s equations and their enduring legacy. We will
also discuss future directions in this area.
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Scattering of a Cylindrical Wave by the End-face of an Ordered
Waveguide System

Akira Komiyama
Osaka Electro-Communication University, Hatsu-cho Neyagawa-shi 572-8530, Japan

Abstract— A periodic grating scatters an incident plane wave only in discrete directions and
the scattered wave is expressed as a sum of diffracted plane waves. At low grazing angle limit
of incidence high order diffracted waves disappear and only the zero order diffracted wave with
a diffraction amplitude of −1 remains. Nakayama has pointed out that the zero order diffracted
wave cancels the incident wave and a dark shadow takes place [1]. On the basis of a shadow
hypothesis a diffraction theory has been proposed by Nakayama [2]. In there the scattering
factor has been introduced as an essential quantity and an integral representation of Green’s
function in terms of the scattering factor has been presented. So far, however, the execution of
the integration is not reported.
An image fiber is composed of a large number of cores embedded in a single cladding, which is
used to transmit directly an optical image. By illuminating the end-face of an image fiber with a
laser beam a diffraction pattern reflecting the arrangement of cores can be simply observed. We
can see experimentally that the diffraction pattern does not almost depend on the polarization of
the laser beam. From a theoretical interest in the problem the scattering of a plane wave by the
end-face of a waveguide system composed of a large number of cores has been analytically treated
by the perturbation method [3]. The method is applicable to an infinite waveguide system.
In this paper the scattering of a cylindrical wave by the end-face of a two-dimensional ordered
waveguide system composed of an infinite number of cores is analytically treated by the pertur-
bation method and the behaviour of the scattered wave near the end-face is clarified.
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Computation of Spheroidal Micro-organisms Cross Sections Using
the Aperiodic Fourier Modal Method
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Abstract— It is well known that our society is facing numerous ecological challenges. Cultiva-
tion of photosynthetic micro-organisms within controlled environments such as photobioreactor
processes is recognized today as a serious alternative to contribute to the CO2 capture and to
produce bio-diesel and bio-hydrogen.
In order to optimize convertion of light energy into chemical energy within the process of pho-
tosynthesis, we have to predict the light scattering properties, such as the absorption, scattering
and extinction cross sections as well as the scattering diagrams [5].
Based on the rigorous solution of Maxwell’s equations, Mie [4] has studied the scattering prop-
erties of the spherical particles when it is illuminated by a plane wave.
However, most micro-organisms are not spherical and differ by their size and shape parameters.
Their scattering properties are significantly different from those of spherical scatterers. A better
approximation of micro-organisms is to consider them as spheroidal particles. In order to deal
with general shapes, the true geometry is replaced by a staircase approximation which allows to
solve the corresponding scattering problem with the Fourier Modal Method (FMM) [6].
In this communication, we investigate light scattering properties of spheroidal particles with
various sizes and complex refractive indexes. Our results are successfully compared with those
obtained by Asano [1–3].
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A Couple of Topics in Numerical Analysis of Diffraction by a Metal
Grating Using Yasuura’s Method of Modal Expansion
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Abstract— In solving the problem of scattering or diffraction on a computer, we often encounter
small issues. Assuming a numerical solution process of grating problems by Yasuura’s method
of modal expansion [1–7], we pick up a few of such issues or topics that require us to take some
action. The issues taken up here are:

(1) Choice of modal functions: In the method we define an approximate solution in terms of a
finite linear-combination of modal functions. We state our opinion on the choice of the set
of modal functions because the effectiveness of the method depends strongly on the choice.

(2) Modification of the functions in approximation process: We fit the approximate solution
to the boundary condition in the sense of least-squares. Because the grating problems are
pseudo-periodic, we need to modify each function that appears to be periodic.

(3) Behavior of the Jacobian matrix: We employ the orthogonal decomposition of the Jacobian
in solving the least-squares problem and the behavior of the matrix is important. We observe
the behavior and add some comments.

(4) Refractive index of a metal: The index of a metal is of a great interest in application to
plasmonics. Here we show a couple of examples of plasmon resonance absorption predicted
by our computer program using four different values of gold index.

Although most of the topics taken here might have been discussed elsewhere, we should consider
these old topics together with many similar subjects again now to make good use of them. This
is because such matters, sometimes, are inadequately forgotten in today’s progressed computer
environment.
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Dispersion Characteristic Analysis of Open Cylindrical Waveguide
and Its Metalic Closed Model

P. Kelebekler1 and N. Yener2

1Technical Education Faculty, Kocaeli University, Turkey
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Abstract— In the study, complex dispersion characteristics of cylindrical plasma column open
waveguide are obtained from method of moment by modeling the open waveguide with cylindrical
plasma column loaded closed waveguide. The complex dispersion curves obtained from the exact
solution and the MoM are presented correspondingly in the same figure.
Plasma called fourth state of matter is an ionized state of matter, which exists in universe and
can be obtained artificially in the earth. Plasma medium is an anisotropic medium. But it
is typically tackled under special conditions which transform anisotropic medium into isotropic
medium. Thus supplies simplification in solutions. One of these simplifications is that the
radian electron cyclotron frequency (ωc) is taken zero, which is called plasma column with zero
magnetic field in the literature. In our study, isotropic plasma medium with frequency depended

permittivity, ε̃ = ε0(1 − ω2
p

ω2 ) = ε0εp is investigated by using the simplification. Where, ω is the
angular frequency, ωp is the radian electron plasma frequency and ε0 is free space permittivity.
The parametric values of the structure used for numerical computations are that plasma column
radius (a) is 10 mm, azimuthal variation (m) is one and normalized plasma frequency (ωp a/c) is
0.25.
In the study, the MoM based on the generalized telegraphist’s equations is fundamental method.
For the sake of analysis, cylindrical plasma column is enclosed with a metallic cylindrical frame,
because the method gives in the most general solution cluster of closed waveguide structures.
The method was used especially to obtain propagating modes for dielectric open waveguides in
the literature.
The propagation constant of complex modes has real and imaginary part at the same time. Com-
plex Dispersion curves generally indicate wide spectrum of dispersion characteristics involving
forward waves, backward waves, damped waves and complex waves. The complex dispersion
characteristics were presented in different studies for different structures as cylindrical dielectric
rod loaded closed waveguide or two-lawyer circular shielding waveguide. In these studies, the
common feature for complex modes is that they rise at frequency point in which the dispersion
curve changes direction. In the view of this feature, the complex modes for the structure are
investigated numerically in the neighborhood of these points from exact solution by using fsolve
function in MATLAB. Besides, the studies which report the complex modes and complex dis-
persion curves of open waveguides are rather restricted in the literature. Consequently, major
contribution of our study is that the complex dispersion curves of cylindrical plasma column open
waveguide obtained from exact solution and also its closed waveguide model using the MoM are
presented. Additionally, it is indicated by computing with different ratio of plasma column and
metallic frame, that radius of waveguide metallic frame is getting wider, solutions obtained from
the method is approaching the exact solutions in different figures.
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Rigorous Coupled-wave Analysis of Plane-wave Scattering from
Defected Lamellar Grating in Conical Mounting

Koki Watanabe
Fukuoka Institute of Technology, Japan

Abstract— Lamellar gratings are widely used for spectrographs, monochromators, laser tuning,
integrated optics etc.. However, the fabrication of lamellar grating with nanometer scale has the
potential to cause various defects, and the specification of defects influence on the diffraction
efficiency is very important. On the other hand, the defects are artificially generated to change
the physical properties of periodic structures. The principle of defects implementation is used in
photonics crystals.
This paper proposes a spectral-domain approach to the electromagnetic scattering problem of
defected lamellar grating in conical mounting. The fields in imperfectly periodic structures have
continuous spectra in the wavenumber space, and the main problem of the spectral-domain
approach is wavenumber sampling. The present approach introduces the pseudo-periodic Fourier
transform (PPFT) [1]. The PPFT makes it possible to consider the scheme only inside the
Brillouin zone because the transformed fields have a periodic property in terms of the transform
parameter related to the wavenumber. Also, the transformed fields are pseudo-periodic in terms
of the spatial parameters, and the conventional approaches to the periodic structures become
possible to be applied for the scattering problem of imperfectly periodic structures. The present
formulation is based on the rigorous coupled-wave analysis [2, 3] with the help of pseudo-periodic
Fourier transform.
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Three Dimensional Electromagnetic Simulations of Complex Scenes
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Abstract— In this paper, we investigate the effects of multiple natural environments located in
the far-field of a vertical electric current element at low frequencies. A three dimensional Finite-
Difference in Time-Domaine based hybridization technique is used to compute the electromagnetic
field around complex kind of environments remotely located from the radiating source.
Introduction: A recent study [1] shows the effects of natural environments in the near-field of
low frequency antennas. The Finite-Difference in Time-Domain (FDTD) method was used to
carry out these investigations. However FDTD is difficult to apply in large 3D areas because
of the huge amounts of computational resources. A FDTD based hybridization technique was
created in order to avoid these numerical problems and validated in [2]. The aim of this paper is to
show the effects of natural environments on the surface wave propagation using the hybridization
technique.
Computation of Natural Environments with 3D FDTD: Among the main existing natural
environments, five scenes are proposed: a forest, a hill, a valley, a lake and a groundwater. Theses
elements are created taking into account the cartesian grid used by the FDTD.
It has been shown that a forest can be represented by a dielectric slab for a frequency up
to 100 MHz [3]. The values of the relative permittivity εr is 1.065 and the conductivity σ is
10−3 S·m−1. Dielectric blocs are stacked on each other in order to create a hill with an average
slop and its dielectric constants are the same as the ground. The groundwater and the lake
are freshwater reserves, the value of the relative permittivity εr is 80 and the conductivity σ is
5 · 10−2 S·m−1.
Effects of Natural Environments in the Far-field: The current element emits at the fre-
quency f0 = 100 kHz and the natural elements are located at 24 km (8 ·λ0) from the source. The
hybridization technique provides 3D electromagnetic field mapping with and without the envi-
ronment. Both are compared in order to determine the positive and negative effects on surface
wave propagation.
Conclusion: This study shows the effects of multiple environments on the propagation of eletric
field using a FDTD based hybridization technique. The effects of a lossy earth, including obstacles
such as hills and forested areas are observed.
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An Efficient Sinc-Collocation Domain Decomposition Method for
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Abstract— Since their development to solve differential equations boundary value problems [1],
sinc numerical methods have attracted much attention. This is due to their incredible exponential
rate of convergence O(e−γ

√
n), γ is a positive constant. Along with domain decomposition meth-

ods, sinc numerical schemes can be developed to deal with problems which have discontinuous
refractive index profiles. In this paper, a novel numerical scheme based on the sinc-collocation
method is proposed for waveguides analysis. The domain of interest is decomposed into inner
finite domains and outer semi-infinite domains. Patching domain decomposition is applied where
the physical boundary conditions are matched at interfaces.For the finite domains, a much more
convergence rate is achieved by using a double exponential transformation [2].
Mathematical Formulations: The wave equations used in each subdomain for Hx or Hy are
as follows:

∇2Hτ + k2
0

(
n2 − n2

eff

)
Hτ = 0, τ = x, y, (1)

where neff = β/k0 is the mode effective index, and β is the propagation constant. The field
components Hx and Hy are expanded in each subdomain k as follows:

H(k)
τ =

N∑
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N∑

j=−M

c
(τ)
ij S
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i S

(k)
i , (2)

S
(k)
i (τ) =

sin
[
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(
φ

(k)
τ − jhτ

)]

(π/hτ )
(
φ

(k)
τ − jhτ

) (3)

where φ
(k)
τ is a suitable conformal map for each subdomain k.

Numerical Results: A standard rib waveguide structure whose cross section is shown in Fig. 1
will be analyzed. The rib width, W , is 2.0 µm, the rib height, H = 1.1 µm, and the outer slab
depth, D = 0.2m, and the operating wavelength is 1.55 µm. The refractive indices of the guiding,
nc, and substrate, ns, regions are 3.44 and 3.34, respectively. The values of the effective index
for fundamental quasi-TE and quasi-TM modes are 3.38876 and 3.8756 which accord well with
the multi-domain spectral collocation method [3].

Figure 1: Schematic diagram of the rib waveguide structure.

REFERENCES

1. Stenger, F., “A sinc-galerkin method of solution of boundary value problems,” Math. Comput.,
Vol. 33, No. 145, 85–109, 1979.

2. Sugihara, M. and T. Matsuo, “Recent developments of the Sinc numerical methods,” J. Com-
put. Appl. Math., Vol. 164, 673–689, 2004.

3. Alharbi, F. and J. C. Scott, “Multi-domain spectral method for modal analysis of optical
waveguide,” Opt. Quant. Electron., Vol. 41, No. 8, 583–597, 2009.



1396 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015



Session 3A12
SC4: Antenna-Channel Interactions and Wireless

Propagation Channels

Research on Ka Rough Ocean Surface Channel Modeling Based on Stochastic Processes

Xiaodong Cao, Xiaojun Wang, Tao Jiang, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1398

WLAN Based Indoor Locating Systems Enhanced by Ultrasonic Sensors; Hybrid Indoor Locater Systems
(HILoS)

Selcuk Helhel, Atalay Kocakusak, Yalcin Albayrak, Sukru Ozen, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1399

New Intuitive Metrics for Diversity Performance Evaluation of Multi-element Antenna Systems

Vasileios C. Papamichael, Petros Karadimas, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1400

A Practical Approach to Measuring Propagation Channel in the Spherical Vector Wave Domain

Yang Miao, Andres Alayon Glazunov, Katsuyuki Haneda, Jun-Ichi Takada, . . . . . . . . . . . . . . . . . . . . . . . . 1401

Challenges of Radio Propagation Measurements for 5G Systems

Sana Salous, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1402

Double Broadband Balun Structure Using CRLH TL for Differential Excitation of Dual-polarized Self-
grounded Bow-tie Antenna
Sadegh Mansouri Moghaddam, John Kvarnstrand, Andres Alayon Glazunov, Jian Yang, Per-

Simon Kildal, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1403

Capacity Analysis for On-body Communications in an Indoor Environment

Carla Oliveira, L. M. Correia, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1405

Spatial Probability of Detection Distribution as a Performance Measure of ZF Massive MIMO

Andres Alayon Glazunov, Per-Simon Kildal, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1406

Research on Random Wireless Channel of Radio Indicator for Mariners

Tao Jiang, Xiaodong Cao, Xiaojun Wang, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1407

Feasibility Study of Emulating Extended Spatial Channel Models in a Multi-probe MIMO OTA Antenna
Test Setup

Md Suzan Miah, Afroza Khatun, Katsuyuki Haneda, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1408

1397



1398 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Research on Ka Rough Ocean Surface Channel Modeling Based on
Stochastic Processes

Xiaodong Cao1, Xiaojun Wang1, 2, and Tao Jiang1

1College of Information and Communication Engineering, Harbin Engineering University, China
2 Electrical and Computer Engineering Department, National University of Singapore, Singapore

Abstract— It is presented in this paper that a channel modeling technique based on GTD
and stochastic bridge, which may boost the usage of low elevation angle Ka or higher frequency
satellite down-link radio propagation prediction and estimation. First, it is introduced a random
rough ocean surface modeling method under typical ocean states which is the foundation and
the first step for electromagnetic simulation of telecommunication channel. Second, a huge data
ocean surface reflection, scattering and diffraction based on GTD algorithm are calculated by
high performance computer to provide a large number of samples for channel modeling. Third, a
multipath channel model is set up to describe the statistical properties of received signal waveform
which is modified by rough ocean surface. Last, all the steps are summed up and discussed to
show the benefits of the presented modeling technique.
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WLAN Based Indoor Locating Systems Enhanced by Ultrasonic
Sensors; Hybrid Indoor Locater Systems (HILoS)

Selcuk Helhel, Atalay Kocakusak, Yalcın Albayrak, and Sukru Özen
Department of Electrical and Electronics Engineering, Engineering Faculty

Akdeniz University, Antalya 07058, Turkey

Abstract— In building location system requirements are growing very rapidly, since location
information is a critical knowledge, for marketing and rehabilitation campuses as well as security
applications. Instead GPS systems yield the highest location precision at outdoors; they are not
available in indoor environments. Cellular based indoor location system is another possibility [1],
and they proposed a method that uses accelerometer instead of mobile phone itself, but this
solution is operator dependent and very expensive. Studies [2–4] present in the literature using
Wi-Fi systems are examples of those indoor locating studies. Campos et al. [2] presented a
system for multi-floor indoor positioning considering architectural aspects. They proposed a
Data Correlation Method combined with neural network applications on them. They compared
measured RSS levels by applying natural data clustering method and data correlation method.
Experimental results and literature tell us that While WiFi based systems get weak in case of
close distance to transmitters, ultrasonic sensors respond much better in acceptable precise then
the WiFi systems in that region. Similar way, they get worse by increasing distance. By the way,
this paper focuses on enhanced indoor locating systems by ultrasonic sensors that offered system
is called as Hybrid Indoor Locator.
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New Intuitive Metrics for Diversity Performance Evaluation of
Multi-element Antenna Systems
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Abstract— The mitigation of multipath fading is an issue of primary importance in wireless
communications systems. Multi-element antenna (MEA) systems combat fading through diver-
sity combining which potentially increases the received power. The performance evaluation of
MEA system is quantified by the diversity gain (DG).
Until now, there have been proposed different metrics for the DG with the most important
being the diversity antenna gain (DAG) [1], the effective diversity gain (EDG) [2] and the actual
diversity gain (ADG) [3]. They are derived by comparing the cumulative distribution function
(CDF) of the received signal-to-noise ratio (SNR) of the MEA and a reference antenna at a
specific outage probability level (usually 1% outage probability level). Their only difference lies
on the choice of that reference antenna. The DAG is based on comparing the MEA with an
isotropic, dual polarized reference antenna and is thus a metric of universal applicability when
deriving DG. The EDG arises by comparing the MEA with one of its single elements having
100% efficiency and the ADG by comparing the MEA with an arbitrarily selected antenna.
As the CDF just presents probabilities of specific SNR levels, DAG, EDG and ADG do not
account for DG provided by a MEA system when only deep fades take place in one or more of
the diversity branches. DG in such cases would be a better indicator of how effectively the MEA
system combats fading. Thus, in this paper, three new intuitive metrics focusing on deep fade
cases are proposed. The first is called fading mitigation gain (FMG) and accounts for the DAG
when at least one of the diversity branches of the MEA system has 20 dB less SNR with respect
to the average received by the reference antenna SNR. It is thus a random variable. The second
is called reliability percentage (RP) and accounts for the percentage of the cases when the MEA
system has greater received SNR compared with that of the reference antenna. The third is
called generalized diversity antenna gain (GDAG) and arises after weighting the two DAGs, i.e.,
the DAG (weighted by RP) when the MEA received SNR is greater than that of the reference
antenna and the DAG (weighted by 1-RP) when is lower. The MEA systems and propagation
environments are jointly modeled by using the stochastic approach presented in [4].
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Abstract— This paper proposes a practical approach to measuring the propagation channel
in the spherical vector wave domain. By using the spherical vector wave expansion, the propa-
gation channel can be modeled as a mode-to-mode mapping matrix or M-matrix. This matrix
provides a compact representation of the spatial and polarimetric properties of the propagation
environment without influences of the transmit or receive antennas at link ends. In addition,
this mode-to-mode mapping matrix can be used in conjunction with other antennas to estimate
their performances in the same propagation environment. Hence, the importance of achieving an
accurate estimation of the mode-to-mode mapping matrix M.
In the proposed approach of estimating the mapping matrix, a virtual spherical array realized
by the rotated and translated Dielectric Resonant Antenna (DRA) is used. The array size, the
element spacing and location are chosen so that all the dominant spherical vector waves within
the spatial bandwidth of the antenna’s minimum circumscribing sphere are excited to provide a
well-conditioned matrix pseudo-inverse. With the virtual spherical DRA array at both ends in a
propagation environment, the radio channel transfer function denoted as Hsph can be simulated
or measured. From the Hsph, and the excitation and weighting coefficients of the virtual spherical
DRA array, an estimation of the mode-to-mode mapping matrix M of the propagation channel
can be obtained directly.
The proposed approach is evaluated by both simulations and measurements. The measurements,
were conduced i) in an anechoic chamber scenario with a single line-of-sight path, ii) in a multi-
path indoor scenario (a relatively empty office). For all the measurement scenarios, a reference
measurement was also performed with a patch antenna located at the center of the virtual spher-
ical array. The channel transfer function of the reference measurement is used to evaluated the
synthesized channel transfer function by recombining the estimated M with the patch antenna.



1402 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Challenges of Radio Propagation Measurements for 5G Systems

S. Salous
School of Engineering and Computing Sciences, Durham University, UK

Abstract— Future wireless communication systems are expected to operate in the higher fre-
quency bands due to the availability of high contiguous spectrum on the order of GHz. This
provides the required bandwidths for transmission of high data rates commensurate with real
time applications such as high definition TV and immersive user experiences. However, the
higher frequency bands between 30–90 GHz have a number of propagation issues such as high
path loss, depolarisation, and scattering; hence to be to be limited to line of sight applications to
ranges on the order of 200–300 m. Essential to the design of 5G systems is the characterisation of
the wireless channel in these bands. In this paper an overview of the challenges of designing and
conducting radio propagation measurements in the mm wave band are outlined and the architec-
ture of a multi-band channel sounder that covers several bands between 30–90 GHz is presented.
The sounder has been used in the 60 GHz band to carry out dual antenna measurements indoor
and outdoor. Results of measurements in the 60 GHz band are presented in terms of rms delay
spread and path loss.
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Double Broadband Balun Structure Using CRLH TL for Differential
Excitation of Dual-polarized Self-grounded Bow-tie Antenna

Sadegh Mansouri1, John Kvarnstrand2, Andrés Alayon Glazunov1,
Jian Yang1, and Per-Simon Kildal1

1Department of Signals and Systems, Chalmers University of Technology, Gothenburg, Sweden
2Bluetest AB, Gothenburg, Sweden

Abstract— Using multiple port antennas at both the transmitter and the receiver sides of
a communications link has been shown to improve the wireless communication system perfor-
mance in terms of capacity and also reliability for given fixed system bandwidth and transmitted
power [1]. These so-called Multiple Input Multiple Output (MIMO) systems are at the core of
4G, 5G and beyond wireless standards. In that respect, communication over orthogonally po-
larized wireless channels will be essential to achieve the anticipated performance. The antenna
design for base stations is therefore of paramount significance. Besides, multi-port dual polarized
wideband antennas can be used in many other applications. For example, in the Over-The-Air
(OTA) testing of autonomous cars in a Random-Line- Of-Sight (RLOS) testing environment, a
dual polarized uniform linear array antenna has been proposed [2].

One promising candidate for the array antenna element in such applications is the 4-port self-
grounded bow-tie antenna shown in Fig. 1(a) [3]. However, in order to achieve the dual polarized
performance by differentially exciting two ports of the bowtie antenna, we need to incorporate
two baluns together with the antenna design. These baluns should satisfy the required band-
width constraint (1.6–3 GHz) and they also should have a compact structure in order to maintain
a low profile. Despite the wideband characteristics of microstrip baluns they do not meet our
compactness requirement.

Therefore, in this paper we propose a broadband compact lumped element balun that meets
the above requirements of bandwidth and compactness. As the starting point for our design we
employ the fractal shaped CRLH TL balun presented in [4] modified to the frequency band of
interest. This balun comprises one +90 branch and three −90 branches to provide the 180 degree
phase difference at the output. The simulated results show an amplitude imbalance less than 1 dB
and phase imbalance less than 10 degrees over the bandwidth of 1.6–3 GHz. Then to validate the
performance, the two designed baluns are integrated with the bow-tie antenna in such a way that
could totally fit at the back of the antenna as shown in Fig. 1(b). The performance of the whole
structure is also evaluated. Return loss remains below −10 dB for the whole structure. And at
last, the farfield pattern of the antenna in ideal differential excitation is compared to the case
with using baluns. The results shows good agreement and gain degradation only about 0.5 dB in
worst case.

(a) (b)

Figure 1: (a) the self-grounded bow-tie antenna. (b) Balun integration with the bow-tie antenna.
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Capacity Analysis for On-body Communications in an Indoor
Environment

C. Oliveira and L. M. Correia
Instituto Superior Técnico/INOV-INESC University of Lisbon, Lisbon, Portugal

Abstract— Body Area Networks (BANs) [1] will be strategic actors of the next generation of
wireless systems beyond the fourth generation, supporting the world of everything for connected
devices and objects. This work focuses on on-body communications, i.e., both transmitter and
receiver antennas are attached to or located very near the body of a BAN user, most of the chan-
nel being on its surface. Potential scenarios include monitoring of biological signals in healthcare
care units, as well as elderly people monitoring in home environments. The data collected by
the wearable sensors can be used either in the network itself or forwarded to any appropriated
external one (e.g., emergency service). A novel model is proposed using a smart and cooperative
configuration of the wearable nodes, i.e., using clusters of nodes and combining multiple indepen-
dent paths to behave like multi-antennas systems (i.e., Virtual MIMO). The aim is to enhance
the reliability of communications and to overcome the effects of deep fading, which can be crit-
ical for some applications (e.g., life support decisions). Different metrics are proposed for the
selection of the best wearable nodes, namely, the relative MIMO capacity gain (ratio between the
MIMO capacity and the maximum throughput from the SISO branches), and the configuration
score (relative capacity of a selected 2× 2 configuration in relation to the maximum theoretical
capacity of a particular BAN). This approach is supported by a channel model that considers
the received signal composed of an on-body component (obtained from full wave simulations [2])
and of several multipath components present in the environment (obtained from a geometrically
based statistical channel model adapted to BANs [3]). The model includes realistic body dy-
namics (taken from motion capture analysis), as described in [4]. Results are presented for the
possible usage scenario of a female walking in an indoor complex propagation environment, and
wearing a network of nine on-body sensors, organised in a 2×2 configuration (e.g., 2 data sensors
transmitting hearing information to a sink composed by 2 nearby nodes). The case studies of
the data sensors on the head (front and back), on the ears or on the arms, while the sink is on
the front of the body (e.g., belt) are analysed. In case of the head-belt connection the signals are
balanced, but, being highly correlated due to the short distances and similar propagation condi-
tions and relative MIMO gains are small (1.57). If the data sensors are moved to the ears, higher
relative MIMO gains are achieved (1.81). The trend of the average capacity over time when the
sensors are on the arms exhibits higher fluctuations when compared to the placements on the
head/ears, corresponding to the arms swinging, leading to an average gain of 1.73. Nevertheless,
the performance of the selected virtual MIMO case studies (with relative MIMO capacity gains
ranging in [1.57, 1.81]) is always enhanced when compared to the best SISO scenario, even for
line-of-sight branches. The selection of the optimum placements should be done according to the
specific system under study. The best performance for the analysed case studies corresponds to
the sensors on the ears, reaching a configuration score of 0.76.
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Spatial Probability of Detection Distribution as a Performance
Measure of ZF Massive MIMO

A. Alayon Glazunov and Per-Simon Kildal
Department of Signals and Systems, Chalmers University of Technology, Sweden

Abstract— In this paper we investigate the impact of the spatial user distribution on the
down-link Zero-Forcing (ZF) algorithm applied to the output signals from a dual-polarized Mas-
sive MIMO antenna array with Na antenna elements. Each element of the array antenna con-
sists of four elementary Huygens sources that are differentially excited to form two orthogonally
polarized beams. It is assumed that the Massive MIMO antenna array operates in Random
Line-Of-Sight (RLOS). RLOS, here means that (i) there is a single LOS path connecting the user
equipment with the base station and that (ii) the orientation of the user equipment antenna is
assumed to be random. The antenna array is assumed to be wall-mounted on the facade of a
building. A uniform distribution of Nu users on a circular sector in front of the array antenna
is considered in order to emulate users at various distances to the base station as well as various
angular separations. We present simulation results in terms of the spatial coverage given by the
Probability of Detection [1] corresponding to the resulting polarisation and beamforming gain
of 2-bitstream per user throughput and the corresponding coverage 2D radiation pattern of the
2Na × 2Nu multiuser Massive MIMO scenario. We also investigate wether there is an optimal
antenna arrangement and size that maximize the multiplexing gain over a given coverage area
based on the distribution of the Probability of Detection.

REFERENCES

1. Kildal, P.-S., X. Chen, M. Gustafsson, and Z. Shen, “MIMO characterization on system level
of 5G microbase stations subject to randomness in LOS,” IEEE, Vol. 2, 1064–1077, 2014, doi:
10.1109/ACCESS.2014.2358937.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1407

Research on Random Wireless Channel of Radio Indicator for
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Abstract— It is presented a random wireless channel model of marine emergence radio indicator
in this paper, which describe the performance of telecommunications in difference typical ocean
states. First, it is introduced a random rough ocean surface modeling method under typical ocean
states which is the foundation for simulation of LOS and NLOS telecommunication channel.
Second, massive data is calculated by running simulation code which is necessary for statistical
analysis of linking properties. Last, the telecommunication performance is predicted by signal to
noise ratio vs bit rate error in situation of typical ocean states and elevation angles which may
provide key information for the design of next generation of marine indicators.
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Feasibility Study of Emulating Extended Spatial Channel Models in
a Multi-probe MIMO OTA Antenna Test Setup
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Abstract— Multiple input multiple output (MIMO) techniques, which use multiple antennas
in both sides of the radio communication system, have been a promising method to support
the increased demand for higher data rate transmission. However, the performance of MIMO
systems depends not only on the antenna performance but also on the propagation environment.
Hence, for accurate MIMO performance testing of terminal devices, it needs to consider both the
multiple terminal antennas as well as the propagation environment. Over-the-air (OTA) testing
is widely used for single-input single-output (SISO) performance testing, and its extension to the
MIMO device testing has been actively investigated.
Standardization works for MIMO OTA testing have been intensively coordinated by CTIA and
3GPP, where several different MIMO OTA test methods have been proposed [1]. One mandatory
requirement of any MIMO OTA test methods is to emulate an electromagnetic environment,
which resembles the scenario where the terminal operates. Geometry-based channel models such
as the Spatial Channel Model (SCM), its extension (SCME), WINNER II or IMT-Advance
constitute a good means to describe the propagation environment, which is translated into the
electromagnetic environment in the OTA testing. The use of such well-defined channel model in
MIMO OTA testing makes the test methods well justified.
One of the proposed techniques in the standardization of the OTA testing is a multi-probe ane-
choic chamber based MIMO OTA testing, which can emulate the electromagnetic environment
defined by a channel model in a controllable manner. To emulate the spatial and temporal charac-
teristics of the channel, two channel emulation techniques have been reported in the literature [2];
one is the plane wave synthesis (PWS) and another is prefading signal technique (PFS). In this
paper, we address the PWS technique based on the spherical wave theory in order to prove its
consistency with other MIMO OTA testing techniques such as the PFS.
The purpose of the paper is to validate the PWS technique for emulating the electromagnetic
environment in a multi-probe based MIMO OTA test system. We use the SCME as the reference
channel model, for which the validation of the PWS technique has not been reported. The valida-
tion of the channel emulation is performed in terms of power delay profile, temporal correlation,
spatial correlation, cross-polarization and channel capacity. Our results facilitate analyzing con-
sistency of the performance of the PWS technique with other MIMO OTA techniques such as
the PFS. The validation results are to be presented in the manuscript.
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Random Optical Media for Third Generation Photovoltaics

Hernán Mı́guez
Institute of Materials Science of Seville, Spanish National Research Council, University of Seville

C/Américo Vespucio 49, Sevilla 41092, Spain

Abstract— In this keynote, different light trapping strategies based on the use of optical
materials to enhance the light harvesting efficiency of third generation photovoltaic devices, such
as dye sensitized and perovskite solar cells, will be discussed. Focus will be put on methods based
on the inclusion of diffuse scattering particles randomly arranged, and a comparison to approaches
based on ordered nanostructures, such as photonic crystals or surface texturing, will be provided.
Near optical field effects in metal particles embedded in the photoanode will also be reported.
Our work provides a theoretical framework in which the response of solar cells containing optical
materials by design can be rationalized. The different synthetic routes to implement them in
actual devices will be shown and their effect on the photovoltaic performance will be discussed,
as well as the interplay with the tuneable semitransparency or color of the device, of interest for
building-integrated photovoltaic devices.
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Innovative Materials and Methods for Disorder Photonics

Álvaro Blanco and Cefe López
Instituto de Ciencia de Materiales de Madrid-ICMM (CSIC)
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Abstract— Understanding the interaction of light with active and passive photonic structures
creates challenges for new materials and preparation methods. In a self-assembly approach this
concerns both structures and guest components. We prepare disordered templates by new dry
methods and synthesise emitting materials both from semiconductor and dyes. The latter are
efficient sources that can enter multifunctional systems and in pairs permit to engineer emission
by exploiting FRET processes.
Creating structured materials from the bottom up is a widely used method owing to the easy
and inexpensive techniques it involves. Self-assembly entails allowing or inducing small particles
to arrange themselves into photonic structures like photonic crystals and photonic glasses. Non-
spherical particles are less prone to control but still offer great possibilities always related to
disorder.
Novel techniques dispensing with the liquid are nowadays being explored [1]. In this way we
demonstrate monodisperse disordered structures in minutes and without the hassle associated
with colloidal sedimentation.
Templating is used to infiltrate materials into the preformed structures. A good example is
ZnO that permits to build both Bloch-mode and random lasers. Organic dyes have been mostly
used impregnating preassembled colloidal structures. In such cases the use of FRET coupling
between dyes can expand their potential as laser sources. An interesting case is when both dyes
are contained inside the beads [2]. This requires a careful selection of the dyes paying attention
to both their emission properties and their chemistry for a good match of their energy transfer
properties.
Finally an example of multifunctional [3] material is exemplified in the preparation of elastomeric
materials where a scattering medium is dispersed along with a gain material so as a shape memory
functionality is accompanied by control over lasing.
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Adaptive and Nonlinear Optics in the Transverse Localization
Regime
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Abstract— Transverse Anderson localization (TAL) is the trapping of waves due a disordered
potential which is invariant along propagation direction, cancelling the effects of diffraction. We
recently demonstrate that it is possible to exploit optical nonlinearity and adaptive optics to
tailor light inside disordered optical fibers supporting TAL.
Recent experimental results stimulated a large body of theoretical work dealing with the role of
self- focusing and defocusing in the evolution of the disorder induced localizations [1]. There is
a relevant debate about the fact that nonlinearity may enhance, or hamper, this linear trapping
mechanism, and there are many open research directions, as for example, considering quadratic
nonlinearities. Indeed, the interplay between disorder and a nonlinear response is expected
to alter the commonly accepted scenario about the absence of diffusion and transport in the
Anderson regime, when all of the states are exponentially localized. Particularly intriguing is the
role of spatial nonlocality. Indeed, if disorder induces exponential localizations and reduces the
interactions of distant modes, nonlocality (i.e., a nonlinear perturbation that extends far beyond
the region of interaction) is expected to create some action at a distance dependent on power. In
recent papers, we demonstrate the effects of nonlinearity in disordered optical fibers supporting
TAL [2, 3]. We notice two different striking phenomena: disorder induced self focusing [4] and
mode migration [5] (see Fig. 1). In a nutshell exploiting nonlinearity and nonlocality it is possible
to control light modes by tuning intensity in distant control beams that modify the refractive
index landscape.
Moreover we performed adaptive focusing experiments [6] in disordered optical fibers. in the
transverse Anderson localization regime [7]. By wavefront shaping and optimization, we observe
the generation of a propagation-invariant beam, where light is trapped transversally by disorder,

Figure 1: Visualized mode self focusing. The images represent of a localized state whose extension shrinks
by increasing light intensity (value of the intensity indicated in the figures).

Figure 2: Side view of the fiber tip. The focus at the fiber tip shows a tail on the left, which is a signature
of the localized states cooperating the adaptive focusing.
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and show that localized states can be excited by extended speckled beams. We demonstrate
that disordered fibers allow a more efficient focusing action with respect to standard fibers. This
enhancement is due both to the cooperative action of localized states with adaptive focusing, and
to the effects of localization which inhibits light paths far from the target (see Fig. 2).
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Disorder in Nature: Optimisation of Light Scattering in Beetles

Matteo Burresi1, Lorenzo Cortese1, Diederik S. Wiersma1, and Silvia Vignolini2

1European Laboratory for Non-linear Spectroscopy (LENS), Sesto Fiorentino (FI), Italy
2Department of Chemistry, University of Cambridge, Cambridge, UK

Abstract— In nature, an amazing range of optical strategies exists that is optimised by at
least 500 million years of evolution. Animal displays are often assembled of mainly two basic
materials, chitin/keratin and melanin, in various parts of animal bodies that often result in
intriguing optical effects ranging from matte to iridescent colours, and from black to extremely
white. These structural colours arise from complex nanostructures such as ordered and quasi-
ordered photonic crystals and random assemblies.
While the most dazzling displays are due to ordered photonic structures with a strong selective
reflection of single colours, whiteness arises from diffuse and broadband reflection of light and is
less explored. Whiteness is typically achieved through optical scattering in randomly structured
media. A white surface appearance generally requires a relatively thick system comprising ran-
domly positioned high refractive-index scattering centres, in strong contrast to structural colour
where the colour is due to coherent scattering.
Here we demonstrate how the exceptionally bright white appearance of Cyphochilus and Lepidiota
stigma beetles is provided by a remarkably optimised polydispersity and anisotropy of the intra-
scale chitin networks, which act as scattering elements [1]. Using time-resolved measurements,
we show that light propagating in the scales of the beetles undergoes strong multiple scattering
that is associated with the lowest transport mean free path and diffusion constants reported to
date for low-refractive-index systems. The high-brightness white appearance from a small layer
thickness and density that extends from near ultra-violet to the near infrared.
These findings are complemented by advanced finite-difference time-domain modelling on three-
dimensional networks with controlled anisotropy ratios to understand the important parameters
in the design of efficient scattering media. The systems extracted optical parameters infer new
designs for efficient strongly-scattering 3D bio-inspired photonic structures.

Figure 1: Picture of the two white beetles.
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Hyperuniform Disordered Photonic Structures

Marian Florescu
Advanced Technology Institute, Faculty of Engineering and Physical Sciences, University of Surrey

Guildford, Surrey, GU2 7XH, UK

Abstract— Hyperuniform disordered solids (HUDS) are a new class of materials [1] that har-
ness structural disorder and control light transport, emission and absorption in unique ways,
beyond the constraints imposed by conventional photonic architectures [2–8]. HUDS materials
are statistically isotropic and possess a constrained randomness such that density fluctuations on
large scales behave more like those of ordered solids, crystals or quasicrystals, rather than those
of conventional amorphous materials [9].
We present new design strategies for light flow and confinement on HUDS platforms, which exploit
the interplay between disorder, topological correlations and hyperuniformity. In an otherwise
unperturbed HD structure, we demonstrate that it is possible to create localized states of the
electromagnetic field by reducing or enhancing the dielectric constant at a certain points in the
sample. Due to the presence of the defect, a number of localized cavity modes are created within
the photonic band gap at specific frequencies. Despite the statistical isotropy of the network
structure surrounding the cavity, the modes display well defined (approximate) symmetries and
our simulations show that 2D quality factor of the confined modes is higher than 109. We also
demonstrate waveguides (“linear” defect mode created by filling of network cells along a connected
path), which exploit the statistical isotropy of the photonic band gap. The physical properties
of the localized modes in HUDS materials are determined by PBG formation mechanisms in
these materials and the elimination of the constraints imposed by long-range order has a major
influence on the properties of the localized modes.
In conclusion, we have employed their unique properties to introduce novel architectures for
optical cavities that achieve an ultimate isotropic confinement of radiation, and waveguides with
arbitrary bending angles. Our results demonstrate low-loss waveguiding and high-Q cavities
in hyperuniform structures and open the way for the realization of highly flexible, disorder-
insensitive optical micro-circuit platforms.
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Direct and Inverse Ceramic Photonic Glasses

Pavel N. Dyachenko1, Elisabeth W. Leib3, Jefferson J. do Rosario2,
Alexander Yu. Petrov1, 4, Roman Kubrin2, Gerold Schneider2,

Horst Weller3, Tobias Vossmeyer3, and Manfred Eich1

1Institute for Optical and Electronic Materials, Hamburg University of Technology
Eissendorfer Straße 38, Hamburg 21073, Germany

2Institute of Advanced Ceramics, Hamburg University of Technology
Denickestrasse 15, Hamburg 21073, Germany

3Institute of Physical Chemistry, University of Hamburg, Grindelallee 117, Hamburg 20146, Germany
4ITMO University, 49 Kronverskii Ave., St. Petersburg 197101, Russia

Abstract— Multiple scattering of light in a random media is a subject of great interest in fun-
damental and applied photonics research [1]. Garćıa et al. [2] presented a new three-dimensional
system called “photonic glass” that is composed of monodisperse polymer spheres arranged in
a completely disordered way. Due to the resonant behavior of the spheres discrete light states
exist so that every sphere acts as a meta-atom for light. Applications such as random lasing [3]
and structural coloration [4] have been suggested. However, strong scattering of light in the
disordered structure and resulting high diffuse reflectance over a broad wavelength range make
photonic glass also attractive for other fields of science and technology. Here we report on high-
temperature stable ceramic photonic glasses which benefit from the high refractive index and
high temperature stability of refractory ceramics.

Direct and inverse ceramic glasses were studied. A direct photonic glass was obtained by sedi-
mentation of monodisperse zirconia microparticles [5]. For fabrication of inverse photonic glass
from yttrium-stabilised zirconia (YSZ), a single-step deposition method was developed [6]. These
novel materials can be used for a wide range of applications, such as thermal radiation barrier
coatings, high-temperature stable structural coloration, broadband reflectors, resonant random
lasers, and photonic Anderson localization. We show that disordered arrays of ceramic micropar-
ticles or shells can efficiently reflect visible and infrared electromagnetic radiation in a broad
wavelength range. The hemispherical diffuse reflection from the disordered structure has broad-
band characteristics with a cut off defined by the sphere size. A reflectivity up to 93% in the
visible range was achieved for 40 µm film thickness.

(a) (b) (c)

Figure 1: (a) SEM images of YSZ based inverse photonic glass with pore diameter 0.756 µm. (b) SEM
images of zirconia based direct photonic glass. (c) Experimental hemispherical diffuse reflection from direct
ceramic photonic glass with sphere diameter D = 0.67 µmm (L = 40µmm) and extinction cross section for
single sphere of the same diameter.
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2. Garćıa, P. D., R. Sapienza, A. Blanco, and C. López, Adv. Mater., Vol. 19, 2597, 2007.
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Statistical Physics of Multimode Ordered and Disordered Lasers
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Abstract— The adoption of a statistical mechanics framework in optics provides realistic mod-
els for multimode laser systems in random media whose experimental implications are presented
and critically analyzed. The approach is based on the hypothesis of effective equilibrium. Lasers
are manifestly off-equilibrium and energy is pumped into the system but as the system power is
kept constant, though, the resulting stationary regime can be described as if at equilibrium with
an effective “thermal bath” whose “temperature” is related to the pumping rate and to the true
environment temperature. The analytic solution of a mean field model for multimode laser in
open and irregular cavities will be first addressed. The model is exact for a narrow bandwidth
and extended modes and includes the mode intensity dynamics as well as the presence of a linear
coupling between the modes, due, e.g., to leakages from the open cavity. The complete phase di-
agram, in terms of disorder strength, source pumping and non-linearity, consists of four different
optical regimes: incoherent fluorescence, standard mode locking, random lasing and the novel
spontaneous phase locking. A replica symmetry breaking transition is predicted at the random
lasing threshold. In this situation, identical copies of the system show different amplitude equi-
librium configurations, as the ergodicity is broken in many distinct states. For a high enough
strength of non-linearity, a whole region with nonvanishing complexity anticipates the transition
and the light modes in the disordered medium display typical discontinuous glassy behavior, i.e.,
the photonic glass has an exponential number of metastable states that corresponds to different
mode-locking processes in random lasers. Symmetry breaking in the intensity fluctuation overlap
is shown to be equivalent to the one occurring in the complex amplitude overlap, providing an
easily verifiable test in typical experimental setups. The relevance of this order parameter is
considered in describing the laser transition in random media and in explaining its glassy nature
in terms of emission spectra data. The theoretical analysis is compared to recent measurements.
Further on, the mode-locking lasers can be modeled and analyzed beyond the mean field approx-
imation, accounting, e.g., for the presence of many well-resolved frequencies of the lasing modes.
By means of optimized, parallel Monte Carlo simulations, system properties are studied varying
interaction random dilution, gain profile and number of modes. The inhomogeneous structure in
the nonlinear “mode-locked” interaction network is shown to yield short pulses and phase waves
with nontrivial slopes, corresponding to a phase delay of the pulsed laser signal.
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Invariance Property of Wave Scattering through Disordered Media
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2Vienna University of Technology (TU Wien), Vienna, Austria
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Abstract— The diffusion of particles and waves through disordered media encompasses a large
variety of phenomena, from the motion of insects to the scattering of electrons or light in complex
environments. A fundamental insight in the theory of diffusive random walks is that the mean
length of trajectories traversing a finite open system is independent of the details of the diffusion
process [1]. Instead, the mean trajectory length depends only on the system’s boundary geometry
and is thus unaffected by the value of the mean free path. This result is particularly counter-
intuitive when considering that many other quantities in disordered transport do depend on the
mean free path, like the transmission and the reflection through a disordered system as well as
the associated times. In my talk I will demonstrate that this invariance property follows from
the so-called Weyl law for the average density of states in a system and is thus rooted on a much
deeper level than that of a random walk. As a result, we can extend the reach of this universal
invariance property beyond the diffusion approximation [2]. Specifically, we demonstrate that an
equivalent invariance relation also holds for the scattering of waves in resonant structures as well
as in ballistic, chaotic or in Anderson localized systems. Our work unifies a number of specific
observations made in quite diverse fields of science. Potential experimental realizations using
light fields in disordered media are discussed and analyzed in terms of their promise for practical
applications.
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Wavelength-scale Localization with Heavy Photons
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Abstract— We investigate the formation of localized modes in 1D randomly-perturbed optical
periodic media near the photonic band-edge. While the group index is generally considered to be
the key quantity in this process, we demonstrate that the relation between the disorder level and
the spatial extent of individual localized modes is driven instead by the effective photon mass.
Near-field measurements on photonic crystal waveguides and statistical numerical calculations
on various structures reveal that periodic media exhibiting flat dispersion bands can support
surprisingly small localized modes at almost imperceptible disorder levels (σ < λ/1000). A
scaling law that relates the disorder level to the modes spatial extent is proposed and is found to
agree well with the numerical and experimental results.

Introduction: Random imperfections can have a profound impact on light propagation in peri-
odic media, the most striking phenomenon being undoubtedly the formation of localized modes
in the vicinity of photonic band-gaps. Localization in photonic crystal waveguides (PhCWs)
has garnered special attention due to the important limitations it imposes on the realization
of slow-light photonic devices, but also for the opportunities it offers for strong light-matter
interaction in quantum electrodynamics experiments. It is widely accepted that Anderson lo-
calization is enhanced with decreasing group velocity, i.e., when approaching the band-edge [1],
and that tiny perturbations are sufficient to create defect modes forming the decaying Lifshitz
tail in band-gaps [2]. These behaviors are generally described via ensemble-averaged quantities,
namely the localization length [3, 4] and the density of states [2]. Conversely, very little is known
on the properties of individual localized modes. In this work we are showing that, surprisingly,
disorder level of the order of λ/1000 allows to form modes with spatial extents comparable to
those achieved with engineered nanocavities. In contrast with the widely-held view that the key
quantity impacting localization near photonic band-edges is the group index, we argue that the
relation between the disorder level and the mode spatial extent is driven by the effective photon
mass, i.e., the second-derivative of the dispersion band.

Results: We have performed near-field measurements of a PhCW in the slow light regime where
the disorder is only due to fabrication imperfections (of the order of 1–2 nm). A localized mode
with a spatial extent of 6 µm was observed in the scanning area. To complete this observation, ex-
tensive numerical calculations have been performed on PhCWs and Bragg stacks, two 1D periodic
media, with different disorder levels and effective masses. Results are showing a threshold-like
behavior, defining a minimal spatial extent of the modes Lmin. To explain this phenomenon, a
simple model has been made that link Lmin to the disorder level and the effective mass m. The
relation Lminα(m∆ω)−1/2, where ∆ω is a frequency shift of the mode induced by the disorder,
is in good agreement with the numerical results.

Conclusion: To summarize, we have provided new understanding into the physical mechanism
underlying the formation of localized modes at band-edges of periodic media, showing that the
relation between the disorder level and the spatial extent of individual localized modes is driven
to a large part by the effective photon mass. In particular we have investigated the possibility to
form wavelength-scale localized modes at vanishingly-small disorder levels, revealing that such
modes naturally form up in PhCWs at intrinsic disorder levels due to the flatness of the dispersion
curve.
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Polaritonic Behavior of Quantum Scatterers in a Nanoguide

H. R. Haakh1, S. Faez2, and V. Sandoghdar1

1Max-Planck-Institute for the Science of Light, Erlangen, Germany
2Institute of Physics, University of Leiden, Leiden, Netherlands

Abstract— Recent demonstrations of efficient coherent coupling between quantum scatterers
and guided modes of a subwavelength optical fiber (nanoguide) [1] or photonic crystal waveg-
uides [2, 3] have introduced a novel platform for studying polariton formation and optical trans-
port in reduced dimensions (Fig. 1). We present a theoretical characterization of the polariton
modes arising from ensembles of quantum emitters coupled via a waveguide, that yields a full
phase diagram, indicating the presence of several phases dominated by either localized or ex-
tended states. A rigorous theoretical treatment based on many-body Green’s functions [6] allows
for a careful analysis of the interplay of nonradiative near-field coupling [6], density, and disor-
der. We link the different phases to the optical transport properties and the spectral response
of the waveguide. The results can be immediately transferred to various emitters such as NV
centers in diamond structures [4], quantum dots in silicon waveguides [2, 3, 5], or molecules in
nanoguides [1].

Figure 1: Nanoguide containing an ensemble of disordered quantum scatterers.
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Impact of Anderson Localization on the Light-matter Interaction in
Low-dimensional Photonic Nanostructures

Søren Stobbe
Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, Copenhagen DK-2100, Denmark

Abstract— Photonic nanostructures enable confining light to subwavelength dimensions as
well as controlling its propagation and enhancing its interaction with matter. This unprece-
dented control over light opens new opportunities ranging from fundamental studies of quantum
electrodynamics to applications in optical interconnects. However, enhancement the electromag-
netic field strength leads to an increased sensitivity to random structural disorder. In some
cases this is a nuisance but it may be an advantage that unlocks new regimes of the statisti-
cal physics of cavity quantum electrodynamics, spatial correlations, and random lasing in the
Anderson-localization regime.
Any fabrication method has a finite precision, which careful engineering can improve but not
completely diminish. Structural disorder is therefore a fundamental phenomenon prevalent in
all structures and devices and while it plays a rather trivial role in many situations, sufficiently
pronounced disorder leads to Anderson localization. Low-dimensional photonic systems may
greatly enhance the local density of optical states [1], which increases the interaction between
light and matter but also enhances the influence of structural disorder. Anderson localization
plays an important role when the light-matter coupling is increased.
We have studied the effect of structural disorder on photonic-crystal structures with embedded
light emitters. In photonic-crystal waveguides in the slow-light regime, Anderson localization
gives rise to localized photonic modes. The Anderson-localized modes give rise to pronounced
cavity quantum electrodynamic effects, which can be probed by embedded quantum dots [2].
Using quantum dots as internal light sources enable probing the local density of optical states.
Interestingly, the variance of the fluctuations in the local density of optical states contain infor-
mation about non-universal spatial correlations intensity correlations in the far-field emission [3].
The Anderson-localized modes may also be employed for studying random lasing in the Anderson-
localized regime. This study reveals a complex interplay between gain, dispersion-controlled slow
light, and disorder [4].
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Lasing in Plasmonic Periodic, Aperiodic, and Disordered Systems

Hinke Schokker, C. I. Osorio, and Femius Koenderink
Center for Nanophotonics, FOM Institute AMOLF, Amsterdam, The Netherlands

Abstract— Motivated by seminal proposals for surface plasmon amplification by stimulated
emission, we conduct experiments on 2D plasmonic particle arrays in waveguiding layers that
provide gain. We find that purely periodic plasmonic particle systems provide lasing character-
istics similar to DFB lasers, yet on basis of a quite different underlying band structure. Using a
newly developed spectrally-resolved Fourier microscope [1] we perform “high-NA band structure
microscopy” and find that the strong and resonant scattering by plasmon particles markedly
modify stop gap widths and band anti-crossing topology. Since stop gap size is inversely related
to the number of unit cells required to generate the stop gap, our large stop gap system is very
suitable to study the fundamental question: how much can we perturb our system? We find that
these plasmon lasers are exceptionally robust against disorder: lasing persists even when remov-
ing as many as 98% of particles from a square lattice and shifting them by as much as a quarter of
the periodicity. We quantify the transition from DFB to random lasing by analyzing laser output
in terms of intensity statistics and real-space autocorrelations using tools borrowed from speckle
analysis. Plasmon particle systems in waveguiding layers are an ideal platform to study lasing
in purely periodic systems, completely disordered systems and systems with correlated disorder.
As point in case, our latest result map lasing as function of spatial correlation order parameter in
a suite of quasiperiodic, aperiodic and random systems, ranging from Fibonacci to Thue-Morse
and Rudin-Shapiro lattices.

REFERENCES

1. Schokker, A. H. and A. F. Koenderink, Phys. Rev. B, Vol. 90, 155452, 2014.



Session 3A14
SC3: Optical Microcavities and Waveguides 2

New Directions for High-Q Optical Micro Cavities

Kerry J. Vahala, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1426

Applications of Second Order Microring Resonators

Carmen Vazquez, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1428

Coupling-tuned Silicon Ring Resonators for Optical Modulation and Microwave Phase Shift

Linjie Zhou, Rui Yang, Haike Zhu, Yanyang Zhou, Jianping Chen, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1429

Silicon Nitride Waveguides for Plasmon Optical Trapping and Sensing Applications

Ozdal Boyraz, Qiancheng Zhao, Caner Guclu, Filippo Capolino, Regina Ragan, . . . . . . . . . . . . . . . . . . . 1430

Whispering Gallery Mode Biosensing: An Approach to Simultaneous Multiplexed Detection

Stephen Holler, John Murray, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1431

Optical Kerr Switching and COMB Generation in a Silica Whispering Gallery Mode Microcavity

Takasumi Tanabe, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1432

Whispering Gallery Mode Microbubble Resonators

Sile Nic Chormaic, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1433

Femtosecond Laser Inscription of 3D Optical Waveguides in Glasses, Polymers and Crystals

Shane M. Eaton, Vibhav Bharadwaj, Roberta Ramponi, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1434

Lasing and Applications of Flexible Optical Micro-resonators

Handong Sun, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1435

Meandering Waveguide Distributed Feedback Lightwave Elements: Phasor Diagram Analysis

Ceren B. Dag, Mehmet A. Anil, Ali Serpenguzel, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1436

Novel Fiber Array Scheme for Light Guiding and Trapping in Ultra-thin Solar Devices
Jordi Martorell, Marina Mariano, Gregory Kozyreff, G. Gerling, J. Puigdollers, P. Romero-Gomez,
Jorge Bravo-Abad, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1437

1425



1426 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

New Directions for High-Q Optical Micro Cavities

Kerry Vahala
California Institute of Technology, Pasadena, California, USA

Abstract— Over the last ten years there has been remarkable progress in boosting the storage
time (Q-factor) in micro and millimeter-scale optical resonators (1). Chip-based devices have
attained Q factors of nearly 1 billion (2) and micro-machined crystalline devices have provided
Qs exceeding 100 billion (3). The resulting long, energy-storage times combined with small
form factors have made it possible to access a wide range of nonlinear phenomena and to create
laser devices that operate with remarkably low turn-on powers. Also, new science has resulted
from radiationpressure coupling of optical and mechanical degrees-of-freedom in the resonators
themselves (4).
After a brief review of nonlinear physics in high-Q micro cavity systems, this talk will focus on
recent progress in generation of high-coherence light and application of optical frequency division
for stable microwave synthesis. For the former, Brillouin lasers on a silicon chip are described
(2, 5). These devices leverage both the small form factor and high optical Q of silicon-chip-
based disk resonators (see Figure 1) to achieve high efficiency (less than 100 microWatt turn-on
power) and high coherence (short-term, optical line width near 0.1 Hertz). It is also shown how
the process of Brillouin cascade can be used to generate stable X and K-band microwave signals
through direct detection (6). Finally, a new form of optical frequency division (OFD) is described
(7). Similar to frequency comb based OFD methods (8) the technique allows coherent frequency
division of very high (non-detectable) rate optical signals down to radio-frequency rates. It is
applied to the Brillouin laser system to show that many orders of additional frequency stability
can be extracted from these devices to generate high-performance microwave signals.

Figure 1: Optical micrograph showing a silica-onsilicon disk resonator having a Q-factor of nearly 1 billion (2).
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Applications of Second Order Microring Resonators

C. Vázquez
Department Tecnoloǵıa Electrónica, Universidad Carlos III Madrid

Av. Universidad 30, Leganés, Madrid 28911, Spain

Abstract— single microring resonator may not perform properly in those applications were a
high number of channels with minimal crosstalk within a free spectral range (FSR) is required.
In those cases, filterbanks consisting of second-or higher-order microring [1, 2] can be used. But
in some cases, the control of the resonant frequency of each ring requires dimensional precision in
the order of tens of picometer [3], so more thermal tunning is required to overcome the frequency
mismatch between the two rings of a channel and each channel location mismatch. Some novel
configurations of second order microring resonators more robust to fabrication tolerances [4],
based on previous designs [5, 6] will be discussed along with potential application. Special em-
phasis will be given to the properties provided by designs on high index contrast waveguides.
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Coupling-tuned Silicon Ring Resonators for Optical Modulation and
Microwave Phase Shift

Linjie Zhou, Rui Yang, Haike Zhu, Yanyang Zhou, and Jianping Chen
State Key Laboratory of Advanced Optical Communication Systems and Networks

Department of Electronic Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

Abstract— Optical ring resonators are fundamental building blocks in integrated photonics.
A variety of passive and active, linear and nonlinear devices can be built using ring resonators as
the core components. Usually, rings are coupled with single or double waveguides in a photonic
integrated circuit with tuning performed either on the ring cavity or the coupling region. These
two tuning methods have different effects on the resonances: cavity tuning shifts the resonances
wavelength while coupling tuning adjusts the resonance extinction ratio. Here we report our
recent process on coupling tuned silicon ring resonators to generate high-speed optical modulation
and microwave phase shift. The coupling of the ring resonator is enabled by a Mach-Zehnder
interferometer integrated with single-drive push-pull electrodes. With two DC biases applied to
the electrodes, the phase shift of the two arms can be separated controlled and thus the coupling
can be freely tuned while resonance wavelength is fixed. It is advantageous to separate the
coupling tuning from the resonance shift.
We first characterize the high speed modulation performances of this device. Silicon modulators
are key components in photonic integrated circuits for both optical communications and inter-
connects. The coupling modulation can eliminate the cavity lifetime limited speed bottleneck as
accounted in resonance modulation. The on-chip insertion loss of the device is ∼ 3 dB. Critical
coupling is obtained with the resonance extinction ratio exceeding 35 dB at the wavelength of
1544.3 nm. Near critical coupling, the transmission is very sensitive to the drive voltage, allowing
for low voltage modulation. On-off-keying (OOK) eye diagrams are measured with a modulation
depth of 7 dB at a date rate of 25Gbps and RF drive voltage of Vpp = 1 V. The modulation depth
reduces to 3 dB at 32Gbps. Binary-phase-shift-keying (BPSK) modulation is also achieved at
28Gbps by setting the resonance at critical coupling. The eye diagram shows a Q-factor of 6.3 dB
and the constellation diagram reveals an error vector magnitude (EVM) of 23.3%.
The transmission phase of the ring resonator sees rapid change around resonances. At the under-
coupling regime the phase change is less than π, while at the over-coupling regime the phase
change can be a full 2π. Therefore, the resonance phase can be tuned by coupling. Utilizing
this feature, we can generate microwave phase shift by setting one of the frequency tones of a
microwave modulated optical signal to the resonance wavelength. By tuning the coupling, the
microwave phase shift can be varied with a large and continuous tuning range.
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Silicon Nitride Waveguides for Plasmon Optical Trapping and
Sensing Applications

Ozdal Boyraz1, Qiancheng Zhao1, Caner Guclu1,
Filippo Capolino1, and Regina Ragan2

1Department of Electrical Engineering and Computer Science
University of California-Irvine, Irvine, California 92697, USA

2Department of Chemistry
University of California-Irvine, Irvine, California 92697, USA

Abstract— Optical force has long been investigated and proved by moving micro-scale parti-
cles, membranes and optical micro cavities. On one hand, the use of strong field confinement at
the apex of a sharp metallic tip enables optical trapping of low-contrast Rayleigh objects or metal
nanoparticles. Extensive studies on prism platform using noble metal antenna and objective lens
for optical tweezing have been put forward. However the system is composed of discrete compo-
nents, making it bulky and sensitive to environment vibration. One the other hand, microfluidic
channels proved to be successful platforms for sorting and manipulating particles by optical force.
Nevertheless, lacking of on-chip launch light fails to make the system compact. Therefore, it is
desired to integrate waveguides, antennas, and microfluidic channels in a planar structure, which
can minimize the structure volume and make it more robust. Here we present the optimum
waveguide geometries that can be utilized for optical sensing and particle applications. In partic-
ular, submicron silicon nitride waveguide geometries based on conventional optical lithography
will be presented for plasmonic sensing and nonlinear optics applications.
Surface plasmons coupled with optical waveguides due to metallic colloidal particles demonstrate
higher optical nonlinearities that can be used for two photon fluorescence, optical frequency
mixing, spectral broadening and optical switching. Here we will discuss deposition of colloidal
nano particles to enhance the optical nonlinearity of waveguides. Same deposition techniques can
be tailored to fabricate plasmonic nanoantennas that convert evanescent modes into radiation.
Here we present recent developments in plasmonic antennas in particle sensing and trapping
applications. In particular, we discuss the optical trapping capability of silicon nitride planar
waveguide geometries with plasmonic antennas, such as bowtie antennas. We show that the
bowtie antennas can lead to 60-fold enhancement of electric field in the antenna gap. With the
help of scattering by the antenna, the optical trapping force on a nanoparticle is boosted by
three orders of magnitude. A strong tendency shows the nanoparticle is likely to move to the
high field strength region, exhibiting the trapping capability of the antenna. Effect of trapping
on spectroscopic measurements will be discussed.
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Whispering Gallery Mode Biosensing: An Approach to
Simultaneous Multiplexed Detection

Stephen Holler and John Murray
Department of Physics & Engineering Physics, Fordham University

441 East Fordham Road Bronx, NY 10458, USA

Abstract— The whispering gallery mode (WGM) biosensor has emerged as a robust tool for the
sensitive detection of biological micro- and nano-particles, including bacteria, virus and protein.
Relying on the specific biochemical interactions, perturbations to the cavity mode induced by the
binding of such particles to the microcavity surface result in a quantifiable shift in the resonance
mode frequency. The amount by which the resonance frequency shifts is directly proportional
to the quantity of adsorbed material and the location at which it binds. Additives, such as
plasmonic nanoparticles, can serve to enhance reactive effect and thus the degree to which the
resonance frequency shifts, and have been shown to lower the detection limit of WGM devices to
single protein level.
These optical microcavities may take on a myriad of shapes (e.g., spheres, spheroids, toroids,
rings, disks, etc.) and, consequently, WGMs are also known as morphology dependent resonances
(MDRs). Our work will focuses on the use of a spherical geometry because such microcavities
offer low-cost ease of manufacture and accessible analytic models. Despite these advantages,
spherical cavities offer challenges for multiplexed detection and monitoring of analytes. We will
review the physics behind whispering gallery biosensing and introduce a detection/monitoring
approach, which employs a sensing geometry that offers the prospect for robust and simultaneous
multi-sphere monitoring. This multi-cavity approach allows for reference channels to account for
common mode and environmental factors, and/or channels for additional target analytes.
Results will be presented for adsorption of biological nanoparticles. In particular we will demon-
strate the approach using the human papillomavirus (HPV), the causative agent of cervical and
head & neck cancers. Projections will be made for detection limits and maximum allowable
resonators.
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Optical Kerr Switching and COMB Generation in a Silica
Whispering Gallery Mode Microcavity

Takasumi Tanabe
Department of Electronics and Electrical Engineering, Keio University, Japan

Abstract— Ultrahigh-Q whispering gallery mode microcavities exhibit optical nonlinearities
at a very low input power. The efficiency of the nonlinearity often scales with Q/V , where Q is
the quality factor and V the mode volume of the cavity.
First I will report on the demonstration of a Kerr switch at a record low power of a few tens
of microwatts, achieved with a whispering gallery mode microcavity made of silica [1]. Com-
parisons between switches made with photonic crystal nanocavity and silica whispering-gallery
mode microcavity are discussed in terms of speed, power, and different nonlinearities. Although
the required energy is much lower for carrier based photonic crystal nanocavity switches [2, 3],
the insertion loss of the whispering galley mode cavity system is much lower due to the higher Q
of the cavity and low-loss of the tapered fiber. In addition, we can use Kerr nonlinearity when
the cavity is made of silica, which is attractive for the use of various quantum applications.
Next, I will discuss about the generation of optical Kerr comb which is demonstrated by using
a high-Q silica whispering gallery mode microcavity. It allows us to obtain ultrahigh repetition
rate optical pulses (at a repetition rate > 800 GHz) when we pump the cavity with continues
wave input. We numerically and experimentally studied the condition required to generate the
comb, in respect to the pumping power and waveguide coupling. We found that the history of
the input power variation is the key to obtain mode-locked comb, which is due to the hysteresis
behavior of the nonlinear cavity. Particularly, we found that a stable comb is obtained only when
we reduce the input power after hard pumping, whereas the cavity exhibit modulation instability
when we increase the input [4].

REFERENCES

1. Yoshiki, W. and T. Tanabe, “All-optical switching using Kerr effect in a silica toroid micro-
cavity,” Opt. Express, Vol. 22, No. 20, 24332–24341, 2014.

2. Tanabe, T., M. Notomi, A. Shinya, S. Mitsugi, and E. Kuramochi, “All-optical switches on a
silicon chip realized using photonic crystal nanocavities,” Appl. Phys. Lett., Vol. 87, 151112,
2005.

3. Nozaki, K., T. Tanabe, A. Shinya, S. Matsuo, T. Sato, H. Taniyama, and M. Notomi, “Sub-
femtojoule all-optical switching using a photonic crystal nanocavity,” Nature Photon., Vol. 4,
477–483, 2010.

4. Kato, T., T. Kobatake, R. Suzuki, Z. Chen, and T. Tanabe, “Harmonic mode locking in a
high-Q whispering gallery mode microcavity,” arXiv: 1408.1204.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1433

Whispering Gallery Mode Microbubble Resonators

S. Nic Chormaic
Light-Matter Interactions Unit

Okinawa Institute of Science and Technology Graduate University
Onna, Okinawa 904-0495, Japan

Abstract— Whispering gallery mode microbubble resonators are a relative recent addition
to the whispering gallery resonator family and have demonstrable applications across several
areas of research, including pressure sensing, frequency comb generation and other nonlinear
optics phenomena, and in the field of optomechanics. These resonators behave very similar to
microsphere resonators, with the distinct advantage that their hollow core can be filled with
fluids, thereby rendering them more functional for many sensing scenarios. In this paper, we will
first introduce the concept of microbubble resonators and discuss how they can be fabricated in
a controlled manner in order to ensure their design is optimised for high resolution sensing by
operating in the quasi-droplet regime. Next, we will discuss some recent achievements in relation
to fabricating high quality factor microbubbles from a variety of different materials. As a first
example, we have fabricated PDMS-filled, silica glass microbubbles with very thin walls, thereby
ensuring that they operate in the quasi-droplet regime whereby the optical mode penetrates deep
within the core material allowing us to study temperature shifting on the optical resonances. As
a further example, we have fabricated microbubbles using lead silicate glass, a material with high
nonlinearities suitable for exploring a range of nonlinear optics effects such as Raman scattering
and four-wave mixing at low optical powers. Finally, we will show examples of coupled-mode
induced transparency that was achieved by internal pressure tuning of the whispering gallery
modes in a silica glass microbubble. Overall, this paper aims to highlight the versatility of
microbubble resonators across a variety of research topics and we will provide a number of
examples of areas where their properties can be exploited in future work.
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Femtosecond Laser Inscription of 3D Optical Waveguides in Glasses,
Polymers and Crystals

Shane M. Eaton1, Vibhav Bharadwaj2, and Roberta Ramponi1

1Dipartimento di Fisica, Istituto di Fotonica e Nanotecnologie (IFN), CNR
Politecnico di Milano, Milano, Italy

2Center for Nano Science and Technology, Istituto Italiano di Tecnologia, Milano, Italy

Abstract— Focused femtosecond laser pulses drive nonlinear absorption in a wide variety of
transparent materials including glasses, crystals and polymers. This nonlinear interaction enables
a micrometer-sized modification confined to the focus, which allows one to pattern micro-photonic
devices with novel three-dimensional geometries.
In glasses and crystals, the ultrashort laser pulse interaction leads to a permanent alteration
of the refractive index, enabling the formation of 3D photonic circuits. In polymers, the laser-
induced modification tends to decay with time, an effect which is unsuitable for the fabrication of
photonic devices [1]. Among the many parameters used to tailor the modification in transparent
materials, the pulse delivery rate (repetition rate) is perhaps the most significant. At suitably
high repetition rates, typically greater than 100 kHz, the time between pulses is shorter than
time for heat from the absorbed laser pulses to diffuse out of the focal volume. This leads to an
accumulation of heat at the focus and if the pulse energy is sufficiently high, the material at the
focus is melted. As further pulses arrive, the size of the melted zone expands outwards. After the
final incident pulse, therapidly cools into a permanent modification with refractive index greater
than the pristine bulk. In this way, the dwell time in static exposures or scan speed in scanned
exposures can be used to tailor the final waveguide size for a specific application [2].
Here we will describe how high repetition rate fabrication can be exploited to form high perfor-
mance and novel photonic devices in transparent materials for the burgeoning fields of quantum
information, sensing and lab on a chip.
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Lasing and Applications of Flexible Optical Micro-resonators
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Abstract— Optical microresonators have attracted intensive attention due to their importance
in practical applications as well as of fundamental physics interest in light-matter interaction.
The optical confinement provided by a microresonator greatly enhances the coupling between
optical spatial mode and the matter inside. Conventional fabrication of micro-cavities adopting
semiconductor processing technology through either top-down or bottom-up approaches still faces
some challenges. In this talk, we demonstrate the feasibility of constructing solid state micro-
cavities with various configurations like spheres, hemispheres and fibres in a flexible way. We
realize optically pumped lasing with high quality factor from these structures after loading gain
materials (organic dyes or quantum dots). The optical modes are well defined by WGM lasing.
We have demonstrated single-frequency operation in both spheres and fibres with reduced sizes.
We are also able to tune the lasing by deforming the shape of micro-spheres, which represents
the convenient manipulation of light matter interaction. Refractive index sensing with high
sensitivity can be readily realized from these structures enabled by the existence of evanescent
waves.
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Abstract— Meandering waveguide distributed feedback (DFB) structures are introduced as
novel photonic lightwave circuits elements and their amplitude and phase response are studied
in frequency and phasor domain. A preliminary transfer matrix method analysis is applied for
taking the coupling purely directional and with constant coefficient on geometrically symmetric
and anti-symmetric elements. The meandering loop mirror is the building block of all meandering
waveguide based lightwave circuit elements. The simplest uncoupled meandering DFB structure
exhibits Rabi splitting in the transmittance spectrum. The symmetric and antisymmetric cou-
pled meandering DFB geometries can be utilized as band-pass, Fano, or Lorentzian filters or
Rabi splitters. Meandering waveguide DFB elements with a variety of spectral responses can be
designed for a variety of lightwave circuit element functions and can be implemented with gener-
ality due to the analytic approach taken. Meandering waveguide distributed feedback structures
with a variety of spectral responses can be designed for a variety of lightwave circuit element
functions.
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Abstract— To obtain the maximum possible efficiency, in thin film light harvesting or light
emitting devices, light incidence or extraction must be achieved simultaneously to light trapping
in an orthogonal direction. This is the case, for instance, in many thin film solar cells where the
most effective sunlight harvesting would require a bending of the incident light propagation path
followed by a trapping within the active material layer. To some extent, the opposite behavior
is needed in the light guiding plate from edge-lit electronic devices to achieve a homogeneous
illumination of the LCD.
In here, we will consider configurations to effectively reach such, to some extend contradictory,
behavior for the light propagation. We will pay special attention to light harvesting and photo-
voltaic performance of thin film solar cells deposited on the back side of an array of parallel fibers.
In such periodically ordered system an ergodic light propagation resulting from a chaotic photon
trajectory is achieved when the adjacent fibers are intercalated. The light intensity distribution
brakes into a largely disordered pattern, but with a clearly identifiable larger light intensity on
the caustic. This allows coupling to a whispering gallery mode (WGM) on the top interface of
the array. In other words, the window opening in between fibers allows for an effective trapping
of the light that was incident orthogonal to the plane of the array.
We fabricated a fiber array with a solar cell coated on the side opposite to the light entering side.
The photovoltaic performance of such solar cell was measured and we showed that the efficiency
in photon to charge collection can be increased by more than 30% on average and up to 50%
at certain wavelengths. The performance for such fiber array solar cell will be evaluated against
other light management configurations in thin film cells.
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FDTD Simulation of a Cylindrical Waveguide Using Longitudinal
Current Distribution as an Excitation Scheme

D. V. Peponis, G. P. Latsas, Z. C. Ioannidis, and I. G. Tigelis
Faculty of Physics, National and Kapodistrian University of Athens

University Campus, Athens 157 84, Greece

Abstract— In the study of high-power and high-frequency microwave structures several semi-
analytical and numerical approaches are employed. In this work, we use the FDTD method
to study the propagation characteristics in cylindrical waveguide structures with a longitudinal
current distribution as an excitation scheme. Maxwell equations are formulated in cylindrical
coordinates and a cylindrical mesh is used to obtain conformity to the geometry and avoid
the staircase error that would arise by using Cartesian coordinates. The longitudinal current
excitation distribution is selected, since it can probably model the excitation by an electron
beam (in the small signal regime), or the excitation of the waveguide using an electric probe.
The waveguide is terminated at both sides by Complex Frequency Shifted-Perfect Matched Layers
(CFS-PML) in order to absorb both the travelling and the evanescent waves. In order to verify the
method and benchmark the corresponding numerical code, the simple case of a smooth cylindrical
waveguide is examined, excited by a current distribution with a Gaussian modulated sinusoidal
time dependence. The current distribution is modeled as a longitudinal thin wire (placed on the
axis of the waveguide), conducted by a constant spatial current density. Due to the location of
the wire and the proper choice of the frequency range of the excitation, only TM01 mode can be
excitated. The radial distribution of the electric field components as well as the 2D (ρ-ϕ plane)
contour plot are presented and compared with the theoretically expected ones, showing good
agreement between them. Moreover, the presence of the CFS-PML layer is examined as well as
how it affects the propagation characteristics. It is shown that by fine-tuning of its characteristics,
satisfactory absorption rate can be achieved and thus infinitely long and open-ended waveguides
can be properly studied. Finally, possible applications of the numerical code are presented as
well as how this excitation scheme can model more realistic structures.

ACKNOWLEDGMENT

This work has been carried out within the framework of the EUROfusion Consortium and has
received funding from the Euratom research and training programme 2014–2018 under grant agree-
ment No. 633053 (WPEDU). The views and opinions expressed herein do not necessarily reflect
those of the European Commission.



1444 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

High Precision Range Measurement Processor Design with Low
Complexity for FMCW Radar Systems
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Abstract— FMCW (Frequency Modulation Continuous Wave) radar systems have been widely
used for the measurement of range in a variety of industrial applications: automotive safety,
traffic monitors, level gauges, security, defense seekers. Especially, level measurement is popular
in almost every modern industrial plant for the measurement of bulk materials. That is, digital
level measurement based on FMCW radar is a trend because the digital approach is more flexible
and program updates are very easy.
In FMCW radar, when a continuous frequency modulated microwave signal is transmitted, the
receive echo signal is down-converted into the baseband by the transmit frequency. The dif-
ference in frequency between the transmit and the receive signals is called the beat-frequency.
The beat-frequency is typically obtained using FFT (Fast Fourier Transform) processing; range
measurement is calculated using the detected beat-frequency. Thus, for exact level measurement
in FMCW radar, it is very important to obtain a high precision beat-frequency. That can be
realized using enough sample data and many FFT points. However, in a high precision FFT
processor, many hardware resources and long processing time are required due to the increased
computational complexity.
In this paper, we propose a low complexity frequency measurement processor. First, using the
low precision FFT processor, the coarse ROI (Range Of Interest) is detected. Then, in the
ROI, the fine frequency spectrum is analyzed using a frequency spectrum estimator consisting
of a complex multiplier-accumulator. Compared with traditional FFT processors, even though
the performance of the proposed processor is the same, the utilized hardware resources and the
processing time can be decreased.

1Corresponding author: E. Hyun (braham@dgist.ac.kr).
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Schur Complement Based Method of Moments Solution for 2D
Scattering Problem from Mixed Dielectric-conductor Targets

Mehmet Nuri Akincı and M. Çayören
Department of Electronics and Communication Engineering, Istanbul Technical University, Turkey

Abstract— In this paper, we deal with the two dimensional scattering problem from mixed
dielectric-conductor targets. In particular, we analyze a Schur-complement based Method of
Moments technique as the solution procedure. In fact, different solutions to the mixed dielectric-
conductor scatterer problem [1–3] and several works on Schur preconditioners can be found in
the literature [4, 5]. Here, what we propose is simply that the currents on different kinds of
scatterer must be appended in different vectors. For this purpose, we use a rectangular mesh to
discretize the dielectric scatterers. Pulse functions are used as basis functions and the integral
of the Green’s function on the discretized rectangles is analytically calculated by using the well-
known circle approximation [6]. For the conductor objects the surface is discretized into points
and the integrals of Green’s function is numerically calculated on the lines which connect the
discretized points. Finally, dirac-delta functions are used as weighting functions and an equation
system for the currents on the scatterers are obtained. As stressed above, the currents on the
different kind of materials (dielectric-conductor) are casted into two different vectors. Then the
inversion of “the object equation” are done by means of the Schur complement. By doing so,
the inversion of the large Green matrix turns into the inversion of two subblocks of this matrix.
The accuracy of this Schur complement based Method of Moments solution is tested against the
analytical solution of the scattering from a dielectric coated conductor. Moreover, an error rate
analysis is made by comparing the theoretical expressions with the simulated fields. Obtained
results show that the Schur complement based inversion of object equation increases the validity
range of the solution obtained from Method of Moments.
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Abstract— Dynamic speckle is a scattering phenomenon occurring when coherent laser light
illuminates an active surface. Scattered waves are Doppler shifted by movements of the scattering
centres or other dynamic changes, such as refractive index time variations. These random coher-
ent electromagnetic waves beat on the detector thus producing low-frequency intensity variations.
As a result, the surface appears to be covered by tiny bright dots that fluctuate in a seemingly
random way similar to boiling liquid.
The study of the temporary evolution of the speckle patterns may provide an interesting tool
to characterize the parameters involved in the sample dynamic processes. It has been used for
several applications in biology, medicine and industry.
In this paper, we use this technique to analyze the hygroscopic properties of different types of
porcelain for electrotechnical purposes. Experimental speckle results showed different behavior
depending on both physicochemical and textural properties of the samples.
The typical porcelain consists of a mixture of three aluminum-silicates in a ratio: 50% kaolin 25%
quartz and 25% feldspar. This porcelain has basic electrical, mechanical, thermal and porosity
properties which naturally vary according to the composition of the mixture.
These materials are commonly used due to their insulating quality (e.g., insulation resistance)
which basically depends on its porosity and hygroscopicity.
This work analyzes four types of commercial electrotechnical-porcelain using both textural and
physical-chemical methods and their water adsorption capacity by the Dynamic Speckle Laser
technique.
Experimental results showed the evolution of the speckle patterns during hydro-adsorption pro-
cess, permitting to discriminate different behavior for each material. It was determined that
it is possible to correlate changes in the speckle patterns with the porosity and composition of
materials.
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Abstract— The minerals based on aluminosilicates such as clays (kaolinite, montmorillonite)
and zeolites (clinoptilolite) are abundant and inexpensive. These are used as adsorbents for the
removal of bacteria and pollutants. It has been proven that the presence of hydrogen bonding
interactions, and electrostatic forces of attraction on the surface of zeolites modified with anionic
and/or cationic species have a significant effect on the process of microorganisms elimination. The
treatment of the zeolite surface with concentrated acids or bases also modifies their hygroscopic
properties.
This paper presents advances in the Dynamic Speckle Laser hydroadsorption analysis of materials
based on a rich mineral “clinoptilolite” and their acidic and basic forms, which served as support
for the incorporation of a binary complex sulfadiazine cobalt, promising in antibacterial drug
design, fungicides, anti-inflammatory, etc..
To determine the water adsorption capacity of these materials as a function of time, the traditional
method consists of introducing a sample in water and plotting the time dependent weight change
in order to determine the amount of water adsorbed.
In this work we use a technologically advanced and methodologically more accurate method for
determining the speed of hydroadsorption of a zeolite (clinoptilolite) based on the optical random
interferometric phenomenon named “speckle”, produced when a laser light illuminates a rough
surface of zeolite. The data derived from the latter methodology is fitted using a numerical model
that yields a better fitting as compared with several physicochemical (or physical) methods well
established in the literature.
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Modeling of Electromagnetic Scattering from Simplified Leaf
Structures by Using Spherical Wave Expansion

Paul Jason Co and Jun-Ichi Takada
Department of International Development Engineering, Tokyo Institute of Technology, Tokyo, Japan

Abstract— Leaf scatterers are a type of obstacle that is abundant in rural propagation en-
vironments. These leaf scatterers interact with propagating radio waves which may affect the
performance of wireless systems operating in such environments. Modelling the effects of these
leaf scatterers in the propagation medium is necessary to ensure the performance of wireless
systems in the presence of such obstacles. In this paper, deciduous leaf scatterers are modelled
as thin dielectric disks. The electromagnetic scattering from these disks are modelled using
the generalized Rayleigh-Gans (GRG) approximation as well as numerically using a commercial
method of moments solver, and is evaluated at a frequency of 2 GHz. For the single scatterer
case, results show good agreement between the GRG approximation and the numerical results,
with the GRG approximation generally underestimating the scattered fields, as well as signifi-
cant errors appearing in the null regions of the scattering. To evaluate the difference between
the GRG approximation and the numerical results, spherical wave expansion is performed on the
scattered fields from both the GRG approximation and the method of moments solution. The
spherical modes of the scattered fields from both solutions are compared, and the number of
spherical modes needed to represent the scattered fields from the single disk from both solutions
are evaluated.
An approximation of the scattered fields for the multiple scatterer scenario is applied by per-
forming a superposition of the GRG scattered fields from each of the individual disk scatterers.
The scattering from multiple realizations of 30 disk scatterers randomly oriented and positioned
within a 1 cubic meter volume is evaluated. First order scattering results which only consider the
fields directly scattered from the incident wave show that the scattering pattern from the super-
position approximation is similar to the scattering pattern from the full wave numerical solution,
but under estimates the magnitude of the scattered fields by approximately 4 dB. Second order
scattering is evaluated, where the scattered fields from the GRG approximation is used as sec-
ondary incident waves to other disks in the region. Results from the second order approximation
showed an improvement in the accuracy of the scattered field magnitudes in the backscatter re-
gion to within 1dB of the numerical results, with minimal improvement in the forward scattering
region. To isolate the error in the multiple scatterer approximation due to the errors in the GRG
approximation, a hybrid superposition of the numerical results is proposed. The scattering from
the individual disk scatterers are represented as a spherical wave expansion of the numerical re-
sults. Applying the superposition approximation to these spherical wave expansion of individual
scatterers eliminates the errors from the GRG approximation.
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Abstract— Planar Frequency selective surfaces (FSS) have attracted large attention during
the last five decades because of their mechanical and electrical flexibility. They behave as spatial
filters that are largely employed in applications like hybrid radomes for radars and antennas where
high performance is necessary. The FSS have evolved from simple canonical forms to the complex
geometries. For these structures, we must consider both the effects related to the periodicity
that those related to the size of the individual elements. While periodicity impacts firstly on
the general reflecting properties of the surface, the shape and the size of the individual element
affects both spatial and frequency filtering behaviour. In particular the frequency response is
dictated mainly by the scattering of the incident plane wave by the individual element and attains
its maximum at resonance conditions. Accordingly, we mean to investigate whether the same
occurs also for non planar surfaces and curved elements, and in particular conical surfaces. The
analysis is performed in two steps. As scattering by a passive single element depends also on the
radiating behavior of the same element when fed as an antenna, first the frequency behaviour of
its input impedence is numerically computed by a commercial code. Of course this computation
is performed assuming the single active element emebedded within a number of similar ones to
take into account partly mutual interactions within the FSS. In the paper, as scattering elements,
both radial and circumferencial strips conforming a conical shape are considered. Subsequently
the frequency behiavour of the conical surface is fully analysed by a numerical code solving the
Electric Field Integral Equation for a FSS of finite size made of thin elements conforming a curved
surface.



1450 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Time Domain Transient Analysis for Ellipsoidal and Hyperbolic
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Abstract— In this paper we present an early-time transient analysis of electromagnetic (EM)
fields scattered from a perfectly conducting ellipsoidal and hyperbolic reflector when it is illumi-
nated by a spherical wave of a feed’s radiation with a cosine-tapered pattern and transient time
response. This work is motivated by the needs of transient EM analysis in the booming appli-
cations of ultra-wide-band or short-pulse antenna systems for target identification and remote
sensing such as in the design of impulse-radiating antennas (IRA). A transient-step response of
the feed’s radiation is considered because it will produce an impulsive response near the second
focus of the ellipsoidal reflector, which is very interested in the applications of impulse-radiating
antennas (IRA). Furthermore, an ellipsoidal reflector may reduce to a either spherical or parabolic
reflector and hyperbolic with a proper parameter assignment. Thus, the developed solution has
an advantage of exhibiting field phenomena when the surface changes to hyperbolic or from a
spherical to a parabolic reflector.
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Abstract— Most recently the applications have been extended to treat the problems arising in
the near zone of electrically large antennas such as the vital life-detection systems and noncontact
microwave detection systems, where the objects under detection may locate in the near zone of
antenna. A TD analytic solution to predict the transient radiation from a phased periodic array
of elemental antennas is thus developed. The TD phenomena are investigated in this paper.
The TD phenomena of Floquet modes in the quantity of field potentials with a transient impulse
excitation in the current moments were examined. In this generalized analysis, one first considers
a two dimensional finite array of current moments with phases impressed to radiate fields focused
in the near zone of array aperture, where the focal field point can be arbitrarily selected.
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Abstract— In this paper, transmission characteristics affected by a dielectric adhesive between
a noise suppression sheet (NSS) and a transmission line are examined. A microstrip line (MSL)
based on IEC standard (IEC62333-2) is fabricated, and a transmission characteristic of the MSL
attached with a dielectric adhesive-backed NSS is simulated and measured.

Figure 1 shows the measurement system of the MSL attached with an NSS. The substrate shown
in Fig. 1 is fabricated on ARLON DiClad522 (εr = 2.55, tan δ = 0.0022). Fig. 2 shows the
FDTD simulation model based on the measurement system above. The thickness of the adhesive
is defined as d [mm].
Figure 3 shows the simulated and measured transmission characteristics in the case of d =
0.0 [mm] or d = 0.1 [mm]. The maximum difference of transmitted electric power between sim-
ulated and measured results is 2.8% in d = 0.0 [mm], and is 3.1% in d = 0.1 [mm], respectively.
Therefore, the simulation model shown in Fig. 2 is available from the above results.

Figure 1: Measurement system of transmission char-
acteristics on a microstrip line.
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Figure 4 shows the transmission characteristics of the MSL attached with the NSS using different
dielectric adhesive. From Fig. 4, the cutoff frequency in the case of without adhesive is 0.87 GHz.
The cutoff frequency is shifted to 1.33 GHz when the adhesive shown Fig. 2 is replaced by air-
gap. Moreover, the effect to transmission characteristic is clearly decreased when adhesive is used
compared to the air-gap. When the real part of permittivity of adhesive is increased to 40 or 80,
these transmission characteristics are similar to the characteristic in the case of without adhesive.
As a result, it is important to consider the complex relative permittivity in the adhesive between
an NSS and a transmission line.
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Abstract— The creation of effective adaptive (electronically tuned) matching circuits is one
of the key problems for development of modern RF and MW electronics. Traditional adaptive
matching circuits are tuned by using semiconductor, ferromagnetic or MEMS elements. Ferro-
magnetic tuning consumes a large amount of power and rather slow tuning time (µsec scale);
besides of slow tuning time (µsec scale) the MEMS elements have a limitedRF and MW operat-
ing power. Semiconductor elements in spite of their fast switching time (ns scale) have a limited
power handling capability in point of a parasitic intermodulation product. The use of ferroelectric
(FE) materials in paraelecrtic state makes it possible to suppress the negative featuresmentioned
above.
Ferroelectric materials such as barium strontium titanate (BaxSr1−xTiO3 (BSTO)) in paraelecr-
tic state and strontium titanate (SrTiO3 (STO)) are the most perspective compositions for RF
and MW applications especially at high operation power. These materials have no frequency
dispersion of dielectric constant (ε) up to 100 GHz and the suitable tunability (k = ε(E=0)

ε(E 6=0) ≥ 3)
with time of tuning of 10 ps scaleunder electrical control voltages. Dielectric losses in a ferroelec-
tric elements are comparable to the losses in semiconductor ones. In present work the properties
of tunable RF and MW elements on the base of thin (≤1 µm) films and bulk ceramics (thickness
of (0.15 ÷ 1.00) mm) of STO and BSTO compositions are analyzed. The parameters of theFE
materials and elements on their base were obtained in a broad frequency range using a set of
measurement procedures elaborated by authors.
It can be concluded that the main barrier for application of ferroelectrics on microwave is the
residual polarization phenomena leading to the decrease of tunability of microwave devices and
the degradation of the speed of tuning. Nature of residual polarization phenomena is considered
and methods of their suppression are presented.
Modeling and testing the new multilayer FE capacitance construction which provides the opera-
tion under high RF power with low level of parasitic harmonics were done. Adaptive matching
circuits on the base of the tunable FE capacitors were elaborated andtested and conclusions about
their application inindustrial systems (drying chambers, food defrozen chamber etc.), systems of
wireless device charging and front antenna end of communication system were done.
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Local Field Effects for Left-handed Planar Metamaterials

O. V. Porvatkina, A. A. Tishchenko, and M. N. Strikhanov
National Research Nuclear University “MEPhI”, Moscow, Russia

Abstract— Metamaterials are artificially designed materials that have effective properties, such
as anomalous refraction or reflection. Particularly, planar metamaterials have unusual proper-
ties such as manipulation of the polarization states of light diffracted from the surface. These
structures also demonstrate extremely high confinement of electromagnetic fields and thus strong
variations of field intensities, which can significantly enhance near-field optical forces [1]. In
addition the planar nature of these structures means they could be incorporated into thin-film
coatings for numerous optical components [2].
We consider dielectric and magnetic properties of left-handed planar metamaterials with neg-
ative permittivity and permeability. In our work we investigate planar metamaterials consist
of anisotropic particles. We obtain dependence of permittivity on dielectric polarizability and
permeability on magnetic polarizability of the particles. Local field effects are taken into account
in calculations. These effects are caused by interaction between single particles. The analogue
of such theory for 3D metamaterials was developed in our recent article [2]. We also obtain the
generalized Clausius-Mossotti relations for planar metamaterials made of anisotropic particles in
the long wave approximation. We calculate a response function to an external electromagnetic
field in case of planar metamaterial. This function describes connection between external elec-
tromagnetic field and the local field. On the one hand, such connection allows us to analyze
structure of electromagnetic field in the near-field regime [3]. On the other hand,the relationship
between the field interacting with particles in the planar metamaterials and the external field is
of key importance for calculations of characteristics of the electromagnetic radiation generated
by charged particles or particle beams passing through or near the planar structures [4].
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Total Internal Reflection as a Technique for Study of Surface
Optical Characteristics of Left-handed Materials
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Abstract— Real material surface is known to differ from ideal plane surface because of the
presence of nonuniform near-surface layer. The properties of the layer may influence considerably
on various processes of macroscopic electrodynamics, such as reflection and refraction of light,
propagation of surface waves, radiation from fast charged particle beams [1–3]. As the thickness
of the layer is much smaller than the light wavelength, all inhomogeneities caused by natural
surface anisotropy, impurity atom adsorption, surface relaxation and reconstruction, fluctuations
in surface electronic states, — all these can be taken into account via introduction of surface
polarization current into boundary conditions [3]. This surface polarization current is linearly
dependent on the electrical field, and proportionality factor is the phenomenological characteristic
of dielectric and magnetic surface features.
In this work we consider an effect of surface inhomogeneities of left-handed materials on light
reflection and refraction. It is shown that total internal reflection could be useful for investigation
of surface optical characteristics of metamaterial. Scattering of refracted wave in the near-surface
layer leads to existence of radiation propagating from the boundary to the point of observation. It
is convenient to describe this radiation as a result of excitation of the surface current. Note, this
radiation does not arise in the absence of the inhomogeneities in case of total internal reflection.
The angular distribution of the resulting radiation is derived and the opportunity of getting
information about the properties of metamaterial surface with help of this method is discussed.
Information about surface properties can be of great use for developing of metamaterial optics,
for example, multilayered structures and waveguides [4], perfect lens [5], terahertz optics [6],
cloaking and so on.
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Evaluation of a Buckypaper’s Electromagnetic Shielding Efficiency
in X Band
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Abstract— Carbon nanotubes (CNTs) properties and applications are one of the most inno-
vative and interesting research areas in physics and engineering. The electromagnetic behaviour
of CNTs composites and plastic material such as PE and PMMA has been analized in several
works. Recent works have highlighted how CNTs can be effectively applied in electromagnetic
interference (EMI) as high shielding material. Basically, this is due to their high aspect ratio and
their tunable conductivity, which allows the electrical percolation (with a little number of CNTs).
It is crucial to understand and control the electromagnetic properties of these materials to apply
them to devices’ design in several research fields. A buckypaper is a shield made only with CNTs,
it is used mainly to protect electronic devices from electromagnetic interferences inside the plains
to prevent equipment damaging and unintended setting modification. At the same time, CNT
shields could be applied to avoid radar detection of militar aircrafts. Moreover, in the next years
these structures could have a wide application in nano- and bio-science: Potential application
in the electromagnetical shielding concern nanoelectronis devices, nano-biomedical imaging and
sensing or, in the near future, the protect medical equipments from high-frequency radiations.
This paper studies the shielding efficiency of an buckypaper interposed between a multifrequency
source and a electromagnetic waved detector. Our analysis has considered a frequency spectrum
from the microwave (1 GHz) to the UV band (107 GHz).
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Waveform Measurement of Ultra-high Repetition Mode-locked
Pulses Generated from a Silica Toroid Microcavity
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Abstract— An optical frequency comb exhibits a pulse train when we observe it in the time
domain. The repetition rate of the pulse train is determined by the frequency interval of the comb
space. Since the spacing of a frequency comb generated from a microcavity is extremely large, it
exhibits an ultrahigh repetition rate and the phases of the modes are locked. In this study, we
demonstrated and measured the arbitrary generation of ultrahigh repetition rate pulses ranging
from 0.8 to 8 THz by utilizing a silica toroid microcavity. The Kerr comb interval is controlled
by changing the input laser power, wavelength and wavelength scan speed. The experimental
results are shown in Fig. 1, where the pulses were measured with an SHG autocorrelator. We
clearly observed that the generated comb exhibited mode-locking and also pulse trains at an
ultrahigh repetition rate. It should be noted that such pulses are generated by continuous wave
laser pumping. This demonstration of the generation of ultrahigh repetition rate pulses at an
arbitrary frequency opens the possibility for future application of the Kerr comb as a high-speed
signal-processing source.

(a) (c) (e)

(b) (d) (f)

Figure 1: Experimental results for generated Kerr combs and their SHG autocorrelation traces. We used
a toroid microcavity with a Q factor of 2 × 106 and a free spectral range (FSR) of 0.875 THz. The input
wavelength and power are (a) (b) 1557.1 nm and 0.49 W, (c) (d) 1540.56 nm and 0.55W, and (e) (f) 1557.1 nm
and 0.49 W, respectively.
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Fundamental Mode Cutoff Filter for Highly Sensitive Fiber Strain
Sensing Applications
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Abstract— Short-pass filter has been widely in S band erbium-doped fiber amplifiers wave-
length tunable by erbium-doped fiber Laser B femtosecond pulse stretching [1–4] this is because
the short-pass filter have a high cutoff effect. In this work we using the short-pass filter to be-
come the strain sensor. In Figure 1 shows the device structure and L is the length of the fiber.
Figures 2, 3 show the spectral of the different diameter, when diameter about 21 µm the cutoff
point is about 1.35 µm. When the diameter about 27 µm the cutoff point is about 1.30 µm. When
the diameter about 21 µm the sensitivity is about 1.44 µm/mε.

Figure 1: Show the device structure and the L is the length of the fiber.
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Figure 2: Show the diameter is about 21µm and the
index is 1.456.
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Figure 3: Show the diameter is about 27µm and the
index is 1.456.
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Photon-Avalanche-Like Nonlinear Excitation and Optical
Low-Energy Ultrafast Switching in Solids
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ITMO University, 14 Birzhevaya liniya, St. Petersburg 199034, Russia

Abstract— A new mechanism of photoexcitation of transparent crystals is studied. The mech-
anism exhibits an exceptionally high degree of optical nonlinearity and shows itself even at
moderate laser radiation intensities j ∼ 105 W/cm2. A three-band model of a crystal is treated.
It is assumed that the photon energy of laser radiation ~ω is such that ~ω < Eg < 2~ω, where Eg

is the energy gap between the top of the valence band v and the bottom of the lower conduction
band c1. At the same time, it is assumed that, near the bottom of the band c1, the energy
~ω is equal to the energy gap between the band c1 and the upper conduction band c2. At low
excitation intensities j, no photo-induced transitions occur in the material, since in accordance
with the above assumption, there are no free electrons in the band c1 and there is no one-photon
resonance between the bands v and c1. At high intensities j, the situation is quite different. Due
to two-photon transitions between the bands v and c1, a certain number of free electrons appear
in the band c1. An electron generated in the band c1 absorbs a photon and transits to the band
c2, in which it quickly falls (within a time of ∼ (2–7) · 10−13 s) into the region of states close to
the bottom of the band (e.g., because of emission of optical phonons). Then, due to “standard”
radiative or nonradiative relaxation processes, however, in a longer time, the electron can transit
to the conduction band c1. In this case, the photon-involving Auger process c2 + ~ω → c1c1v is
possible as well. In such process, in one elementary event, a photon is absorbed, and the electron
from the band c2 transits to the band c1, liberating energy for the creation of an electron-hole
pair consisting of a hole in the band v and an electron in the band c1. As a result, there are now
two electrons in the band c1. In turn, these electrons, when transiting to the upper conduction
band c2, participate in the same process c2 + ~ω → c1c1v, etc.. In this case, the concentration of
nonequilibrium electrons in both of the conduction bands increases in an avalanche-like manner.
The increase in the number of electrons in the lower conduction band yields a very sharp increase
in absorption of light through one-photon transitions between the conduction bands.
The above-considered effect is in essence one of the modifications of the photon avalanche effect
(see, e.g., [1–3]).
In this study, the probabilities of one- and two-photon interband transitions and the probability
of the photon-involving Auger process are calculated. These probabilities enter into the system
of differential balance equations for populations of free charge carriers in the bands v, c1, and c2.
Numerical solutions of this system are obtained for a number of sets of typical band-structure
parameters and relaxation times.
It is shown that, at the light intensities j < 105 W/cm2, the crystal switches from state I, in
which free electrons and holes are practically lacking and there is no noticeable absorption of
light, to state II, in which the concentration of free charge carriers is as high as 1019–1020 cm−3

and the absorption coefficient reaches 103–104 cm−1. The switching time is 1–10 ns [4, 5].
A number of crystals, whose electron band structure allows the above-described photon-avalanche
mechanism of photoexcitation and optical switching, are considered in detail.
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Secondary Instabilities of Steady Stationary Solution in
Wide-aperture Lasers with Negative Detuning
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Abstract— Pattern formation and the evolution of complexity in spatially extended dynamical
systems has been the subject of many investigations in widely diverse branches of science. In non-
linear optics, such studies have been motivated by the goal of developing a general understanding
to describe the emergence of periodic and quasiperiodic patterns, vortices or spatial solitons us-
ing various nonlinear systems as well as gas, solid-state and semiconductor lasers. These systems
are very complex devices having a rich spatiotemporal dynamics. The control parameter that
determines the mechanism, which give rise to the transverse structure formation, is the Fresnel
number.
In this work, we report on numerical and analytical investigations of the wave instability occurring
for negative detuning (cavities tuned above resonance ) in lasers class B. In that case, relations
amongthe decay rate of polarization ,the decay rate of population difference and the cavity rate
were γ⊥ À γ‖ À κ. We use the Maxwell-Bloch equations to describe the dynamics of transverse
patterns in single longitudinal mode lasers, where the active medium is composed of two level
atoms inside a cavity with flat mirrors. An important parameter for determining the behavior
of the system is the cavity detuning of field frequency from the atomic resonance transition
frequency.
With increase of the pump level the homogeneous solution becomes unstable against spatiotem-
poral perturbations with a finite wavelength. We have numerically simulated the dynamics of
laser field above the second laser threshold in one- and two-dimensional cases. In the result of
stability loss of steady solution, the regime that evolves in the system consists of a sequence
of switches between traveling wave solutions with different wave numbers. The laser intensity
presents the areas of nearly constant values which interrupted by bursts of large amplitude os-
cillations. The sequence of wave numbers can be predicted as perturbation with highest growth
rate.
We use analytical and numerical approaches to perform the linear stability analysis. We found
that the regime of dynamical switches is the result of secondary instabilities. By both methods,
the evolution may be predicted with a relatively good precision.
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Abstract— In active fibers, doped with rare-earth elements, in process of lasing some part
of optical pump power is converted into heat. Main mechanisms responsible for fiber heating
are optical quantum defect (difference between pump and emitting photon energies) and nonra-
diative relaxation of excited rare-earth ions. High CW power levels of modern fiber lasers (up
to 20 kW in single-mode and 100 kW in multimode regimes) lead to the strong heating of active
fiber, changing its absorption and photoluminescence optical spectra. Recently, we have proposed
novel method based on radiofrequency impedance spectroscopy for temperature measurement of
optical fibers [1]. Block scheme of the experimental setup applied for fiber temperature mea-
surement (Fig. 1(a)) includes dielectric tube with copper wire reeled on it, forming connected in
series induction coil and single-turn double-wire capacitor with placed inside active fiber segment
and filled by additional polymer of the same type as cladding one. This configuration repre-
sents an oscillating LC-circuit. The resonant frequency of this circuit depends on temperature
T , since the capacitance value C(T ) is specified by temperature dependent permittivity of the
polymer. Equivalent temperature of the fiber amplifier segment in the operating mode (Fig. 1(b))
was measured using calibration dependence of resonant frequency measured in uniform heating
experiment.

General theoretical model of fiber heating, based on solution of heat conduction equation with
the heat source conditioned only by quantum defect inside active core [2], cannot explain exper-
imental results. In order to find correspondence between measured equivalent temperature and
actual temperature distribution inside fiber we developed coaxial model of fiber heating. Fig. 1(c)
shows a cross-section of two-wire capacitor and mathematically simulated distribution of thermal
field. Also additional verifying experiment was conducted, where optical fiber was replaced by
the polymer coated copper wire, heated by the electric current. Simultaneous measurements
of copper wire temperature basing on its resistance change and equivalent temperature of the
polymer cladding showed that maximum equivalent temperature change of the polymer −41 K
(measured at 120 W pump and 90W lasing power) corresponds to 63 K of copper wire temper-
ature change. In order to calculate true temperature distribution of the system we conducted
one more experiment aimed at heat transfer coefficient determination by measuring kinetics of
fiber cooling. This coefficient was found to be 60 ± 5W/m2∗K. Using these data temperature
distribution of the system was calculated. Average temperatures are: active core −57.6K, silica
cladding −52.6 K, polymer cladding −38.4K. Developed theoretical model allowed us to find cor-
respondence between experimentally measured equivalent temperature and actual temperature
distribution inside active fiber.

(a) (b) (c)

Figure 1: (a) Simplified block scheme of experimental setup. (b) Dependence of equivalent heating temper-
ature of active fiber on pump power. (c) Cross-section of two-wire capacitor (1 — SM core, 2 — MM core,
3 — polymer cladding, 4 — additional polymer) (top) and its temperature distribution (bottom).
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Abstract— Cerenkov effect [1] have a long history but it remains relevant in relation to the
different areas of application of such a phenomena (the wide list of publication on this subject
takes place, see, e.g., [2–4] and related references). The expression for the radiated power was
obtained by solving the equations of classical electrodynamics in the medium. A large number of
studies have been devoted to other aspects of the Cerenkov effect. They concern the extension
to the case of magnetic media, a detailed analysis of radiation in crystals, the role of boundaries,
etc.. The classical theory of spontaneous Cerenkov effect is fairly accurate, however the quantum
analysis gives a more complete understanding of the phenomenon. Moreover, the quantum ap-
proach is most useful when considering the motion of a charged particle in a dielectric medium in
the external electromagnetic wave. The radiation in this case has an induced nature and quantum
approach gives a better understanding of the physical nature of phenomena.
Creation of powerful sources of electromagnetic radiation initiated extensive research in the area
of particle-field interaction. The squeezed states of light [5] play an important role in such
researches. These states generalize the well-known class of coherent states and are characterized
by the fact that the uncertainty of one of the canonical variables of the electromagnetic field
is less than in a conventional coherent state. The squeezed states are important in such areas
as optical communication, interferometry, nonlinear optics, the detection of gravitational waves,
etc.. It should also be noted that the squeezed states are objects of purely quantum nature. So
the description of the motion of a charged particle on a background of the squeezed vacuum can
be performed using the quantum field theory only. This problem is of great practical interest
(new sources of electromagnetic radiation such as free-electron lasers and Cerenkov lasers).
In this work we investigate the Cerenkov radiation in the case of motion of a charged particle
on a background of the squeezed electromagnetic vacuum. Using the quantum approach (time
dependent perturbation theory) we obtain the following expression for the Cerenkov radiated
power:
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where ν is the squeezing parameter, Θ(z) is the Heaviside step-function. This expression contains
two terms. First term corresponds to radiation power, while the second one corresponds to
absorption power.
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Frequency Characterization of Planar Resonators by THz Josephson
Spectroscopy

A. V. Snezhko1, 2, O. Y. Volkov1, V. N. Gubankov1, I. I. Gundareva1, 3,
Y. Y. Divin1, 3, V. V. Pavlovskiy1, and V. I. Pokalyakin1

1Kotelnikov Institute of Radio Engineering and Electronics of RAS, Russian Federation
2Moscow Institute of Physics and Technology, Russian Federation
3Peter Grunberg Institute, Forschungszentrum Julich, Germany

Abstract— Broadband electromagnetic measurement at frequencies above 100 GHz is still
challenging problem because of limited frequency ranges of oscillators, complicated matching
networks and ambiguous deembedding procedures. It is known that Josephson junction (JJ) is
very sensitive to electromagnetic environment. When JJ interacts with external electromagnetic
structure, characteristics of the structure in frequency domain are mapped into the modifica-
tion of dc characteristics of JJ in voltage domain. Recently a new spectral technique based
on nonstationary Josephson effect was proposed for frequency analysis of electromagnetic reso-
nant structures, which were integrated with JJ. Here we extend this method to perform spectral
characterization of planar resonators on separate substrates. We have studied resonator char-
acteristics at frequencies from 50 GHz to 500GHz, using YBa2Cu3O7−x high-Tc bicrystal grain
boundary junctions on NdGaO3 and MgO substrates. Differential resistance vs. voltage curves
Rd(V ) modified by the interaction between JJ and resonator have been analyzed. Resonators
were formed by from cooper thin films on Al2O3 separate substrates by UV photolithography.
The planar resonator has been presented as RLC-circuit. Parameters of equivalent circuit have
been obtained by fitting simulated Rd(V ) curves to experimental data. Set of resonance frequen-
cies have been obtained for split ring resonators from 50GHz to 500 GHz and quality factors
have been estimated. An excitation of fundamental resonance mode in the planar resonator by
Josephson oscillations was demonstrated. The technique developed might be used for frequency
characterization of THz photonic elements and structures.

ACKNOWLEDGMENT

This work was partly supported by the grant Russian Fund for Basic Research (No. 14-07-3132-
3 MOJI−a).



1466 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Stronger Nanoscale EM and BEM Solutions by CICT Phased
Generators

R. A. Fiorini
Department of Electronics, Information and Bioengineering (DEIB)

Politecnico di Milano University, Italy

Abstract— There is no doubt that the IC (Infinitesimal Calculus) has played in the past and
will play in future a major role in the mathematical treatment of EM (electromagnetic) and BEM
(bioelectromagnetic) modeling problems, but we must be aware that its addiction hides some im-
portant features of the phenomenon being described, such as the geometrical and topological
features. The addiction is such that, since the digital computer requires an algebraic formulation
of physical laws, it is preferred to discretize the differential equations, rather than considering
other more convenient tools for problem mathematical description like, for instance, FDC (Finite
Differences Calculus) or more sophisticated algebraic methods. Hence, to apply the numerical
methods we are forced to return to a discrete formulation using one of the many methods of dis-
cretization, starting from classic FEM, BEM, FVM, FDM, etc., to arrive to specialized algorithms
to achieve fast operational compromises in specific application areas. Nevertheless, traditional
FDC and even more sophisticated and advanced algebraic approaches are unable to conserve
overall system information. In fact, misplaced precision leads to information opacity, fuzzyness,
irreversibility, chaos, complexity and confusion. To find innovative solution and to open the door
to more reliable scientific problem description and solution (“Science 2.0” approach), we just
need to remember the Relativity’s father inspiration quote: “We cannot solve our problems with
the same thinking we used when we created them.” Eventually, our overview suggests us that
to grasp a more reliable representation of experimental reality and to get stronger physical and
biological system correlates, researchers and scientists need two intelligently articulated hands:
both stochastic and combinatorial approaches synergically articulated by natural coupling. The
former, applied to all branches of human knowledge under the “continuum hypothesis” assump-
tion, has reached highly sophistication level, and a worldwide audience. Many “Science 1.0”
researchers and scientists up to scientific journals assume it is the ultimate language of sci-
ence. The latter, less developed under the “discrete hypothesis” assumption in specific scientific
disciplines, has been considered in peculiar application areas only. It has been further slowly
developed by a few specialists and less understood by a wider audience. The computational in-
formation conservation theory (CICT) approach brings classical and quantum information theory
together in a single framework, by considering information not only on the statistical manifold of
model states but also from empirical measures of low-level multiplicative noise source generators,
related to experimental high-level overall perturbation. According to CICT Infocentric Word-
view, traditional elementary arithmetic long division remainder sequences can be interpreted as
combinatorially optimized exponential cyclic sequences (OECS) encoding hyperbolic geometric
structured information, as points on a discrete Riemannian manifold, under HG metric, indis-
tinguishable from traditional random noise sources by classical Shannon entropy, and current
most advanced instrumentation approach. In other words, if we want to achieve overall system
information representation conservation and to get stronger solution to advanced problems, like
resonant nanoparticle, nanophotonic, opti uidics structure modeling, etc., we have to look for
convenient arbitrary scaling BU (bottom-up) point-of-view (POV) (from discrete to continuum
view ≡ BU POV) to start from first, and NOT the other way around! Then, a top-down (TD)
POV can be applied for overall final model validation and endorsement, if needed. CICT formu-
lation has the great merit of maintaining close contact between the mathematical description and
the physical phenomenon described, showing how to obtain a purely algebraic formulation of in-
formation and physical laws relating directly elementary information generators to experimental
measurements. A few examples are presented and discussed.
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Dynamical Model of Elastic-plastic Hysteresis in Fullerens Film

Boris M. Darinsky1, Mikhail E. Semenov1, 2, 3,
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3Voronezh State University of Architecture and Civil Engineering, Voronezh, Russia

Abstract— The hysteretic effects take place in various areas of material science (both in macro
and micro levels). Depending on the purposes of investigation both the phenomenological and
constructive models can be used and there are many literature sources on this subject (see, e.g., [1]
and related references). As a rule in the constructive models which are described by the relations
“input-state” “state-output” [2, 3] the dynamical properties of the hysteresis carrier have no taken
into account. It is a well-known fact that the mechanical properties almost all the materials (these
properties the elastic-plastic hysteresis) remain unchanched (hysteretic dependence of elastic-
plastic materials does not depend on the speed of mechanical affection). However, the results
of experiments with the fulleren nanofilms [4] show that the hysteretic curve in the coordinates
“force-displacement” depends on the speed of force application.
In this work we propose the dynamical probability model of hysteresis for description of elastic-
plastic properties of nanoscale fulleren film taking into account the electromagnetic nature of
fulleren clusters binding. This model is based on the fact that the decay law for fulleren super-
cluster [C60]n (especially for n = 2) depends on the external conditions (temperature, pressure,
etc.) as well as has a probability nature. The description of the decay law in the macroscopic
level can be made using the theory of random processes (Kolmogorov-Chapman equation). The
results of numerical simulations are in good agreement with the known experimental data.
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Binary Collision with Energetic Ions of Carbon Nanotubes

D. Bajalan
St. Pölten, Austria

Abstract— Carbon nanotubes (CNTs) are very interesing technological branch. Due to their
low dimensionality, nanometer size and remarkable electronic, mechanic and magnetic properties,
nanotubes are promising structures for many purposes in several fields of physics, materials
science or biomedicine [1]. Channeling of energetic ions through solids is a phenomenon which
should be accounted for in the present day semiconductor technology, as it gives rise to deeper
implantation and less lattice disorder. The channeling effects are particularly important for
materials with high crystallization and anisotropic atomic structure [2]. Experiments on the
irradiation of carbon nanotubes with energetic particles poses many interesting properties. These
effects may potentially be used in various practical applications, such as nanoelectronicdevices.
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Applications of Carbon Nanotubs and Other Nanomagnetic
Nanowires

D. Bajalan
St. Pölten, Austria

Abstract— MWNTs are widely used in lithium ion batteries for notebook computers and
mobile phones, marking a major commercial success [1].
Carbon nanotubes (CNTs) are hollow cylindrical molecules consisting of single or many sheets
of graphite wrapped into cylinders with diameters of from less than 1 nm up to hundreds of nm.
CNTs have extraordinarymechani cal and electrical properties. For example, their densitynor-
malized Youngs modulus and strength are estimated bo be, respectively, about 19 and 56 times
that of steel. Depending on the wayof how the graphite sheets are rolled up, CNTs can be either
metals or narrow-band semiconductors, which, along with their inherent nm-size, makes [2].
Carbon Nanotubes 1 atom thick, with diameters of only 1 to 2 nm, seems to be one of the perfect
candidates to take us right to the end of Moores Law curve by 2019. We possibly cannot go
beyond that. carbon Nanotubes is of importance for future nanodevice applications.
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In-line Fiber Anemometer Based on Strain Sensing in Stretched
Abrupt-tapered Fiber
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Abstract— Optical fiber strain sensors have been widely used in precision optical sensing
application. The traditional fiber strain sensors can be made based on Michelson [1] and Mach-
Zehnder interferometers [2, 3]. In this work, we show the air velocity sensor in fiber strain sensor
made by single mode fiber. This sensor is constructed based on the stretched abrupt-tapered
micro-fiber (SAT-MF). The single mode fiber will become to the tapered fiber with a diameter
of around a few microns. So we used this structure to become the air velocity sensor.
Since the light program go through the abrupt tapered the fundamental mode will be converted
and transferred into high order cladding modes and generate interference. We definition the taper
diameter is D, first taper point to second taper point is L, as shown in Fig. 1(a). Fig. 1(b) shows
experimental set-up of the air velocity sensor.
The thermal expansion coefficient of silica is as low as on the order of 10−7, thus we can reduce
the effect of temperature variations on strain sensitivity. The sensing area is a SAT-MF it can
be easier to change the air velocity sensitivity.

(a) (b)

Figure 1.
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Conception of Radiofrequency-optical Fiber-scanning Modulation
Spectroscopy

O. A. Ryabushkin1, 2 and D. V. Protasenya1, 2

1Moscow Institute of Physics and Technology (State University)
Dolgoprydnyi, Moscow region 141700, Russia
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Abstract— There are various methods applied for investigation of semiconductors electrical
and optical properties. Some of them are based on excitation of charge carriers and measurement
of light reflection from semiconductor surface. Changes in optical properties of semiconductors
occur due to spatial redistribution of hot electrons, so that reflection spectra in the vicinity of
fundamental absorption edge change considerably. In photoreflectance method, optical pump
with quanta energy higher than semiconductor bandgap is used for excitation [1]. In microwave
modulation reflectance method conduction electrons are heated by external high frequency electric
field [2].
Investigation method that we propose is based on microwave modulation reflectance method.
The main idea suggests localization of exciting field and probe light within microscopic area
and spatial scanning in millimeter region. For this purpose probe made of optical fiber with two
metallic electrodes inside cladding is used (see Figs. 1(a), (b)). Optical fiber is tapered in order to
decrease both mode field diameter and distance between electrodes. Modern technology enables
to fabricate such fibers with mode field diameters of several micrometers [3]. External surface of
fiber is covered with metal and grounded in order to increase strength of localized electric field.
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Figure 1: Structure of fiber with two electrodes inside cladding ((a) Side view and (b) cross section view) and
scheme of the probe. Designations: 1-core, 2-outer cladding, 3-inner cladding, 4-electrodes, 5-metal cladding,
6-sample, 7-fiber structure, 8-3-to-1 optical coupler, 9-probe light channel, 10-reflected light channel, 11-pump
light channel (optional).

Probe scheme is shown in Fig. 1(c). Probe is placed above the semiconductor structure and can
be moved along the surface by positioning system. Radiofrequency field is created by application
of alternating voltage to electrodes. 3-to-1 optical coupler is used for transmission of probe
and reflected signals, it can also provide optical pumping of semiconductor. Reflected light is
analyzed by spectrometer and its spectral changes are detected via lock-in detection at modulation
frequency of radiofrequency electric field.
Calculations of radiofrequency electric field distribution and electrical capacity of the probe were
performed. Capacity dependence on distance between probe tip and substrate surface can be
measured experimentally.
Thus, principal possibility of conductive samples investigation by microstructured fiber with
electrodes inside was demonstrated. Proposed combination of microscopy and radiofrequency-
optical spectroscopy enables to study samples at a submicrometer level and to obtain useful
information about field and current distributions.
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Radiofrequency Calorimetry of High-power Laser Radiation
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Abstract— Output powers of modern CW laser sources, applied in laser industry for material
processing, exceed 20 kW in single-mode and 100 kW in multimode regimes. Measurement of such
high-power levels during laser operation is a great challenge. Most commercial CW high-power
meters employ total conversion of laser radiation energy into heat and subsequent measurement
of temperature distribution inside sensing element. This approach inevitably results in radiation
beam quality impairment and does not allow online power control. Besides, it offers relatively
low measurement precision especially for high laser powers.
We introduce novel principle for precise laser power measurement independent on beam quality.
It is based on measurement of the definite small part (0.01–0.1%) of the overall radiation power
transmitted through the piezoelectric resonator made of nonlinear-optical crystal. Absorbed
part of laser power is determined by measuring calibrated piezoelectric resonance (PR) frequency
shift. It is well known that PR can be observed in nonlinear-optical crystal response to the
applied electric field when its frequency corresponds to one of the crystal internal vibration
modes. PR frequencies Rf are highly sensitive to crystal temperature change. We demonstrated
that thermodynamic temperature of the crystal heated by laser radiation can be replaced by its
equivalent temperature that is directly determined by measuring temperature calibrated Rf shift
with power [1]. Crystal heating depends on optical absorption α(λ) at the given wavelength λ
and heat transfer coefficient hT with ambient. It was demonstrated that both coefficients can be
measured using equivalent temperature concept [2]. Block-scheme of experimental setup for laser
power measurement is shown in Fig. 1. Cylindrical piezoelectric resonator made of low-absorption
quartz crystal is placed inside electrical capacitor connected in series with radiofrequency (RF)
generator and load resistor RL, which is used for measurement of electrical current via lock-in
detection.
In order to minimize capacitor heating induced by scattered radiation its electrodes are made of
two sets of thin metallic wires. For optical power measuring it is necessary to know values of the
PR frequency Rf(T ) at any crystal uniform temperature T . Calibration measurements of Rf
dependence on T give linear function: Rf(T ) = Rf(0)+KprtT . Dependence of Rf on laser power
P is also linear: Rf(P ) = Rf(0) + KproP . Unknown power Px is then directly obtained from
measured frequency shift ∆Rf(Px) and coefficient Kpro : Px = [Rf(Px) − Rf(0)]/Kpro using
extrapolation of Rf(P ) power calibration. In measurement process the irrelevant frequency shift
caused by the ambient temperature change is excluded using Rf(T ) temperature calibration.
Introduced technique allows direct measurement and control of high average laser powers in
wide dynamic and spectral ranges independently on radiation beam quality because any suitable
nonlinear-optical crystal with appropriate absorption properties can be used as piezoelectric
resonator.

Figure 1: Block-scheme of experimental setup.
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Separating the Field Radiated by Two Rectilinear Sources
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Abstract— When dealing with electromagnetic field measurements for antenna diagnostics or
even in inverse scattering problems one collects the radiated field (resp. the scattered field) over
a domain and from such measurements the features of the antenna (resp. scatterer) under test
have to be inferred.
It often happens that beside the field due to the structure under test (SUT), the fields produced
by further sources (generally unwanted) are collected as well. This give rises to clutter signals
from which the useful field signals (i.e., those one due to the SUT) must be singled out.
In this contribution we tackle a related problem for a canonical configuration. More in detail, two
electric current sources are considered radiating in free-space. They are assumed to be supported
over two parallel strips whose positions are a priori known. Their radiated fields are collected
over a single domain located in far-zone (with respect the whole radiating system). Invariance is
assumed along the direction orthogonal to the strips, which coincides with the currents’ directions
as well. Hence, a two-dimensional scalar framework is set.
The problem of concern is to distinguish between the two contributions. To this end, the problem
is addressed by a two-step procedure. First, the currents are reconstructed by the radiated
field measurements. This entails dealing with an inverse source problem that is tackled by
comparing three different strategies of inversion. The first strategy consists in inverting the
radiating operator, which rigorously describe the radiation by both the sources. In the second one,
the radiated field data is inverted by considering each source as being radiating alone. Of course,
in the latter case we have an approximate modeling but a less expensive computational procedure.
Finally, the third method is a modification of the second one. Now, having reconstructed one of
the two sources the corresponding radiated field is synthetically computed and subtracted from
the data. Then the second source is reconstructed. The second step of the overall procedure
then consists of computing the radiated field due to each source once they have been estimated
according to the previous step.
Numerical examples are provided in order to compare the different strategies from the achievable
performance and numerical complexity point of views.
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A Bowtie Antenna Using a Broadband Microstrip to CPS
Transition Balun

H. S. Ro and Y. S. Choi
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Abstract— A dipole patch antenna is widely used to obtain the performance of wideband and
omnidirectional radiation pattern in wireless communication. Especially, a patch element of a
bowtie shape offers good performances in the bandwidth and radiation pattern. By the way, this
bowtie patch has to be fed by a suitable feeding network to satisfy the requirement.
A microstrip to coplanar stripline(CPS) transition balun has been used commonly used as feeding
networks in this kind of antenna design. Various structures of microstrip to CPS transitions have
been reported before. However, the previous structures have the difficulty in fabrication, or
require large surface area for sufficient coupling.
In this paper, a bowtie antenna using a broadband microstrip to CPS transition balun is pro-
posed. This antenna with a new transition structure has several advantages such as small size,
wide bandwidth, and good impedance matching. In the balun of this antenna, the electric field
distribution of the microstriop line as unbalanced transmission line is transformed to one of CPS
as a balance one by using a via-hole and a tapered ground line on the bottom plane. In addition,
the low impedance of the mircrostrip lines is gradually changed to the high impedance of the
CPS. We had achieved an electrical contact between two different layers by only one via-hole in
this transition.
The proposed antenna was optimally simulated for bandwidth from 2.2GHz to 6GHz. The
antenna was fabricated on Teflon substrate with a dielectric constant of 3.5 and measured. The
measured insertion loss is less than 10 dB from 2.1 GHz to 6.5GHz. The measured gain is from
−4.7 dBi to 2.4 dBi.
Both the measured and simulated results for return loss are in good agreement. The result of
gain also shows a good performance.
Therefore, the proposed broadband antenna is very useful in various wireless application areas
due to small size and simple structure.

(a) (b)

Figure 1: Fabricated antenna with the proposed balun. (a) Top view. (b) Bottom view.
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Two Elements MIMO Antenna for a WLAN System
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Abstract— Many printed elements of antenna for MIMO system have the same structure
element in literature recently. Because of the asymmetric structure of MIMO system in the actual
engineering application, the same structure elements may not be suitable for MIMO system. For
example, the S11 and S22 will be different if the two elements have the same dimensions in a
real MIMO system, hence the design of elements should be consisted of different structures to
improve good performance of the MIMO antenna.
A MIMO antenna with two elements, operating on 2.45GHz ISM band frequency, for a asymmet-
ric structure WLAN system was designed in this paper. One of the antenna element’s dimensions
was changed to make both of the antenna elements meet the same 2.45 GHz band frequency. The
printed inverted-F and meander line structures were used for the antenna element. The param-
eters of S11, S22, isolation and envelop correlation coefficient (ECC) are discussed. It is shown
that good results can be achieved with different dimensions of antenna elements.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1477

A Printed Inverted-F MIMO Antenna for WiFi Applications
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Abstract— Some Antennas with printed Inverted-F structure have been proposed in literature
recently few antennas were discussed the antenna test with mounted ICs in the practical engi-
neering applications. Because the mounted ICs have affects, the size of simulated antenna may
not directly be used in some WiFi Applications.
A printed MIMO antenna system designed with compact size is presented. The proposed MIMO
antenna, consists two Inverted-F antenna elements, is designed on a two-layer FR-4 printed circuit
board (PCB). The MIMO antenna provides adequate bandwidth coverage for WiFi (2.45 GHz).
The antenna simulation and test with mounted ICs results are discussed and compared. The
MIMO antenna with and without mounted ICs show that working frequency is shifting. Therefore
the sizes of simulation antenna should be changed to decrease the shifting frequency.
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Design and Analysis of a Phased-MIMIO Array Antenna with
Frequency Diversity
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Abstract— Phased-Multiple-Input Multiple-Output (phased-MIMO) radar has been thoroughly
investigated in the literature. This approach divides the transmit antenna array into multiple
subarrays that are allowed to overlap. Each subarray coherently transmits a distinct waveform,
which is orthogonal to the waveforms transmitted by other subarrays. While phased array radar
enjoys the advantage of high coherence gain with no diversity gain, MIMO radar enjoys high
diversity gain — whether waveform or spatial diversity gain — with no coherence gain. Phased-
MIMO radar enjoys both advantages of coherence gain and diversity gain which enhance the
main-to-side lobe levels but unfortunately decrease the antenna directivity.
Frequency diversity can improve antenna directivity by applying a small frequency increment
between two successive elements but consequently increases average side lobes level. In this
paper, we propose a new Phased-MIMO radar with frequency diversity which offers a tradeoff
between main-to-side lobe levels and antenna directivity. This technique can exploit frequency
diversity which is applied between subarray adjacent elements and between adjacent subarrays.
The total beam pattern is an optimum case of the lowest side lobes level as phased-MIMO radar
but with higher directivity.
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A Simple Monopole Slot Antenna with High Band-notch
Characteristics for Ultra-wideband Communication Applications
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Abstract— In this paper, a simple ultra-wideband antenna with flexible and tunable band-
notch characteristics is proposed on the basis of a polygon slot structure. The notch band is
realized by the use of an inverted V-shaped stub inserted into inside of the polygon slot. The
flexible and tunable band-notch characteristics are achieved by adjusting the dimensions of the
inverted V-shaped stub. The experimental results show that the proposed antenna can provide
a wide bandwidth, a flexible and tunable band-notch characteristic and good omnidirectional
radiation patterns, making it suitable for various UWB communication applications.
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Dual-band Microstrip Antenna with Defected Ground Structure for
WLAN Application
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Abstract— In recent years, more and more attention is paid in antenna design with multi-band
operation for modern wireless communication systems. Therefore, in this paper, we present a
novel compact printed antenna with dual strips and a defected ground structure (DGS), as shown
in Figure 1, for dual-band operation. By folding and loading the twin strips, and defecting the
ground plane of the antenna, multi-mode resonance with dual broad bandwidths can be excited.
To verify the simulation results obtained from the CST electromagnetic simulator, the prototype
of the proposed antenna was constructed and experimentally investigated. As shown in Figure 2,
the measured bandwidths are 500MHz (2.28–2.78GHz) and 1.37 GHz (5.14–6.35 GHz) for the
lower and upper bands, respectively, which agree well with the simulation. The experimentally
obtained average gains across the two operating bands are 1.5 and 2 dBi, respectively, with typical
monopole-like radiation patterns. The proposed antenna with a compact size of only 25×25mm2

sufficiently covers performance requirement of the 2.4/5.2/5.8 GHz WLAN operation system. The
proposed antenna with properties of simple and planar structure, dual and wide bandwidth, and
easy fabrication can be effectively used in the upcoming generation of wireless communication
systems.

strip radiator

DGS ground

Figure 1: Configuration of proposed dual-band pla-
nar strip antenna for WLAN operation.
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Implementation of an Inverted-F Antenna with Improved
Bandwidth

Jong-In Ryu, Dongsu Kim, Jun Chul Kim, and Jong Chul Park
Package Research Center, Korea Electronics Technology Institute, South Korea

Abstract— In this paper, an InvertedF Antenna (IFA) with improved bandwidth is designed
and implemented in printed-circuit-board (PCB). Design objective is to apply an IFA with im-
proved bandwidth in a Wi-Fi module. A normal IFA and a proposed IFA are designed and
implemented. The performance is measured and compared.
A normal IFA and a proposed antenna are designed in 4 layers PCB [1]. The dielectric constant
and loss of PCB are 4 and 0.03. A normal IFA is composed of short pin (Lm1, Lm2) and
main radiation part (Lr). A proposed antenna has a sector shape with radius (Lr) as shown
in Fig. 1. The proposed antenna is optimized through a simulation for verifying the difference
in performance according to changes in the factors such as total length (Lm2 + Lr) of antenna,
width (W ), and Lm1. As results, Lm1, Lm2, Lr and W , are 4.6mm, 3.8 mm, 12.3 mm, and 1 mm.
The size of the antenna is designed 48 mm× 12mm× 1.4mm.
In order to measure and compare the performance of a normal IFA and a proposed IFA, two
kinds of antennas are implemented in PCB as shown in Fig. 2. The total size of implemented
PCB in each antenna is 48mm× 35mm× 1.4mm.
As can be seen from the measurement results of two kinds of picture antenna as depicted in
Fig. 3, resonant frequency simulation both with about 150 MHz degree difference can be seen.

Figure 1: A proposed inverted-F antenna.

(a) (b)

Figure 2: The implemented antennas for (a) a normal IFA and (b) a proposed IFA.

(a) (b)

Figure 3: Simulation and Measurement for (a) a normal IFA and (b) a proposed IFA.
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Figure 4: The compared results for antennas.

However, measured 30 dB return loss of resonant frequency and measured bandwidth did not
differ significantly from the simulation results. And 10 dB bandwidth of the normal antenna and
a proposed antenna is almost 400 MHz and 700 MHz as shown in Fig. 4. The proposed antenna
has the increased bandwidth of almost 300 MHz. As a result, the resonant frequency was slightly
different between simulation and measurement in each antenna, but results has good agreement
with simulation for two antennas.
In this paper, a proposed IFA that improves bandwidth by modifying the shape of the IFA was
designed and implemented. To obtain compared data, a normal IFA and proposed antenna were
designed and measured. The bandwidth of almost 300 MHz was improved and total bandwidth
was 700 MHz.
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Isolation Improvement for Two Planar Dual-band Antenna
Elements Placed Perpendicularly

Yu-Feng Shih and Ching-Lieh Li
Department of Electrical Engineering, Tamkang University, Tamsui, New Taipei City, 25137, Taiwan

Abstract— This paper investigated the MIMO dual-band antenna design for the isolation
improvement with two planar antenna elements perpendicularly placed in a small device. The
MIMO antenna consists of two antenna elements, of which each element consists of two antenna
components: One is a narrow slit antenna, which is responsible for the radiation at low band
(2.4GHz), the other is a dipole antenna, which serves as the load of the previous narrow slit
antenna and is responsible for the high-band (5 ∼ 6GHz). These two antenna elements are
perpendicularly placed in order to achieve the polarization diversity for the high band, such that
the coupling between the antenna elements can be reduced. On the other hand, additional slot
cut on the common ground plane is introduced to further enhance the isolation for the low band.
Simulated results show that the isolation for the low band and high band is about −30 dB, and
−27 dB, respectively, while experimental results of the prototype show that the isolation for the
low band and high band is about −22 dB, and −27 dB. As comparison, a MIMO dual-band
antenna design is simulated with the same planar antenna elements parallel placed and without
the slot cut on the common ground plane; and the simulated results show that the isolation for the
low band and high band is about −6.31 dB ∼ −9.03 dB, and −16.09 dB ∼ −22 dB, respectively
(with the separation varying from 20mm ∼ 100mm).
It is thus confirmed that the combined techniques can effectively inhibit the coupling to avoid
mutual coupling of the MIMO dual-band antenna elements. This design techniques can keep the
required FR4 board size small, and don’t need additional lumped components. In general, the
antenna design is able to meet the demands |S11| < −10 dB and |S12| < −20 dB for S parameters,
and its scope of application covers IEEE (802.11a/b/g/n/ac) WLAN bands.
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Design of a Compact Planar Spiral Antenna for Sensor Network

Ju-Derk Park and Byeong-Cheol Choi
IoT Convergence Technology Research Department

Electronics and Telecommunications Research Institute, 218 Gajeong-ro, Daejeon, Republic of Korea

Abstract— With the development of wireless sensor network systems and application devices,
needs for various types of antennas are increasing. A compact planar spiral antenna composed
with monopole is designed for sensor network, operating in the center frequency 420 MHz, is
introduced in this paper. Doubled side spiral lines on the circular PCB (FR-4, lossy materials)
are connected with via-hole electrically and central monopole element is driven by RF signal
source. Length of the antenna is 45 mm, radius of the PCB is 15 mm. This size of the antenna
is enough small to mount on sensor network devices. The variable parameters for simulation
(radius variation of the spiral line, spiral line width, number of turns of spirals, position of via
hall, so on) are chosen to correct center frequency, bandwidth, beam width (vertical radiation
angle) and antenna gain. As the simulation results, the antenna is fabricated with case and then,
tested. Test result shows that elevation beam width is about 90◦, frequency band width is about
65MHz (387 MHz–452MHz), gain is about 1.7 dBi. This performances, especially wide beam
width and wide frequency band width compared to characteristics of conventional monopole
antenna, support several benefits for sensor network system operating in harsh environments
such as landslide monitoring region.

(a) (b)

Figure 1: Fabricated antenna. (a) Parts of the antenna. (b) Shape of assembled antenna.

(a) (b)

Figure 2: Test results. (a) Reflection coefficient (S11). (b) Radiation patterns.
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Design of Wideband Multi-way Power Divider with the Modified
Impedance Transformer

C. W. Tang and W. M. Chuang
Center for Telecommunication Research, Advanced Institute of Manufacturing with High-Tech Innovations

Department of Cmmunications Engineering, National Chung Cheng University, Taiwan

Abstract— In current wireless communication, the need for wide bandwidth is growing rapidly.
Moreover, the compact size, low-power consumption, and low noise are also essential for the de-
sign of receivers and transmitters in a microwave communication system. Power dividers are
important components in microwave applications. In addition, the multi-way power divider is a
key component for phase-array antennas, power amplifiers, and multi-port circuits. Wilkinson
power dividers are generally adopted for two-way power division. Consequently, the multi-way
power divider can be realized by interconnecting two-way Wilkinson power dividers. The gen-
eral method of designing the multi-way power divider is utilizing the binominal response on the
multi-stage transmission lines. However, the available bandwidth of the multi-way power divider
remains limited. A calculated method of designing the multi-way power divider with the intercon-
nection between two-way power dividers had been published. Unfortunately, the interconnection
between two-way power dividers may restrict the optimal design.
In this paper, the novel planar wideband power divider with compact size has been proposed. In
order to obtain a wideband multi-way power divider, the corrected coefficients Kn are adopted for
the modified impedance transformer. With the assistance the modified impedance transformer,
the design of power dividers with required input reflection level can be simplified. Moreover,
the even- and odd-mode analyses are provided to obtain the optimal isolation resistor values.
Furthermore, a prototype of the wideband four-way power divider is designed, fabricated, and
measured. With the proposed structure, performance of return loss at input port can be pred-
icated in advance. Well-matched results of simulation and measurement validate the proposed
approach.
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Design for Ultra Wideband Filter Using Open- and Short-ended
Stepped Impedance Resonators and Coupled Lines by Genetic

Algorithm

M. Setsu, G. Ichihara, Y. Tomizuka, T. Ohno, K. Tanii, and M. Uehara
National Institute of Technology, Kisarazu College, Japan

Abstract— This paper describes a design for ultra wideband (UWB) filter by genetic algorithm
(GA). The circuit structure consists of open- and short-ended stepped impedance resonators
(SIRs) and coupled lines. The transmission characteristic of the UWB filter is simulated and
measured.
Figure 1 shows a schematic circuit of a UWB filter using open- and short-ended SIRs and coupled
lines. As shown in Fig. 1, l and Z are length and characteristic impedance of a transmission line
and a SIR, and lc, w and s are length, width and gap of a coupled line. Fig. 2 shows the
simulated transmission characteristic of the UWB filter designed by GA. As shown in Fig. 2, the
UWB filter obtains the bandwidth from 3.13 to 10.58 GHz, and almost fulfills the FCC (Federal
Communications Commission) indoor limit in both low and high frequency. The pass band is
obtained by the attenuation poles generated at 2.64 and 10.70GHz by the open-ended SIR. The
characteristics in both low and high frequency are attenuated by the short-ended SIRs. Therefore,
the above result shows that using both open- and short-ended SIRs is effective for designing UWB
filter.
Figure 3 shows a photograph of the fabricated UWB filter. Fig. 4 shows the measured transmis-
sion characteristic of the UWB filter. As shown in Fig. 4, the UWB filter obtains the bandwidth
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Figure 1: Schematic circuit of UWB filter using
open- and short-ended SIRs and coupled lines.
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Figure 3: Photograph of UWB filter using open- and
short-ended SIRs and coupled lines.
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from 3.33 to 9.65 GHz, and the result indicates similar transmission characteristic with the sim-
ulated result in Fig. 2. However, the characteristic in high frequency is not attenuated than the
simulated result. It is assumed that electrical length of the through holes cause the narrower
bandwidth and insufficient attenuation near 11 GHz. Therefore, a better transmission character-
istic will be obtained by adding electrical length of through holes to GA calculation.
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Novel Module Including a Waveguide for 40 GHz High-gain
Amplifier Applications

Young Chul Lee1, Amran Bin Hj Naemat2, and Zulkifli Bin Ambak2

1Department of Electronics Engineering, Mokpo National Maritime University (MMU), Korea
2Telecom Malaysia Research & Development (TMR&D), Malaysia

Abstract— In this work, a 40 dB high-gain amplifier module has been presented for millimeter
wave applications. Two amplifiers are integrated into the single module case by inserting a
WR22 waveguide between them in the module case, in order to suppress oscillation. The high-
gain amplifier module consists of two amplifiers and four WR22-to-microstrip line transitions
which were fabricated on 5 mil thick RT5880 substrate. The transition loss of −0.44 dB per a
transition was achieved from 35 to 50 GHz. The module showed the higher gain than 39.7 dB
from 38 to 41 GHz. At 38.7 GHz, the maximum gain of 44.25 dB was obtained.
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A Wideband Microstrip Line-to-waveguide Transition on LCP for 70
and 80 GHz-band Applications

Young Chul Lee
Department of Electronics Engineering, Mokpo National Maritime University (MMU), Korea

Abstract— In this work, a broadband microstrip line (MSL)-to-waveguide transition has been
presented for E-band module applications. For improvement of a bandwidth, the extended GND
and triple patches around the MSL probe are utilized on the low-loss liquid crystal polymer (LCP)
substrate. Considering the loss contribution of the cable adapter and waveguide transition, the
proposed transition loss can be analyzed as −1.45 and −1.59 dB per a transition at 70 and 80GHz,
respectively. The bandwidth of the proposed transition for reflection at −10 dB is 26 GHz at all
test frequencies from 67 to 95 GHz.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1491

Coaxial-line Structured SMT Pad for LTCC SiP Applications

Young Chul Lee
Department of Electronics Engineering

Mokpo National Maritime University (MMU), Korea

Abstract— In this work, a surface-mount type (SMT) pad using a coaxial-line structure is
presented for low temperature co-fired ceramic (LTCC) SiP (system-in-package) applications.
The vertical via transition is devised in type of the coaxial line. An overlap part between its
outer conductor and a transmission line on the main board is cut off in order to eliminate their
interaction. A cap on the top layer of the vertical via transition is designed in order to reduce
radiation due to discontinuity. The designed SMT pad was fabricated using the standard LTCC
process. The measured S11 and S21 are −14 and 0.9 dB, respectively at 15 GHz.
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Reduction of Uncertainties of Resonant Properties for Permittivity
Measurements by Considering Incompleteness of TRL Calibration

Kit

Y. Kato and M. Horibe
National Institute of Advanced Industrial Science and Technology, Japan

Abstract— We have developed a new algorithm of the Monte Carlo calculations for the un-
certainty evaluation of resonant properties, which directly relates to the incompleteness of the
calibration standard used on a vector network analyzer (VNA). Resonant properties are derived
from the resonant trace of S21 measured at discrete frequency points. In the previous study,
the uncertainty propagations of S21 to the uncertainties of resonant properties are considered
by using the Monte-Carlo method in which S21 at each frequency point is randomized indepen-
dently. However, S21 at different frequency points have correlations with each other, because
we measure S21 at all frequency points after performing a calibration on a VNA by using the
same calibration kits. In this study, this correlation is rigorously taken into account by evaluat-
ing the S21 uncertainty from the incompleteness of calibration standards. Because the resonant
properties are derived from the frequency dependence of S21, this correlation is essential for the
determination of resonant properties. Correlations between amplitudes and phases of S21 are also
taken into account by performing the uncertainty analysis of S21 without resolving its amplitude
from its phase. By considering these two correlations, the developed algorithm is expected to
provide more rigorous analysis and reduce uncertainties of resonant properties compared to the
conventional algorithm.
For the case when the through-reflect-line (TRL) calibration is used on a VNA, we confirmed
that the uncertainties of resonant properties resulted from the propagation of S21 uncertainties
were significantly reduced, and became negligibly small by using the developed algorithm. By
applying this algorithm to permittivity measurements using resonant methods, the uncertainty
of the permittivity can be reduced, and evaluated in a more rigorous manner.
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Plasma Density Measurement Using Mutual Impedance Technique
on the Jupiter Mission JUICE: The MIME Instrument

J. L. Rauch, P. Henri, J. P. Lebretoun, O. Le Duff, F. Colin, and D. Lagoutte
LPC2E, 3A av. de la Recherche Scientifique, 45071 Orléans Cedex 2, France

Abstract— Mutual Impedance Measurements, MIME, instrument is a part of the Radio Wave
Plasma Investigation, RPWI, consortium which has been selected by European Space Agency,
ESA, on the nest planetary mission JUICE. JUpiter ICy moons Exploer aims to launch in 2022
to explore Jupiter and its potentially habitable icy moons and study its plasma environment.
Impedance probes, which are well known in geophysical prospection, in particular for ground
permittivity investigations, have been successfully transposed to space plasmas. Transmitting
and receiving electrodes are used for measuring on open circuit the dynamic impedance of the
system at several fixed frequencies over a range that includes characteristic frequencies of the
ambient plasma. The measurements are then interpreted using a suitable theory and the values
of plasma parameters, such as the electron density, temperature, and possibly the relative velocity
of the plasma and the spacecraft, can be deduced. To show how powerful this technique is, results
obtained in the Earth’s plasmasphere by the mutual impedance probe onboard ROSETTA are
presented as example. The MIME Mutual Impedance Measurements proposal is then described
and its ability to make valuable measurements in the Jupiter space environment, and in particular
round Callisto and Ganymede is investigated.
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InISAR Imaging of Dechirp Data under Squint Model

Biao Tian, Gang Li, Shiyou Xu, and Zengping Chen
Science and Technology on Automatic Target Recognition Laboratory

National University of Defense Technology, Changsha, China

Abstract— The interferometric ISAR (InISAR) technology has been proposed to enhance the
probability of target identification. Through interferometric processing of each scattering point
in two ISAR images, the corresponding coordinate of them on the target can be obtained. In
previous InISAR research papers, targets are usually assumed to closely locate at the axis of
antenna for convenience. In real situation, however, targets are usually far away from it. They
are called as “normal mode” and “squint mode”, respectively.
Aiming at InISAR imaging of dechirp data under squint model, this paper proposes a new 3D
InISAR imaging algorithm based on joint squint iteration optimization and image distortion cor-
rection. The influence of squint model mainly includes two aspects, namely accessional phase
and image distortion. The 3D imaging results degrade seriously as the squint angle increases.
Then, through squint iteration optimization, the accessional phase can be compensated. While
the image distortion can be corrected by the coordinate transform. In this way, the 3D recon-
struction performance and imaging quality are improved. Simulation results demonstrate that the
algorithm is effective under squint model, achieving high quality 3D InISAR images consequently.
The steps of squint iteration optimization and distortion correction can be summarized as follows:

1) Calculate the interferometric phase of antenna A and B, achieving ∆ϕAB and ∆ϕAC .
2) Obtain the initial coordinate of scattering point P , where xP and yP are from ∆ϕAB and

∆ϕAC , while zp is from scaling of ISAR image.
3) Get the distance values of each scattering point to each antenna.
4) Update the coordinates xP and yP using the iteration equations.
5) Update the coordinate zP using coordinate transform equation.
6) Repeat steps 3–5 until the convergence condition is achieved.

Using the method, all the 3D spatial coordinates of each scattering point on the target are
obtained, and the high precision 3D InISAR image is obtained. According to the analysis, the
proposed imaging algorithm is shown in the following figure.

Figure 1: Block scheme of 3D InISAR imaging system.
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Moving Radar Target Detection Using an Improved OFDM Chirp
Waveform Scheme

Jiahua Zhu, Pengzheng Lei, Chongyi Fan, Xiaotao Huang, and Zhimin Zhou
College of Electronic Science and Engineering

National University of Defense Technology, Changsha, Hunan 410073, China

Abstract— Waveform diversity for moving target detection is always a challenging problem
in radar field. Recently, a waveform design scheme — the orthogonal frequency division multi-
plexing (OFDM) chirp waveform, which combines the OFDM principle with the linear frequency
modulation (LFM) waveform, was proposed with almost constant modulus, large time-bandwidth
and good performance on correlation. However, the previous researches mainly discuss the pro-
cessing techniques of multiple-input multiple-output (MIMO) synthetic aperture radar (SAR)
systems with limited number of orthogonal subcarriers. Few achievement about target detection
based on OFDM chirp waveform was published before. In this paper, the OFDM chirp waveform
generation model is extended to arbitrary numbers of orthogonal signals in theory. Moreover,
the OFDM chirp waveform is proved to have good target detection performance, which is better
than the traditional OFDM and chirp waveforms.
First use an LFM signal spectrum as the input of each OFDM modulator, which could be given
as

S[p̄] = F{s[n]} = F
{

exp
[
jπk (nTs)

2
]}

(1)

where s[n] is the N -point discrete time samples of a complex LFM signal, k denotes the chirp
rate, Ts means the sampling interval and F{·} is the Fourier transform operator. Then, we can
generate M input data sequence with zeros interleaved as follows using S[p̄].

S1[p] = [S[0], 0, 0, . . . , 0, 0, S[1], 0, 0, . . . , 0, 0, . . . , S[N − 1], 0, 0, . . . , 0, 0] (2)
S2[p] = [0, S[0], 0, 0, . . . , 0, 0, S[1], 0, 0, . . . , 0, . . . , 0, S[N − 1], 0, 0, . . . , 0] (3)

. . .

SM [p] = [0, 0, . . . , 0, 0, S[0], 0, 0, . . . , 0, 0, S[1], . . . , 0, 0, . . . , 0, 0, S[N − 1]] (4)

where p = 0, 1, . . . , MN − 1.
Next, based on the binary hypothesis problem, we use two detectors: (1) MFD, which is the
optimal detector when no clutter is presented in the scene; (2) ED, which is the generalized
likelihood ratio test (GLRT) for conventional detection to analyze the detection performance
under the ideal scenario with only target and noise. The simulation results prove that the
OFDM chirp waveform performs better than the traditional OFDM and LFM waveforms on
moving target detection, and the MFD shows a significant performance gain over the ED when
clutter is not exist.
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Methods and Experiments for the Sensing and Evaluation of
Ionosphere Changes and Their Impact on the Human Organism

M. Hanzelka1, J. Dan2, P. Fiala1, M. Friedl1, and Vladan Holcner3

1Department of Theoretical and Experimental Electrical Engineering
Brno University of Technology, Technická 3082/12, Brno 616 00, Czech Republic

2Rector’s Office, Personnel Management Office
Masaryk University, Žerot́ınovo nám. 9, Brno 601 77, Czech Republic

3Faculty of Economics and Management
University of Defence, Kounicova 65, Brno 662 10, Czech Republic

Abstract— The impact of the environment upon living organisms constitutes a crucial problem
examined by today’s science. In this context, research institutes worldwide have analysed diverse
positive and negative factors affecting the biological system of the human body. One such factor
consists in the influence of the surrounding electromagnetic field. This paper presents the results
of an investigation focused on ionosphere parameter changes and their impact on the basic func-
tion of the nervous system. It is a well-known fact that the frequency of the alpha waves of brain
activity [1] ranges within 6–8 Hz. Changes in the electromagnetic and chemical structure of the
Earth’s surface may cause variation of signals in the above-defined frequency region of 6–8 Hz.
Detailed examination of the overall impact of environmental factors upon the human organism
is performed within a large number of medical disciplines. The research presented in this paper
is concentrated on the sensing and detection of changes in the region of very low frequencies of
the electromagnetic field; the authors use both theoretical and experimental procedures to define
the effects that influence brain activity. It was tested in laboratory on a homogenous groups of
people.
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The Parameters of a Special High Voltage Function Generator

P. Marcon, P. Fiala, M. Steinbauer, and P. Drexler
Department of Theoretical and Experimental Electrical Engineering

Brno University of Technology, Technicka 12, Brno 616 00, Czech Republic

Abstract— The paper describes design, realize and test of a special high voltage function
generator. This generator was designed for special use. A purpose of the generator is to generate
a variable electrical field. In course of design of the generator the properties of the output
electrode voltage was the key element.
The high voltage function generator is designed as a switched flyback high voltage source. Voltage
of the output electrode of the realized generator is possible to regulate in range 0 kV to 20 kV.
Shape of the output voltage is possible to choose as sine, square or ramp. Frequency capabilities
of this voltage source start on 0Hz and reach 300 Hz. Frequencies close to 300 Hz are affected by
the parasitic capacitance. For special use, the high output impedance was required. Generator
use PWM modulated signal from control unit for regulating primary coil current of the high
voltage transformer.
This article discusses the parameters of special high voltage function generator and also presents
special application of this generator.
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Measurement of Tissue Cultures of Early Somatic Embryos of
Norway spruce

E. Vlachova Hutova1, R. Korinek2, K. Bartusek2, L. Havel1, and P. Drexler1

1Department of Theoretical and Experimental Electrical Engineering
Faculty of Electrical Engineering and Comunication, Brno University of Technology

Technicka 12, Brno 616 00, Czech Republic
2ASCR, Institute of Scientific Instruments, Kralovopolska 147, Brno 612 64, Czech Republic

Abstract— The objective of this study was to determine the effects of static magnetic fields
to growth of plant tissue cultures (callus). Following the previously performed and described
experiments that failed to clearly confirm nor deny the positive effect of static magnetic fields on
the development and changes in growth of ESEs (early somatic embryos). The experiment was
performed using of the static magnetic field, which is formed by the action of 4.7 T MR.
In this experiment we used a Petri dishes with a diameter of 60 mm, into which was inserted
always one cluster ESEs of Norway spruce. The dishes were divided into two groups, and after the
initial determination of the size ESEs were successively exposed to the influence of the stationary
magnetic field with predefined parameters. The experiment time was set at an interval of three
days and the duration of the experiment at 14 days. At this time, was given a Petri dish with
ESE exposed always to the same kind of configuration stationary magnetic field. The growth of
the ESEs was regularly documented, evaluation was carried out using MATLAB programs. To
evaluate changes of the parameters inside the tissue was used Marevisi program, in which were
analyzed changes in the examined tissue and other parameters.
This article evaluates the used parameters and sequences and their effect on the growth and
development of the ESEs and the possibility of further use of MRI for this type of experiments.
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Comparison Study of Layered Homogeneous Models with Detailed
Human Tissue Models for Through-body Communications

Muhammad Ali Babar Abbasi, Dimitris Philippou, and Symeon Nikolaou
Department of Electrical Engineering, Frederick University, Nicosia, Cyprus

Abstract— Any wireless communication between an implanted antenna and an external, on-
body antenna suffers from significant link degradation due to the lossy nature of the human body.
Before an implantable system is proposed, it is usually thoroughly simulated, using numerical
methods in order to study the electromagnetic propagation loss inside human body. A number of
3D models, deduced from MRI scans of living subjects, depicting indirectly measured electrical
properties of human tissues, are widely used, for case to case based, implantable device design
problems. These models generally have frequency dependent electric properties, and they are
similar in shape to realistic human body parts and thus geometrically complex. Alternatively
another simpler approach is widely used, where dense material blocks or homogeneous layers with
constant electric properties similar to those of predominant human tissues are built and used in
EM simulations for implantable devices problems. These mainly homogeneous blocks consist of
simple geometric shapes which result in low mesh complexity, during modeling in 3D CAD tools,
and are therefore far less resources hungry when simulated using full wave EM solvers. The
main problem limiting the use of layered homogeneous models, is related to their accuracy and
consequently their reliability. This study aims to assess the reliability of such simpler models
in comparison with the more complex, and realistic structures of body-mimicking models. To
study this comparison, an implantable antenna, placed inside a human stomach model, is set
to communicate with an off-body antenna at Medical Implant Communication Service (MICS)
band. Keeping the distance between implantable antenna and off-body antenna constant, the
realistic human body phantom is then replaced by two types of layered body phantoms with
different complexity. It was observed that when a realistic phantom was replaced by widely
used simpler phantom models, significant detuning of the resonant frequency of the implantable
antenna occurred. Due to the narrow bandwidth of MICS band, this detuning will be vital for any
such implantable simulation setups. Results in the form of calculated s-parameters and phantom
complexity matric are further investigated to conclude the study.
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Analysis on SAR Values of Commercial Mobile Phones
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Abstract— The SAR of mobile phones has been regulated since 2002 and more than 1200
models have been tested for SAR compliance in Korea. The limits of spatial peak SAR in the
head referred to IEEE Std 95.1. A mobile phone model should be compatible with spatial peak
SAR, i.e., 1.6 W/kg for 1 g of mass based on the measurement procedure of IEC 62209-1.
For epidemiological studies investigating the potential association between mobile phone use and
the risk of brain diseases, more than 1400 SAR test reports from 2002 to June 2013 have been
collected. We organized a large amount of data including a manufacturer, a frequency band,
outer shape, antenna type (internal/external), a maximum output power, body dimensions, and
spatial peak 1-g SAR values in the four test positions of cheek/left, cheek/right, tilt/left and
tilt/right at the center frequency for all the models. SAR distribution of 70 mobile phones was
measured in the flat phantom.
Eleven representative phone models were numerically implemented based on the SAR distribu-
tions and spatial peak 1-g SAR values from the SAR test reports [1]. The numerical phone models
produce the mean SAR distribution for each corresponding phone type. However, radiation levels
from commercial phones are in wide range even though they are the same type of models, as
shown in Figure 1. As a part of the exposure assessment, spatial peak 1-g SAR values in the four
test positions are statistically analyzed to include SAR characteristics of a specific phone model
in the SAR calculation result for a representative phone model.
From scatter plots about SAR data of commercial models, the correlation between SAR values
on the left and right sides was good (0.6–0.9) and the difference between SAR values under the
cheek and tilt positions was clear. Therefore, the SAR optimizing factor for the test position is
proposed.

(a) (b)

Figure 1: Scatter plot between SAR values measured at the right and left sides of the SAM phantom for the
bar type of commercial phone models. (a) Cheek position. (b) Tilt position.
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Abstract—
Objective: Polylactic acid (PLA)-based composite has been used as tissue engineering (GBR/
GTR) materials for many years. Several substances, including nano-hydroxyapatite, were added
to the composite to modify their material properties.
The aim of this study is to fabricate a magnetic biodegradable PLA-based composite using iron
oxide magnetic nanoparticle as fillers for tissue engineering applications.
Material and methods: Nanoscale magnetite was incorporated into the PLA matrix with
proportions of 0, 5, 10, and 20% (w/w). Standard samples were fabricated by means of injec-
tion molding method. After that, the physical properties of these samples were tested using
Differential scanning calorimetry (DSC) analysis and contact angle (CA) assess.
Result: Our results demonstrated that PLA incorporated with nanoscale magnetite significantly
increase the intensity of the PLA composite. In addition, addition of magnetite has negative effect
on the crystallization temperature of the polymer. The measured contact angle of the nano-
magnetite/PLA was 69.3 degree which was significantly lower than the pure PLA (77.3 degree).
Conclusion: In this study, we found that addition of nanoscale magnetite significantly increase
hydrophilic property compared to the pure PLA material. This results suggests that the nano-
magnetic composite has a potential to be a biomaterial in tissue engineering.
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Abstract— The following paper describes the identification of quadrature inductances of per-
manent magnet synchronous motor. The identification is based on the principle of Hammerstein
model.
The electrical diagram of permanent magnet synchronous motor could be divided into two parts.
First one is a static nonlinearity and second one is a linear dynamics. The identification of
quadrature inductance from nonlinear part is in this paper. Only inputs and outputs can be
read, when the Hammerstein model is used. The others variables are computed or estimated.
Because only nonlinear part is used, the outputs of this part must be calculated from system
outputs.
The identification is carried out on the non-linear part by Newton method. One specific feature
of this identification is that it identifies during constant current and it has a large error if the
current is not constant. The ratio of the measured current and noise level affects the accuracy of
the method. The effect of noise is partially removed by changing the calculation of the non-linear
output. It uses the fact that the method works only at constant current. Further improvement
is achieved by identifying the inductance as a polynomial function of the current, where one
element is already known. This is the value of inductance at low currents. The identification
can be replaced by this value of inductance if the current is small enough and could be too much
affected by noise. This method could be used as auxiliary method for other methods which do
not identify during the constant conditions.
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Simulation of Circulation Module
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Abstract— Paper describes a model for lung nutrient circuit and its control. This circuit is
currently developed and it is the part of a project dealing with the transport of the lungs. Lung
tissue is very sensitive and it loses its quality during a few hours without nutrition. If such lungs
is transported the transportation time must be as short or nutrition system must be used.
As mentioned above, the lung is very sensitive and some conditions must be complied. The first
one of these conditions is the maintenance of required temperature and the second one of these
conditions is the maintenance of required pressure. The whole system was expressed by equations
and modeled in Matlab Simulink for the better control design of real model.
The controlled system consists of several parts. The most important of them is the tank where
the nutrient fluid is stored and its temperature is checked. The pump, which is controlled by the
user, ensures the fluid flow. The pressure and flow sensors are deployed throughout the circuit
and they are used for automatic control of these variables. The article discusses the equations,
which is used for creation of model, the creation model and various verification tests on this
model are carried out. The proposed controller performs temperature control in specific limits.
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Abstract— In this paper, a dual band monopole antenna with considering human body effect
is proposed. The proposed antenna is designed to operate at 2.4 and 5.8 GHz. The lower-
frequency band (2.4GHz) can be obtained by using the folded monopole, and the upper-frequency
band (5.8 GHz) is operated by using a U-shaped microstrip line. Whether the antenna which is
placed on the human body phantom or in free space, the performance of the proposed antenna
including dual bandwidth (2.4, 5.8 GHz ISM band) is good enough to be used for wearable device
applications.
The proposed antenna configuration is shown in Figure 1. Antennas in this paper are simulated
by using the CST Microwave Studio (CST MWS). A prototype of this antenna was fabricated on
FR-4 substrate with thickness h = 1mm and dielectric constant εr = 4.4. The measurements of
electrical characteristics such as radiation patterns, VSWR, and return loss of the implemented
antenna were conducted in an anechoic chamber equipped with network analyzer and far field
measurement system. Figure 2 shows a photograph of the fabricated antenna and return loss
(S11) characteristics. We manufactured the antenna based on the results of optimized simulation
results and measured characteristics of the suggested antenna in the anechoic chamber. Details
of the proposed antenna designs are described, and typical experimental results are presented
and discussed.

Figure 1: Proposed antenna. Figure 2: Photograph of the fabricated antenna
measured return loss.
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Abstract— A medical device to monitor the human’s electroencephalography (EEG) has gained
lots of interests more and more. Its application varies from the traditional medical to fast changing
IT fields. However, the traditional way to investigate one’s EEG signal is very inconvenient and
time-consuming. We designed a high gain and low noise BMI module to extract one’s EEG signal
under more human friendly condition. A specially designed dry electrode, as shown in Fig. 1(a),
has lower tension and a round head, and so most of the user can feel comfortable when the dry
electrodes contact their scalp. The EEG signal sensed by the dry electrode is processed by the
following SoC. The SoC divided into two parts. First, the front-end analog blocks process the
incoming EEG signal. It consists of two stages of instrumental amplifiers and the 4th order Bessel
filter. The 1st stage instrumental amplifier is designed to focus on increasing noise performance
and the 2nd stage instrumental amplifier is for the variable gains. The 4th order Bessel filter
is basically has programmable cut-off frequency and removes all the high frequency due to the
chopping technique. The amplified and filtered EEG signal is digitized by the following analog-
to-digital converter (ADC). The successive approximation register (SAR) ADC is designed to
minimize the power consumption and increase the efficiency. The digitized EEG signal will be
post-processed by the DSP module.

(a) Dry Electrode (b) SoC Layout (c) BMI Module

Figure 1: The BMI module and measured frequency response.
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Abstract— An experiment to measure the effects of low frequency magnetic fields on cell prolif-
eration was performed. Magnetic fields of low amplitudes, ranging from 1 to 4 mT, at frequencies
of 60, 100, 800, 1500 and 2450 Hz were used to stimulate cell cultures of yeast Saccharomyces
cerevisiae. The stimulation was carried out during 5 minutes, with intervals of 5 minutes rest, for
8 hours. A control and an experimental sample were measured two times for each frequency at the
beginning of the experiment and at 2, 4, 6 and 8 hours later. In each measurement series a new
cell culture was prepared for both non-stimulated and stimulated samples. The cells were grown
in a liquid medium composed by 0.3 g yeast extract, 1.0 g gelatin peptone and 2.0 g dextrose for
100ml solution of growth medium, with pH adjusted to 4.5 with NaOH. Measurements of cell
proliferation were based on light absorbance using a spectrophotometer BECK-MAN DU 650 at
600 nm wavelength. A comparison of growth rate increasing of cell proliferation in stimulated cells
larger than the non-stimulated ones, with differences from 8% to 16% after 8 hours of exposure,
for most of the frequencies employed, except at 60 and 800 Hz, where the control sample showed
an increasing larger than the stimulated cultures, particularly at the final of the experiment. For
the first hours of the experiments the results are variable, coming to present a clear trend only
after 4 hours. In conclusion, the results of this experiment show an influence of magnetic fields
on cell evolution, which is a function of both the exposure time and the stimulation frequency.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1507

IMA for a Mobile Phone Using the Coupling Method
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Abstract— Antenna, since the transmitting and receiving performance is increased in propor-
tion to the size and volume, downsizing is difficult, occupies a considerable part in the interior
of the mobile phone. Antenna, acted as a major obstacle to the trend of mobile phone slim-
mer. Recently, a manufacturing method for the IM (In-mold) antenna of another new concept
appeared the conventional antenna. IM antenna (IMA), since integrated with the cellular phone
case is possible, can be further streamlining the mobile phone that does not require a separate
space which has been existing accounts.
In this paper, we proposed a novel design of in-mold antenna integrated into the case of a
mobile phone. The proposed antenna configuration is shown in Figure 1. The proposed antenna
operating at 2.4/5.8GHz dual band by mutual coupling in the rear case of the thickness of 1mm
(Case permittivity = 3). Figure 2 shows the design result reflection loss (S11) of the proposed
antenna.
We manufactured the antenna based on the results of optimized simulation results and measured
characteristics of the suggested antenna in the anechoic chamber. Details of the proposed antenna
designs are described, and typical experimental results are presented and discussed.

Figure 1: Proposed antenna. Figure 2: Design result (S11).
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Abstract— It is well known that broadcast communication is a very popular type of transmis-
sion used in military systems for route discovering, topology dissemination, alarm notification,
location update, multicast tree building etc..
Technical solution is dependent on a scenario and a network topology. Effectiveness of BC can
be measured (assessed) by:

• Time of information delivery (or maximum delay),
• energy used by network and/or particular radios,
• probability of information delivery,

where energy used by a system has a special importance not only from energy consumption
point of view (especially in battery supplied devices) but from interference level introduced by
the system which has essential impact on a capacity of system and its ability to simultaneous
working among others wireless links.
Efficiency of broadcast transmission based on Cluster Heads in clusterized wireless network in
dependence on Clustering Algorithm type will be assessed in this paper.
The proposed clustering algorithms are based on Modified Lowest ID (own modification), Highest
Degree and our own based on weighted parameters.
The main differences between mentioned above algorithms are:

• A position of CH in cluster in relation to other cluster members.
• Number of clusters in the network at the end of clustering process.
• Time of clusterization process.
• Energy used by the network in clusterization process.
• Stability of the network organized in clusters.

BC algorithms use MPR (Multi Point Relay) method based on Cluster Heads (CH-MPR-BC)
compared with classical solution which uses Gateway nodes at the edge of clusters as retransmit-
ters.
Simulations will be done for static network assuming Free Space Path Loss propagation model
with chosen reliability of information delivery in a radio link.
Advantages of Weighted Nodes Parameters algorithm will be presented using numbers and graphs
including energy analysis and its impact on interference level.
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Abstract— A new approach to reconstructing antenna far-field patterns from the missing part
of the pattern is presented in this paper. The antenna far-field pattern can be reconstructed by
utilizing the iterative Hilbert transform, which is based on the relationship between the real and
imaginary part of the Hilbert transform. A moving average filter is used to reduce the errors
in the restored signal as well as the computation load. Under the constraint of the causality of
the current source in space, we could successfully reconstruct the data. Several examples dealing
with line source antennas and antenna arrays are simulated to illustrate the applicability of this
approach.
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Abstract— Dependences of the propagation constants β of guided optical modes of a thin
left-handed film with an air coating medium and a dielectric substrate on a frequency ω are
considered. It has been showed that the power flux of guided mode (group velocity of the mode)
vanishes at a definite frequency ω0. Two branches of the dispersion dependence β(ω) of one
mode converge at the point ω0. The branches are determined by conditions β(ω) < β(ω0) and
β(ω) > β(ω0). Phase and group velocities of the mode on the first (second) branch have the
same (the opposite) directions. The dependences β(ω) in the vicinity of the point ω0 can’t be
approximated by a truncated series in integral powers of a frequency deviation ∆ω = ω0 − ω.
In the case under consideration the dependences can be presented as a series in powers of the
square root ∆ω1/2.
A propagation analysis of narrowband intramode packets with frequencies of modes in the vicinity
of the frequency ω0 is performed. In the general case, two different pairs of the intramode packets
correspond to this vicinity. The modes of these pairs of the intramode packets have the opposite
directions of phase velocities. At the same time the modes of one of the packet of each pair have
the same directions of phase and group velocities. The modes of other packet of the pair have
the opposite directions of these velocities. Analytical relations for case of a constant spectral
density of the modes in a mode packet and in a first approximation by parameter ∆ω1/2 have
been found. The relations describe a space-time transformation of the power flux of an intramode
pulse. Contributions of the dispersion of propagation constants and the dispersion of a spatial
distribution shape of electromagnetic field of the mode to this transformation are distinguished. It
has been demonstrated that the propagation of the intramode pulse into the film is accompanied
by a vigorous broadening because of the strong dispersion of the left-handed material. At that
the velocity of maximum propagation of this pulse depends on the spectral width of mode packet
and can be considerably lower than the group velocity of the optical pulse in a volume left-handed
material. This effect can be used for a light deceleration in devices of the optical information
processing.
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Abstract— Metal-dielectric composition is one of the most intriguing system due to the possi-
bility to unify incompatibility properties of the materials which could not to be found in nature,
such as magnetic dielectric or transparent conductor. Within investigations of electromagnetic
properties of magnetic dielectric composite of iron boron nitride (Fe:BN) it was found that even
few percent of BN may drastically change not only conductivity but it also strongly modify the
electromagnetic properties of this compound.
Here we report an observation of unconventional relaxation in metal-dielectric system of iron
boron nitride nanoceramic in the radio frequency range. The samples of Fe:BN of 95:5, 94:6
and 93:7 mass ratio were studied by x-ray diffraction, scanning electron microscopy and by the
measurements of capacitance as a function of frequency in the 1–1000 MHz range.
Structural studies revealed well separated core-shell structure of micro and nanoparticles of iron
thoroughly covered by a thin layer of boron nitride. Such a structure characterized by reduced
conductivity but high saturation of magnetic induction which is very important for high frequency
applications.
Frequency dependence of permittivity showed unexpected relaxation for the samples of 94:6 and
93:7 mass ratio. The FeBN94:6 manifested electric resonance near 550 MHz, probably, related
with grain boundary relaxation. But permittivity of the FeBN93:7 sample is continuously de-
creasing accompanying with wide absorption from 100 to 800 MHz. This anomaly can be easily
detected from the frequency dependence of conductivity (see Fig. 1). As can be seen, FeBN95:5
showed conventional dependence of conductivity; FeBN94:6 revealed similar to FeBN95:5 behav-
ior of conductivity with relaxation near 550 MHz. However, the FeBN93:7 revealed completely dif-
ferent semicircle-like dependence of conductivity with wide maximum between 100 and 800 MHz.
It is clear, influence of BN on this complex system results unconventional behavior accompanied
with wide relaxation in the radio frequency range suggesting on the Drude relaxations in the iron
grains.

Figure 1: Ac conductivity of FeBN95:5, FeBN94:6 and FeBN93:7 as a function of frequency.
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Abstract— This paper presents the resonant interaction between laser beams and individual
pendant dye-doped oily emulsion droplets. When the laser beam is partially or fully absorbed by
the droplet’s components the interaction is called resonant. Following absorption, laser induced
fluorescence (and even lasing) effects are produced and are investigated through fluorescence
spectra analysis. In the reported experiments it was studied the resonant interaction, a single
droplet behaving as an optical spherical cavity in which the optical signal is amplified, as in
the well-known whispering gallery modes (WGMs) case. By varying the dye concentration and
pumping energy, we obtained typical fluorescence broad band and a narrow peak assigned to
lasing effect.
The excitation is made with the second harmonic generated beam emitted by a pulsed Nd:YAG
laser system at 532 nm. The pumping energies domain was chosen in such way to obtain resonant
effects and at the same time to avoid mechanical effects (vibrations, liquid expulsion) specific to
unresonant interaction.
The pendant microdroplets containing emulsions exhibit an enhanced emission signal. This effect
can be explained as being due to the scattering of light by the sub-micrometric drops of oil in
emulsion coupled with the spherical geometry of the pendant droplet. The droplet acts as an
optical resonator amplifying the fluorescence signal with the possibility of producing a lasing
effect. Here, we also investigate how Rhodamine 6G concentration, pumping laser beam energies
and number of pumping laser pulses influence the fluorescence behavior. The results can be
useful in optical imaging, since they can lead to the use of smaller quantities of fluorescent dyes
to obtain the same quality of results.
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The Time Approach to Analysis of the Probing Radiation and
Electromagnetic Fields, Scattered by Rough Objects
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Abstract— It is proposed application of the time approach to analysis of the probing radiation
and electromagnetic fields, scattered by rough objects, based on the use of the time correlation
function Bu(τ) = 〈u(t)u∗(t+τ)〉t, where u(t) is the modulation function of the probing radiation,
and brackets 〈〉t mean operation of averaging over a time T > 10τc, where τc is the coherence
time of the probing radiation. This approach allow us to determine a clear boundary between a
narrow-band and a wide-band of the probing radiation, and also to establish a clear boundaries
between monochromatic, quasi-monochromatic and poly-chromatic probing radiations. These
boundaries substantially depend on surface forms of scattered objects and dimensions of scattered
fields monitoring area determine differences between coherent, partially coherent and incoherent
scattered fields.
With the help of the time approach it is shown that there is the minimal coherence length Lcm of
probing radiation. This length is estimated by means of analyzing the interference structure in
the intensity distribution of fields scattered by rough surfaces or point-like objects, averaged over
a time T > 10τc, where τc is the coherence time of the probing radiation, under the condition
that τc > 3/ω0, ω0 being the central frequency of the radiation spectrum. It is shown that the
minimal coherence length Lcm of the probing radiation at which it is still possible to observe
a interference structure of the scattered field is equal to 8λ0, where λ0 = 2π/ω0 is the central
wavelength of probing radiation.
It is discussed application of the time approach in low-coherence tomography on opposite reference
and objects beams in optical and terahertz wave ranges. This tomography is provides the best
layered resolution, equaled to Lcm/4 = 2λ0. It is discussed also two methods of forming with
the help of the time approach 3D-image of remote rough objects on the speckle-structure of their
coherent image and on the picture of interference of two beams, propagated with a different pairs
of various plots of these images. The latter method also allows us to define rotation angular
velocities of remote rough objects.
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Abstract— Electron correlation is the core of attoscience and molecular tomography. Nonse-
quential double ionization (NSDI) provides a process to study and control the electron correlation,
in which the electron recollision plays a key role. Longitudinal momentum distribution of the
correlated electrons is the principal tool to reveal electron correlation in NSDI and is frequently
studied. It has been observed that the longitudinal momentum distribution exhibits an anticor-
relation feature at lower laser intensities, but a correlation feature when the laser intensity is
higher than the recollision threshold. Seeking for the physical origin of the transition provides a
deep insight into the electron correlation in intense laser fields.
We use a classical ensemble method to study the NSDI of Ar atoms in a linearly polarized laser
pulse of different intensities, and trajectory back analysis is performed. We classify the NSDI
electrons by the interval between the ionization time of the second electron and the recollision
time. The RII denotes the second electron was ionized shortly after the recollision, while the RESI
denotes the recollision-excited electron was ionized by the laser field. We show that as the laser
intensity increases, the RESI electrons always exhibit an uniform distribution in four quadrants of
the momentum distribution diagram, while the RII electrons change their emission priority from
anticorrelation to correlation. By following the instantaneous momentum distribution of the RII
electrons, we find that the Coulomb repulsion between the two RII electrons contributes mainly
to the anticorrelation feature, and that the drift momentum is responsible for the correlation
feature in the longitudinal momentum distributions. The transition in the electron emission
reveals a strong electron-electron correlation in intense laser pulses.

(b)

(c) (d)

(a)

Figure 1: The correlated momentum distributions
of the two electrons of Ar atoms by laser pulses of
800 nm wavelength and intensity: (a) 0.75, (b) 0.9,
(c) 1.0, and (d) 2.0 × 1014 W/cm2, respectively;
The 2nd and the 4th quadrants in (a) but the 1st
and 3rd quadrants in (d) are highlighted , denot-
ing the transition from anticorrelated to correlated
distributions of the correlated electrons.

(a) (b) (c)

(d) (e) (f)

Figure 2: The correlated momentum distributions of
the RESI (top) and the RII (bottom) electrons by laser
pulses of intensity (a) (d) 0.7, (b) (e) 0.9, and (c) (f)
1.0× 1014 W/cm2, respectively.
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Mutual Coupling between Parasitic Elements of Split Ring
Resonator on Antenna

Dang-Oh Kim and Uooyeol Yoon
Wireless Power Transfer Research Center

Korea Advanced Institute of Science and Technology, South Korea

Abstract— The parasitic elements on antenna have become an important issue in improving
the antenna performance in various wireless devices. These elements are mostly used as radiator
and resonator in antenna. However, an investigation of the mutual coupling between parasitic
elements is rare to be found in metamaterial resonator antenna studies. From this unusual ap-
proach, this paper presents the new mutual coupling structure of parasitic elements with the
split ring resonator (SRR) on antenna. The suggested antenna consists of two rectangular SRRs
and conventional monopole antenna. These resonators play the role of the parasitic element in
antenna. In order to operate these SRRs, linear monopole antenna is used as an active antenna
which can provide the time-varying magnetic field with normal direction. In metamaterial tech-
nology, a negative effective permeability can be generated at resonant frequency via periodic
arrangement of these SRRs which are electrically small LC resonant elements with a high qual-
ity factor. Fundamentally, mutual coupling phenomenon has been observed between adjacent
resonators, so that the antenna with two resonators has the same effect on parasitic elements,
too. In this study, the coupling coefficient between two parasitic element resonators on antenna
is obtained from scattering parameter simulation results. On the basis of the electromagnetic
field characteristics and the result of antenna parameter, this study will be exquisite from the
previous studies of antennas that utilize the SRR.
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Near-field Imagery with Bow-tie Antenna Probes at 60 GHz

Laurent Chusseau, Rachid Omarouayache, Pierre Payet, and Jérémy Raoult
IES l’Institut d’Électronique, Université de Montpellier, 860 rue de Saint Priest, Montpellier 34097, France

Abstract— Near-field scanning microwave microscopy (NFSMM) is a well-established tech-
nique to characterize material properties such as conductivity, dielectric permittivity or magnetic
permeability. Owing to very small probe sizes as compared to wavelength, high spatial resolutions
at the micron scale can be achieved. So far, very few NFSMM experiments have been proposed
at mm-waves.
In view of material and circuit inspection, we chose to develop a new NFSMM operating at
60GHz. The experimental setup involves a Gunn source diode feeding a directional coupler con-
nected to the near-field probe and we collect the reflectometry signal via a Schottky detector.
Since we are interested in samples for which the imaging result may depends of the electro-
magnetic field (E or H) and polarization, we manufacture our own probes on the basis of nano
antennas attached to the waveguide. Probe realization is done by bonding two equilateral trian-
gles fabricated by femtosecond laser cutting at the end of a WR15 waveguide. Final assembly is
done manually and the air gap g between tips can be adjusted at the end of the process. Two
such probes with gap sizes of g = 18 µm and g = 50 µm were fabricated for the present study.
The first probe was used to acquire near-field profiles at constant distance above a cleaved
semiconductor substrate figuring out a topological edge. The spatial resolution is estimated
to ≈ 35 µm (λ/150) at a h ≈ 25 µm height above the sample. However if the distance h is further
reduced, near-field profiles become much more complicated and depict polarization-dependent
features with a strongly varying oscillatory signal when crossing the sample edge. This feature
is identified as the near-field intensity of a point dipole which is known to produce a response
that varies depending of the s or p polarisation and h-distance. Our results are in perfect agree-
ment with these predictions, and clearly illustrate the nontrivial nature of topological near-field
imaging in the mm-wave range.
The second probe was used to investigate NFSMM as an efficient technique for material char-
acterization. Near-field profiles at constant distance were acquired above three metallic lines
deposited on Si substrate and using three different metals: Al, Au and Cu. We clearly observed
a sudden increase of the detected signal above the line for all three deposited metals but with
intensities that is directly related to their conductivity. Worth to be related is that signal inten-
sity is within a few % identical to the local conductivities deduced from DC measurements and
physical characteristics of the lines.
We have built a new NFSMM operating at 60 GHz with a special effort in the design and fabrica-
tion of the bow-tie antenna probes. Near-field intensity profiles in extreme near-field conditions
show the dipolar nature of the probe that may induce difficulties in image interpretation. We
have also shown that this NFSMM is not only a topological instrument and that measurements
can be quantitatively related to the conductivity in the near-field.
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An Formation Algorithm of the Synthetic Aperture in an
Automotive Radar with Use of the MUSIC Algorithm

Zhargal T. Erdyneev, Gleb O. Manokhin, Elena P. Velikanova, Eugeniy V. Rogozhnikov,
Andrey A. Geltser, and Alexander A. Shibelgut

Tomsk State University of Control Systems and Radioelectronics
40 Lenina Prospect, Tomsk 634050, Russia

Abstract— An algorithm of a resolution increase of an automotive frequency-modulated conti-
nuous-wave (FMCW) radar with the synthetic aperture (SAR) using the multiple signal classi-
fication (MUSIC) algorithm is considered. The radar operates in the side-looking mode. It has
been showed that in contrast to the classical case the automotive radar can’t be considered as
stationary during the repetition period of the FMCW signal. Furthermore, an approximation
“stop-and-go” doesn’t operate in that case.
To obtain a radar image, it is necessary to compensate the Doppler shift in a spectrum of beat
signals and an video phase error. The video phase error appears in mixer by multiplication of a
reference signal and an received signal. By moving car a range migration will be changed because
of small values of slant distances within a scanned area in comparison with airborne SAR. It
appreciably increases the complexity of compensation algorithm of this effect.
Analytical expressions which describe a contribution of the considered errors in the useful signal
and expressions for elimination of the errors have been derived. Particularly to solve the problems
of the range migration is proposed to use the Stolz interpolation. A mathematical model that
takes into consideration the listed effects and an algorithm that eliminates the effects are realized.
After elimination of the described problems the image processing using the MUSIC algorithm
is performed. As a first approximation an assumption is accepted. The assumption requires
that the number of targets within a specified window on the radar image is a priori known. In
the future this problem can be solved by AIC, BIC, WIC methods. A result of post-processing
is an increase the range and azimuth resolution which allows to separate the targets within a
magnitude of a resolution cell. The radar images for the classical and proposed algorithms of the
signal processing are obtained by simulation. The images have a difference over the resolution by
the example of two closely-spaced point targets. Simulation parameters are taken into account
with the equipment available for the experimental verification of the considered algorithms.
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Bioradar in Study of Low-power Radio Frequency Radiation
Influence on Sleep of Laboratory Animals

L. N. Anishchenko, E. S. Gaysina, and I. L. Alborova
Remote Sensing Laboratory, Bauman Moscow State Technical University, Russia

Abstract— At present an influence of low-power RF on physiological parameters of biological
objects is of high interest because the number of RF sources, which surrounds us in everyday life,
is increasing. Studies concerning these effects have been carried out all over the world, however
the results of them are controversial.
To investigate the influence of low-power RF on biological objects we used a specially designed
complex, which allows generating RF in frequency range from 1 to 20GHz with different types
of modulation and RF output lower than 3mW. Control of the biological objects vital signs
during the experiments with and without additional RF exposure was done remotely by mean
of bioradar BioRASCAN-14 designed at Remote Sensing Laboratory of the Bauman Moscow
State Technical University. Two rats (female, 4 month old each) were used as biological objects
in the experiments. The complex for RF exposure and bioradar were located at the distance
of 0.5–1.0 m from a plastic box with a sleeping rat inside. For each rat, 30 records of received
bioradar signals were collected for each of simulated experimental conditions (with and without
additional modulated or non-modulated RF exposure).
Experimental data were analyzed. For each bioradar record mean value of respiration frequency
and total duration of movements artifacts were used for comparison of the data in different
experimental conditions (with and without RF exposure). The results of the experimental data
analysis showed that respiration frequency increased in RF exposure conditions compared with
non-exposure conditions (62 ± 2 and 71 ± 3 acts per minute increase, respectively; P < 0.05,
t-test).
Several study groups made an assumption that biologically informative modulation should impose
on vital signs of the examinee. In our future work it is planned to study this hypothesis by using
respiration pattern of a sleeping animal as modulation signal.
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Specific Absorption Rates in Women of Three Different Body Types
Exposed to EM Waves from 30 MHz to 6 GHz

Tomoaki Nagaoka and Soichi Watanabe
National Institute of Information and Communications Technology, Japan

Abstract— The continuing spread of radio-frequency (RF) devices has led to the increased
presence of electromagnetic (EM) waves at various locations. Thus, concerns regarding the safety
of humans exposed to RF electromagnetic fields (EMFs) have been increasing. Computational
human models with fine resolution have been developed by some research groups and have also
been used as models for EMF dosimetry. However, most of the models constructed in previous
works are of humans of average size. Physical features, such as height, weight, body type,
and body fat percentage, vary between individuals even if the individuals are of the same age.
Therefore, we require various models for studying EMF dosimetry. In this study, we developed
computational human models of different body types by using a volume deformation framework
to generate computational human models as target persons from existing human models. We
used the magnetic resonance imaging (MRI) data of adult female models as target data and also
developed three target models of different body types (slim, mildly obese, and severely obese) by
deforming a Japanese female model. The target models were composed of 2× 2× 2 mm3 voxels.
By the finite-difference time-domain (FDTD) method, we calculated the whole-body-averaged
specific absorption rates (WBA-SARs) in the three female models exposed to vertically and
horizontally polarized EM waves ranging from 30 MHz to 6GHz. In the calculation, the human
models were assumed to be in free space. The incident wave propagation was from the front of the
body to the back. The cell sizes of the calculation domain including the human model were 2 mm
from 30 MHz to 1 GHz and 1mm from 2 to 6 GHz. The maximum WBA-SARs for each model
were observed at 80 MHz. This frequency corresponds to the whole-body resonant frequency
of each model. For vertical polarization, the WBA-SARs of the models tend to increase with
decreasing weight. The maximum difference in the WBA-SARs between the models is 2.2 dB.
This result indicates that the WBA-SAR is slightly affected by differences in body type, height,
and weight.
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Resonant Micro-strip Lines Analog to Electromagnetically Induced
Transparency

Ben Yi Wang1, Teh-Chau Liau1, 2, Jian Qi Shen3, and Shun-Feng Su2

1Department of Electronic Engineering
Zhejiang Industry & Trade Vocational College, Wenzhou, Zhejiang 325003, China

2Department of Electrical Engineering
National Taiwan University of Science and Technology, Taipei 10607, Taiwan

3Centre for Optical and Electromagnetic Research, East Building No. 5
Zijingang Campus, Zhejiang University, Hangzhou 310058, China

Abstract— Electromagnetically induced transparency (EIT) observed in three-level atomic
vapor media is a coherent quantum process whose optical response to a laser beam is modified
by a second beam with a well-determined detuning. In references, some classical analogs to
EIT have been presented. We propose a microstrip transmission line structure to mimic the
optical behavior of a three-level Lambda type EIT phenomenon. This research may enable us to
understand how the quantum coherence works in real atomic vapor experiments.
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Measurement of Complex Permittivity of Warping Thick Film Using
Cylindrical Cavity Resonator

G. Ichihara, Y. Tomizuka, M. Setsu, T. Ohno, K. Tanii, and M. Uehara
National Institute of Technology, Kisarazu College, Japan

Abstract— This paper discusses the relationship between warping thick film and complex
permittivity using cavity resonator method.
Figures 1(a), (b), and (c) show the measurement system using 2.45GHz cavity resonator, a
sample (Polyimide ε̇r : 3.600 − j0.027), and a sample holder (Polystyrene). The distance d
shown in Figure 1(b) is defined as warpage of the sample. The complex permittivity of the
sample with/without the holder is calculated by perturbation formula using measured result of
a resonance frequency and Q factor.
Figure 2 shows the measured result of real part of complex permittivity of the sample without the
holder. In Figure 2, the difference between the measured result and reference value is increased in
accordance with increasing d. Figure 3 shows measured results in the case of using the holder to
reduce the warping of the sample. As shown in Figure 3, the similar results to the reference value
are obtained. Threfore, it has confirmed that the use of the holder is effective for determining
the complex permittivity of the thick film which has warpage.

(a) (b) (c)

Figure 1: System of cavity resonator method using cylindrical cavity resonator and sample. (a) Measurement
system. (b) Sample. (c) Holder.
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Figure 2: Measurement of real part of complex per-
mittivity of the sample.
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Figure 3: Measurement of real part of complex per-
mittivity of the sample using the holder.
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Improved Concept of Numerical Modeling of Dielectric Properties
of Emulsions: Error Reduction Caused by Droplets Close to or

Crossing Boundaries of Constant Electric Potential

J. Vrba, Jr. and D. Vrba
Faculty of Biomedical Engineering, Czech Technical University in Prague, Czech Republic

Abstract— The existing 3D model was analuzed and following main source of higher variance
of the predicted values of complex permittivity was identified. It corresponds to the effect when
the droplets are close to or crosses the boundaries of defined time-harmonic electric and ground
potential (sources of electric field in the unity cell). This effect can be reduced by a strategy
developed here. Implementation of the strategy can be described by following steps.
A unity cell with randomly placement of droplets is generated. The geometry of the unit cell is
generated as periodic in two directions, all droplets’ parts exceeding a side wall(s) of the unit cell
have to appear on the opposite wall(s) too (see Fig. 1).
A quasi-static numerical simulation of electric potential distribution within the unity cell is
performed. Stored electrical energy as well as lost power between two contours of different two
electrical potentials between ground and the maximal one are recorded.
A new unit cell is generated, which geometry corresponds to side walls from original geometry
and upper and lower walls are of the same shape as of the contours of the above mentioned two
potentials. Implementation of this strategy is not trivial and therefore the strategy is tested on
2D cases only.
In iterative manner quasi-static numerical simulations are performed while changing both parts
of permittivity and conductivity and comparing the stored energy and lost power with the values
recorded above. This was implemented as optimization problem. The presented strategy was
implemented and the results are shown for test scenario of droplet in different positions within a
unit cell.

Figure 1: Representative top view of unit cells with different volume fractions φ. From left to right φ = 1%,
10% and 30%. A monodisperse emulsion is considered with droplet radius rdroplet = 3.5 µm
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Numerical Modeling of Dielectric Properties of Blood-glucose
Solutions

J. Vrba, Jr., P. Spurny, and D. Vrba
Faculty of Biomedical Engineering

Czech Technical University in Prague, Czech Republic

Abstract— In 2014, 382 million people (8.3% of the overall population) have diabetes and it
is expected that up to year 2035 the number of people with diabetes will rise to 592 millions.
More than 11% of worldwide healthcare spending amount diabetes-treatment cost [1]. Current
techniques for blood glucose monitoring are all invasive associated with number of obvious in-
conveniences. Regular blood glucose monitoring by diabetes patients would both significantly
improve their quality of life as well as decrease the diabetes-treatment cost. Therefore, there is
a clear demand for an inexpensive non-invasive blood glucose monitoring technique. There are
already number of research groups and companies developing non-invasive blood glucose mon-
itoring systems [2–5]. A company MediWiSe announced start pre-orders for their microwave
device in late 2016. With respect of development of an electromagnetic non-invasive glucose
monitoring system some authors reports dielectric properties of physiological saline-glucose [6]
and of blood plasma-glucose solutions [7, 8]. In [9, 10], it has been shown that glucose influence
dielectric properties of blood significantly, but an analytical model has not been published there.
To authors best knowledge the only paper publishing empirical model of dielectric properties of
blood-glucose solutions is [11]. In [12], the authors measured dielectric properties of blood-glucose
solutions but mathematical model has not been published. In previous paper [Vrba et al. IJAP
2015] it was shown, both by numerical simulation results as well as by measurement results, that
there are significant differences between dielectric properties of physiological saline-glucose and
blood-glucose solutions. Correspondingly, the physiological saline-glucose solutions are, at least
in the considered frequency range from 1 to 8 GHz, not suitable models of blood-glucose solutions
for experimental design/evaluation of blood glucose level monitoring systems.

Furthermore, it was concluded that the empirical model of dielectric properties of blood-glucose
solutions [11] should be, according to our observations, revised.

In this paper, an existing 3D numerical concept for estimation of effective dielectric properties of
oil and water emulsions with random droplet distribution was adapted for estimation of effective
dielectric properties of blood-glucose solutions. Geometries of different blood cells were used in
generation of the numerical models. The adapted concept uses a numerical model in COMSOL
Multiphysics controlled with MATLAB scripts. In this study dielectric properties of blood cells
as well as of blood plasma-glucose and physiological saline-glucose solutions were considered. The
results of the numerical simulations were compared to data estimated by the existing empirical
model and differences were discussed.
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Design and Fabrication of a Low-profile mmWave Antenna Solution
for the 5G Cellular Handsets

Byung-Su Kang1, Hyen-Kook Kwon1, and Dong-Ho Kim2
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Abstract— In this paper, a high-gain and low-profile mmWave Antenna solution for the 5G
cellular user terminal is presented. A 28GHz antenna solution for the upcoming 5G cellular
communication is presented in detail. The proposed Antenna solution is for the handsets using
switching beamforming structure. Extensive simulations and fabrication/measurement results as-
certain the presented Antenna solution to be a simple and effective for cellular handsets operating
in mmWave environments.

 

Figure 1: Fabricated antenna and chamber measurement environment.
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Figure 2: Simulation and measurement results.
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Broadband Slotted Bow-tie Antennas for Terahertz Resonant
Tunnelling Diode Based Oscillators
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Abstract— Terahertz (THz) radiation, whose frequency range lies between millimetrewaves
and infrared light in the electromagnetic spectrum has many potential applications in different
scientific fields such as medical diagnostics, security imaging, and wireless communication. Reso-
nant tunnelling diode (RTD) based THz oscillators in integrated circuit (IC) form have recently
been shown to be the technology in which many of these applications could be implemented.
They operate at room temperature and have the potential to produce output power of around
1mW at these frequencies. In this paper, a broadband bow-tie slot antenna for THz applications
will be presented. The coplanar waveguide (CPW) fed bow-tie antenna is fabricated on an InP
substrate for same chip integration with the promising resonant tunnelling diode terahertz oscil-
lator. The antenna exhibits a very wide bandwidth (return loss S11 < −10 dB) around the design
frequency (300 GHz). However, most of the radiation in the initial design is directed into the
substrate because of the large dielectric constant (εr = 12.56) of the InP substrate. A technique
to overcome this problem employing a reflector ground plane underneath a thin substrate of low
dielectric constant is presented. The substrate used is benzocyclobutene (BCB) with dielectric
constant εr = 2.6. This substrate is realised by spinning it on a carrier substrate such as InP
substrate with a coating of metallisation to act as the ground plane (and isolate the high permit-
tivity InP substrate from the high frequency radiation). Initial simulation results (at 300GHz)
of this technique are reported and experimental validation at lower frequency (17GHz) shows
the feasibility of the concept.
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On-wafer 2D Characterization Technique for Quasi-Yagi Antenna
for G-band Applications
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Abstract— The G-band of the electromagnetic spectrum (140–220)GHz is of great interest for
different applications such as detection of concealed weapons and explosives, aircraft navigation
in adverse low visibility weather conditions, and automotive collision-avoidance radar. Planar
and directive antennas integrated in monolithic microwave/millimeter-wave integrated circuits
(MMIC) could offer many advantages for such applications. High directivity will ensure that most
of the RF power is radiated into a specific direction and, as a consequence, offer larger coverage
distance and improve the communication link in the adverse weather conditions. This paper
presents a G-band quasi-Yagi antenna and an associated on wafer setup for the characterization
of its radiation pattern using a vector network analyser (VNA). The designed antenna shows a
wide bandwidth (return loss < −10 dB) across the entire G-band. The proposed radiation pattern
setup consists of identical one receiver and multi-transmitter antennas distributed angularly
around the receiver antenna. All these antennas are fabricated on the same InP substrate that
makes the angular positioning precise using lithography. Apart from the transmitting antenna
directly opposite the receiving antenna, the antenna under test (AUT), all other transmitting
antennas were realized with longer and curved lengths of coplanar waveguide (CPW) feed lines to
ensure that these antennas always faced the AUT and that they could be probed Figure 1 shows
the fabricated planar quasi-Yagi antennas for on-wafer radiation pattern characterization. The
antenna exhibits an end-fire radiation pattern at frequencies around 200 GHz. The setup allows
for E-plane radiation pattern to be measured and there is good agreement between measured
and simulated results.

Figure 1: Fabricated planar quasi-Yagi antennas for on-wafer radiation pattern characterization. The ex-
tended CPW feed lines to facilitate probing and ensure the antennas face the AUT are clear to see.
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Abstract— Patients with major depressive disorder (MDD) typically suffered from pervasive
depressed mood or anhedonia, accompanied by several cognitive and physical symptoms. In this
study, functional near-infrared spectroscopy (fNIRS) was applied to investigate the spontaneous
activity of hemodynamic in the prefrontal cortex (PFC) of the brain. 21 patients with MDD
(including 12 with antidepressant and 9 without medication) participated in 8-min resting state
measurement. By analyzing the interhemispheric correlation and the correlation maps of the
PFC, our results indicated that patients with MDD showed significantly reduced interhemispheric
correlation in the PFC and disrupted cortical organizations in the PFC. This study showed that
fNIRS could be an effect and convenient way to assess neural features of depression.
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Metamaterials and Transformation Optics for Single-photon
Emitters

V. M. Shalaev1, M. Y. Shalaginov1, N. Kinsey1, P. R. West1,
M. Ferrera1, 2, A. V. Kildishev1, and A. Boltasseva1

1School of Electrical and Computer Engineering & Birck Nanotechnology Center
Purdue University, West Lafayette, IN 47907, USA

2School of Engineering and Physical Sciences
Heriot-Watt University, Edinburgh, Scotland EH14 4AS, UK

Abstract— We have experimentally demonstrated the broadband enhancement of single-photon
emission from nanodiamond NV centers coupled to planar multilayer metamaterial with hyper-
bolic dispersion. A tapered metamaterial waveguide for efficient outcoupling of high-k metama-
terial modes has been numerically studied and fabricated.
Introduction: The major thrust of research in quantum photonics is to build quantum com-
puting and networking technologies [1]. The simplest and most fundamental quantum photonic
states to be employed are single photons. Many techniques based on nonlinear phenomena and
atom-like systems have been demonstrated to generate single photons. Nitrogen vacancy (NV)
color centers in diamond have attracted widespread attention due to their stable, broadband, and
anti-bunched emission at room temperature [2], however, the efficiency of such emission is natu-
rally low. Massive research efforts to solve this problem have utilized resonant based structures,
which are typically narrowband and have a relatively slow response.
Enhancement of Single-photon Emission by Hyperbolic Metamaterials: An unortho-
dox approach is to use metamaterials with hyperbolic dispersion (HMM) [3], which enables one
to implement highly efficient, broadband, and fast single-photon sources. In our recent work, we
have experimentally studied the broadband enhancement of single-photon emission from nanodi-
amond NV centers coupled to a planar multilayer metamaterials with hyperbolic dispersion [4].
The metamaterial is fabricated as an epitaxial metal/dielectric superlattice consisting of CMOS-
compatible ceramics: titanium nitride (TiN) and aluminum scandium nitride (AlxSc1−xN). It
has been demonstrated that employing the metamaterial results in significant enhancement of
collected single-photon emission and reduction of the excited-state lifetime.
Tapered HMM as an Efficient Method for Outcoupling High-k Modes: The emission
enhancement mechanism is based on the HMM ability to support extra radiative channels. These
channels are surface and bulk high-k metamaterials modes. Hence, the emission rate of NV center
coupled to HMM can be further increased by proper outcoupling of these high-k HMM modes
into free-space modes. As a next step, we suggest a modification of both the HMM structure and
the detection scheme to enable more efficient photon collection. In this new approach, adiabat-
ically tapered HMM waveguides which transition from high filling fraction for maximal emitter
enhancement to a lower filling fraction for optimal outcoupling were designed and fabricated us-
ing shadowed angle deposition technique. The total outcoupling efficiency of the high-k modes
in the in-plane direction is expected to be two to three orders of magnitude better than standard
out-of-plane outcoupling methods.
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Omnidirectional Light Concentrators-absorbers — How to Make
Their Core Flat?

Alexander V. Kildishev1 and Ludmila J. Prokopeva1, 2, 3
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Abstract— We review our previous and most recent progress in designing omnidirectional
optical concentrators that can be used to trap almost all light with no dependence on the incident
angle. The classical design is arranged of a spherical (circular cylinder) shell encapsulating a
concentric absorbing core of the same shape. Omnidirectionality is an important feature for
non-imaging applications, including efficient photovoltaic cells for mobile and drop-and-forget
systems, as well as multicolor IR sensing, which is known to have problems with oblique incidence
of light. An important desired feature is a thin and flat design of the absorbing semiconductor
element which is integrated into the omnidirectional lens device. Our most recent results show
that flattening the absorbing element is possible by using the oblate spheroidal (elliptic cylinder)
shell as the trapping lens so that a disk (strip) absorber could be fabricated.
Previous studies [1, 2] have shown that almost total omnidirectional absorption of light can be
achieved with a gradient radial distribution of the refractive index n(r) = n0(r0/r)p (p ≥ 1, r
is the radial coordinate, and n0 is the refractive index of the ambient media) [1, 2]. Theoretical
analysis was performed in terms of geometric optics and full wave propagation. Moreover, an
estimation of the absorbing efficiency was obtained depending on the device parameters. Fur-
ther, this design was successfully tested with microwave metamaterials [3], and most recently, a
nanostructured device performance was validated in experiments for visible light [4].
We flatten the absorbing core [5] by mapping the radial distribution n(r) = n0(r0/r)p onto an
elliptic distribution n(u) = n0(sinhu0/sinhu)p where u is either the elliptic cylinder or spheroidal
coordinate. In contrast to the previous case where the Hamiltonian equations for ray traces
can be integrated explicitly, here the system of equations is more complex. We have developed
accurate numerical solutions of the Hamilton equations that agree well with our simulations in the
Ray Optics module of COMSOL Multiphysics. The results confirm the trapping performance for
two geometrical variations — elliptic cylinder and oblate spheroid. Further we add an absorbing
core to our designs and full-wave simulations with a Gaussian beam are done to finally prove the
trapping and absorbing capability of the proposed designs.
Equipped with flat absorbing cores, which are easily fabricated, microlenses with omnidirectional
absorption open up unparalleled possibilities for designing efficient sensing devices and photo-
voltaic low-power sources for mobile and unattended applications.
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Farfield Sub-wavelength Imaging with Compact Dielectric Lens

Jingjing Zhang
Department of Photonics Engineering, Technical University of Denmark
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Abstract— For decades researchers have made various attempts to beat the diffraction limit
and realize subwavelength imaging. Here I present the approach to design modified solid im-
mersion lenses that deliver the subwavelength information of objects into the far field, yielding
magnified images. The lens is designed by combining a transformation optics forward design
with an inverse design scheme, where an evolutionary optimization procedure is applied to find
the material parameters for the matching layers. Compared to previous approaches based on the
simple discretized approximation of a coordinate transformation design, my method allows for
much more precise recovery of the information of objects, especially for those with asymmetric
shapes. The lens can be realized by an isotropic dielectric core and anisotropic or isotropic di-
electric matching layers. The total radius of the lens is only 2.5 wavelengths and the resolution
can reach up to λ/6. It allows for the far-field subwavelength imaging at optical frequencies with
compact dielectric devices.
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A Wide-angle Broadband Polarizer Based on a Field Transformation
Approach

Junming Zhao1, 2, Yang Hao2, and Yijun Feng1

1School of Electronic Science and Engineering
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Abstract— Controlling polarization states is one of the most important topics in electromag-
netic (EM) wave manipulation. Up to now, various polarizer designs have been proposed for both
transmission and reflection achieving polarization conversions between TE (transverse electric)
and TM (transverse magnetic), LCP (left-handed circular polarization) and RCP (right-handed
circular polarization), linear and circular polarizations. However, most conventional designs
are only adapted to normal incidence with fundamental physical limitations in the product of
bandwidth and incident angle. Transformation optics offers a geometrical approach in designing
optical components, which can automatically work for arbitrary excitations. Such a transfor-
mation technique has been extended to the polarization domain based on a recently proposed
field transformation (FT) method [1]. By employing a reduced-parameter approximation in con-
structing FT media with purely dielectric composites, we design and demonstrate a FT-based
polarizer in converting between TE and TM and between LCP and RCP with both wide-angle
and broadband operation. Such a polarizer can also be easily extended to different operation
modes for both transmitted and reflected waves by adjusting its thickness and adding an optional
metallic ground plane. We prove that the proposed technique has its potential to overcome the
fundamental limit of current polarizers and can be applied to a broad range of applications from
microwave to optics.
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Design Metasurface from Transformation Optics

Yadong Xu, Yangyang Fu, and Huanyang Chen
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Abstract— In this talk, we will show that transformation optics could be used to design
metasurface in steering beams. Such a metasurface or slab could be realized by a sub-wavelength
grating with dielectrics and metal. The generalized laws of reflection and refraction should be
modified in such a structure. We also realized a related acoustic metasurface based on this similar
idea.

(a)

(b)

Figure 1: (a) The schematic plot of a sub-wavelength grating based on transformation optics. (b) The phase
delay at different positions of the structure.
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Transformation Optics and EELS in Plasmonics

Matthias Kraft1, Yu Luo2, and John B. Pendry1
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2School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore

Abstract— Transformation optics is a relatively new subfield in electromagnetic research. Yet,
it has been at the heart of many of the most promising advancements in electromagnetism in
recent years. Originally developed to aid numerical simulations in cylindrical geometries, it
has since been applied as a design tool for such exotic devices as invisibility cloaks or negative
refractive index lenses. Within the last 5 years, Transformation optics has entered the field of
plasmonics. It has proved valuable as a design tool for devices such as beam shifters, surface
cloaks or light harvesters. Moreover, it has also proven itself as an analytical tool in the study of
interacting plasmonic nano-particles or van der Waals forces. In this talk we would like to add
an entry to the already long list of fields where Transformation optics can make a difference. The
study of electron energy loss spectroscopy of plasmonic nano-particles.
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Passive and Active Devices for Spoof Surface Plasmon Polaritons in
the Microwave Frequency

Tie Jun Cui
State Key Laboratory of Millimeter Waves, Southeast University, Nanjing 210096, China

Abstract— We propose planar plasmonic metamaterial on thin metal films with nearly zero
thickness to support spoof surface plasmon polaritons (SPPs) in microwave and terahertz frequen-
cies. From the theoretical simulations and experiments, we show that spoof SPPs can propagate
along an ultrathin metallic film by corrugating its edge with periodic array of grooves. Such a
planar plasmonic metamaterial can sustain highly localized SPPs along two orthogonal directions
in broadband by keeping good modal shape and propagating long distance with low bending loss.
The ability to bend spoof SPPs freely on ultrathin film makes the planar plasmonic metamaterial
more practical to produce passive plasmonic devices, such as the SPP bends, splitters, filters, po-
larizers, and resonators. Experiments validate the feasibility of planar plasmonic metamaterial.
Based on the above idea, we present the concept of conformal surface plasmons (CSPs), i.e., the
surface plasmon waves that can propagate on ultrathin and flexible films to long distances. The
flexible ultrathin films can be bent, folded, and even twisted to mould the flow of CSPs.
We also propose and experimentally demonstrate spoof localized surface plasmons (LSPs) on a
planar textured metallic disk at the microwave and terahertz frequencies. We design and realize
the plasmonic metamaterial using ultrathin metal film printed on a thin dielectric substrate and
observe the multipolar plasmonic resonances in both numerical simulations and experiments,
including the dipole, quadrupole, hexapole, octopole, decapole, dodeca-pole, and quattuordec-
pole modes. The simulation and experiment results have very good agreements. We show that
the spoof LSP resonances are sensitive to the disk’s geometry and local dielectric environments,
and hence the ultrathin textured metallic disk has potential applications as plasmonic sensor in
the microwave and terahertz frequencies.
Finally, we present active SPP devices using the subwavelength-scale amplifier chips in the mi-
crowave frequency, including the significant amplification of SPP waves and higher-order har-
monic generations of SPPs, which result in SPP amplifier and SPP mixer. We also propose an
efficient conversion between the conventional spatial waves and the SPP modes. Based on the
conversion and passive and active SPP and LSP devices, we propose integrated spoof SPP/LSP
circuits to realize a series of functionalities, and give experimental demonstrations.
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Transformation Optics with Spatially Dispersive Electromagnetic
Media

Jie Luo, Yu Ting Yang, Zhi Hong Hang, C. T. Chan, and Yun Lai
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College of Physics, Soochow University, Suzhou 215006, China

Abstract— Metamaterials and transformation optics have enormously enriched human’s ability
to control electromagnetic waves and light, leading to novel applications such as cloaking, exotic
lens, illusion optics, etc..
In previous designs of transformation optics devices, local media with special parameters and
anisotropy have been widely used. However, the realization of these parameters is really difficult.
For example, in most of previous experimental realization of cloaking, reduced parameters have
been applied, which would lead to reflection and therefore compromised cloaking effect.
In fact, we demonstrate that ultra-transparent materials with wide-angle and even omnidirec-
tional non-reflection and total transmission can be realized with spatially dispersive electromag-
netic media, whose parameters are k-dependent.
We theoretically and experimentally demonstrate realization of ultra-transparent spatially disper-
sive media. We also demonstrate novel transformation optics devices beyond traditional theory
based on local media [1].
Our work shows the possibility of spatially dispersive media in controlling electromagnetic waves
and light in unprecedented ways.
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Manipulating Microwaves Using Metamaterials and Metasurfaces
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S. A. Horsley, I. R. Hooper, B. Woods, and J. R. Sambles
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Abstract— The latest experimental results undertaken as part of Exeter’s metamaterials re-
search theme are presented, and will include narrow (subwavelength) beaming of surface waves,
reflection-less metamaterials and other transformation-optics devices.

This presentation showcases some of the most recent experimental work being undertaken in the
field of microwave metamaterials and metasurfaces at Exeter as part of the EPSRC programme
grant, “the Quest for Ultimate Electromagnetics using Spatial Transformations (QUEST)”. This
5-year grant is shared with electrical engineers at the Queen Mary University of London, and
material engineers at University of Oxford.

The patterning of surfaces with small, closely spaced elements is well known to influence their
interaction with electromagnetic radiation. As long ago as the 1940s [1], radar engineers were
considering how the addition of a sub-wavelength corrugation to a metal can modify its elec-
tromagnetic boundary condition so that surface waves become tightly bound to the interface.
Our experimental research has demonstrated how metasurfaces and metafilms can be utilised to
spatially engineer artificial boundary conditions and modify the mode-index of the waves sup-
ported [2]. We have very recently shown that a dumb-bell array (essentially a double-ended
mushroom) can support surface waves with negative mode index, i.e., surface eigenstates that
have antiparallel momentum and power vectors. The FFT of a 2D field scan from such a sur-
face allows us to visualise the complete band structure of the modes of the system. Using this

Figure 1: Experimentally determined band struc-
ture of surface waves on array of dumb-bells, illus-
trating the regions of negative mode index.

Figure 2: The electric field associated with beaming
of surface waves measured above an array of com-
plimentary double SRRs. Excitation is via a dipole
antenna.

Figure 3: Anisotropic array of ferrite-composite
cubes, and its anti-reflection response. (Layer spac-
ing in photograph is not to scale).

Figure 4: Modelled radiation pattern from patch an-
tenna, and the enhanced directivity achieved via the
use of a lens designed via quasi-conformal mapping.
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technique we also demonstrate surface geometries that can support channelling of surface energy
into beams that have a subwavelength width, and which do not spread.
Other research themes being explored include the design and testing of broadband, reflection-less
materials. Some of the advances that we have made in this theme have been brought about
by the realisation that the particle size in a ferrite-composite (e.g., with PTFE as the matrix)
yields an additional degree of freedom in the design of bespoke material properties. Impedance
matching has been demonstrated via the careful design of composites alone, or using structuring
of the composites [3]. Whereas the use of ferrites for this purpose is often limited to frequencies
below 1 GHz, a new and exciting approach, based on a Kramers-Kronig-like relation in space
rather than frequency, is now being explored experimentally.
More conventional incarnations of spatial transformation techniques are also being explored.
These include changing the radiation of simple antennas, using bespoke dielectric lenses designed
using quasi-conformal mapping. We have also designed and tested a curved Luneburg lens and
surface wave cloak for 2D geometries by utilising a combination of variation of guide curvature
and thickness to provide the required mode index.
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Realization of Invisible Cloaking for Multiphysics

Yichao Liu, Jianfei Zhu, We Jiang, and Yungui Ma
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Abstract— Invisible cloaks have attracted great attentions for their magic application on elec-
tromagnetic waves [1, 2]. Recently this concept has been vastly extended to other fields and
phenomena controlled by different equations. Previously we have successfully applied the co-
ordinate transformation to thermal conduction equations by showing a transient heat cloak [3]
and also a thin thermal plate that could provide a homogeneous heating surface with a tiny
source [4]. In this talk, we will report our recent work on the first realization of a multiphysics
cloaking experiment that showed a desired dual thermal-electric cloaking behavior [5]. In the
end, we will also introduce our new experiment results on AC magnetic cloaks using combined
nature materials that allows a promising application in hiding metallic objects.
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Transformation Cloaks for Surface Electromagnetic Waves
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Abstract— Surface wave such as surface plasmon polaritons in optical wavelength has become
one of the most promising signal carriers for future information technologies with virtue of high
energy confinement in a subwavelength volume. However, before it can be further applied in
practical electromagnetic and optoelectronic applications, there remain several major obstacles
that need to be addressed. One of the long-existing problems is that the propagation of surface
wave is subject to high scattering loss on rough surface. Here we propose some cloaking devices
that can realize near-perfect suppression of surface wave scattering at rough surface.
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Generalized Refractive Index for Transformation Optics and beyond

M. McCall, P. Kinsler, and D. Topf
Department of Physics, Imperial College London, Prince Consort Road, London SW72AS, UK

Abstract— The refractive index n(r), of an inhomogeneous electromagnetic medium is a fa-
miliar, but derived electromagnetic quantity, that not only governs the rate of phase advance of
electromagnetic waves in a medium, but also determines the trajectory of optical rays according
to the ray equation

d

ds

[
n(r)

dr
ds

]
= ∇n. (1)

This equation also results from the conformal transformation space according to g → n2g, where
g is the metric of the initial (e.g., Euclidean) space. In discussing transformation optics, and its
possible extensions beyond electromagnetics, it would be useful to have available an analogous
quantity n(r) that generalizes to arbitrary, non-conformal transformations. The direction at a
given point P on a ray is characterized by its tangent vector v. If the ray is deformed via the
(diffeo)-morphism ϕ: R3 → R3, then we find that a generalized index is given by

nϕ(P) =
[

gP(v,v)
gϕ(P)(ϕ∗v, ϕ∗v)

]1/2

,

where ϕ∗v is the so-called push forward of v. Although the generalized index is a scalar quantity,
it carries an angular dependance through the choice of the direction of the vector v.
The concept of the generalized index seems to lie at the heart of all ray-based transformation
theories (e.g., transformation optics, transformation acoustics, etc.). In transformation optics,
for example, the morphism ϕ defines an electromagnetic medium for which

ε = µ
JJT

|det(J)| = κ say,

where J is the Jacobian associated with the morphism ϕ. In this case we find that the generalized
refractive index is given by

n(θ, φ, r) =
[
det

(
κ−1

)
⊥

]1/2
,

where ⊥ indicates a projection perpendicular to the direction defined by the angular variables θ
and φ. In fact we find that n(θ, φ, r) defines an ellipsoid at each point r.
Turning the argument around, given some n(θ, φ, r), say the generalized index distribution for an
optical cloak, we can derive the principal coefficients of the associated electromagnetic medium
via

κ1 =
n2n3

n1
, κ2 =

n3n1

n2
, κ3 =

n1n2

n3
,

where n1,2,3 are the principal indices associated with n(θ, φ, r).
Moving to acoustics we find the relationship between generalized index and the acoustic medium
parameters is given by

n(r) =
[
(B/ρ)ij sisj

B0/ρ0

]1/2

,

where

(B/ρ)ij =
(

B0

ρ0

)
(φ∗)

m
i (φ∗)

n
i gmn

We will present our numerical evidence to support the correctness of these ideas.
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A Revisit to Transformation Optics: A Precise Or Approximated
Method?

Jin Hu
School of Information and Electronics, Beijing Institute of Technology, Beijing 100081, China

Abstract— Transformation optics is one of the most important design tools in the field of
artificial electromagnetic materials or metamaterials. It is well accepted that the transforma-
tion optics can precisely control the electromagnetic fields. In this talk, we revisit this method
and find in general it is in fact an approximate one in controlling the fields amplitudes if the
transformation is started from isotropic and homogeneous materials. The transformation optics
is usually established based on the Maxwell’s equations without the Gauss’s laws, and then it
can be noted that there are no derivations of materials parameters, the physical model is thus
a piece-wise homogeneous one that the variations of the materials round any point are ignored,
the equations have same form whether ε or µ is constant or variable of the positions, the locally
affine based transformation relations can be applied in such a model. However, if the Gauss’s
laws are included into consideration, the derivations of the materials parameters appear which
means the variations of the materials round any point cannot be ignored, the whole system will
have different forms depending on the character of ε or µ, thus the physical model is not a
piece-wise homogeneous but higher order one. The local affine feature of the transformation
relations makes it is impossible to transform a piece-wise homogeneous element to a higher order
one, and vice versa. That is to say, in general the system loses the form-invariance through the
given transformation relation. The approximation is verified by an example of isotropic lens for
electromagnetic wave control. The application scope of transformation optics thus is clarified.
The conclusions here are important to the applications that utilizing the transformation field
amplitudes and the study is also helpful to develop the framework of transformation optics.
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Analogue Transformations and Their Application to Optics

Carlos Garćıa-Meca1, 2

1Nanophotonics Technology Center, Universitat Politècnica de València, Spain
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Abstract— During the last few years, transformation acoustics has emerged as a powerful tool
for designing devices able to control sound waves in an unprecedented manner. This technique
takes advantage of the form invariance of the acoustic equations under spatial transformations to
obtain the material parameters that deform acoustic space in a prescribed way, e.g., for cloaking
acoustic waves [1].
However, this approach has been undermined by the Galilean character of fluid mechanics, which
reduces the power of the traditional transformational method when applied to acoustics. Specif-
ically, classical acoustic equations are not form invariant under transformations that mix space
and time [2, 3]. As a consequence, the method cannot be applied to design devices based on this
kind of transformation, contrarily to what has been done in optics.
Recently, the problem of transformation acoustics was approached from another angle [2, 3].
Instead of using directly the symmetries of the acoustic equations to bridge between different
solutions for the propagation of acoustic waves, the symmetries of an analogue abstract space-
time (described by relativistic form-invariant equations) are exploited. In this method, each
couple of solutions connected by a general coordinate transformation in the analogue space-time
can be mapped to acoustic space. This way, it is possible to find the relation between the acoustic
material parameters associated with each of these transformation-connected solutions. The result
is an alternative version of transformation acoustics as powerful as its optical counterpart.
On the other hand, with their underlying relativistic geometry, Maxwell’s equations are invariant
under any space-time transformation. In this sense, the use of an optical analogue transformation
technique is, in principle, not required in any case.
Nevertheless, in this talk we show that the concept of analogue transformations can be applied
to the field of optics in order to achieve a variety of effects different from those obtained with the
standard transformation technique. We illustrate the potential of this new approach with some
practical examples.
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Toroidal Dipole Induced Scattering Transparency of Nanoparticles

Wei Liu1, 2
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Abstract— We show that toroidal dipoles can be excited within high-permittivity dielectric
nanoparticles and significantly influence the scattering profile in the optical regime. We further
reveal that the scattering transparencies of core-shell plasmonic nanoparticles can be classified
into two categories: i) the trivial transparency with no effective multipole excitations within the
particle, and ii) the non-trivial one induced by the destructive interferences of induced electric
and toroidal multipoles.
The almost identical descriptions of multipole expansions for radiation sources in many textbooks
(including the classical one by J. D. Jackson [1]) lead to a dogma that the decomposition into
electric and magnetic multipoles are sufficient. Consequently, though the scattering of individual
nanoparticles plays a profound role in the flourishing fields of plasmonics and metamaterials,
scattering related interpretations are still based on electric and magnetic resonances only, where
the toroidal components are overlooked [2]. This unfortunately results in inaccurate explanations
for some fundamental scattering properties, and thus may hinder further breakthroughs in both
scattering related basic researches and applications.
We revisit the seminal problem of spherical nanoparticle scattering based on the multipole ex-
pansion method with toroidal components included [2–5]. In Fig. 1(a) the configuration of the
scattering problem is shown and in Fig. 1(b) we show the schematic illustration of the magnetic
field and current distribution of the toroidal dipole (TD) excited. As is shown, the TD can be
interpreted as a series of magnetic dipoles aligned along a circle [2], which actually also repre-
sents the field-lines of H. Then we study a dielectric (refractive index n = 3.5) sphere of radius
R = 100 nm and show the near-field distributions at the TD (can be effectively excited within
the sphere) resonant position in Fig. 1(c), which agree well with the results shown in Fig. 1(b).
We further study the hybrid metaldielectric core-shell nanoparticles (results not shown), and
identify two different mechanisms of the scattering transparencies of those particles: i) the trivial
transparency without effective multipole excitation inside and ii) the non-trivial one caused by
scattering cancellation of electric and toroidal dipoles excited simultaneously. We note here that
though there have already been extensive studies on the transparency phenomena in core-shell
nanoparticles (e.g., see Ref. [6]), the crucial roles that could be played by toroidal multipoles
have not been clearly identified as we have done here.

x

z

-max

max

Hy

(a) (b) (c)

Figure 1: (a) The scattering of a spherical particle with an incident plane wave. (b) Schematic illustration
of the toroidal dipole excited within the particle. Both the current j and magnetic field H distributions have
been shown. (c) Near-fields of the TD resonance on the x-z plane (color-plot: Hy; vector-plots: electric
fields on plane).

The introduction of toroidal multipoles into scattering particles sheds new light to many related
studies and can possibly expand significantly the applications of scattering particles. Moreover,
investigations into light-matter interactions involving toroidal multipoles can possibly merge with
the fields of topological and low-dimensional photonics, and thus help to establish new platforms
for the study of many exotic optical effects.
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Using Complex Coordinates to Understand Reflection
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Abstract— In this talk I will explain that to understand the propagation of waves it can
be useful to treat the space-time coordinates as complex numbers. For instance, our results
demonstrate that there is a simple way to control reflection from an inhomogeneous medium
in terms of the properties of the permittivity in the complex position plane. This technique is
distinct from existing work that makes use of complex coordinates in transformation optics [1, 2].
Rather than transform the propagation axis from the real line into the complex plane, here we
solve the wave equation in the entire complex plane and relate properties of the wave at complex
positions to the propagation on the real axis.
To illustrate how complex coordinates can be useful, we’ll take simple example. Consider wave
propagating in one dimension according to the equation

[
d2

dz2
+ k2

0ε(z)
]

ϕ(z) = 0 (1)

where ϕ could be single component of the electric field, or some scalar field such as sound, and
z is complex number representing position. In this case take the following permittivity profile

ε(z) = 1 +
1

(z/a + i)2
. (2)

which has single second order pole at the point z = −ia. Figure 1 shows plot of the permit-
tivity (2), and wave propagation both along the real line, and in the entire complex position
plane.
There are several things to notice about Figure 1. Firstly, this is PT-symmetric permittivity
profile with zero reflection for wave incident from the left (such behaviour of PT-symmetric
structures is already known [4]). In the complex position plane the profile has single pole at
z = −ia, and from this pole runs branch cut in the value of the field ϕ. In fact, we have found
that when there is pole in the permittivity in the complex position plane then there is nearly

(a) (b) (c)

Figure 1: (a) Shows a plot of the permittivity profile (2), and (b) shows wave propagating to the right within
this profile (the real part of the wave is green, the imaginary part is blue, and the absolute value is red).
Evidently this particular profile exhibits PT-symmetry, and the lack of oscillations in the absolute value of
the field means that there is zero reflection from the profile. (c) Shows plot of the value of the field ϕ in the
complex position plane where brightness indicates the magnitude, and colour the phase (zero phase is red, π
phase is light blue). The real axis is shown as black dashed line, and the pole in (2) is the black circle. The
red dotted line runs from the pole to infinity, and indicates branch cut in the field in the complex position
plane. The position of this branch cut determines whether the profile reflects radiation.
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always branch cut in the field. The position of the branch cuts is important. We have found
that whenever all the branch cuts in ϕ can be placed below the real axis then the profile will
not reflect radiation from the left, and whenever they can be placed above the real axis then the
profile will not reflect any radiation from the right. Figure 2 shows the effect of moving the pole
in ε(z) from z = −ia to z = ia. Notice that the branch cut in ϕ now occurs above the real axis,
and there is large reflection for incidence from the left.
The phenomenon shown in Figures 1–2, can be generally stated as follows: poles in the permit-
tivity at complex positions lead to branch cuts in the field. When these branch cuts are all below
the real axis then there is no reflection for incidence from the left, and when the branch cuts are
all above the real axis then there is no reflection for incidence from the right. This means that if
we have any permittivity profile where all the poles occur in the lower half position plane, then
all such profiles will not reflect any radiation incident from the left (and vice versa for all the
poles in the upper half plane).
In turn this means that to guarantee zero reflection for incidence from the left we can use the
Kramers-Kronig relations in space to determine the real and imaginary parts of the permittivity,

Re[ε(x)]− 1 =
1
π

∫ ∞

∞

Im[δε(y)]
x− y

dy (3)

Figure 3 illustrates an example of an index profile that obeys (3), showing that there is indeed
zero reflection, which we have found to be true for the full angular range of emission, and both
polarizations.

(a) (b) (c)

Figure 2: Identical to Figure 1, but the pole in ε(z) has been moved from z = −ia to z = ia. Notice that
now there is large reflection.

(a) (b)

(c) (d)

(e)

Figure 3: (a) Shows the results of a numerical calculation of the absolute value of the field of dipole emitter
placed in front of the permittivity profile shown in panel (e) which satisfied the Kramers-Kronig relations in
space. In (b) the dipole is place to the right of the profile, and panels (c) and (d) show the field in the case
when only the real or imaginary parts of the permittivity are included, respectively.
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All-dielectric Huygens’ Metasurfaces and Their Applications in
Wave-shaping
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Abstract— Optical metasurfaces have developed as a breakthrough concept for advanced wave-
front. Key to these “designer metasurfaces” [1] is that they provide full 2π phase coverage
and that their local phase can be precisely controlled. The local control of phase, amplitude
and polarization of an optically thin plane will lead to a new class of flat optical components
in the areas of integrated optics, flat displays, energy harvesting and mid-infrared photonics,
with increased performance and functionality. However, reflection and/or absorption losses as
well as low polarisation-conversion efficiencies pose a fundamental obstacle for achieving high
transmission efficiencies that are required for practical applications.
A promising way to overcome these limitations is the use of metamaterial Huygens’ surfaces [2–4],
i.e., reflectionless surfaces that can also provide full 2π phase coverage in transmission. Plasmonic
implementations of Huygens’ metasurfaces for microwave [2] and mid-infrared spectral range [3],
where the intrinsic losses of the metals are negligible, have been suggested for efficient beam
steering [2, 3], beam shaping [2], and focusing [3]. However, these designs cannot be transferred
to near-infrared or even visible frequencies because of the high dissipative losses of plasmonic
structures at optical frequencies.
Here we introduce highly efficient Huygens’ metasurfaces for near-infrared frequencies with high-
permittivity all-dielectric nanoparticles with tailored Mie-type resonances as Huygens’ meta-
atoms [4]. Our low-loss Huygens’ surface is realized by two-dimensional subwavelength arrays of
loss-less silicon nanodisks with both electric and magnetic dipole resonances [4, 5]. By controlling
the intrinsic properties of both resonances, i.e., their relative electric and magnetic polarizabilities
and their quality factors in addition to their spectral position, we can design silicon nanodisks to
behave as near-ideal Huygens’ sources. This allows us to realize effective all-dielectric Huygens’
metasurfaces that lack dissipative losses and also suppress unwanted reflections. At the same time
they provide full 2π coverage for the phase shift imposed onto a transmitted light wave without
relying on cross-polarization schemes and, thus, without suffering from polarization-conversion
losses as most of the plasmonic counterparts. As a result, silicon-nanodisk Huygens’ metasurfaces
in principle allow for light-wave manipulation with ideally 100% transmission efficiency and also
provide almost arbitrary spatial distributions of phase discontinuities depending on the design of
the meta-atoms at each position. We provide a comprehensive analytical analysis and numerical
modeling of the properties of this Huygens’ metasurface and we experimentally demonstrate a
Huygens’ metasurface in the near-infrared spectral range which results in complete 360 degrees
phase coverage of the transmitted light in combination with high transmittance values. We show
that that near-unity transmission efficiency can be achieved for an optimized design and we
discuss several applications including efficient wavefront-shaping, dispersion-control devices, and
optical holograms where the unique properties of all-dielectric Huygens’ surfaces play a key role
for the realization of highly efficient metadevices.
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Abstract— In this presentation, we suggest an effective material configuration based on a
lattice of dielectric radially anisotropic (RA) cylinders. Such all-dielectric metamaterials that
are based on Mie resonances of high-permittivity objects are currently under much interest, as
they could largely overcome the detrimental effect of materials losses that are characteristic to
plasmonic metals. Dielectrics are also much less vulnerable to frequency dispersion enabling
tunability in broader bandwidths.
To be more specific, we study scattering of a TEz polarized plane wave from a circular infinitely
long dielectric radially anisotropic (RA) cylinder, whose axis is parallel to the z-axis. The permit-
tivity dyadic of an RA cylinder is given in polar coordinates as ¯̄ε = ε0(ερuρuρ + εϕuϕuϕ), where
ερ and εϕ are the radial and the tangential permittivity components of the cylinder, respectively.
As shown in [1], in the long-wavelength limit, the external response of an RA cylinder resembles
the one of an isotropic cylinder with effective permittivity εeff = √

ερεϕ. However, in the actual
dynamic case, we need to apply the Mie scattering theory for radially anisotropic cylinders [2].
By solving the coefficients an of the expansion of the scattered wave, we are able to locate the
resonances of the cylinder. We are especially interested in the magnetic and electric dipolar
resonances, that are given by the maxima of the two first coefficients a0 and a1, respectively. By
changing the values of the permittivity components ερ and εϕ, we also shift the occurrence of the
resonances in frequency. We have earlier showed that by choosing εϕ very large, the cylinders
give rise to artificial magnetism enabling even negative effective permeability values [3].
Our objective for this presentation is to adjust the magnetic and electric resonances to appear
simultaneously, which could be a way to construct an all-dielectric double negative material with
negative index of refraction. We will also discuss photonic crystals consisting of RA cylinders.
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Abstract— High-refractive index dielectric nanoparticles may exhibit strong directional for-
ward light scattering at visible and near-infrared wavelengths due to interference of simultane-
ously excited electric and magnetic dipole resonances. For a spherical high-index dielectric, the
so-called first Kerker’s condition can be realized, at which the backward scattering practically
vanishes for some combination of refractive index and particle size. However, Kerker’s condition
for spherical particles is only possible at the tail of the scattering resonances, when the particle
scatters light weakly. Here we demonstrate that significantly higher forward scattering can be
realized if spheroidal particles are considered instead. For each value of refractive index n exists
an optimum shape of the particle, which produces minimum backscattering efficiency together
with maximum forward scattering. This effect is achieved due to the overlapping of magnetic and
electric dipole resonances of the spheroidal particle at the resonance frequency. It permits the
design of very efficient, low-loss optical nanoantennas. We found that the results for spheroidal
particles accurately describe the response of a wide range of shapes with the same aspect ratio.
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Optical Magnetism and Active Devices from All Dielectric
Metasurfaces

Igal Brener
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Abstract— Magnetic mirrors or high impedance surfaces were first demonstrated at microwave
frequencies to improve antennas radiation efficiency. Magnetic mirrors exhibit unusual electro-
magnetic boundary conditions. In contrast to a normal mirror that exhibits a 180-degree phase
shift of the reflected electric field, a magnetic mirror does not reverse the phase of the reflected
electric field but reverts the phase of the reflected magnetic field. Therefore, while the emission
from a transverse electric dipole placed close to a normal mirror will be largely canceled by its
image, a transverse electric dipole emitter placed close to a magnetic mirror can radiate effi-
ciently. Conversely, transverse dipole absorbers placed close to a magnetic mirror will be located
at an anti-node of the total electric field and can absorb efficiently. These exceptional properties
of magnetic mirror will lead to potential applications in the areas of sensors, photodetectors, and
spectroscopy [1].
We used a special phase-locked time-domain system operating in the mid IR and directly observed
that the electric field reflected from our dielectric optical magnetic mirror is in-phase with the
incident wave, which directly demonstrates the magnetic mirror behavior [2]. This behavior is
further confirmed by observing ∼ 180 degree phase difference between the electric and magnetic
resonances. I will also discuss the radiative rate enhancement of a dipole close to our optical
magnetic mirror. This is in contrast to the behavior for regular metallic surfaces where dipole
emission is strongly quenched. Finally, if time permits, I will present preliminary results on
dielectric metasurfaces patterned on different semiconductors or with more complex fabrication
steps, that can lead to the realization of active all dielectric metasurfaces.
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Abstract— We study experimentally both magnetic and electric optically-induced resonances
of silicon nanoparticles fabricated by femtosecond laser ablation [1] by combining polarization-
resolved dark-field spectroscopy and near-field scanning optical microscopy (NSOM) measure-
ments. First, to study the scattering properties of Si nanoparticles as a function of wavelength
and polarization of the incident beam, we use a home-made polarization-resolved dark-field micro-
scope with independent excitation and collection optical channels. The obtained spectra allow to
determine spectral positions of optical magnetic and electric scattering resonances and demon-
strate excellent agreement with the scattering spectra of a silicon sphere on a glass substrate
calculated using analytical solution [2]. Comparing s- and p-polarized spectra we observe dif-
ferent polarization-dependent behaviour of the spectral features corresponding to electric and
magnetic dipole resonances.
To gain even better data allowing to distinguish magnetic and electric dipole contributions,
we complement our dark-field measurements with NSOM experiments performed at electric and
magnetic dipole resonant wavelengths determined from the dark-field spectroscopy measurements.
We show that the magnetic dipole response of the nanoparticle can be directly identified through
the characteristic asymmetry in NSOM patterns obtained using an aperture-type probe operating
as an effective magnetic field analyzer [3]. We also compare the experimental patterns to the near-
field signal maps reconstructed from rigorous finite-difference time-domain (FDTD) simulations
using an approach based on the reciprocity theorem of electromagnetism [4, 5]. The presented
results confirm that the proposed experimental approach allows for discrimination of the dipole
optical responses of both magnetic and electric nature. Importantly, this can be done directly
from the experimental data without employing complementary numerical simulations.
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Abstract— Over the past decade, extensive efforts have been dedicated to finding effective
nonlinear optical media on the nanoscale [1]. The main strategy to enhance the efficiency of the
nonlinear optical processes lies in utilizing localized modes, e.g., in plasmonic nanostuctures. In
particular, a pronounced modification of the second- and third-order nonlinear response has been
observed in various nano- and metamaterials [1–3]. In contrast, the effect of magnetic resonances
on the nonlinear properties of nanostructures is much less studied and limited to conventional
geometries such as split-ring resonators [4] or fishnet metasurfaces [5]. However, the nonlinear
frequency generation in plasmonic nanostructures suffers from strong losses of metals at optical
frequencies, losses which are further enhanced near the resonances.
To overcome this problem, in this work we study the third-harmonic generation (THG) from
silicon-nanoparticle-based oligomers and metasurfaces. High-permittivity, dielectric nanopar-
ticles are emerging as a promising alternative to metallic nanostructures for a wide range of
nanophotonics applications; such nanoparticles exhibit both electric and magnetic multipolar
resonances in the visible an near-IR spectral ranges [6]. In combination with their very low
Ohmic losses, these nanoparticles and their composites offer many unique opportunities for tai-
loring their nonlinear optical response.
In single silicon nanodisks fabricated out of a silicon-on-insulator substrate, we report on a sig-
nificant enhancement of the third-harmonic radiation intensity when the incoming femtosecond
laser pulses excite the magnetic dipole resonance of the disk. Originating from the strong light
confinement to a mode volume of ∼ λ3/60, the observed THG is shown to be approximately an
order of magnitude larger that that of the bulk silicon slab [7]. Bringing the silicon nanodisks
to the oligomer (trimer) arrangement provides an additional degree of freedom in tuning the
spectral position of the magnetic resonance to a partial overlap with the electric resonance. We
observe a pronounced reshaping of the third-harmonic spectra due to interference of the nonlin-
early generated waves and an interplay between the electric and magnetic dipolar resonances.
Packing the nanodisks to the metasurface arrangement provides a two order of magnitude THG
enhancement over the THG from the bulk silicon; the THG is visible by the naked eye under
the table-lamp illumination conditions [7]. Finally, the silicon nanodisk samples are shown not
to suffer from the powerful laser radiation used in the experiment, as opposed to the widely
used metallic nanostructures. To conclude, we demonstrate a novel platform that paves the way
for nonlinear nanophotonics and silicon photonics devices enabled by resonant subwavelength
low-loss all-dielectric nanoparticles.
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Resonant Lithium Niobate Nanostructures for Nonlinear Frequency
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Abstract— Lithium niobate is an excellent material for nonlinear optics due to its high nonlin-
ear coefficients and large transparency window. These favorable properties have been extensively
used for classical integrated optics. However, nanostructures, which allow for a much broader
range of achievable optical properties, are much harder to fabricate in lithium niobate due to the
complicated properties of this material. In recent years, we developed the technique of ion-beam
enhanced etching. This electron-beam lithography based approach uses spatially structured ir-
radiation with swift heavy ions, which locally destroy the crystal structure, to control the wet
etching processes used to define nanostructures. With this fabrication technique we are able to
manufacture different types of resonant nanostructures for nonlinear optical frequency conver-
sion. In our talk we will summarize our recent experimental and theoretical result concerning
the design and experimental characterization of such nanostructures for different applications.
In rectangular nano-waveguides, resonances in two spatial dimensions form transversely localized
modes which propagate along the waveguide. Such waveguides achieve strong field localization
and have low losses, thus enabling efficient second-harmonic generation and also the generation
of photon pairs for quantum optical applications, which we demonstrate experimentally.
To further enhance the efficiency, the dispersion of the waveguide has to be controlled to achieve
slow-light modes with a very low group velocity. This we achieve in Photonic Crystal waveguides.
Here, waveguiding and dispersion control are enabled by resonant interaction of the light in the
waveguide with the surrounding periodic structure of the photonic crystal. We will present
systematic design guidelines and experimental realizations of such Photonic Crystal waveguides
for efficient second-harmonic generation.
Finally, we will consider resonators, where the light is confined in all three dimensions. In
comparison to the structures mentioned before, resonators enable much higher quality factors
and thus higher nonlinear efficiencies. We experimentally characterized the linear and nonlin-
ear responses of both disc-resonators and resonators in Photonic Crystals and measured strong
second-harmonic signals.
Summarizing, we believe that lithium niobate is an ideal material platform for nonlinear op-
tics. The results we will present in this talk will be an important step towards the practical
implementation of lithium niobate’s capabilities in integrated nanophotonics.
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Abstract— Recent advances in alternative nanophotonic materials, specifically CMOS-compa-
tible compounds, have propelled a unique class of integrated devices to achieve high performance
with realistic materials.
Integrated optical technologies are critical for many fundamental applications such as telecom-
munications, chemistry, quantum science, and medicine [1]. However, for these devices to be
realized in a large scale, they should be CMOS-compatible — a problem for plasmonic devices
which have generally relied on noble metals [2]. Recently, there has been a flurry of research
in the field of alternative plasmonic materials, but for telecommunication applications, CMOS-
compatible materials titanium nitride and transparent conducting oxides (such as doped zinc
oxide) are among the most promising materials currently available [3].
TiN is a gold-like ceramic material with a permittivity cross-over near 500 nm. In addition,
TiN can attain ultra-thin, ultra-smooth epitaxial films on substrates such as c-sapphire, MgO,
and silicon. Partnering TiN with CMOS-compatible silicon nitride enables a fully solid-state
waveguide which is able to achieve a propagation length greater than 1 cm for a ∼8 µm mode size
at 1.55 µm. In fact, similar designs using TiN have outperformed gold waveguides due in large
part to the reduced scattering loss of epitaxial quality films [4].
Utilizing highly doped zinc oxide films as a dynamic photonic material, high performance mod-
ulators can also be realized due to the low-loss achieved by the TiN/Si3N4 waveguide. Simply
by placing a thin layer of aluminum doped zinc oxide (AZO) on top of the waveguide structure,
a modulator with very low insertion loss is achieved. However, to determine the performance of
the device, the ability to which the AZO can be tuned must be understood. Our recent work has
investigated optical tuning of AZO films by the pump-probe method, demonstrating a change in
the refractive index of −0.17 + 0.25i at 1.3 µm with an ultrafast response of 1 ps. Assuming this
change in the refractive index for the AZO film, a modulation of ∼0.7 dB/µm is possible in the
structure with ∼0.5 dB insertion loss and an operational speed of 1THz. Further optimization
of the design is expected to lead to an increased modulation depth without sacrificing insertion
loss or speed.
Together, these alternative materials form the base of a fully integrated nanophotonic system,
capable of exceptional performance with speeds greater than 1 THz, in large part due to the
development of alternative materials. Consequently, nanophotonic technologies are reaching a
critical point where many applications including telecom, medicine, and quantum science can see
practical systems which provide new functionalities.
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Plasmon-exciton Coupling in Stacked 2D Perovskite Semiconductors

D. Leipold1, W. Niu2, L. A. Ibbotson2, G. V. Prakash3, J. J. Baumberg2, and E. Runge1

1Institut für Physik and Institut für Mikro-und Nanotechnologien
Technische Universität Ilmenau, Germany

2NanoPhotonics Centre, Cavendish Laboratory, University of Cambridge, CB3 0HE, UK
3Nanophotonics Lab, Department of Physics

Indian Institute of Technology Delhi, New Delhi 110016, India

Abstract— The coupling of plasmons and non-linear materials is most likely a vital part
in the development of future plasmonic devices. Strong coupling and the formation of new
plasmon-exciton quasiparticles called excimons or plexcitons was previously observed in metal-
semiconductor hybrid systems and organic dye-coated metal-gratings [1, 2]. The system presented
here combines the stability and room-temperature operation of inorganic semiconductors with
the potential of cost-effective large-scale production that is typical for organic dyes. Both aspects
are preconditions for a commercial breakthrough of ultrafast-nanooptical devices.

Here, we study cyclohexenyl-ethyl-ammonium lead-iodide (CHPI), which is well known from
solar-energy research, as a candidate material for active plasmonic devices. Due to the huge
organic ion in the R position between the PbI6 octahedra of the general R-PbI3 perovskite
structure, semiconducting sheets of lead-iodide octahedra are formed. These are separated by
layers of the organic ions. CHPI shows strong excitonic response and high stability even at room
temperature. It can easily be processed from solution and forms regular stacks.

In order to study the interaction of CHPI with plasmons, CHPI was grown on a silver grating
by drying from a solution in a thermal process [3]. We present experimental angle-resolved
reflectivity spectra in the visible range and compare to theoretical calculations. These spectra
reveal the formation of collective plasmon-exciton modes that are coupled with a huge Rabi energy
of 125–150 meV, see Fig. 1. We also observe a red-shift of the excitonic absorption. This shift
is attributed to the formation of an image-biexciton: a quasiparticle made up by the excitonic
dipole coupled to its own image dipole in the metal [4, 5].

In addition, we present theoretical calculations with the finite-element method (FEM). The cal-
culations solve the full vectorial Maxwell equations taking the inherent anisotropy of the stacked
material CHPI into account. The frequency-dependent response of the CHPI and the metal is
taken into account by multi-Lorentzian and Drude-Lorentz fits, respectively, to experimental ref-
erence data. These calculations reproduce the important aspects of the far-field experiments and
describe the experimentally inaccessible near-field distributions in the groves.

(a)

(b)

(c)

Figure 1: (a) Sketch of the perovskite semiconductor CHPI: PbI semiconductor monolayers alternate with
layers of organic spacer molecules. (b) Absorption and photoluminescence spectra of a thin CHPI film on
glass substrate at room temperature. (c) Calculated angle-resolved reflectivity spectrum (color code) of a
thin CHPI film on a metal grating. Black lines show a fit using a 3× 3 coupled-modes model.
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Abstract— Periodic arrays of metallic nanoantennas constitute a versatile system for enhancing
light emission. Nanoantenna arrays sustain single-particle localized surface plasmon resonances
(LSPRs), and hybrid plasmonic-photonic resonances due to the coupling between LSPRs and
diffracted or guided modes. Recently, the mutual coupling strength between these modes was
shown to transition from weak to strong [1]. Hybrid plasmonic-photonic resonances can lead to
unconventional effects such as large fluorescence enhancements at frequencies and wave vectors of
far-field induced transparency [2]. Here, we present recent results on an array of pyramid-shape
nanoantennas and its interaction with fluorescent molecules [3]. Diffractive coupling of LSPRs
in the array leads to a collective resonance known as surface lattice resonance (SLR) [4]. We
designed an array wherein fluorescent molecules drived both LSPRs and SLRs. Interestingly, we
observed an unbalanced forward-backward light emission spectrum which breaks the conventional
forward-backward symmetry of planar structures. Through rigorous electrodynamic calculations
we show that the pyramid shape of the nanoantennas enhances their magnetoelectric response,
i.e., the excitation of magnetic moments by electric fields and viceversa. The enhanced magneto-
electric response enables electric and magnetic dipole moments of similar magnitude to interfere
distinctly in the forward and backward direction. In turn, different colors of light are beamed
forward or backward. Our observations resemble the Kerker condition for light scattering of
dielectric particles, but here realized in the context of fluorescence enhancement with metallic
nanoantennas. In addition, we demonstrate that localized and delocalized magnetic surface waves
with an excitation strength depending on the plane wave direction are linked to these effects.
We discuss applications to the field of solid-state lighting [5], and to the potential realization of
a quantum condensed plasmonic state [6].
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waveguide-plasmon polaritons,” Phys. Rev. Lett., Vol. 109, 166803, 2012.

3. Rodriguez, S. R. K., F. Bernal Arango, T. P. Steinbusch, M. A. Verschuuren, A. F. Koen-
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Abstract— Localized Surface Plasmon resonances attract for many years a considerable at-
tention due to their unique ability to concentrate electromagnetic energy at nano-scale. Fano
resonances [1] emerge in finite structures from a strong coupling between individual or group
of particles. This kind of resonance is characterized by a highly asymmetric line profile in the
scattering or extinction spectrum of the structure, and provides a promising platform for sensing
applications.
In this work, we characterize Fano resonances in finite silver particle arrays through the use of
the coupled mode model [2]. This model is applied to the complex valued partial extinction of
each particle (having the same phase behavior than their dipolar moment oscillation) on which
a pole searching algorithm is used to retrieve all phenomenological parameters. By this way,
the asymmetric line profile of Fano resonances appears as resulting from the combination of
super-radiant and sub-radiant hybrid modes in the coupled system. In the case of a simple
quadrumer (Fig. 1(a)), two coupling regimes appear depending on the inter-particle distance.
The weak coupling regime is characterized by broad super-radiant and sharp sub-radiant modes,
whereas the strong coupling regime shows a broader sub-radiant mode and a larger Fano dip
in the extinction spectrum. In the case of a two dimensional array of particles (Fig. 1(b)),
corresponding to a strong coupling regime, the Fano resonance exhibit an interesting near-field
behavior. Depending on the excitation wavelength relative to the Fano dip, the hot spot can be
localized on different lines of the arrays. This unique ability opens new opportunities to spectrally
control the near-field enhancement location in a finite structure.

(a) (b)

Figure 1: (a) Fano resonance (located by an arrow) in the extinction spectrum of a quadrumer in the strong
and weak coupling regimes. (b) Extinction spectrum of a 3×3 array of particles with a mapping of near-field
intensities on both sides of the Fano dip. All particles are silver spheres of 30 nm in radius and the structures
are excited with a horizontally polarized incident plane wave.
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Nanoscale Form Dictates Mesoscale Function in Plasmonic
DNA-nanoparticle Superlattices
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Abstract— The manipulation of matter on the nanoscale provides a means to achieving ma-
terial properties that are difficult or impossible to achieve in the bulk state. Progress toward
nanoscale architectures with tangible utility requires (1) the development of methods to control-
lably and precisely locate nanoscale objects in multiple dimensions and (2) the formation of rigor-
ous structure-function relationships across multiple size regimes. We use DNA as a programmable
ligand to arrange gold nanoparticles into two- and three-dimensional crystalline superlattices. By
controlling the spacing between gold nanoparticle building blocks, the superlattices can be tran-
sitioned from exhibiting the properties of the constituent plasmonic nanoparticles to adopting
the photonic properties dictated by the mesoscale crystal habit (here a rhombic dodecahedron).
In particular, thin films with dimensions smaller than the wavelength primarily resemble the
absorption of the free nanoparticle. Comparatively, rhombic dodecahedron superlattices on the
order of ∼1 micron exhibit distinct photonic red-shifted resonances far to the red of the free par-
ticle resonance. To rigorously quantify these seemingly disparate optical effects, we implement
anomalous diffraction theory, a geometric optics approximation designed for low index materials.
Using this generally applicable theoretical framework, we illustrate that crystal habit is a pow-
erful design consideration for controlling far-field extinction and light confinement in plasmonic
metamaterial superlattices. The precise control over nanoscale spacing, in combination with
control over five distinct mesoscale crystal habits, gives rise to unprecedented control over far-
field light manipulation in bottom-up optical materials. We envision that this work will impact
the development of and progress towards functional nanoscale assemblies in energy harvesting,
metamaterials, photovoltaics, and sensing.
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Nonlinear Traffic Control Across Waveguides

Mikhail Lapine1, Alexey P. Slobozhanyuk2, Ilya V. Shadrivov2, David A. Powell2,
Ross C. McPhedran3, and Yuri S. Kivshar2

1School of Mathematical Sciences, University of Technology Sydney, NSW 2007, Australia
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Abstract— We implement an independent additional interaction channel between microwave
waveguides, which otherwise would have no interaction with each other, mediated by an optical
link. For this purpose, we employ nonlinear optical coupling [1] in a pair of split-ring resonators,
equipping one SRR with varactors biased by a photo-diode (PD), and the other one with a light-
emitting diode (LED), Fig. 1. We place the photo-coupled meta-atom at the intersection of the
two magneto-inductive waveguides (Fig. 2), adjusted so as to maintain integrity in each of the
waveguides. Due to the symmetry of the configuration, the waveguides have no explicit magnetic
coupling and at low power, signal propagation in them is not mutually affected. However, when
the power in the waveguide passing through the LED-SRR (shown red in Fig. 2) increases, the
LED shines light onto the PD of the orthogonal SRR, which imposes additional voltage on the
varactors and shifts the effective capacitance of the PD-SRR. This leads to the shift of the
resonance in the element at the intersection, and affects signal propagation through the other
waveguide (shown black in Fig. 2). Consequence is the “traffic light” effect, when the increasing
intensity in one waveguide suppresses propagation in the other. Moreover, the dynamics of
this effect is different at different frequencies, so the system actually supports power-dependent
propagation control across multiple channels (see the two curves in Fig. 3). We will present
alternative designs as well as experimental results, demonstrating that our approach enables
efficient control of the transmission over one channel depending on the power supplied over the
other, providing a “traffic light” for the signals.

Figure 1:
Experimental proto-
type of the optically
coupled meta-atom:
one of the broadside-
coupled split-ring
resonators is loaded
with photo-diodes
(PD); the other one,
orthogonally posi-
tioned, is equipped
with a light-emitting
diode (LED).

Figure 2: Conceptual
schematic of the
two perpendicular
magnetoinductive
waveguides with
the opticallycoupled
meta-atom at the
intersection (black
ring for the PD-SRR,
red ring for the
LED-SRR).

Figure 3: Relative change in the transmission co-
efficient (here, the ratio between the output and
input current) over the PD-waveguide (black in
Fig. 2) depending on the capacitance change in
the PD-SRR, imposed by the increasing power over
the LED-waveguide (red in Fig. 2); a 2% change in
the capacitance corresponds to 1 W power increase.
The results are shown for three frequency channels,
demonstrating traffic suppression, enhancement or
little variation, depending on frequency.
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Retrieving the Polarizability Tensor of Wire Media
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Abstract— Metamaterials consisting of long, circular, cylinders are very popular. It is a
fundamental challenge to characterize the effective electromagnetic response of such composites.
In this framework, the radius of cylinder is assumed to be considerably smaller than the external
wave length, thus the dominant scattered EM fields can be approximately replaced by dipole
fields. Previous works dealt mainly with two dimensional (2D) scenarios, i.e., characterizing the
effective electromagnetic response for light propagation perpendicular to the cylinder axis.
In this work, we generalize this treatment to three dimensions (3D), i.e., we characterize the
effective electromagnetic response for light propagation at any angle, and find that the resulting
electromagnetic response is non-local, i.e., it depends on the wavevector component parallel
to the cylinder axis. We retrieve analytically, the full polarizability tensor and show that it
has different contributions for different polarized incoming EM waves (transverse electric and
transverse magnetic with respect to the cylindrical axis), i.e.,

(
p
m

)
=
↔
α

TM
(

ETM

HTM

)
+
↔
α

TE
(

ETE

HTE

)
. (1)

It is also diagonal, i.e., it contains no magneto-electric coupling, showing that claims in previous
studies were incorrect. Having closed form expressions for polarizability allows us to use effective
medium approximation methods, and tailor the spectral response for both electric and magnetic
dipolar contributions. It is important to emphasize that for the first time, this gives a fully
systematic way to characterize the magnetism (for example, see Fig. 1) of wire media.
Our analysis holds for additional structures based on cylindrical geometry, such as hole arrays, all-
dielectric metamaterials, and multi-layer cylinders. It can be used to explain the electromagnetic
response of wire media attributed with a negative refractive index, effective magnetism and
hyperbolic dispersion relations. In addition, this approach can be applied to more complex unit
cells e.g., consisting of clusters of parallel cylinders.

Figure 1: Intensity in log-scale, of the normalized transverse TE magnetic polarizability of a single, metallic
cylinder placed in vacuum. The permittivity inside the cylinder is modeled using the dispersive Drude model,

i.e., ε1 = 1− ω2
p

ω2+γ2 + i
γω2

p

ω3+ωγ2 , where ωp = 13.7× 1015 Hz, and γ = 32× 1012 Hz. The intensity shown in the
figure, resonates near the (straight) light-line and the dispersion relation of surface modes along the cylinder
surface. Additional important parameters: the cylinder radius a = 50 nm; the surface plasmon frequency
ωs = ωp/

√
2, and kz the wavevector component parallel to the cylinder axis.
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An Intelligent Platform for Effective Management of
Time-consuming Electromagnetic Simulation Problems

Andreas P. Kapsalis1, Panagiotis K. Gkonis1, Constantinos L. Zekios2,
Dimitra I. Kaklamani1, Iakovos S. Venieris1, and George A. Kyriakou2
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School of Electrical and Computer Engineering, National Technical University of Athens

9 Heroon Polytechneioy Str., Zografou, Athens, Greece
2Microwaves Lab, Department of Electrical and Computer Engineering

Democritus University of Thrace, Xanthi, Greece

Abstract— Modern simulation applications that carry out large scale iterative processes, such
as Monte-Carlo simulations, or manipulate large data structures, tend to be extremely time-
consuming due to the shortage of computational resources or the inherent nature of the simulation
itself. Typical simulations can take up to several days to complete on conventional systems, while
high-end supercomputers can be cost-prohibitive. Therefore, the need for effective parallelization
of software execution and resource management is more imperative.
The goal of thus paper is to present a fully-distributed platform that enables software simulations
to be executed within user-acceptable time periods, by predicting the resource requirements
of each simulation. In this context, the platform analyzes user-defined simulation parameters
as well as files that contain historical data about past executions of the particular simulation.
Processor and memory utilization, overall execution time, level of parallelization and distributed
execution are some of the information collected and used by an efficient training algorithm, in
order to determine the optimal amount of resources to be allocated in a particular simulation.
The training algorithm applies several machine-learning techniques such as multi-feature linear
regression in order to efficiently predict the resource vector that will satisfy the user requirements.
The proposed architecture has been thoroughly tested for a variety of computationally and time
intensive software applications, such as the eigenanalysis of electromagnetic structures using
a series of numerical techniques (FEM, FDFD, MoM) as well as Monte-Carlo simulations for
capacity calculations in 3G networks employing multiple antennas at both transmission ends.
Moreover, parallelization techniques such as shared-memory parallel frameworks (OpenMP) as
well as distributed-memory models have been utilized as well, that allow distributed execution
(MPI) of the studied problems. Finally, for effective resource management, the described platform
has been deployed on a medium-scale Cloud Infrastructure that is capable of spanning multiple
Virtual Machines (VMs), which in turn will host the simulation software.
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Two-dimensional Spatial Frequency Technique for Calculating
Electromagnetic Scattering from Large Objects

Dayalan Kasilingam and Anthony Fascia
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Abstract— In computational electromagnetics, there is a need for fast and accurate methods
for calculating electromagnetic scattering from large objects and surfaces. Typically, in scattering
problems an integral equation (IE) is defined and solved for calculating the fields or the currents on
a scattering structure. In numerical solution methods such as the method of moments (MoM), the
IE is discretized and solved by the inversion of a matrix. However, since the matrices in the MoM
method are generally dense, for large scattering objects, matrix inversion is not computationally
efficient. More efficient iterative methods such as the conjugate gradient method have since
been developed to handle the numerical complexity of inverting large matrices. These iterative
methods have significantly reduced the computational demands of solving the IE for scattering
and radiation problems.
Another important technique which has shown great potential for reducing the computational
demands of large matrix inversion problems, is the use of the spatial frequency technique. In
the spatial frequency technique, the matrix equation is transformed into the spatial frequency
domain by the use of the computationally efficient, FFT algorithm. Generally, the IE represents
a set of boundary conditions which are the result of a convolution of a Green’s function and
surface currents or fields. Using the property of the Fourier transform, a convolution in space
is converted to a product in the spatial frequency domain. The dense matrix multiplication in
the spatial domain representation of the IE is thereby transformed into a multiplication by a
diagonal matrix.
In addition, another significant advantage of the spatial frequency method is that it converts
derivatives of fields or currents into simple multiplication by the appropriate spatial frequency
component. In many scattering or radiation problems, the effective Green’s function is derived by
taking the derivatives of an original Green’s function. In all of these cases, the modified Green’s
functions for different polarizations can be derived easily from one original Green’s function by
utilizing this property of the spatial frequency method.
Most of the previous work using the spatial frequency approach for analyzing scattering has
focused on one-dimensional surfaces. In this study, the spatial frequency method is extended
to scattering from two-dimensional, conducting objects, such as metallic cylinders of arbitrary
cross-sections. In discrete processing, only Green’s functions represented by circulant Toeplitz
matrices can be converted to diagonal matrices in the spatial frequency domain. However, in
practice, the Green’s function matrices are generally Toeplitz matrices and not circulant Toeplitz
matrices. A method for converting the Toeplitz matrix to a circulant Toeplitz matrix without
altering the problem and increasing the computer storage requirements is developed and used
in this technique. An expression for the induced currents are obtained in terms of a diagonal
Green’s function matrix in the spatial domain and the spatial frequency transform of the incident
fields. A Taylor series expansion is used to avoid the need for matrix inversion. By truncating the
Taylor series, one is able to generate results with different degrees of accuracy. Simulation results
for scattering from cylinders of different sizes and cross-sections are generated and compared with
other fast algorithms such as the conjugate gradient method for speed and accuracy. In addition
to the analysis of electromagnetic scattering, this technique also lends itself well to the synthesis
of scattering patterns. Several examples of how the spatial frequency technique is applied to the
synthesis of two-dimensional targets with prescribed scattering patterns are also given.



1572 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

A Conformal FDTD Model for Anisotropic Dielectric Interfaces in
the GPU-accelerated PIC Code Neptune

S. J. Cooke1, G. M. Stantchev1, and T. M. Antonsen, Jr.2
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2Leidos Inc., Herndon, VA, USA

Abstract— The 3D Electromagnetic FDTD algorithm provides a practical and powerful tech-
nique to solve Maxwell’s equations based on known device geometry and material properties. To
obtain accurate simulations with this technique it is necessary to discretize the problem geometry
onto the Cartesian FDTD grid using conformal (cut-cell) techniques. For metal boundaries these
account for geometry at the sub-cell level to improve the order of accuracy of the field boundary
conditions, and for smooth conducting geometries may provide 2nd-order convergence of elec-
tromagnetic eigenmode frequencies with respect to the grid cell size. For dielectric interfaces,
sub-cell schemes have been demonstrated to obtain convergence initially 2nd-order, but for high
resolution grids or high permittivity ratios it is observed that lower-order error terms dominate,
and convergence revert to 1st-order [1].
In this paper we present a novel sub-cell averaging scheme to discretize material parameters on
a Cartesian 3D FDTD grid for cells at the interfaces between regions of isotropic or anisotropic
dielectric material. For cells intercepted by a dielectric interface we obtained a tensor expression
for the average dielectric permittivity tensor in the cell, as a function of the two local permittivity
tensors and the interface normal vector, assumed to be constant in the cell. For the particular
case of two isotropic material tensors the resulting effective tensor is anisotropic due to the in
fluence of the normal vector. In all cases, the method explicitly preserves the tensor symmetry
and therefore is expected to provide stable evolution for time domain simulations.
We have implmented the new scheme in the electromagnetic model of the Neptune code [2], a
FDTD particle-in-cell (PIC) code developed at the US Naval Research Laboratory since 2010
to model electromagnetic interactions with charged-particle beams. Neptune has an accurate
conformal representation for metal surfaces, including loss [3], and is optimized for both multi-
core CPU and NVIDIA GPU hardware.
To illustrate the new scheme we solved for the lowest 97 eigenmodes of an isotropic dielectric
sphere (r = 0.5) inside a concentric, spherical, perfectly conducting metal cavity (r = 1.0) using
the new discretization model. The computed eigenmode frequencies were observed to converge
to analytical solutions according to the 2nd-order relation,

∆f

f
<

(
h

λ0

)2

εr (1)

where h is the grid cell size, and λ0 = c/f is the free-space wavelength. This was verified for
εr = 8, 30 and 100, with cell sizes as low as h ≈ λ0 = 100.
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Energy Distribution of Waveguides with Air-hole Dielectric
Cylinder Outside of the Defect Layers
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Abstract— Guiding and scattering problems of electromagnetic waves with periodic structures
are very interesting in many areas of physics and engineering such as metamaterials or photonic
crystal. Metamaterials are well known as technology which can be controlled mutual coupling
of antennas with EBG (Electromagnetic Band Gap) structures and noise of circuit substrate.
Also, EBG is the periodic array structure which consists of dielectric and perfect conductor. On
the other hand, photonic crystals such as optical nanostructures with periodically permittivity
distribution are known as technology which can be controlled the light in the periodic structure
by interaction of both the wave nature of light and periodicity. Therefore, in the design of
photonic crystals or metamaterials with periodic array or as much as optical wavelength, it is
very important to investigate the stop band region or photonic band gaps. Though it is not
analyzed the stop band area in Bragg region in detailed, several numerical results are shown only
fields distribution by utilizing the FDTD method, FEM method based on variational method,
and another numerical techniques.
In recent papers [1–3], we have proposed the periodic dielectric waveguide composed of dielectric
circular cylinder and air-hole circular cylinder array, and investigated the influence of energy
distribution in the defect area and complex propagation constants at the first stop band region
by utilizing the combination of improved Fourier series expansion method and multilayer method
for TE mode.
In this paper, we have analyzed the energy distribution of waveguide with air-hole dielectric
cylinder outside of the defects layer as shown in Fig. 1. Consequently, the aim of this paper is
to obtain optimum dielectric waveguide structure to concentrate the energy into the defect area
for TE and TM mode. Numerical results indicate for the complex propagation constants at the
first stop band region and the energy distribution for TE mode compared with TM mode.
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Figure 1: Structure and coordinate system of dielectric waveguides with air-hole dielectric cylinder outside
of the defects layer.
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Abstract— The incorporation of dispersion-optimized finite-difference expressions, instead of
standard Taylor-based approximations, has been proposed in various publications for the con-
struction of explicit finite-difference time-domain methodologies with upgraded reliability [1]. On
the other hand, this practice has not been pursued extensively in the case of unconditionally-
stable FDTD methods, with the most common one being the alternating-direction-implicit (ADI)
FDTD scheme [2]. A rather popular approach that targets the accuracy improvement of such
methods is the direct incorporation of high-order derivative approximations [3]. Although these
may ensure milder anisotropy and smaller spatial errors, they do not constitute the most suit-
able choice for performance enhancement. This becomes clear, if one takes into account the
nature and the practical applications of unconditionally-stable methods: the latter are deemed
appropriate discretization strategies mainly in cases of densely-sampled spaces, where explicit
FDTD schemes require excessive number of iterations, due to their restricted stability range.
Furthermore, if we consider the fact that time-steps larger than the common stability limits
are selected in the context of unconditionally-stable methods (hence, significant temporal errors
emerge), we naturally conclude that a proper error amendment calls for the efficient treatment
of the combined space-time errors, rather than the spatial ones only.
The ADI-FDTD method is a perturbation of the Crank-Nicolson scheme and is realized as a
two-stage process with implicit update equations:
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where A, B are derivative matrices, I is the identity matrix, and u is the vector of all field
components. Our goal is to modify only the derivative matrices, yet derive an algorithm with
lowered space-time errors. As in most FDTD methods, pursuing the correction of accuracy on
a single-frequency basis is usually simpler than performing wideband amendments. In our case,
we first introduce three-cell spatial operators,
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which are designed to minimize the corresponding spatial flaws at a selected frequency point. This
is accomplished by treating plane-wave expressions as trial functions, and defining suitable error
estimators, whose minimization leads to optimized values of the C1, C2 coefficients. Then, the
algorithm’s overall performance is further controlled by proceeding with an artificial modification
of the speed of light, which is equivalent to altering the properties of the background medium.
This approach rectifies the error pertinent to the numerical phase velocity (which is calculated
from the corresponding dispersion relation), by ensuring a vanishing mean value.
Apart from the aforementioned methodology, we also discuss the possibility of exploiting the
scheme’s dispersion relation for the construction of optimized ADI-FDTD techniques, when dif-
ferent orders of space and time discretizations are considered. A power-series based approximation
of the dispersion relation and the matching of terms with equal order can produce new spatial
operators with attractive error-balancing properties. Therefore, this paper accomplishes the con-
struction of more reliable unconditionally-stable computational models, by exploiting alternative
ways for the definition of improved spatial approximations.
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Polarimetric and Phased Array Weather Radar Observations Using
Optimized Pulse Compression Waveforms

James M. Kurdzo, Robert D. Palmer, and Boon Leng Cheong
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Abstract— The meteorological community has traditionally utilized single-frequency pulsed
Doppler radar observations for the detection, surveillance, and forecasting of severe convective
thunderstorms, flash floods, winter storms, and other potentially life-threatening weather events.
Despite the widespread use of pulse compression waveforms in other radar disciplines, mete-
orological radars have yet to embrace this technology. With numerous studies exploring the
potential for both phased array and low-power/low-cost dish platforms for weather observations,
the necessity for extremely high-sensitivity waveforms has become a major issue for the weather
radar community. Recently, the Advanced Radar Research Center (ARRC) at the University of
Oklahoma has been developing pulse compression waveform optimization, design, and real-world
system implementation techniques, and has been using these waveforms on a series of weather
radar platforms. The use of pulse compression has provided good sensitivity while significantly
lowering the cost of complex systems, and provides the potential for spatial resolutions nearly an
order of magnitude higher than typically seen in operational weather radar. This paper presents
a series of comparative weather observations using pulse compression waveforms on the ARRC’s
PX-1000 100 W, X-band, transportable solid-state radar, as well as the ARRC’s Atmospheric
Imaging Radar (AIR), a 3.5 kW, X-band, mobile digital beamforming tornado radar. PX-1000
case examples including the 20 May 2013 Moore, Oklahoma EF5 tornado will be shown, with a
focus on multi-lag processing for high quality polarimetric estimates that captured unique debris
ejection signatures. AIR case examples including the 19 May 2013 Shawnee, Oklahoma EF4
tornado, the 31 May 2013 El Reno, Oklahoma EF3 tornado, and the 21 May 2014 Denver, Col-
orado tornadoes will be presented. The AIR cases focus on a combination of extremely high
spatial and temporal resolution, with native range resolutions as high as 1◦ × 1◦ × 37.5 meters,
and 90◦ × 20◦ volumetric updates as fast as 5 seconds. Examples of unique meteorological phe-
nomena only observable with the combination of extremely high temporal resolution and pulse
compression waveforms are presented, including simultaneous volumetric vortex tilt structures,
horizontal hook echo convective lines, and 3-dimensional debris trajectories.
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Transparent Cathode Virtual Cathode Oscillator

Seyed Morad Ali Hashemi1, Erfan Zabeh2, and Ali Pirmoradi2

1Electromagnetics Research Laboratory, Sharif University of Technology, Tehran, Iran
2Department of Electrical Engineering, Sharif University of Technology, Tehran, Iran

Abstract— This paper reports structural considerations on virtual cathode oscillator (VCO)
resulting in a new cathode structure that increase final efficiency while decreasing system chaotic
behavior. Nonlinear phenomena are the most important sources of the complexity of the electron
beam dynamics and microwave generation process in VCO. Chaos, maybe the most important
nonlinear phenomenon appearing in VCO considered as a dynamical system is studied. Small
changes in the oscillator parameters, such as input voltage or structural parameters values, could
make undesirable variations in output parameters, meaning potential instability, causing difficul-
ties getting enough close to the forbidden limits of those parameters. At these conditions final
efficiency will be reduced considerably.
A novel structural optimization is introduced by the authors that controlling chaotic behavior
of the system, allows the input voltage to increase without any notable distractive effects on
the microwave beam. We found that if we divide-cathode to several separate concentric annular
parts located apart from each other on a plane surface with designed distances, chaotic behavior
of the system will decrease considerably in large anode-cathode distances. The novel cathode,
called transparent cathode, was simulated with PIC-code method to study the chaotic behavior
of the new structure. It was shown that increasing input voltages pushes the system towards
the chaos, as is usual in the VCOs but with some considerable differences regarding those with
conventional cathodes: in the novel design, the chaotic behavior appears at much higher input
voltages letting higher microwave powers and higher efficiencies to be achieved.
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Optimization of General Microwave Passive Circuits Based on
Zero-pole Technique

N. Leszczynska, A. Lamecki, and M. Mrozowski
Gdansk University of Technology, Poland

Abstract— Passive circuits such as directional couplers and power dividers are key building
blocks in various microwave and millimeter-wave systems, since they are used in almost every
high frequency component including power amplifiers, mixers, multipliers and antenna feeding
networks. General techniques for designing of those circuits are well known in the literature, but
at a final design stage, electromagnetic solvers are commonly used to perform the final verification
and numerical optimization. Usually large computational resources are involved at this stage.
As a result, the full-wave design-by optimization is usually very time consuming.
In this submission a novel approach for numerical tuning of the design is shown. In this approach,
the circuits are optimized using cost function involving zeros and poles of the rational function
approximating scattering parameters. Such a formulation of a cost function has been utilized
to design microwave filters, and it was found that this function yields very rapid convergence.
The extension of the zero-pole technique to other types of passive circuit is non-obvious since
reference (target) zeros and poles have to be known. In the case of filters the reference zeros and
poles are known form the circuit synthesis. For other types of circuits, the synthesis procedure
does not directly lead to a rational function so the reference zeros and poles are not known. To
overcome this limitation, in this submission the reference zeros and poles for arbitrary structures
are extracted from simulated response of a low-fidelity model. Since the low-fidelity model should
be easy to compute, a good choice for this purpose is a device’s equivalent circuit or a simplified
low resolution numerical model.
Such a model can be easily tuned and optimized to meet the design requirements. Then the
zeros and poles extracted from optimized response are used as a reference to perform a numerical
tuning of original, complex design. The effectiveness and robustness of the proposed technique
is presented in illustrative examples.
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Large Scale Characteristic Mode Analysis with Multilevel Fast
Multipole Algorithm
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University of Illinois at Urbana-Champaign, USA

Abstract— After a humble beginning in the early 1970s, theory of characteristic mode (TCM)
has gained a recent resurgence of interest in the field of antenna design and optimization. Al-
though use of characteristic mode (CM) analysis shows success in systematic antenna designs,
relatively little effort has been devoted to the numerical computation of such modes. Conven-
tional TCM based on the electric field integral equation (EFIE) can only deal with small scale
problems where the matrix pair in a dense generalized eigenvalue problem (GEP) is explicitly
generated. However, such a scheme fails in applications where in multimode excitation, a large
platform such as the entire vehicle chassis works as an antenna, or in multi-scale modeling, the
object contains fine structures which lead to a dense mesh and a large number of unknowns.
Large scale characteristic mode computation poses challenges in computational electromagnetics
(CEM) as it calls for efficient solutions of large dense GEPs. Multilevel fast multipole algorithm
(MLFMA) can greatly reduce the computational complexity and memory cost for matrix-vector
multiplications (MVMs), which is powerful in iteratively solving large scattering problems. In this
work, we demonstrate that MLFMA can be easily incorporated into the implicit restarted Arnoldi
method for CM computation after simple modifications. For the large platform application, we
propose a combined integral equation (CFIE) based TCM, where the mid-frequency MLFMA is
employed to speed up the required MVMs. A radiating characteristic mode of a NASA almond
which has a length of 15 wavelengths is obtained with the proposed scheme and demonstrated in
Fig. 1, where around 54,000 unknowns are involved. For the multi-scale modeling, we propose an
augmented electric field integral equation (AEFIE) based TCM, where the mixed-form MLFMA
is adopted to accelerate the required MVMs.

Figure 1: A radiating characteristic mode of a NASA almond computed with CFIE based TCM and MLFMA.
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Abstract— In this work, the efficient algorithms for the high frequency scattered fields from
3-D convex scatterers are studied in detail. We propose the Fock current and the incremental
length diffraction coefficient (ILDC) technique to efficiently calculate the high frequency scattered
fields.
As is known, the physical optics (PO) current makes use of the local tangential plane approxi-
mation technique and usually loses accuracy, especially when the observation point lies around
the transition regions and in the deep shadow regions. In order to remedy this limitation, we
comprehensively study and adopt the Fock currents from the convex scatterers. Next, to capture
the high frequency wave physics phenomenon from convex scatters, the Fock current is separated
into the classical physical optics (PO) current and the non-uniform (NU)-Fock current along the
shadow boundary and in the deep shadow region. Due to the highly oscillatory nature of the
Fock currents, we propose the numerical contour deformation technique to efficiently evaluate the
Fock currents. On invoking the ILDC technique, the high frequency scattered fields are clearly
formulated in the lit, shadow and transition regions of the 3-D convex scatterers. Compared to
the PO scattered fields from the 3-D convex sphere, numerical results demonstrate the significant
accuracy enhancement of the scattered field in terms of the Fock current, especially for the large
bistatic angle case. Finally, the work offers the high frequency wave physics picture from the
3-D convex scatterers, including the Fock current behaviors around the transition regions and
the creeping wave fields.
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A Variational Method to Solve Maxwell’s Equations in Singular
Axisymmetric Domains with Arbitrary Data
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Abstract— We propose a new variational method to compute 3D Maxwell’s equations in an
axisymmetric singular 3D domain, generated by the rotation of a singular polygon around one
of its sides, namely containing reentrant corner or edges. We consider the equations written in
(r, θ, z) and use a Fourier transform in θ to reduce 3D Maxwell’s equations to a series of 2D
Maxwell’s equations, depending on the Fourier variable k. The principle is to compute the 3D
solution by solving several 2D problems, each one depending on k.
Let us denote by (Ek, Bk) the electromagnetic field for each mode k. Following [1, 2], it can be
proved that this solution can be decomposed into a regular and a singular part. The regular part
can be computed with a classical finite element method. The singular part is more difficult to
compute: it belongs to a finite-dimensional subspace. Its dimension is equal to the number of
reentrant corners and edges of the 2D polygon that generates the 3D domain. We will propose
a new variational approach, based on a decomposition of the computational domain into subdo-
mains, and we will derive an ad hoc variational formulation, in which the interface conditions are
imposed with a method deduced from a Nitsche approach.
We will first consider the case k = 0, corresponding to the full axisymmetric case. We will show
how to compute ws

0, the singular part of the electric field solution B0. We will then derive
the non stationary variational formulation to compute the total part of the solution. After, we
will consider the computation of the case k 6= 0. Following [2], this will require first to derive
the system of equations solved by the singular parts for each k. Then to derive and solve the
time-dependent variational formulation depending on k, for each mode. Finally to reconstruct
the approximate 3D electromagnetic fields from each mode k.
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Semi-analytical Modeling of Single Loop Inductive RF Sensors Used
to Sense and Locate Inclusions in Dielectric Media
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Abstract— The electromagnetic characterization of dielectric media is a major issue in many
industrial fields such as civil engineering, oil, food or agriculture industries as well as medicine.
The radiofrequency (RF) inductive techniques are non-contact and therefore well suited for the
non-invasive evaluation and monitoring of dielectric media [1], so they appear to be quite promis-
ing compared with the capacitive techniques. In order to foresee the sensitivity of such inductive
RF sensors as well as to carry out quantitative evaluation of dielectric media, a versatile and
computationally efficient modeling tool is required. To do so, analytical models have been devel-
oped [2] but they are limited to simple configurations. Numerical modeling techniques such as
finite element computations are more versatile but they require heavy computational resources
when three dimensional computations of complex configurations are required. In this paper, we
investigated the relevance of a mesh-free semi-analytical modeling technique, so-called distributed
point source method (DPSM) [3] to model the interactions of a RF sensor with a dielectric media.
The basic principle of DPSM is based on the use of i) active equivalent source densities (ESD)
used to model the actives sources in the workspace (here the current flowing in the RF antenna)
and ii) virtual ESD used to take account of the boundaries between the different material in-
cluded within the workspace. The distributed ESD radiate as Green’s functions in the considered
media so the variables of interest at any point of the workspace (e.g., magnetic field. . .) can then
be determined as the sum of the contribution of all radiating ESD. The main advantage of the
DPSM is that it is a “mesh-free” method. It just discretizes the active sources and the boundary,
so the objects of any geometry may be modeled with no theoretical limitations on the shape
and on the number of objects. As a result, the DPSM can be considered as a computationally
efficient and versatile 3D modeling tool. In this paper, the configuration of a single RF loop in-
teracting with a dielectric media including a buried object (e.g., a tumor in a biological tissue) is
considered. The DPSM modeling is implemented and a parametric study of the sensitivity of the
RF antenna to the changes of material conductivity is studied according to sensor position and
used frequency. The computation results are validated by experiments involving a 2 cm diameter
single loop RF sensor operated in the 1–100 MHz bandwidth. In addition, a simple system of
two RF single loop antennas is also considered to locate the position of the inclusion. The first
computation results show that it is possible to locate a buried dielectric inclusion thanks to the
variations of the ratio of current intensities feeding the two antennas. The obtained results enable
the DPSM to be considered in further works for the modeling of complex inductive sensors, such
as transmission-line resonators [5], or for antennas arrays dedicated to dielectric imaging.
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Quasi-modes in Segmented Waveguides
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Abstract— In the present paper, we show that it is possible to use a periodic structure of
disconnected elements to guide electromagnetic waves. To study such structures, we use the
concept of quasi-modes associated to complex frequencies (also named quasi-normal modes or
leaky modes).
In the present paper, we show that it is possible to use a periodic structure of disconnected
elements (segmented waveguides [1]) to guide electromagnetic waves, in the direction of the
periodicity, on significant distances with very limited losses. To study such structures, we use
the concept of quasi-modes associated to complex frequencies [2]. The numerical determination
of quasi-modes is based on a finite element formulation completed with Perfectly Matched Layers
(PMLs) [3]. These PMLs lead to non Hermitian matrices whose complex eigenvalues correspond
to quasi-mode frequencies. Using Floquet-Bloch theory [4], a numerical model is set up that
allows the spectral study of structures that are both open and periodic. With this model, we
explain how light can be guided on significant distances and with very limited losses through
disconnected elements.
Figure 1 shows the real part of the electric field in the xy plane for a finite chain of finite length
cylinders with a dipole source at 750 nm.

Figure 1: Finite chain of 30 cylinders of finite length l = 6r, with d = 300 nm, r = 125 nm and εc = 2.25
enlighten by a dipole antenna at 750 nm. Real part of the electric field in the xz plane. Two possible
orientations — along (a) y or (b) z — of the dipole antenna leads to the excitation of one of the two
quasi-modes with Re{w} = 2.5× 1015 rad/s.
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Abstract— Virtual cathode oscillator (VCO), as one of the simplest vacuum tube microwave
generators considering its geometrical and constructional simplicity, has one of the most complex
dynamical behaviors.
Nonlinear phenomena, present in the microwave-plasma interaction in the active region of the
VCO, are the most important sources of the complexity of the electron beam dynamics and
microwave generation process in the device.
Chaos, as one of the most important phenomena appearing in the nonlinear dynamical systems,
has been studied in the VCO performance. The microwave generation process, considered as the
overall dynamical operation of a complicated system of nonlinear partial differential equations
(PDE) with boundary values as given by the geometry, materials and other structural properties
of the tube and initial conditions defined by the input driving pulses, is an appropriate start
point for the chaos to appear.
It has been shown that input anode-cathode voltage is one of the most important parameters
in the formation of the chaotic solutions of the considered system of nonlinear boundary value
PDEs. PIC-code simulation of the system has been widely used to study the various aspects
of the chaotic behavior of the designed VCO. It has been shown that increasing input voltage
pushes the system towards the appearance of more and more periodic oscillations with different
periods leading finally to a completely chaotic performance. Bifurcation diagram showing this
procedure has been derived via numerical processing of the PIC-code results and has confirmed
the results of the time and frequency domain diagrams showing the deeply chaotic behavior of
the system.
The same has been done applying the PIC-code simulation of VCO for studying the effects
of the cathode radius on the chaotic behavior of the system and it has been shown that this
parameter deeply affects the chaotic performance of the designed system. Increasing cathode
radius results in increased disorder in the output microwave parameters. Bifurcation diagram
has been extracted considering the variations of the system output via changing cathode radius.
This diagram elegantly shows the chaos formation process through the cathode radius variations.
Analyzing the simulation results, authors suggest design optimization of the cathode structure
to improve the system performance and control the undesirable chaotic behavior of the system.
It has been shown that the new cathode structure is capable of delivering higher current flows
and beam powers to the interaction region of the vacuum tube avoiding the chaos occurrence
compared to the conventional cathodes used in the similar systems.
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C. Önol1, 2, Ö. Gökçe1, H. Boyacı1, and Ö. Ergül1
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Abstract— Optimizations of antenna arrays for required values of the directive gain, side-lobe
level, beamwidth, and in general, for the characterization of the overall radiation pattern, are
popular problems in antenna design and engineering [1–3]. Given an array of antennas, the
aim is to find the optimal set of excitations of its elements for desired radiation characteristics.
For rapid optimizations, simple approaches based on the array factor are very suitable, leading
to very efficient designs of excitations. Unfortunately, using these approaches, mutual couplings
between antennas are neglected or simplified, leading to significant deviations of the optimization
results from real-life measurements when the antennas are strongly coupled [4, 5]. For realistic
optimizations, antennas need to be modeled accurately, and if possible, via full-wave solvers; but,
using highly accurate solutions for the purpose of optimizations may not be trivial [6].
In this work, we consider rigorous optimizations of antenna arrays using heuristic algorithms,
such as the genetic algorithms and particle swarm optimization methods, which are employed
on simulation results obtained with the multilevel fast multipole algorithm (MLFMA). MLFMA
allows for accurate simulations of antenna arrays, without any periodicity, infinity, and similarity
assumptions, and by taking into account all mutual couplings between the antennas. For the
optimizations of an M -element array at a single frequency, the number of full-wave simulations is
only M , since complex current densities and radiation patterns can be combined via superposition
without omitting mutual couplings. For a given array of static elements, these simulations also
have common computations, which can be used to accelerate the overall solution phase. The
results of M full-wave simulations are used by the heuristic algorithms in order to perform the
optimizations, e.g., for increasing the directive gain at desired directions, minimizing radiations
at given locations, and shaping the main beam by controlling the excitations.
The proposed mechanism that is based on MLFMA and heuristic algorithms is very flexible and
applicable to arrays of nonidentical elements with arbitrary positions and orientations. In ad-
dition to arrays with fully excited elements, for which phase optimizations is more critical, we
consider arrays with parasitic elements, especially when large antennas are used as reflectors.
As an important advantage, the developed optimization environment allows for multi-band op-
timizations, where radiation characteristics at multiple frequencies are considered and optimized
simultaneously for multi-band applications.
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On the Electric-current-driven Microstructural Evolution

R. S. Qin
Department of Engineering and Innovation, The Open University, UK

Abstract— Application of an electric field to the conductive heterogeneous media causes the
non-uniform current distribution. The magnetic energy associated to the current distribution
can be calculated using a numerical method [1]. Different microstructural configurations of the
heterogeneous media cause different current distributions, and hence associate to the different
magnetic energies of the electrically discontinuous media. The magnetic energy is a type of free
energy.
The irreversible thermodynamic law predicts the system evolution trajectory. This indicates the
heterogeneous media to evolve toward an optimum configuration with least magnetic free energy.
The evolution is driven by the irreversible thermodynamics. An equivalent electromagnetic force
can be constructed to drive the electrical neutral suspension particles to propagate [2]. This
provides kinetic understanding of electromagnetic-driven microstructure evolution.
We present in this report our systematic calculation of the microstructure evolution driven by the
applied electric potential and the associate magnetic field. Some new results on the have been
revealed for the conductive media containing multiple, deformable and splitable inclusions. This
provides some theoretical understandings to the experimental observation on the electropulse-
induced nanostructured materials synthesis [3]. The phase with low electric conductivity can
change from a laminar plate to many small particles by the applied electric current. The electrical
neutral particles in a conductive media can be manipulated to move toward desirable directions
by the electric field.
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Light Enpolarization and Depolarization: Bulk and Surface
Scattering

G. Soriano1, M. Zerrad1, X. Orlik2, A. Ghabbach1,
S. Liukaityte1, J. Dupont2, and C. Amra1
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Aix-Marseille Université, Marseille 13013, France

2Theoretical and Applied Optics Department, ONERA, Toulouse 31055, France

Abstract— Several procedures for the accurate polarimetric characterization of the speckle
pattern of light scattered from disordered media were recently proposed [1, 2]. Those characteri-
zations were driven at an angular scale much smaller than the speckle grain size in order to avoid
spurious spatial coherence effects. Inhomogeneous bulks and rough surfaces were analysed, with
both polarized and unpolarized laser sources [3]. With the degree of polarization (DoP) histogram
accurately estimated from data, enpolarization and depolarization phenomena were evidenced.
For unpolarized illumination, the speckle pattern shows partial polarization, with a DoP rising
up to an average of 0.75 for the most strongly scattering media. The opposite behaviour appears
for polarized illumination, where the speckle pattern can present a DoP distributed around values
significantly smaller than unity.
The enpolarization effect was first successfully and quantitatively predicted for bulk scattering of
unpolarized light using the sum of random phasors model for fully developed speckle. Note that
the scattering medium is here considered as disordered but deterministic rather than random:
for simulation purpose, the medium is described by a single realization of a random process.
This simple theory however fails to modelize depolarization in the case of polarized illumination.
The model was thus extended in [4] to take into account the scattering coefficients dependency
to frequency. This dependency is generally neglected according to the quasi-monochromatic
assumption. This spectrally extended model now outputs the complete speckle DoP histogram
for two inputs: the incident light DoP and the ratio of the incident light bandwidth to the
characteristic scale of scattering coefficients frequency variation.
In this talk, we present comparisons between measured [1–3] and simulated speckle DoP his-
tograms for non-absorbing bulks. Rough surfaces and absorbing bulks speckle patterns experi-
mentally present lower levels of enpolarization/depolarization. We discuss how the spectral model
can be extended anew to modelize this class of intermediate scatterers.

REFERENCES

1. Ghabbach, A., M. Zerrad, G. Soriano, and C. Amra, “Accurate metrology of polarization
curves measured at the speckle size of visible light scattering,” Optics Express, Vol. 22, No. 12,
14594–14609, 2014.

2. Dupont, J., X. Orlik, A. Ghabbach, M. Zerrad, G. Soriano, and C. Amra, “Polarization anal-
ysis of speckle field below its transverse correlation width: Application to surface and bulk
scattering,” Optics Express, Vol. 22, No. 20, 24133–24141, 2014.

3. Ghabbach, A., M. Zerrad, G. Soriano, S. Liukaityte, and C. Amra, “Depolarization and en-
polarization dop histograms measured for surface and bulk speckle patterns,” Optics Express,
Vol. 22, No. 18, 21427–21440, 2014.

4. Soriano, G., M. Zerrad, and C. Amra, “Enpolarization and depolarization of light scattered
from chromatic complex media,” Optics Express, Vol. 22, No. 10, 12603–12613, 2014.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1591

Surface Integral Equation for Plasmonic Media: Near-field,
Scattering and Forces
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Abstract— Advances in plasmonics research and its ever-increasing practical applications have
necessitated the development of accurate and efficient computational tools for simulating the
electromagnetic response of plasmonic nanostructures. To this end, various numerical methods
have been developed which are suitable for simulating different structures, and have their own
advantages and limitations.
Surface integral equation (SIE) formulation is an integral method to simulate the optical response
of nanostructures in the frequency domain. This method is based on the Green’s tensor formal-
ism, and can be used to simulate nanostructures in homogeneous as well as periodic backgrounds.
The SIE requirement of having to discretise only the surfaces of the scatterers reduces the com-
putational costs and avoids complications such as the requirement of truncating the background
medium artificially. Also, the triangular meshing used in this scheme can approximate irregu-
lar particle surfaces very well, allowing the simulation of realistic plasmonic structures. Surface
electric and magnetic currents which are the natural output of SIE simulations also enable direct
and efficient computation of physically relevant quantities.
Here, we utilise SIE to compute the optical response of complex and realistic systems encountered
in plasmonics. Various near-field properties such as intensity enhancement, lifetime modification
and surface charges, as well as far-field quantities such as optical cross sections and second
harmonic scattering are analysed. In addition, we also demonstrate the extension of SIE to
compute the resultant optical forces and torques.
Furthermore, we discuss how the implementation and use of SIE can be optimised. We present
a tailored recipe for the computation of SIE matrix integrals which improves the calculation
accuracy without a significant overhead in computational costs. The use of this recipe permits
the SIE simulation of more complicated geometries requiring less surface discretisation in the
process. We also talk about the constraints to adhere to while building meshes to describe the
simulation geometry. Besides choosing the correct size for the mesh elements, we show how it is
necessary to enforce the correct symmetry on the meshes for accurate computation of quantities
such as second harmonic scattering.
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Numerical Modeling of Light/Matter Interaction at the Nanoscale
with a High Order Finite Element Type Time-domain Solver

S. Lanteri1, C. Scheid1, 2, and J. Viquerat1
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2University of Nice-Sophia Antipolis, France

Abstract— The numerical modeling of light interaction with metallic nanostructures requires
to solve the system of time-domain Maxwell equations coupled to appropriate models of physical
dispersion in the metal such as the Drude and Drude-Lorentz models. In the computational
nanophotonics literature, a large number of studies are devoted to Finite Difference Time-Domain
(FDTD) type discretization methods based on Yee’s scheme [1]. As a matter of fact, the FDTD [2]
method is a widely used approach for solving the systems of partial differential equations modeling
nanophotonic applications. In this method, the whole computational domain is discretized using
a structured (cartesian) grid. However, in spite of its exibility and second-order accuracy in a
homogeneous medium, the Yee scheme suffers from serious accuracy degradation when used to
model curved objects or when treating material interfaces.
During the last twenty years, numerical methods formulated on unstructured meshes have drawn
a lot of attention in computational electromagnetics with the aim of dealing with irregularly
shaped structures and heterogeneous media. In this talk, we will report on our recent efforts
aiming at the development of a family of high order finite element type time-domain solvers for
the numerical treatment of nanophotonics/plasmonics applications in the linear regime. The basic
ingredient is a discretization method which relies on a compact stencil high order interpolation
of the electromagnetic field components within each cell of an unstructured tetrahedral mesh.
This piecewise polynomial numerical approximation is allowed to be discontinuous from one
mesh cell to another, and the consistency of the global approximation is obtained thanks to the
definition of appropriate numerical traces of the fields on a face shared by two neighboring cells.
Time integration is achieved using an explicit scheme and no global mass matrix inversion is
required to advance the solution at each time step. Moreover, the resulting time-domain solver
is particularly well adapted to parallel computing. The proposed method is an extension of
the so-called DGTD (Discontinuous Galerkin Time-Domain) method that we initially proposed
in [3] for the simulation of electromagnetic wave propagation in non-dispersive heterogeneous
media at microwave frequencies. For the numerical treatment of dispersion models in metals, we
have adopted an Auxiliary Differential Equation (ADE) technique that has already proven its
effectiveness in the FDTD framework. From the mathematical point of view, this amounts to
solve the time-domain Maxwell equations coupled to a system of ordinary differential equations.
The resulting ADE-based DGTD method is detailed in [4] and is part of a larger initiative aiming
at the development of a software suite dedicated to nanophotonics/nanoplasmonics.
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Homogenization of Periodic Electromagnetic Structures: An
Uncertainty Principle

Igor Tsukerman1 and Vadim A. Markel2
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Abstract— The analytical and numerical results of the paper show that effective magnetic
response of periodic intrinsically nonmagnetic structures has limitations: strong response is un-
avoidably accompanied by a commensurate loss of accuracy in the effective medium represen-
tation of the material. This can be viewed as an uncertainty principle for homogenization of
electromagnetic metamaterials.
One of the most intriguing features of periodic structures composed of intrinsically nonmagnetic
constituents is their nontrivial magnetic response, which can be particularly strong under electro-
magnetic resonance conditions. It is often tacitly assumed that this response is limited only
by the characteristics of the constituent materials (most notably, their losses). However, we
demonstrate that this artificial magnetism has a more fundamental limitation: the stronger the
magnetic response, the less accurate (“certain”) predictions of the effective medium theory are.
We view this as an uncertainty principle for homogenization of electromagnetic metamaterials.
Our analysis is based on the recently developed non-asymptotic homogenization theory [1] and
on the comparison of fields around a metamaterial slab and an (approximately) equivalent ho-
mogeneous slab. In addition to analytical derivation, we consider, as an instructive example, a
triangular lattice of cylindrical air holes in a dielectric host [2]. Despite the high level of isotropy
around the Γ-point in the second photonic band, the uncertainty principle holds. First, isotropy
with respect to the Bloch wavenumber is not accompanied by isotropy of the Bloch impedance;
second, surface waves [3, 4] play a significant role at shorter wavelengths.
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High-order Trefftz Absorbing Conditions for Wave Problems
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Abstract— For scalar frequency-domain wave equations in 2D or 3D, we propose a “Trefftz
generator” of local nonreflecting conditions — a critical part of finite difference (FD) and finite
element solution of wave problems in unbounded domains. Trefftz approximations are, by defi-
nition, provided by functions that satisfy the wave equation exactly. At the exterior boundary,
these are outgoing plane/cylindrical/spherical waves or some of their derivatives. The second
component of the Trefftz generator is a set of degrees of freedom — linear functionals such as the
value of the solution and some of its derivatives at boundary points. We show that the proposed
generator reproduces classical nonreflecting conditions (Engquist-Majda and Bayliss-Turkel) and
generates a variety of new high-order conditions.
This paper is a substantial further development of finite difference (FD)-Trefftz absorbing con-
ditions [1–4]. For scalar frequency-domain wave equations in 2D or 3D, we propose a “Trefftz
generator” of such conditions. Two key ingredients of this generator are (i) a set of local Trefftz
functions [1–6] — outgoing waves satisfying the wave equation and approximating the solution
near a given point on the exterior boundary, and (ii) a set of degrees of freedom — linear func-
tionals such as the value of the solution and some of its derivatives at boundary points. The
ultimate result is a sparse linear FD system.
Our Trefftz machine reproduces classical Engquist-Majda [7] and Bayliss-Turkel [8] conditions
and generates a variety of new conditions. For canonical problems of scattering from dielectric
or perfectly conducting cylinders, convergence of order six on 9-point stencils is demonstrated,
with the relative solution error ∼ 10−5–10−8 with 10–20 grid points per wavelength. We are not
aware of alternative methods yielding a similar level of accuracy on comparable grids. Extensions
to 3D and vectorial problems are possible.
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Modeling of a Slab Photonic Crystal with a One-dimensional
Multilayer Mirror with Given Dispersive and Spectral

Characteristics

Mikhail Libman1, 2 and Nikita Kondratiev2

1Moscow State University, Moscow 119991, Russia
2Russian Quantum Center, Moscow 143025, Russia

Abstract— Many photonics applications need devices with special spectral and dispersive
properties. Generating optical signals of a given form such as ultra-short laser pulses or super-
continuum are among those tasks. Photonic crystals which spectral and dispersive properties are
set by their design can be employed for that purpose. A simple model of such one-dimensional
photonic crystal is a Bragg mirror, consisting of alternating dielectric layers with high and low
refractive indices. This simple model enables us to understand the way of engineering optical
properties. It is possible to achieve required dispersion law and to extend the bandwidth of the
mirror at the same time by chirping width of the layers. The same method should be applicable
for the photonic crystal.
In our work we justify the applicability of a dielectric mirror model to the description of a real
photonic crystal. A slab waveguide with periodically changing width is considered and it is shown
that this width change can be recalculated to the effective refraction index modulation. The
applicability of transfer-matrix method of transmission properties calculation was demonstrated.
Two methods of deriving of the expressions for the photonic bandgap were considered and proved
to be consistent, while emphasizing different aspects of the propagation process. The position and
width of the bandgap as a function of waveguide’s width was investigated. Finally, modeling of
one-dimensional chirped Bragg mirror was performed with respect to the material and waveguide
dispersion. Numerical optimization method and analytical method were realized to calculate the
chirp law for the desired dispersive characteristics.
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Nonlinear Standing Waves on a Periodic Array of Circular Cylinders

Lijun Yuan1 and Ya Yan Lu2
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Abstract— For periodic array of circular dielectric cylinders surrounded by air, where the
cylinders are made of linear medium, it is well known that standing waves that are periodic along
the array and decay exponentially away from the array could exist at discrete set of frequencies [1],
corresponding to the non-uniqueness of related diffraction problem. In this paper, we consider
periodic array of nonlinear cylinders with Kerr nonlinearity, and show numerically that standing
waves exist continuously with the frequency. These standing waves are periodic along the array
and decay exponentially away from the array. Their amplitudes depend on the frequency. As
the frequency decreases, their amplitudes increases. It appears that there are infinite number of
nonlinear standing waves at each frequency.
To compute the nonlinear standing waves, we solve the nonlinear Helmholtz equation as an
eigenvalue problem with frequency as the eigenvalue. Assuming that the period of the array is L
and the radius of the cylinders is a < L/2. In the Cartesian coordinate system (x, y, z), we assume
the cylinders are parallel to the z axis and their centers (in the xy plane) are located on the y
axis at y = mL for integers m. Due to the periodicity of the array and the solution, the problem
can be considered in unit cell S = {(x, y) : |x| < L/2, |y| < L/2} containing one cylinder, with
periodic boundary condition in the y direction and transparent boundary conditions at x = ±L/2.
In the domain Ω outside the cylinder and inside the unit cell, the Helmholtz equation is linear
and its solution can be expanded in cylindrical waves. This allows us to find the Dirichlet-to-
Neumann (DtN) map (which depends on frequency) for the Hemlholtz equation on Ω. Combining
these conditions, we can find boundary condition on the boundary of disk D given for r < a.
With this condition, it is only necessary to solve the nonlinear Helmholtz equation on D. In
earlier works, similar techniques have been used to analyze optical bistability [2] and symmetry
breaking [3] in structures with nonlinear circular cylinders. To solve this problem, we discretize
the nonlinear Hemlholtz equation by mixed Fourier-Chebyshev pseudospectral method [4], with
Fourier and Chebyshev methods for θ and r respectively, where is the polar angle, and use an
iterative method.
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A Space-time Discontinuous Galerkin Trefftz Method
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Abstract— We present a space-time discontinuous Galerkin method for time-domain Maxwell’s
equations that employs polynomial Trefftz basis functions [1], i.e., polynomials that solve Maxwell’s
equations exactly in an element-wise fashion. This reduces the number of degrees of freedom from
O(p4) in the method with all polynomials of order p to ≤ O(p3), while preserving the approxima-
tion accuracy. The new method retains the exibility of the discontinuous Galerkin framework [2]
while improving the dispersion behavior. New features such as inhomogeneous media and opti-
mized transparent boundary conditions can be applied.
Maxwell’s Equations: We consider propagations of electromagnetic waves in the absence of
sources; For problems of this kind time-dependent Maxwell’s equations

∇×E = −µ
∂H
∂t

and ∇×H = µ
∂E
∂t

(1)

form the set of governing equations. Here, E = (Ex, Ey, Ez)T denotes the electric field, H =
(Hx,Hy,Hz)T is the magnetic field whereas ε and µ are the permittivity and the permeability,
respectively. We assume the fields to be divergence free ∇ ·E0 = 0 and ∇ ·H0 = 0.
Polynomial Trefftz Functions: The considered system of Maxwell’s Equation (1) can be
solved by 6-dimensional Trefftz functions of the form F = (E,H)T. One particular choice of
Trefftz basis functions are polynomial Trefftz functions of order p which are a desired choice for
numerical integrations. General properties such as dimension and stability as well as different
construction procedures are described in [4]. Following [3, 4], a polynomial Trefftz basis can for
instance be composed of Transport polynomials

Fp
i =

(
Ei

Z−1Hi

)
· (di · r− vt)p, (2)

with v = 1/
√

εµ being the local speed of light and Z−1 =
√

µ/ε the intrinsic impedance, that
describe a plane wave traveling in direction di.
Conclusion: We have outlined a discontinuous Galerkin Trefftz method for Maxwell’s equations.
Our numerical results demonstrate the spectral convergence of the method; Consequently, small
sets of basis functions can result in a very high accuracy. Excellent dispersion behavior has
been obtained. In addition a transparent boundary conditions of arbitrary order can be (easily)
implemented.
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The Sommerfeld Halfspace Problem Redux: Alternative Field
Representations, Role of Zenneck and Surface Plasmon Waves

K. A. Michalski1 and J. R. Mosig2

1Department of Electrical and Computer Engineering
Texas A&M University, College Station, Texas 77843-3128, USA

2Laboratory of Electromagnetics and Acoustics
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Abstract— The problem of a vertical Hertzian dipole (time-harmonic current element of in-
finitesimal length) radiating in the presence of a lossy conducting halfspace was first rigorously
solved by Sommerfeld in 1909 and other dipole configurations were treated in his later works.
Sommerfeld’s solution was expressed in terms of improper integrals with Bessel function kernels,
which cannot be evaluated in closed form. A major finding of the original Sommerfeld paper
was that the integrands exhibit a pole, whose residue he identified as a cylindrical form of the
surface wave postulated earlier by Zenneck. Sommerfeld’s work was motivated by the desire to
explain the radio wave propagation along the surface of the earth, before it was realized that re
ections from the ionosphere were in fact the decisive factor, making the still recurring discussions
of the importance of the Zenneck wave rather immaterial. However, since the end of the last
century, there has been a resurgence of interest in the Sommerfeld halfspace problem and the
Sommerfeld surface wave in particular, in the context of THz applications, near-field optics, plas-
monics and nanophotonics. The Zenneck wave becomes a surface plasmon polariton in the case
of noble metals at optical wavelengths. In this paper, a complete ab initio solution is presented
for the problem of an arbitrarily oriented Hertzian dipole radiating in the presence of a material
halfspace. The solution method combines a vector potential approach with a transmission line
analogue of the medium, which is a convenient means of scalarizing the Maxwell equations and it
facilitates the inclusion of any number of layers in the analysis. Following Sommerfeld, the solu-
tion is first expressed in terms of Fourier-Bessel transforms, also known as Sommerfeld integrals.
The analytical properties of the integrands in the complex plane are investigated. In particular,
a proof of the existence of the Sommerfeld-Zenneck pole on the proper Riemann sheet is given
and the relation of the Zenenck wave and the surface plasmon polariton is confirmed. Alternative
integral representations of the vector potential Green functions are derived by contour deforma-
tion and analytic continuation of the integrands into the complex plane. Closed-form asymptotic
expressions for the fields at the interface are also derived and the role of the Zenneck wave and
the surface plasmon is discussed.
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Propagation of Electromagnetic Wave Packet in a Dispersive
Anisotropic Metamaterial

Jie-Luen Wu1 and Pi-Gang Luan2
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2Department of Optics and Photonics, National Central University
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Abstract— A metamaterial consisting of subwavelength dielectric and metallic layers can be
treated as a homogeneous anisotropic medium having indefinite permittivity tensor and hyper-
bolic dispersion relation in some frequency ranges. Recently, interests have been raised about the
issues concerning the propagation of wave energy in dispersive media, and contradicted results
about the possibility of superluminal propagation of electromagnetic wave packets in hyperbolic
metamaterials were claimed by different authors [1, 2]. Since special relativity puts absolute
speed limitation on any kind of signal or energy propagation, and this is related to the notion of
causality, we thus believe to clarify this issue as clear as possible is very important.
In this work, we study the propagation behaviors of a wave packet in a dispersive anisotropic
medium. The medium is assumed to be the effective medium corresponding to the structure
consisting of dielectric and metallic layers. The two principal values of the permittivity tensor
thus have the Drude and Lorentz type dispersions if the dielectric and metallic layers are assumed
to be having constant and Drude type permittivity, respectively. We derive the energy density
for this medium and show that for a propagating mode the energy velocity is equal to the group
velocity, and examine the propagating behaviors of a wave packet, assuming all the plane waves
composing this packet have frequencies far from the absorption band.
Many plane waves having proper frequencies and wave vectors satisfying the dispersion relation
of the medium were chosen so as to compose the wave packet [3]. In order to trace the motion
of the wave packet, the idea like ‘center of mass distribution’ is used. The center position of a
Gaussian-wave packet is defined by evaluating the ‘weighted sum’ of the position vectors, using
the energy density as the weight function. The packet velocity can be calculated numerically by
tracing the packet center position at every time step. We compare the predicted group velocities
of single-frequency propagating modes with the wave packet velocities for different frequency
widths and angular widths for the k-vectors, and find they fit very well if the frequency and
angular widths were chosen appropriately. Most importantly, according to our results we find
that neither the energy velocity for a propagating mode nor the packet velocity for a wave packet
can exceed the speed of light in vacuum if the dispersion of the medium were carefully taken into
account. We also discuss the possible origins of the contradicted predictions made by previous
researches.
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Electromagnetic Field Distributions in Stratified Structures
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Abstract— In studying dipole radiation, the near field and far field should be treated separately.
In a vacuum background, it has been well known that the near field/far field (NFFF) boundary
L is about the light wavelength λ0, L ∼ λ0. Stratified structures are often encountered in
practice. A typical situation is the air-sea-earth trilayer structure. The NFFF boundary in such
backgrounds has not been well studied yet. In this work, we carefully study how to determine
the NFFF boundaries in stratified structures.
The general model is depicted in Fig. 1. There can be Q layers and Q−1 interfaces between them.
The region between the top and bottom layers are called intermediate region. A vertical electric
dipole (VED) is located on the origin of the cylindrical coordinates (ρ, z, ϕ). The VED can be in
either the top layer or the intermediate region. Each layer has its own refraction index (RI). In
each RI configuration, the largest and smallest RI’s are denoted as nmax and nmin, respectively.
We carefully evaluated the field distribution in bilayer, trilayer and multilayer structures with
various possible RI configurations. Two kinds of far-field expression of the electric field were
derived. It was proved that the approximation methods obeyed reciprocal theorem. The results
of far-field approximations were compared to those of precise numerical calculation to determine
the NFFF boundaries.
In stratified structures, two factors severely influenced the field distribution. One was that if
Q ≥ 3 in Fig. 1, multi-reflection happened in the intermediate region wherever the VED is. The
other was that the lateral waves moved along the interfaces which mainly existed in the layer
with higher RI and exponential decayed in the lower RI layer. These two factors complicated
the field distribution in space and made the NFFF boundary much farther than that in vacuum
background.
Through the detailed investigation, the NFFF boundary was proposed to be

L ∼ 1000max{D, 0.1λ0}nmax/nmin.

This expression is valid for any stratified structure with any RI configuration. In a bilayer
structure, D ∼ |d1|, while in a structure with more layers, D is the thickness of the intermediate
region, D ∼ d1 − dQ−1. The structural parameters reasonably entered the expression of the
boundary.

Figure 1: Stratified structure model.
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Transmission of EM Waves through Very Dry Reinforced Concrete
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Abstract— Considering realistic frequency and moisture content dependant electromagnetic
characteristics of concrete [1] simulations with FEKO in the frequency domain show that at some
frequencies and at normal incidence, reinforced concrete exhibits a very high transmission loss at
some frequencies. This phenomenon is very weak for lossy concrete but ranges 10 to 20 dB for
very dry concrete, indicating that the transmission loss is not due to absorption in the concrete
but results from destructive interactions.
To better understand the origin of this transmission loss, reflection and diffraction ray tracing
theory could be called for, but there are numerous combinations of reflections and diffractions
inside reinforced concrete. To figure out which of those are the main contributors to the high
transmission loss, one can resort to time domain simulations with CST. The very short time
duration of the pulses must be set to allow discrimination of the individual pulses following the
various reflection and diffraction paths.
CST also allows to derive by FFT the transmission loss caused by the pulses received at a given
location past the structure. Without time gating, retaining all pulses occurring after arrival of the
first one, a transmission loss pattern similar to the one obtained with FEKO through an inifinite
slab is obtained. Using timegating to retain less and less of those pulses, CST allows to identify
how many among the first pulses are necessary to generate the resonant high transmission losses.
Very few reflection and/or transmission measurements through reinforced concrete have been
published [2, 3], and none of them exhibits a resonant high transmission loss. To perform mea-
surements reproducing the behavior of an infinite slab, special care must be taken to efficiently
eliminate unwanted reflections and diffractions, either by using appropriate absorbing material
everywhere needed or with a time gating technique. For time gating technique it is important to
properly dimension the reinforced concrete slab sample in conjunction with the transmit and re-
ceive antenna positions to make sure that all pulses contributing significantly to the transmission
loss will be retained before the appearance of the first unwanted pulse due to edge diffraction on
the sample edges.
Combining various simulations and measurements, it has been possible to explain the high trans-
mission losses observed at specific frequencies through dry reinforced concrete.
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A Dynamic Transmission Line, Temporal Photonic Crystals, and
Wave Vector Gaps

J. R. Reyes-Ayona and P. Halevi
Instituto Nacional de Astrof́ısica, Óptica y Electrónica, Tonantzintla, Puebla 72840, México

Abstract— Frequency or energy gaps are ubiquitous in physics and electronic engineering. On
the other hand, wave vector- or k-gaps are hard to come by, if at all. Here we report what is likely
the first measurement of a genuine k-gap. This has been achieved by propagating microwaves in
a specially modulated transmission line (TL). The measurements have been confirmed by a
calculation based on realistic modeling.
In our low-pass TL of eight cells the capacitors have been replaced by varactors that — unlike
the situation in traveling wave amplifiers — are modulated externally at some frequency Ω/2π
by the same time-periodic voltage. The dispersion relation ω = ω(k) has been determined by a
method similar to the differential phase-shift method of fiber optics engineering. This resulted
in a photonic band structure of two k-bands separated by a k-gap, corresponding to forbidden
values of the wave vector for any ω. This gap ∆k is determined at the waist of the two k-bands,
that occurs at the frequency Ω/2. We get a very good fit between the experimental points and
the realistic calculation, which shows that the gap ∆k increases with the strength of modulation
m of the voltage.
It is well known that a static low-pass TL can be represented by an effective medium in the long
wavelength limit ka ¿ 1, where a is the period or size of the unit L-C cell. We have generalized
this equivalence to the dynamic case: at every instant of time the permittivity and permeability
must satisfy the relations ε(t) = C(t)/a and µ(t) = L(t)/a. We find that, as long as ka ¿ 1, the
mean-field theory also fits well the experimental and theoretical results for the TL.
In general, the effective medium is characterized by time-periodic ε(t) and µ(t), namely, it is
a temporal photonic crystal [1]. We expect that the periodically modulated transmission line
described above will exhibit all the features predicted by our group for the temporal photonic
crystals: frequency comb in the reflectivity and transmittivity [1], parametric resonances that
depend on a geometric condition [2], and faster-than-light transmission of the peaks of some
harmonics of pulses that are traversing a slab [3]. Much higher frequencies should be feasible if
the capacitances and inductances are replaced by split-ring resonators.
So, transmission lines and temporal photonic crystals — here’s “Where Microwave and Lightwave
Communities Meet”, as the PIERS motto goes!
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Sub-band Gap Light Harvesting in Random Porous Materials
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Abstract— Recent advances in light harvesting using micro- and nano-structured materials
have demonstrated the possibility to achieve striking increase of the efficiency of photovoltaics
systems [1, 2]. Several proposed strategies achieved really interesting results but their imple-
mentation in photovoltaic market is questionable due to the high technological fabrication steps
required that sensibly increase the fabrication costs.
Light harvesting photovoltaics are often based on porous materials because they give the pos-
sibility to carefully tune optical properties by reducing the reflectivity, while maximizing the
absorption of light across large portions of the visible spectra [3–5].
Despite the majority of the studies on light harvesting were focused on the visible part of the
spectra, the near infrared region contains a substantial amount of the energy density (about 25%
in the range 1 to 3 µm).
Here we proposed a strategy to exploit the long photon lifetime, achievable in random structure,
to enhance optical absorption in the sub bandgap spectral region.
We model a 2D random system composed by anisotropic pores elongated along a preferential
axis and we analyse the role played by the rough-surface in the enhancement of the absorption
through multiple scattering processes. The roughness is modelled by decomposing the pore onto
short section with different radii.
The results show that rough-pores induce a large enhancement in the near-IR absorption com-
pared to flat-pores, yet the backscattering from the top interface increases considerably also the
reflection.
We show that reflection can be kept at low value if a bilayer structure is employed: the first
layer (the one that face the incoming radiation) is made of flat pores, while the underlying one
has a large roughness. In this case, simulations show that the integrated absorption increases
by 50% compared to bulk silicon and of about 20% compared to flat pores. Interestingly the
enhancement shows a flat response over the entire near-IR regime.
Our study suggests a scheme to realize photovoltaics systems with optimized absorption response
for the near-IR range. The proposed structure can be implemented as back reflector in 3rd
generation PV to increase cell’s performances exploiting the sub-bandgap incident radiation.
Finally the structure is compatible with silicon technologies and does not necessitate of complex
nanofabrication techniques.
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Effect of Material Properties on Transmission through Metallic Hole
Arrays at Terahertz Frequencies

Renu Bhadresha, Nisha Sarwade, Arnab Pattanayak, and S. P. Duttagupta
Veermata Jijabai Technological Institute, India

Abstract— Ebbesen demonstrated enhanced transmission through subwavelength hole arrays
for a metal dielectric interface at optical frequencies in [1]. This was in contrast to the previous
studies [2] that associated subwavelength arrays with weak transmission. While there is no con-
sensus about the exact transmission mechanism, it is most widely accepted that this enhancement
at optical frequencies is due to the generation of surface plasmon polaritons due to the complex
dielectric constant exhibited by metals exhibited by metals with value |εr/εi| > 1 (where εr is the
real part and εi is the imaginary part of the compex dielectric constant). At terahertz, the large
conductivity of metals is usually considered a hindrance in the generation of SPPs. However
it was shown that bulk plasma frequencies are can propagate along the interface for a range of
frequencies from ω = 0 to ω = ωp/2, where ωp [3] is the bulk plasmon frequency. In this paper,
the material properties were modeled using these plasma frequencies for Au, Ag and Al.
As seen by Krishnan et al. [4], for maximum enhancement in transmission, the two materials on
both sides of the metal should have the same dielectric constant. Keeping this in mind, a free-
standing structure is designed where the material properties of the metal become the deciding
factor in the transmission characteristics. The advantage of a free-standing design is that there
is drastic reduction in fabrication steps because modern micro-fabrication techniques such as
micro-machining can be used for design. Another advantage is that the dielectric is essentially
taken as air and this simplifies the theoretical transmission calculations. In this paper, for the
design, the plasma frequency for each metal is calculated from experimental values. These values
were taken from [5] and the plasma and collision frequencies were calculated using the Drude
Model equations. The design of the array is for operation in the 0.5 to 2.5 Thz range.
The geometric parameters were kept constant and the effect of variation of material for the
same design was studied. The array was designed as a periodic array with a hole dimension d
and a periodicity of a and a normal incidence. The design was analysed using CST Microwave
Studio and each array was designed as a unit cell and simulated as a periodic array of these unit
cells. The transmission characteristics show that there is a distinct peak related to the enhanced
transmission due to generation of SPPs.
The results show that the enhanced transmission is due to the generation of surface plasmons.
The thickness variation also affects each metal differently which is also analysed. This work gives
a comparative study that can be used for efficient material and design parameter selection for
different applications such as THz imaging, short distance indoor communication, etc..
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Terahertz Generation from DAST Depending on Chirp of Pump
Pulses Amplified by Double-clad Yb-doped Fiber Amplifier

Junichi Hamazaki, Norihiko Sekine, Akifumi Kasamatsu, and Iwao Hosako
National Institute of Information and Communications Technology, Japan

Abstract— High-power broadband terahertz (THz) generation has attracted much attention
for various THz applications such as THz spectroscopy. To generate highpower broadband THz
pulse, optical rectification effect is generally used, by using an ultra-short high-power pump
pulse and a nonlinear crystal. Regarding pump pulse, pulse is characterized by wavelength, pulse
energy, pulse width but also its chirp. It is known that dechirped pump pulse is the most suitable
condition for THz generation. However, this is the case when a crystal is thin enough When a
crystal is thick, it is non-trivial owing to material dispersion Effects of the pump pulse chirp in
THz generation have not been well investigated.
To obtain chirp-controlled high-power femtosecond pump pulses, we used double-clad Yb-doped
fiber (DC-YDF) amplifier. Since YDF has large gain and broad gain spectrum (1.0–1.1µm).
Furthermore, DC-YDF has extremely larger gain than usual YDF. Output power over 1 W is
easily expected by using DC-YDF. Thus, DC-YDF amplifier is suitable for high-power ultra-
short pulse generation. From the amplifier, average output power > 3.1W with a pulse width of
110 fs at high repetition ration of 100 MHz is obtained. Chirp is controlled by varying distance
of grating pair for pulse compression.
In this paper, we report the effects of the pump pulse chirp in THz generation. We generated THz
pulse using DAST crystal and chirp-controlled femtosecond high-power pump pulses amplified
by DC-YDF amplifier. By using THz time domain spectroscopy technique, we investigated THz
spectra as a function of the chirp parameter. We found positive-chirp pump pulse can generate
higher power and broader-band THz pulse, compared with dechirped pulse.
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Abstract— Nowadays, millimeter (mm)-wave frequency bands have become important as a
candidate frequency band for wireless links of 5 G networks. This is because wide bandwidths
to increase data rates up to several Gbps can be gotten in the mm-wave frequency bands with
minimizing interference to allocation frequency bands. In order to check out a feasibility of a high-
speed wireless link using the mm-waves, we have presented various photonic-based continuous
wave (CW) generation schemes in mm-wave frequency bands. Using a generated mm-wave, a
wireless link has demonstrated. Generally, photonic-based mm-wave generation schemes make a
CW in the mm-wave frequency bands by beating two optical signals with wavelength differences.
A conventional double sideband suppressed carrier (DSB-SC) scheme is very popular scheme to
get two correlated optical signals with wavelength differences. We modified the DSB-SC scheme
to increase frequency tunability, to overcome electronic dependency, and to reduce evaluation
cost. Some achievements are listed in this paper. Especially, based on our results, we have
accomplished a CW in the mm-wave frequency bands using a local oscillator with one-sixth
frequency of a wanted mm-wave frequency. Using the DSB-SC scheme and some electronics,
a high-speed wireless link operating up to 10 Gbps is successfully demonstrated and verified.
Consequently, our results can be useful for developing mm-wave wireless link up to several tens
Gbps.
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50-Gbit/s Wireless Transmission over 20 Meters at 300GHz
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Abstract— There has been a growing interest in the application of terahertz (THz) waves,
whose frequencies range from 100 GHz to 1 THz, to ultra-broadband wireless communications.
Photonic techniques have been efficiently employed to generate and modulate THz carrier signals.
Real-time and error-free transmission experiments have so far been demonstrated at bit rates of
40Gbit/s using a photonics-based transmitter with an on-off keying (OOK) modulation and a
direct detection receiver at 300GHz [1]. Such a simple configuration offers low-cost, small-size and
energy-efficient transceiver modules by future electronic and photonic integration technologies [2].
In this paper, we present our recent results on the increase of bandwidth of the 300-GHz band
transmitter and receiver, enabling real-time 50-Gbit/s transmission over the link distance of 20m.
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Photonic Integrated Circuits for mmW Systems
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Abstract— The bandwidth of wireless networks needs to grow exponentially over the next
decade, due to an increasingly interconnected and smart environment. By 2020 there will be 50
billion devices connected to the internet. Low-cost, compact and broadband wireless transceivers
will be required. The current WiFi frequency bands do not have enough capacity and wireless
communication needs to move to the millimeter-wavelength or sub-terahertz range. The use
of all-electronic solutions becomes increasingly prohibitive, though, at these higher frequencies.
Microwave photonic technology offers the bandwidth and carrier frequencies required for high-
capacity wireless networks and remote sensing applications. In this paper, we will introduce our
efforts to leverage the advantages of microwave photonics and photonic integrated circuits to de-
velop low-cost and ubiquitous wireless technology enabled by silicon photonics based transceivers.
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Laser Diode and Arrayed Waveguide Grating Optical Filter
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Abstract— We present a novel Photonic Integrated Dual Wavelength Source with increased
functionality and performance for Millimeter and Terahertz wave generation using an on-chip Col-
liding Pulse Mode Locked Laser Diode (OC-CPMLLD) and Arrayed Waveguide Grating (AWG)
optical filter. The on-chip Colliding Pulse Mode Locked Laser Diode is a versatile pulsed source
which includes multimode interference reflectors which are on-chip mirrors structures that allows
defining the length of the cavity with lithographic precision so the repetition rate can be precise
defined. Then the optical frequency comb generated by the pure colliding pulse mode locked con-
dition is addressed to an Arrayed Waveguide Grating (AWG) optical filter which allows selecting
two optical modes separated at the desired frequency within the Millimeter and terahertz fre-
quency ranges. The key issue has been to design the pulse repetition rate at a sub-harmonic of the
AWG channel spacing so in the dual wavelength source the colliding pulse mode locked repetition
rate is 30 GHz and the Channel spacing of the AWG is 90 GHz. if we have the second harmonic
repetition rate of 30 GHz provided by the on-chip Colliding Pulse Mode Locked Laser Diode, we
can add an AWG filter with a channel spacing setting at a harmonic of the repetition rate within
the millimeter and terahertz range like 60 GHz, 90 GHz, 120GHz, 150 GHz, 180 GHz, etc.. As
a result, we are able to design a dual wavelength source that allows choosing the frequency you
want within the millimeter and terahertz frequency range based on lithographic precision.
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Photonic Integration Solutions Enabling Coherent Millimeter Wave
and THz Systems

Cyril C. Renaud
Department of Electronic and Electrical Engineering, University College London, London, UK

Abstract— Photonic technologies are seen as a potential key technology to the development
of efficient sources in the millimetre-wave and THz range [1, 2]. This is mostly due to their
relatively high power, coherence and tuneability. However, despite offering high-speed modulation
and tuneabilty, it is clear that for many application and the development of THz technology a
smaller footprint and lower power consumption will also be essential. While photonic solutions
using discrete components have shown promising results [3], it remains essential to solve these
remaining problems. To do so will require integrated photonic solutions as it will naturally
offer smaller footprint while some of the losses within a discrete element system could be better
managed thus enabling lower power consumption.
This contribution will concentrate on heterodyne photonic sources. Such sources have achieved
emission across the THz range with linewidth lower than 10 Hz when used with locking systems [4].
Furthermore, being based on optical telecommunication technologies, these systems enable fast
modulation.
The typical heterodyne coherent system we are envisaging may include an optical frequency
comb generator (OFCG) used to lock the heterodyne source on a microwave reference. It is then
composed of a dual tuneable laser source that provides the two optical oscillations spaced by the
frequency of interest and a photomixer with antenna to generate the millimetre-wave or THz
signal. The discussion will thus concentrate on the integration of these different components.
We will first present solutions for the OFCG and present results on three different configurations;
mode-locked Fabry-Perot laser, FM-laser and amplified recirculating loop. We then will describe
different set of dual laser heterodyne sources including potential locking techniques to enable
highly coherent systems. A discussion on the different locking performances will show that
linewidth of less than 10 Hz are achievable for frequencies in the THz range. Finally a fully
integrated millimetre wave source including the photomixer will be presented including results
on locking techniques.
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Photonic Integrated Circuits for Generation and Detection of
Coherent CW THz Radiation

Thorsten Göbel, Michael Theurer, Dennis Stanze, Francisco Soares, and Martin Schell
Fraunhofer Heinrich-Hertz-Institute, Germany

Abstract— Within the last years, THz technologies became mature and ready for everyday use.
Many applications have been demonstrated, but the industrial breakthrough has yet to come,
though. In order to make THz technologies available for large scale applications, compact and
low cost solutions need to be developed. Photonic THz systems at the optical telecommunication
wavelength of 1.5 µm are most suitable to fulfill industry’s demand for reliable and reasonable
priced systems. Here, cw THz systems profit most from telecom technologies, since all required
optical components are available off-the-shelf in high quality and at low price. But even the
latest generation of cw THz photomixing systems is based on discrete components and therefore
limited in size, flexibility and cost.
In this paper, we present the next evolutionary step for cw THz photomixing systems: The
transition from discrete components to Photonic Integrated Circuits (PICs). The Terahertz-
PICs are fabricated with an InGaAsP/InP material system and operate in the optical wavelength
range of 1550 nm. They comprise DFB-lasers, optical phase modulators and integrated optical
waveguides for on-chip signal distribution. A unique bidirectional operation technique allows for
driving the THz emitter and the THz detector at the same time and enables full control of the
THz signal (amplitude, frequency and phase) via standard electronics, whereas the tuning of the
laser wavelength is enabled by integrated heaters.
The performance of different THz-PIC implementations will be discussed on the basis of exper-
imental results. Further, the paper will give an outlook for future PIC implementations and
discuss how and where THz-PICs can enable the breakthrough for THz technology from lab
applications to real life applications.
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Abstract— This paper reviews recent advances in emission and detection of terahertz radia-
tion using two dimensional (2D) plasmons in semiconductor heterostructure integrated devices
and their applications to sensing and high-speed wireless communication systems. The nonlinear
dynamics of the 2D plasmons including the plasmon instability and rectification effects is first
presented as the operation principle to demonstrate its potentiality of broadband intense emis-
sion and sensitive detection of terahertz radiation. The Doppler-shift effect of the plasma wave
velocity under an asymmetric plasmon cavity boundary and/or the spatial modulation of elec-
tron transit time in a sub-micrometer scaled 2D plasmon system with a non-uniform 2D electron
density distribution can promote the plasmon instability, resulting in self-oscillation of plasmons
in the terahertz regime. The hydrodynamic nonlinearity of 2D plasmons can rectify the incom-
ing electromagnetic radiation, resulting in photovoltaic detection of terahertz radiation under an
asymmetric 2D plasmon cavity boundary. Second, the device structure that can provide practical
emission and detection performances are addressed, which is based on a high-electron mobil-
ity transistor and incorporates the authors’ original asymmetrically interdigitated dual-grating
gates (DGGs). Numerical analysis reveals that in comparison with conventional symmetric DGG
structure the asymmetric DGG can substantially improve the detection sensitivity as well as the
instability (emissivity) by three to four orders of magnitude. Third, excellent terahertz emission
and detection performances including coherent, monochromatic emission beyond 1-THz range
at relatively low temperatures and the record detection responsivity of 22.7 kV/W (2.2 kV/W)
at 200 GHz (1 THz) at 300 K with low noise equivalent power of 0.48 pW/Hz0.5 (15 pW/Hz0.5)
are experimentally demonstrated by using InAlAs/InGaAs/InP heterostructure material systems.
The frequency dependence of the responsivity is in good agreement with the theory deduced from
the plasmonic drag and ratchet effects. Their arrayed monolithic integration and module assem-
bly/packaging issues are also discussed. Finally their applications to terahertz-imaging-based
sensing as well as high-speed wireless communications are demonstrated.
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Abstract— Recently, the frequency band of terahertz electromagnetic waves (from 0.1 to
10THz) has attracted much attention owing to its unique application possibilities such as in
spectroscopic sensing, non-destructive imaging, and ultra-broadband wireless communication [1].
However, building terahertz-wave application systems and devices requires the use of bulky and
discrete components, including sources, detectors, waveguides, and lenses. Size reduction of the
active devices and development of integration platform are required to build a terahertz-wave
integrated circuit.

Resonant tunneling diodes (RTDs) are promising as compact terahertz-wave source [2] and de-
tector [3] because they can operate at room temperature in the terahertz-wave bands. Error-free
wireless transmissions have been successfully demonstrated in the 0.3-THz band at bit rates of
2.5Gbit/s [4] and 10Gbit/s [5] using an RTD transmitter and a receiver, respectively. As a
terahertz integration platform, metal-based structures such as metallic transmission lines and
electromagnetic metamaterials are being extensively studied. However, the intrinsic absorption
loss of metals in the terahertz-wave frequency region is high and uncontrollable. We have proposed
a photonic-crystal slab consisting of a two-dimensional lattice of air holes formed on silicon as
an alternative platform (Fig. 1) for terahertz-wave manipulation [6]. In addition, ultralow prop-
agation loss (< 0.2 dB/cm) using terahertz photonic-crystal waveguides have been successfully
demonstrated in the 0.3-THz band [7]. We have also achieved 1.5-Gbit/s error-free THz-wave
communications and high-definition video transmission in a photonic-crystal waveguide of as long
as 47 cm with bends of 28 times [7], a waveguide with a grating coupler [8], and a diplexer [9].

The most critical issue currently is how terahertz waves confined in the dielectric photonic-crystal
waveguide can be efficiently coupled to an RTD, which is a tiny electronic device with a small
metallic electrode. We have proposed the integration of a photonic-crystal waveguide and RTD
chips by hybrid bonding [10]. In this paper, we first theoretically discuss an efficient integra-
tion scheme for the photonic-crystal waveguide and RTDs. Then we describe the experiments
on the frequency characteristics of an integrated receiver using an RTD detector. Finally, we
demonstrate an error-free gigabit transmission using the integrated device at the 0.3-THz band.
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Abstract— Terahertz (THz) waves have several interesting features, including strong THz
fingerprints, the capability of penetrating those dielectric materials, and no radioactive con-
tamination. Because of those features, THz waves are being investigated for various potential
applications in, for instance, quality control, remote gas sensing, and security imaging [1]. In last
a couple of decades, the time-domain spectroscopy (TDS) system with a femtosecond pulsed laser
have been mainly used. The other approach is to use continuous waves (CW) THz signal, com-
monly based on commercially available fiber-optic components originally developed for telecom-
munications in the 1550-nm wavelength region. Recent CW THz spectroscopy systems have
exhibited compact feature with fair performance in dynamic range and fast measurement [2, 3].
Moreover, a homodyne detection scheme dramatically improved the signal-to-noise ratio (SNR)
of the system [4]. We have reported 100 and 75 dB-Hz maximum dynamic range of the intensity
measurement at 300GHz and 1THz, respectively [5] with the fiber-optic components. In theory,
the homodyne detection scheme enables us to measure phase information, such as relative dielec-
tric constant, of a sample under the test. However, a few meter long pit-tailed fibers work as
thermo-optic modulators and therefore we were unable to reconstruct a physically comprehen-
sible dielectric constant or relative permittivity of samples under test from the measured phase
information.
In this report, we describe the design of the silicon photonic integrated circuit for the THz
homodyne spectroscopy system [6] and present spectroscopic measurements of several materials.
To improve the reliability of the measurement, particularly in phase, silicon photonics technologies
have been adapted in the homodyne CW THz spectroscopy system. Phase modulators, optical
couplers and waveguides were fully integrated in a 2-mm2 area on silicon-on-insulator substrate
and the probe and reference signals was generated form the tiny single chip. With a high speed
UTC-PD, PCA, and the silicon photonic circuit, we experimentally demonstrated the homodyne
measurement of the complex dielectric property, absorption coefficient, and relative permittivity
at a given sample thickness at up to 2THz with excellent phase stability.

REFERENCES

1. Tonouchi, M., “Cutting-edge terahertz technology,” Nature Photonics, Vol. 1, No. 2, 97–105,
2007.

2. Kim, N., S.-P. Han, H. Ko, Y. A. Leem, H.-C. Ryu, C. W. Lee, D. Lee, M. Y. Jeon,
S. K. Noh, and K. H. Park, “Tunable continuous-wave terahertz generation/detection with
compact 1.55µm detuned dual-mode laser diodeand InGaAs based photomixer,” Opt. Express,
Vol. 19, 15397–15403, 2011.
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Abstract— In the past decade, integrated photonics on silicon on insulator (SOI) platform has
been shown to be promising for many applications of photonics from interconnects to sensing.
While the knowledge of mature fabrication processes in CMOS has helped to achieve high optical
quality passive and high bandwidth active optoelectronic devices in silicon, the current state of
silicon photonics does not exploit the state of the art CMOS infrastructure for low-cost, high-yield
manufacturing and fast prototyping in the same fashion that analog and digital electronics do.
As a result, the fabrication of silicon photonic devices and systems for research and development
or even in some cases for low to medium volume manufacturing is done either in-house or in
small-scale foundries customized for specific applications. In this work, we have shown that it
is possible to integrate photonic components in IBM’s 45 nm SOI CMOS process, which is an
open-foundry native electronics CMOS process [1]. There are three components to this effort:
1) understanding the materials and processes in the CMOS process, 2) understanding the design
guide rules and proper layout generation techniques, and 3) careful optimization of backend
post-processing for substrate release/transfer.
In using a native CMOS process to lay out photonics there are two main issues to tackle; first,
there is no direct access to all of the mask layers (some layers are automatically generated
from other layers) and considering that the process is mainly designed for MOSFETs this could
potentially be problematic (e.g., getting unwanted doping in the device layer) and requires careful
understanding of the process design kit (PDK) and devising methods to get around it; and second,
there are design guide rules (e.g., minimum gap or width, minimum and maximum density rules)
that can potentially constrain our freedom for designing photonic devices. We have shown that for
our process of choice (IBM 45nm SOI CMOS) it is possible to utilize all of the design capabilities
to tackle these challenges and to develop parameterized cells for complex photonic devices such
as microring modulators and detectors with sufficient flexibility over the design space.
The other major challenge for using electronics SOI platforms for the integration of photonics
is that the insulator under the device layer is optically too thin to prevent the leakage of light
into the substrate (thickness it kept small for good heat sinking). We have optimized a Xenon
Difluoride etching process that enables us to remove the underlying silicon substrate (either
selectively under the photonic devices or over the entire die) with excellent optical quality. Using
this technique, we have demonstrated optical losses as low as 4 dB/cm and resonator intrinsic
quality factors above 100,000 at 1550 nm.
In summary, we have demonstrated that despite numerous material, process and design con-
straints in a native electronics CMOS process, it is still possible to build photonic components
that can approach the performance of their counterparts with custom substrates and processes.
We have previously shown high speed optical receivers [2] and transmitters [3] in this platform.
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2Departments of Physics and Electrical Engineering
Wright State University, Dayton, Ohio 45435, USA

Abstract— A terahertz metal wire-grid polarizer on a low-loss dielectric (crystalline quartz)
substrate was simulated using High Frequency Structure Simulator (HFSS) and modeled with
equivalent-circuit theory. The transmittance of the polarizer was calculated for electromagnetic
radiation at normal incidence from 100 to 1000 GHz for both s-polarization (perpendicular to
the grid) and p-polarization (parallel to the grid). The phase difference in S21 between the HFSS
input and output ports was calculated and plotted versus frequency and versus fill-factors of 0.3,
0.5, 0.7, 0.9, and 0.95 for both polarizations. Analysis of the s-polarized S21 shows that the
phase-angle differences are all negative. This is interpreted as the phase of the current in the
wire grid leading the phase of the voltage across the gaps, and thus the electric field across the
gaps. This behavior was seen for all fill-factors. Therefore, a capacitive effect is exhibited by the
wire-grid polarizer for s-polarization. Analysis of the p-polarization results show the phase angle
differences are positive for fill-factors less than or equal to 0.9 and negative at the fill-factor of
0.95. Thus, the wire-grid current lags the gap voltage for p-polarization at fill-factors ≤ 0.90 (an
inductive effect) while wire current leads the gap voltage at fill-factor = 0.95 (a capacitive effect).
This behavior is the spatial analog of a parallel LC circuit.
The self-resonance of the wire-grid polarizer was then modeled using the lumped circuit parame-
ters of specific sheet inductance and specific gap capacitance for the wire grid, and transmission
line theory for the substrate, for various fill-factors. Specific sheet inductance, specific gap ca-
pacitance, and self-resonant frequency versus fill-factor were calculated and plotted. The results
show a monotonic increase in both specific sheet inductance and specific gap capacitance with
increasing fill-factor. Meanwhile, the self-resonant frequency decreases monotonically with in-
creasing fill-factor and asymptotically approaches a constant of approximately 125GHz at very
high fill factors.
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Analysis for Improving the Radiation Behavior for THz Devices

L. E. Garćıa-Muñoz1, A. Rivera-Lavado1, S. Llorente-Romano1, M. Salazar-Palma1,
G. Carpintero-del Barrio2, and D. Segovia Vargas1

1Signal Theory and Communications Department, Carlos III University of Madrid, Madrid 28911, Spain
2Electrical Engineering Department, Carlos III University of Madrid, Madrid 28911, Spain

Abstract—
Introduction: One of the main issues in THz technology (both emitters and receivers) is radi-
ating the energy effectively. It can be split the issue into two topics: on one hand, the well-known
concept of matching impedance. The current state of the art for THz devices, typically gives a
high input impedance (few kohm) with a strong capacitance behavior [1]. On the other hand,
the second issue is having a broadband radiator for covering the ultra wideband capabilities of
THz generators devices [2]. Both requirements, as one can imagine, are extremely difficult to
accomplish.
In this paper, a theoretical approach will be done, showing a new approach for getting a broad-
band behavior with high input impedance, based on loading periodically a transmission line
conveniently tapered for getting a suitable backfire radiation behavior. These kind of structures
are a generalization of the well-known classical topologies log-per or log-spiral antennas. By
means of the proposed structure, those classical geometries will improve both their radiation be-
havior together with a better matching with the THz device. An explanation of such structures
based on the Brillouin plot will be firstly exposed. Some examples as potential solutions for
covering the THz issues will be treated. Comparisons with array topologies and single elements
state of the art topologies will be done.
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Full System Model for Terahertz Generation by Optical Rectification

Koustuban Ravi1, Damian N. Schimpf 2, 3, Wenqian R. Huang1, Sergio Carbajo2, 4, 3,
Emilio A. Nanni1, and Franz X. Kärtner1, 2, 3, 4
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3The Hamburg Center for Ultrafast Imaging, Germany
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Abstract— Experiments of high-field terahertz (THz) generation by intra-pulse difference fre-
quency generation (or optical rectification) deviate significantly from predictions by existing
models. We address this problem via a model which considers the spatial and temporal shaping
of the optical pump pulse, the coupled nonlinear interaction between THz and optical radiation
as well as crystal geometry for the first time.

Existing models either (i) neglect the depletion of the optical pump [1] which drastically overes-
timates conversion efficiency or (ii) consider only one spatial dimension [2] which cannot account
for crystal geometry or terahertz (THz) beam properties. We solve for both THz and optical
electric fields via an infinite set of coupled nonlinear wave equations in two spatial dimensions [3]
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Figure 1: The effects of an arbitrary optical setup such as a tilted-pulse-front setup and prism like crystal
geometry can be considered. The simulated (b) THz and (c) optical spectra are in good agreement with
experiments. The input Gaussian optical spectrum centered at 1030 nm is predicted to be drastically mod-
ified by the THz radiation. (d)–(e) The model provides a one-to-one correspondence between experimental
conditions and THz properties as seen in the plots of conversion efficiency Vs imaging distances (s1, s2).
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as depicted in Eq. (1).

∇2ETHz (Ω, x, z) + k2(Ω)ETHz (Ω, x, z) =
−Ω2χ

(2)
eff (x, z)
c2

∞∫

0

Eop(ω + Ω, x, z)Eop ∗ (ω, x, z)dω

∇2Eop(ω, x, z) + k2(ω)Eop(ω, x, z) =
−ω2χ

(2)
eff (x, z)
c2



∞∫

0

Eop(ω+Ω, x, z)ETHz ∗(Ω, x, z)dΩ(1)

+

∞∫

0

Eop(ω − Ω, x, z)ETHz (Ω, x, z)dΩ




A solution for the case of THz generation using tilted-pulse-fronts in lithium niobate is presented.
The schematic of the system is depicted in Fig. 1(a). The model accounts for spatio-temporal vari-
ations such as angular dispersion, spatial and temporal chirp of the optical pump pulse imparted
by the optical setup and geometry of the crystal. The predicted THz and and optical spectra in
Figs. 1(b)–(c) are in good agreement with experiments. In Fig. 1(c), the incident Gaussian opti-
cal spectrum is drastically reshaped as a consequence of THz generation. In Figs. 1(d)–(e), the
conversion efficiency as a function of perturbations to distances s1, s2 is plotted. This illustrates
the ability of the model to describe effects of system perturbations on various THz properties.
The presented model is thus a highly versatile simulator for understanding the spectral, spatial
properties of the generated THz radiation and is an advancement towards optimizing a variety
of terahertz generation systems.
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Design Challenges for Electro-optic Tuning of Amplitude and Phase
in THz Region

Robert Lindquist1, 2, Abubaker Tareki1, Daniele Lo Forti1, Wonkyu Kim1, and Junpeng Guo1, 2

1Department of Electrical and Computer Engineering, University of Alabama in Huntsville
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Abstract— Electro-optic (EO) modulation of the amplitude and phase of an electromagnetic
waves in the optical and infrared regions is commonplace and has led to commercially available
components used in spectral filtering, polarization management, beam steering, transmitters,
displays, etc.. However, electro-optic techniques have had limited success in the THz region due to
several practical design challenges. The first barrier for components is the long interaction lengths
required to modulate a THz wave. Since the EO modulation depth is directly proportional to the
multiplication of the change of permittivity and the ratio of interaction length over wavelength,
THz systems with wavelengths ranging from 150 µm to 1 mm pose a challenge. Even a basic
tunable half-wave plate using a highly birefringent liquid crystal (LC)with a birefringence of
∆n ∼= 0.33 requires an effective film thickness ranging from 225 µm to 1.5mm. More complicated
structures could require interaction lengths of several millimeters. Thick EO films are typically
unreliable, require unreasonably large voltages, and tend to be very slow. The second challenge
is the selection and design of the electrodes. The material properties of a conductive material
in the THz region are significantly different than the infrared and optical region leading to large
impedance mismatch at dielectric/electrode interfaces. For instance, the indium tin oxide (ITO)
electrodes used in common LC display are practically opaque to the THz wave.
In this paper, the basic EO modulation configuration engineered and fabricated using longitu-
dinal or transverse stratified sub-wavelength structures will presented. By using sub-wavelength
layered structures, the thickness limitation of an electro-optic tuning films such as liquid crys-
tals (LC) can be overcome. Consistent with electro-optic modulation convention, the transverse
structure will have the applied field and structure periodicity perpendicular to the THz beam
propagation. The longitudinal configuration will have the applied field and structure periodicity
parallel to the THz beam propagation. Since the transverse configuration allows for long inter-
action lengths with small apertures and the longitudinal configuration allows for large aperture
and short interaction length, the transverse configuration is used primarily in communications
application with single beams or within a waveguide while the longitudinal configuration is used
in imaging or display applications. The transverse configuration can be designed to provide sev-
eral practical high transmission, distortion-less, flat top channel filters. Both a novel tunable
narrowband notch filter and a tunable transmission filter will be presented. The focus on the
longitudinal configuration will be related to the high transmission, polarization independent elec-
trodes. The electrode design is a Frequency Selective Surface consisting of subwavelength periodic
structures patterned in continuous gold on a transparent dielectric. The maximum feature size
of the structure holes is maintained below a fraction of the thickness of the electro-optic film to
allow fringing field to uniformly excite the entire electrode area. Initial experiments have shown
polarization independence and transmission peaks that reach as high as 93% in measurements.
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Simulation and Design of a Heterogeneously Integrated
III-V/Silicon Dual-wavelength Laser

Yingchen Wu and Jian-Jun He
State Key Laboratory of Modern Optical Instrumentation, Centre for Integrated Optoelectronics

Department of Optical Engineering, Zhejiang University, Hangzhou 310027, China

Abstract— THz wireless communication is considered as an excellent candidate to meet the
rapidly increasing demand for broadband wireless network, due to its inherently higher band-
width compared to microwave solutions. Mode-beating dual-wavelength lasers, which can be
used for continuous wave (CW) THz carrier signal generation and all-optical clock recovery, have
attracted much attention. Monolithically integrated dual-wavelength lasers are more compact,
cost-effective than the free-running laser pair as an optical beat source. The dual-wavelength
lasers which experience similar environmental fluctuations with the two discrete free-running
laser have more stable frequency leading to a smaller drift of the THz signal. Some published
multi-section dual-wavelength lasers show potential for tunability. However, these structures need
multiple current injections, which lead to a more complicated controlling system and increasing
the instability of the generated THz signal. In this paper, we present the design and simulation
results of a novel dual-wavelength laser based on III-V/silicon heterogeneously integrated plat-
form. A single-mode symmetric splitting is achieved by embedding shoulder gratings inside a
micro-ring resonator. By adjusting the coupling coefficient between the ring and straight waveg-
uide, we can obtain a large SMSR between the two splitting modes and the side mode. The gap
between the splitting peaks can vary from 0 to 1 nm by varying the reflection coefficient of the
gratings.
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Terahertz Metasurface Antireflection Coatings

Hou-Tong Chen1 and Li Huang2

1Los Alamos National Laboratory, USA
2Harbin Institute of Technology, China

Abstract— Conventional single- or multi-layer antireflection coatings to suppressing the un-
desirable interface reflection and enhance the transmission have strict requirements in the re-
fractive index and film thickness of the materials being coated. Alternative approaches have
been developed, for example, using surface relief structures. However, they pose difficulties and
severe restrictions in device fabrication and integration. Taking advantage of the tailored reflec-
tion/transmission and their dispersion, metasurfaces consisting of subwavelength planar metallic
structures and combining with a dielectric spacer enable ultrathin antireflection coatings without
much requirement in the refractive index of the spacer material.
We have developed this concept particularly in the terahertz (THz) frequency range [1, 2]. In our
first metamaterial antireflection coating structure, we selectively etch down silicon surface form-
ing an array of silicon cylinders by photolithographic methods and reactive ion etching, which
is followed by directional metal (gold) deposition. Eventually we obtain a metal-dielectric-metal
structure consisting of metal resonators on top, a hole array at the bottom, and air/silicon cylin-
ders in between as the dielectric spacer. We further find that excellent antireflection performance
can be accomplished using much simpler metal-dielectric structures — a combination of a single-
layer metallic metasurface and an ultrathin dielectric film, achieving a bandwidth comparable
to quarter-wave antireflection. This can be realized by spin-coating of a low refractive index
polymer film on top of a high refractive index substrate, and then fabricating an array of metallic
resonators. This antireflection approach was also accomplished at mid-infrared wavelengths [3].
In another design we fabricate a metallic mesh on top of the substrate, and then laminating an
ultrathin silicon wafer. All of these metamaterial/metasurface antireflection coatings with appro-
priate design parameters can completely eliminate the reflection at specific frequencies, with a
bandwidth approaching quarter-wave antireflection coatings. We emphasize that the metamate-
rial/metasurface antireflection coatings do not require refractive index matching of the materials
being used, and the overall thickness is much less than the traditional quarter-wave antireflec-
tion coatings. Further improvement of the bandwidth or achieving multi-band antireflection is
possible by using more complex unit cells of the metasurfaces [4]. We will present our numer-
ical and experimental results, together with analytical calculations to elucidate the underlying
principles [5].
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The Optimisation and Analysis of Multi-moded Feed Horn
Structures at Terahertz Frequencies

D. McCarthy, N. Trappe, J. A. Murphy, M. Gradziel, C. O’Sullivan, and S. Doherty
Department of Experimental Physics, Maynooth University, Ireland

Abstract— Carrying out astronomical observations at far-infrared wavelengths is critical in
enabling further progress in the fields of cosmology and astrophysics. Such observations will
allow additional insight into the birth and evolution of the Universe. To allow progress in these
areas, it is necessary to improve the sensitivity and resolution of the instrumentation that is used
to carry out these observations.
At the high frequencies in question (terahertz), the instruments typically make use of horn
antenna fed detector systems. To achieve the required performance, the horn designs must be
highly optimised. Full electromagnetic solvers (CST, HFSS, COMSOL etc.) struggle to predict
the performance of horn antennas at such high frequencies in a timely manner due to the large
electrical size of the structures. It is therefore very challenging to perform the optimisation using
such solvers particularly for multi-mode systems where each mode would have to be considered
individually.
In this paper we outline an alternative technique for modelling multi-mode (partially coherent)
horn antennas based on the mode-matching technique, which allows electrically large structures
to be modelled in a highly efficient manner. This technique returns a set of scattering matrices
which gives a full vector definition of the transmission and re ection characteristics of the resulting
design at a given frequency. We demonstrate how this can be used to extract field patterns and
other figures of merit that are important for evaluating the electromagnetic performance of a
horn design.
An efficient genetic algorithm based optimisation technique (using mode-matching) is also pre-
sented. The optimisation process is based on a piecewise conical profile horn design and produces
a geometry that is optimised with respect to some figure of merit that is of critical importance
for the application in question. This allows the instrument to realise the high levels of optical
performance that are required for astronomical applications.
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Ultrashort Femtosecond Laser Pulses in Nano-cluster Medium
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Abstract— We have studied for the first time the simultaneous generation of terahertz and
X-ray radiation from noble gas based nano-cluster supersonic jet under “one-” and “two-color”
(fundamental and its second harmonic) excitation with high-power femtosecond laser pulses. It
was shown that optimal conditions for effective generation of terahertz and X-ray radiation are
different, that makes possible efficient control by ratio between values of terahertz and X-ray
signals generated simultaneously from gas based nano-cluster jet by means varying of time delay
between laser pulse and cluster jet formation and by varying of laser pulse’s chirp.
It has been shown that efficiency of THz generation from cluster jet could be efficiently controlled
by varying the ratio between clustered and buffer gases gas mixture; angular distribution of
terahertz beam generated near by optical axis under “two-color” laser excitation conditions has
been measured as well.
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Electromagnetic Properties of Ultrathin Quadrifilar Spirals and
Their Complementary Structures

Nina Meinzer, Alastair P. Hibbins, and J. Roy Sambles
Electromagnetic and Acoustic Materials Group

School of Physics and Astronomy, University of Exeter, United Kingdom

Abstract— Metallic spiral structures have been employed as subwavelength antenna elements
in the microwave regime for some time. Recently they also been shown to support localised
magnetic spoof plasmons similar to corrugated surfaces or cylinders [1]. Following on from these
results we, in this paper, study the electromagnetic properties of ultrathin quadrifilar copper
spirals and of their complementary structures, spiral-shaped apertures in an extended copper
film. The samples are fabricated by a wet-etching technique using a mask printed onto a thin
copper film on top of a mylar substrate. We experimentally map the near-fields of the samples.
We further perform numerical finite-element modelling for comparison with our experimental
data and to provide further information to aid our understanding of the system.
We start from single spiral elements and compare the electro-magnetic response of a direct copper
spiral with that of its complementary (spiral aperture in a copper sheet) structure. From this
starting point we move on to an investigation of combinations of small numbers of such spiral
elements, both in the direct and inverse case, which exhibit the mode coupling one expects from
a system of closely spaced or connected antennas. Depending on the excitation geometry or the
arrangement of elements specific eigenstates of the coupled systems can be selectively addressed
or suppressed, which adds an additional degree of control over the resonant behavior of these
ensembles of a few spiral (spiral aperture) antennas. This latter part of our work is related to
previous studies on the channeling of electromagnetic waves.
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Abstract— An optical frequency-interleaving full-duplex technique for fiber-optic transmission
of millimeter-wave-band frequency-modulated continuous-wave downlink signal and 10-Gb/s on-
off-keying uplink signals is newly proposed. The proposed full-duplexing technique with a flexible
wavelength channel selector is experimentally demonstrated.
High-precision imaging technology has been in strong demand for safety and security at impor-
tant facilities. For example, for runway monitoring, several-inch class debris should be detected
and removed to ensure safe takeoff and landing [1]. To achieve such high-precision imaging
by radio, millimeter-wave (mm-wave) is a promising candidate because of its broad transmission
bandwidth. To overcome the large propagation loss and atmospheric attenuation in the mm-wave
bands, the introduction of a distributed antenna system (DAS) concept is necessary for large-area
surveillance. In the DAS, radio-over-fiber (RoF) technology aids in realizing easy radio signal
distribution with a low-loss optical fiber. We have demonstrated the optical generation for highly
accurate frequency-modulated continuous-wave (FM-CW) signal, which has high affinity with the
RoF technology [2]. We have also demonstrated the distribution of FM-CW signals with three
different frequency band in a wavelength division multiplexing (WDM) RoF system [3, 4]. In
the demonstrations, although the downlink transmission of FM-CW signals has been verified, an
uplink transmission for sending sensed data back to a central control station (CCS) has never
been considered.
In this paper, we investigate an optical frequency-interleaving full-duplex technique for fiber-
optic transmission of mm-wave-band FM-CW downlink signal and 10-Gb/s on-off-keying (OOK)
uplink signals. Their optical duplexing is experimentally demonstrated with a flexible wavelength
channel selector for two cases of downlink mm-wave-band, that is, 96-GHz-band and 48-GHz-
band. In the demonstration, we show that no serious degradation for both the downlink and the
uplink transmission is observed even if our proposed full-duplex technique is introduced in the
fiber-optic full-duplex link.
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2D and 3D Modeling of Electro-optic Effect in Whispering Gallery
Mode Optical Microresonators
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Abstract— Microwave systems, cellular networks and other various personal communications
systems require devices that are capable of receiving, converting and processing signals in the
millimeter and centimeter wave ranges. A broad palette of devices was developed recently for
transferring radio frequency and microwave signals directly to optics. This presents all advantages
of optical communication channels, allowing to transmit data securely with high rates, low loss,
low power consumption. Electro-optic modulators based on interaction of optical and microwave
waves in high-Q nonlinear optical resonators with whispering gallery modes provide a promising
platform of that kind.
In our work we present analysis of electro-optic interaction of a fundamental whispering gallery
optical mode in a dielectric microdisc and a radio frequency mode of a half-wave microstrip line
placed on the disc circumference. 2D and 3D numerical models of the system are developed.
Both optical and radio frequency modes are simulated using finite element method with Comsol
Multiphysics software. The comparison between the models is presented, and a theory of modu-
lation in the multi-mode system is discussed. The magnitude of electro-optic effect is calculated
depending on optical and radio frequency mode numbers. The cases of different polarizations of
signal and pump optical field for standing and travelling waves are also considered. It is shown
that the modulation in the system exists only for particular sets of mode numbers determined
by selection rules. The magnitude of the effect in such system is shown to have an extremal
dependence on the microstrip length for a given set of mode numbers.
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Optical FM-CW Signal Generation for a Terahertz Radar System by
Higher-order Optical Modulation

Atsushi Kanno1, Norihiko Sekine1, Yoshinori Uzawa1,
Iwao Hosako1, and Tetsuya Kawanishi1, 2

1National Institute of Information and Communications Technology, Japan
2Waseda University, Japan

Abstract— To realize high precision imaging system based on radar technology, high-frequency
carrier radio is promising owing to its broadness of available bandwidth. Actually, some radar
system for detection of debris with a size of several centimeters on airport runways are being
developed for enhancement of civil security using millimeter-wave band such as 77 GHz and
90-GHz bands. However, available bandwidth of the millimeter-wave is limited owing to radio
regulations. Therefore, possible range resolution will be several centimeters. Terahertz wave
at a frequency greater than 300 GHz is another candidate for high-precision radar system due
to its broad available bandwidth. On the other hand, the precise signal generation technology
is required for precise ranging. An optical modulation technology can meet the demands by
using frequency multiplication configuration in optical domain. Actually, an optical frequency
quadrupling based on an optical intensity modulation can provides a frequency-chirp bandwidth
of 30 GHz at a carrier frequency of 100 GHz. To expand the frequency with a large number of
multiplication factor of the optical multiplier, an optical frequency comb generation technique is
indispensable.
We demonstrate an optical frequency-chirped signal generation using higher-order optical mod-
ulation technique. An optical frequency comb generator by using optical modulation is utilized
as a frequency multiplier with a multiplication factor of 12 to generate 300-GHz-band terahertz
radar system. Input signal at a center frequency of 25GHz with a chirp bandwidth of 1GHz and
2GHz provides 6-GHz and 12-GHz-bandwidth optical signals in 6th-order harmonics. Finally,
a frequency separation of +6th- and −6th-order components would be 300 GHz with a chirp
bandwidth of 12 GHz and 24GHz. The technique is capable for high-precision imaging system.
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Long-life Microwave Lighting

Vladimir Danilychev
Quantum Technologies, Irvine, CA 92612, USA

Abstract— Technology of Multi-Lamp Large Area Lighting Systems, based on Microwave Ex-
citation of new Electrodeless Long-Life Lamps is discussed. Critical parameters of Multi-Mode
microwave cavities for uniform excitation of many electrodeless lamps are presented. Limita-
tions on output Intensity, available emission Spectra, applications for Visible Lighting, Surface
Treatment and UV Curing, related with use of Large Area Multi-Lamp Sources are analized.
Experimental results are presented. Technical characteristics and design of Large Area Long-Life
Lighting Systems and Electrodeless Microwave Lamps are shown. Pictures of operating Quantum
Multi-Lamp microwave Lighting Systems and Electrodeless Microwave Lamps are presented.



Session 3P7
SC3: Strong Light-matter Coupling and Strongly

Interacting Photons 2

Quantum Engineering of Light with an Intracavity Rydberg Gas
Erwan Bimbard, Rajiv Boddeda, Andrey Grankin, Nicolas Vitrant, Florence Nogrette, Valentina Pa-
rigi, Imam Usmani, Jovica Stanojevic, Philippe Grangier, Armand Delavalle, Quentin Lavigne,
Kilian Muller, Alexei Ourjoumtsev, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1638

Few-body Physics of Strongly Interacting Photons in a Rydberg Medium
Michael J. Gullans, Mohammad F. Maghrebi, A. V. Gorshkov, P. Bienias, Hans Peter Buechler,

S. Choi, O. Firstenberg, M. D. Lukin, I. Martin, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1639

Strongly Interacting Rydberg Atoms in Hot Vapours

Robert Low, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1640

Spontaneous Phase Coherence of a Statistically Flickering Bose-Einstein Condensate of Light
Julian Schmitt, Tobias Damm, David Dung, Christian Wahl, Frank Vewinger, Jan Klaers, Mar-

tin Weitz, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1641

Strongly Interacting Rydberg Slow Light Polaritons

Hans Peter Buechler, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1642

Probing Nanofiber-trapped Atomic Ensembles at the Quantum Level
Jurgen Appel, J.-B. Beguin, Heidi L. Sorensen, S. L. Christensen, E. Bookjans, K. Kluge, I. Iakoupov,
A. Sorensen, J. H. Muller, E. S. Polzik, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1643

Cold Atoms Coupled to Photonic Crystals: A Platform for Non-local Non-linear Optics

James S. Douglas, T. Caneva, D. E. Chang, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1644

Single Molecules as Bright & Narrow-band Single Photon Sources

Mohammad Rezai, Wilhelm Kiefer, Jorg Wrachtrup, Ilja Gerhardt, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1645

Exciton-polariton Interactions in 0D Confinement

Thomas Fink, Christian Schneider, Sven Hoefling, Atac Imamoglu, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1646

Single-photon Routing in Strongly Interacting Ensembles

Callum Murray, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1647

Photonic Quantum Gates via Rydberg States of Atoms in Microwave Resonators and Waveguides

David Petrosyan, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1648

Bistability in a Strongly Driven Rydberg Gas

N. Sibalic, C. G. Wade, Thomas Pohl, C. S. Adams, Kevin J. Weatherill, . . . . . . . . . . . . . . . . . . . . . . . . 1649

Achieving Single-shoton Nonlinearities with an Intracavity Rydberg Medium

Imam Usmani, R. Boddeda, E. Bimbard, A. Grankin, E. Brion, A. Ourjoumtsev, P. Grangier, . . . 1650

Strongly Interacting Rydberg Polaritons in Optical Cavities

Ariel Sommer, Nathan Schine, Ningyuan Jia, Albert Ryou, Alex Georgakopoulos, Jonathan Simon, 1651

Cavity Design and Mode Analysis in Woodpile Based Three-dimensional Photonic Crystals

Xu Zheng, Ying-Lung Daniel Ho, L. Chen, Mike P. C. Taverne, J. G. Rarity, . . . . . . . . . . . . . . . . . . . . 1652

1637



1638 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Quantum Engineering of Light with an Intracavity Rydberg Gas

Erwan Bimbard1, Rajiv Boddeda1, Andrey Grankin1, Nicolas Vitrant1, Florence Nogrette1,
Valentina Parigi1, Imam Usmani1, Jovica Stanojevic1, Philippe Grangier1,

Armand Delavalle2, Quentin Lavigne2, Kilian Müller2, and Alexei Ourjoumtsev2

1Laboratoire Charles Fabry, Institut d’Optique, CNRS
Universite Paris-Sud, 2 av. Augustin Fresnel, Palaiseau cedex 91127, France

2Jeunes Équipes de l’Institut de Physique du Collège de France
CNRS, 11 place Marcelin Berthelot, 75231 Paris Cedex 05, France

Abstract— Coupling single quantum objects (atoms, ions, quantum dots...) to high-finesse
optical resonators is a well-explored route towards strong deterministic photon-photon interac-
tions. Very successful in the microwave regime, this approach is more difficult to implement at
optical wavelengths, in particular due to optical losses and to difficulties in obtaining a strong,
constant and reproducible light-matter coupling. It has been recently realized that many of these
constraints could be lifted by replacing single atoms with strongly interacting atomic ensembles
behaving as collective “superatoms” and showing strongly enhanced optical properties. In prac-
tice, photons injected in the intracavity atomic gas are converted to atomic polarization waves
involving highly excited, strongly polarizable Rydberg atomic states. Their interactions lead to
a blockade effect, making atoms located within a ∼ 10 µm range behave as a single “superatom”
which can contain only a single Rydberg excitation but which presents a collectively enhanced
coupling to light, allowing to strongly relax the constraints on the cavity geometry and finesse.
In this talk I will review the progress accomplished along this line in the last few years in our
experiment in Institut d’Optique in Palaiseau. I will then present new research directions we are
planning to explore in a new project starting in Collège de France in Paris, which will use specific
features of these collective “superatoms”, in particular their relatively large spatial extension.
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Few-body Physics of Strongly Interacting Photons in a Rydberg
Medium

Michael J. Gullans1, Mohammad F. Maghrebi1, A. V. Gorshkov1, P. Bienias2,
H. P. Büchler2, S. Choi3, O. Firstenberg3, M. D. Lukin3, and I. Martin4

1Joint Quantum Institute and Joint Center for Quantum Information and Computer Science
NIST/University of Maryland, College Park, Maryland 20742, USA

2Institute for Theoretical Physics III, University of Stuttgart, Germany
3Physics Department, Harvard University, Cambridge, Massachusetts 02138, USA

4Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

Abstract— Free space photons can be made to strongly interact by dressing the photons with
atomic Rydberg states under conditions of electromagnetically induced transparency. Recently
a two-photon bound state was experimentally observed in such systems [1]. Here we develop
the full scattering theory for two dark state polaritons and explore the various classes of bound
states and scattering states that emerge. We identify previously unexplored parameter regimes
where polariton-polariton interactions are repulsive. Furthermore, in the regime of attractive
interactions, we identify multiple two-polariton bound states, calculate their dispersion, and
study the resulting scattering resonances.
We then focus on the regime where the photonic bound states overlap with the continuum of
purely atomic two-body bound states. In this continuum, we find the photonic bound states
survive as metastable states whose energy spectrum is governed by the Coulomb problem, thus
obtaining a photonic analogue of the hydrogen atom. These states eventually decay into bound
pairs of Rydberg atoms, but are long-lived, in analogy to the quantum tunneling of a particle
trapped by two potential barriers. Furthermore, we find that these states propagate with a
negative group velocity. We demonstrate the metastability and backward propagation of these
Coulomb bound states with full numerical simulations and discuss the prospects for experimental
preparation and observation of these states.
Finally we discuss the experimental implications of this work and explore the possibility of ex-
tending these results to the many-body problem.
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Strongly Interacting Rydberg Atoms in Hot Vapours

R. Löw
Universität Stuttgart, Germany

Abstract— Strongly interacting Rydberg atoms have proven to serve as an efficient nonlinear
medium, even on the single photon level. The drawback is, that most experiments so far have
to rely on ultracold atoms in room filling setups. For a better applicability in terms of size,
integratability, power consumption and bandwidth we try to adopt the concepts developed for
ultracold atoms for atomic vapours at room temperature in microscopic vapour cells. Our ap-
proach is twofold: First we have to understand how the interaction mechanisms among Rydberg
states influence the optical properties of the gas at room temperature. Here we have already
approved that the van-der-Waals interaction, mandatory for any Rydberg blockade, is flawless
up to a excitation bandwidth of 1 GHz for a gas of Rubidium atoms. For Cesium the situation
is quite different and a large bandwidth excitation results in a rapid aggregation dynamics of
Rydberg states, which we also probe optically. The second line of research is dedicated to the
miniaturization and furnishing of vapour cells with various functionalities for optimal coupling
to the excitation and probing light fields as well for a direct read out of the Rydberg population
by an ionization current. Finally I will report on our recent experiments on atom filled hollow
core fibres including electrical contacts.
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Spontaneous Phase Coherence of a Statistically Flickering
Bose-Einstein Condensate of Light

Julian Schmitt1, Tobias Damm1, David Dung1, Christian Wahl1, Frank Vewinger1,
Jan Klaers1, 2, and Martin Weitz1

1Institut für Angewandte Physik, Universität Bonn, Wegelerstr. 8, Bonn 53115, Germany
2Institut für Quantenelektronik, ETH Zurich
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Abstract— Phase transitions are ubiquitous phenomena in nature, which are most often ac-
companied by a spontaneous breaking of a system’s underlying symmetry, as for example a
broken rotational invariance in ferromagnets below the Curie temperature due to global spin
alignment. For Bose-Einstein condensates, a spontaneously broken U(1) gauge symmetry causes
the selection of an arbitrary, yet extensively coherent phase for the ground-state wave function.
Interference experiments present valuable tools for the study of spontaneous symmetry breaking
and the first-order coherence of such systems. Here we report a time-resolved study of the hetero-
dyne interference of a Bose-Einstein condensate of photons with a narrowband laser source acting
as a phase reference. To prepare the optical Bose-Einstein condensate, we trap photons in an
optical microcavity filled with a liquid dye solution, where repeated absorption and re-emission
processes lead to a thermal equilibration of the transverse motional degrees of freedom of the
photon gas. The reservoir of dye molecular excitations serves as both heat bath and particle
reservoir, which allows us to realize a regime with large “grand-canonical” number fluctuations
of order of the total photon number. Correspondingly, no second-order coherence emerges, as in
a thermal (lamp-type) source. The intensity fluctuations lead to phase jumps in the observed
interference signal, with a rate reducing for increasing condensate sizes. Further, by engineer-
ing different-sized reservoirs, we can relate first to second-order coherence properties, which are
determined by the grand-canonical nature of the photon condensate. Our data, when extrap-
olated to the thermodynamic limit, demonstrates the emergence of persistent phase coherence,
while no second-order coherence emerges in the macroscopically populated, fluctuating photon
condensate. This outlines the photon Bose-Einstein condensate under grand-canonical statistical
conditions as a novel brilliant light source, distinct from both spectrally filtered thermal light
and laser sources, which holds prospects for optical imaging techniques.
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Strongly Interacting Rydberg Slow Light Polaritons

H. P. Büchler
Institute for Theoretical Physics III, University of Stuttgart, Germany

Abstract— Weak interactions of photons with each other are the basis for many applications of
light signals in areas such as optical communication. However, many other applications in classical
and quantum communication, computation, and metrology would greatly benefit from tunable
photon-photon interactions. Moreover, photon-photon interactions at the level of individual
quanta could pave the way to the realization of exotic strongly correlated photonic states. A
typical approach to achieve strong two-photon interactions relies on confining photons to high-
finesse cavities. An alternative approach towards this goal has recently emerged using Rydberg
slow-light polaritons. The key idea is to combine electromagnetically induced transparency (EIT)
with the strong interaction between Rydberg atoms. Both phenomena have been well-studied in
the past: it has been demonstrated that photons can be slowed down and stored in atomic gases
using EIT, while recent experiments on Rydberg atoms have demonstrated the strong interaction
and the associated blockade of Rydberg excitations. In the Rydberg-EIT system, a photon
entering the atomic gas is converted into a slow-light polariton with a substantial admixture of
the Rydberg state. It is the latter admixture that maps the Rydberg-Rydberg interaction onto
an effective interaction between slow Rydberg polaritons. Within this approach, a single-photon
source and switch was realized, the photon blockade and the formation of bound states of Rydberg
polaritons has been demonstrated, and atom-photon entanglement was observed.
Here, we derive the scattering properties and bound-state structure of Rydberg polaritons in
one dimension. Our analysis provides a rigorous theoretical framework for analyzing a variety
of problems in Rydberg-polariton systems. This framework allows us to analytically derive the
effective interaction potential between two Rydberg polaritons and to identify a regime with a
purely repulsive interaction. We derive the low-energy scattering length and find the appear-
ance of resonances; we expect the corresponding tunability of the scattering length to play the
role that Feshbach resonances play in ultra-cold atomic gases. Moreover, we identify multiple
two-polariton bound states for attractive interactions and determine their dispersion relation. In
addition, we demonstrate the possibility to design a high fidelity quantum gate between pho-
tons, and analytically derive all leading terms reducing the fidelity. A detailed discussion for its
experimental realization is provided.
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Probing Nanofiber-trapped Atomic Ensembles at the Quantum Level

J. Appel, J.-B. Béguin, H. L. Sørensen, S. L. Christensen, E. Bookjans, K. Kluge,
I. Iakoupov, A. Sørensen, J. H. Müller, and E. Polzik

Niels Bohr Institute, University of Copenhagen, Denmark

Abstract— We prepare a mesoscopic ensemble containing a few thousand atoms, trapped in
a one-dimensional atomic lattice in the evanescent field of a nanofiber. A dual-color homodyne
interferometry method with a pW-power shot noise limited probe is used to measure the atom
number. Strong coupling of the evanescent probe guided by the nanofiber allows for a real-time
measurement with a precision of 8 atoms on an ensemble of some 103 atoms in the one-dimensional
trap, we thus demonstrate preparation and detection of an atom number distribution in a one-
dimensional atomic lattice with the variance −14 dB below the Poissonian noise level. This
method is very well suited for generating collective atomic entangled or spin-squeezed states via
a quantum non-demolition measurement as well as for tomography of exotic atomic states in a
one-dimensional lattice.
We will also present our investigation of reflection off a spatially structured 1-dimensional ensem-
ble: Cesium atoms trapped along the nanofiber are pumped from the F = 4 into F = 3 hyperfine
level by a standing-wave laser pulse, thus generating a Bragg-grating of atoms in different spin
states. We coherently probe the reflected field and find coherent reflection from a mirror consist-
ing of only about 100 atoms, well exceeding the incoherent backscattering of a many times bigger
ensemble. Using a dual-color Raman field for coherent dark-state preparation of the spatial spin
structure, the influence of motional effects can be mitigated.
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Cold Atoms Coupled to Photonic Crystals: A Platform for
Non-local Non-linear Optics

J. S. Douglas, T. Caneva, and D. E. Chang
ICFO-Institut de Ciencies Fotoniques, Castelldefels 08860, Spain

Abstract— At optical frequencies photons do not interact with one another in free space. While
this facilitates faithful information transfer using photons, it also restricts the possible physics
and applications that can be realized using photons alone. To overcome this limitation various
systems have been realized where the photons are coupled to atoms, using for example cavities [1]
or atomic ensembles [2]. Effective interactions can then be achieved between photons as a result
of the particular properties of the atoms. One particularly successful method to induce photonic
interactions is to use atomic media that support electromagnetically induced transparency (EIT).
In these systems the photonic degrees of freedom can be mapped to atomic ones which may then
interact with each other. The photonic interaction is then constrained by the type of interaction
that can be achieved between the atoms.
Experiments utilizing EIT media have focused on achieving the required atomic interaction via
Rydberg excitation of atoms [2–4]. However, Rydberg interactions typically yield step-like po-
tentials where the strength is coupled to the interaction length scale, limiting the range of phe-
nomena that can be produced. Instead we propose to use the new platform of atoms trapped
near photonic crystal waveguides that has been developed in recent experiments [5, 6]. In these
systems the presence of an atom near the photonic crystal can induce a cavity mode around the
atomic position, and when multiple atoms are trapped the atoms can interact dynamically via
these induced cavities. In particular the interactions between the atoms are highly tunable and
can be coherent over length scales of the order of one hundred optical wavelengths [7]. Using
these systems interactions can then be actively designed between photons allowing, for example,
molecular-like bound states of photons.
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Single Molecules as Bright & Narrow-band Single Photon Sources

Mohammad Rezai1, Wilhelm Kiefer1, Jörg Wrachtrup1, 2, and Ilja Gerhardt1, 2
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Abstract— Single photon sources based on single molecules under cryogenic conditions can
be extremely bright and narrow-band. We introduce a single photon source based in dibenzan-
thanthrene which is spectrally matched to atomic sodium.
Introduction: Single organic dye molecules allow to serve as high-brightness single photon
sources [1]. Among other candidates, dibenzanthahthrene [2] (DBATT) emits in the yellow/red
part of the visible spectrum and shows its optimal properties under cryogenic conditions below
T = 2 K. Under these conditions, the molecules do not bleach or blink and the molecules can be
used for an indefinite time. The organic host matrix in conjunction with a solid immersion lens
(SIL) allows for an efficient extraction of the photons [3]. Commonly more than 1.000.000 clicks
on a normal silicon based avalanche photo diode can be detected.
Not only that a high fraction of the emitted photons can be collected — the emission can also
be spectrally narrow-band and corresponds to the lifetime limited value. With the molecule
dibenzanthanthrene, we observe spectral linewidths down to 12.5 MHz [2, 4]. Commonly, below
20MHz emission is detected. The presented single photon source represents a very high spectral
brightness, and we detect up to 100.000 clicks per second and Megahertz. We are not aware of
other sources which exhibit comparable spectral flux.
Since the center of the molecular inhomogeneous band coincides nicely with the D-lines of atomic
sodium (≈ 589 nm), we are able to spectrally select a single molecule to match with atomic
sodium. Experiments with slow single photons in atomic vapor have been performed [5]. If
a molecule is bright and well-behaved, but slightly shifted against the sodium transitions, we
are able to apply an electric field [6] and detune the emitter by several GHz. This allows to
“fine-tune” a molecule to match exactly to a desired sodium transition.
To suppress background emission from the host matrix and other emitters, we are able to filter
the photons from the molecule with an atomic filter. These Faraday anomalous dispersion optical
filters [7] (FADOFs) allow to discriminate the wanted single photon emission from the background
and guarantee that the emission matches the atomic transition. We will outline our current efforts
to use Faraday filters in conjunction with single photon sources [8].
We will discuss prospects how to generate higher order Fock-states and triggered photons on
demand from our source.
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Exciton-polariton Interactions in 0D Confinement
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Abstract— Exciton-polaritons not only exhibit fascinating physical properties such as nonlin-
earities, superfluidity, and Bose-Einstein condensation at elevated temperatures, but also offer
ease of tailoring their potential landscape, which makes them promising candidates for quantum
simulation applications. However, all experiments to date can be described using a mean-field
approach. Consequently, it has been a long-standing goal to demonstrate single-particle nonlin-
earities in these systems through the observation of polariton blockade [1].
To do so, one requires long polariton lifetimes τ (i.e., spectrally narrow quantum well excitons
and a high-Q cavity), and strong lateral confinement of the photonic mode to achieve a sizable
exciton-exciton interaction Enl. For 1/τ ∼ Enl, one then expects to see a reduction of the
probability to find two photons at a time in the cavity, which is heralded by light leaking out
of the cavity exhibiting photon antibunching. Introducing high-quality quantum well samples
and the latest generation of home-made fibers into our semi-integrated fiber cavity approach [2],
we measure photon correlations. The tunability of our semi-integrated system also allows us to
investigate biexciton Feshbach resonance [3] which may be used to enhance polariton interactions.
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Single-photon Routing in Strongly Interacting Ensembles

Callum Murray
Max Planck Institute for the Physics of Complex Systems, Dresden, Germany

Abstract— The coherent coupling of photons to strongly interacting Rydberg states, via elec-
tromagnetically induced transparency, has recently emerged as a promising approach to photon-
photon interactions acting on the level of single light quanta. The central idea is to enhance
and mediate optical nonlinearities via the long ranged interactions of the matter system. The
tuneability in interaction characteristics of this setting in turn renders it pertinent to a broad
range of applications in quantum information processing, from realizing quantum phase gates to
all-optical transistors. However, the optical nonlinearities typically are reliant on the ability to
break EIT conditions, rendering the emergent photonic interactions intrinsically dissipative and
imposing substantial limitations on the fidelity of quantum operations.
In this talk, I will describe a new approach to photonic quantum logic based on an interaction
induced reflection of light to serve as a quantum router. Our scheme leverages on the modification
of EIT conditions, rather than breaking them, to yield a nonlinearity that is well suited to
performing high fidelity gate operations or coherent optical switching in strongly interacting
atomic ensembles.
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Photonic Quantum Gates via Rydberg States of Atoms in
Microwave Resonators and Waveguides

David Petrosyan
Institute of Electronic Structure & Laser

Foundation for Research and Technology — Hellas, Heraklion, Crete GR-71110, Greece

Abstract— I will describe several techniques employing electromagnetically induced trans-
parency in cold atomic media and long-range interactions between the highly-excited Rydberg
states of atoms to achieve strong interactions and high-fidelity quantum gates between single
photon qubits.
Electromagnetically induced transparency [1] is a quantum interference effect in which an applica-
tion of a coherent control field to a resonant atomic medium dramatically reduces the absorption
of a weak probe pulse accompanied by a steep dispersion. The probe pulse, upon entering the
medium, is transformed into the so-called dark-state polariton — a superposition of light and
matter degrees of freedom — which propagates with greatly reduced group velocity. With the
ladder configurations of atomic levels, whereby the control field couples near-resonantly the inter-
mediate excited state of atoms to the Rydberg state, such polaritons contain a large admixture of
the Rydberg states. These Rydberg states can exhibit long-range, dipole-dipole interactions [2]
which translate into strong absorptive or dispersive interactions between the polaritons.
In this talk, I will describe two schemes realizing dispersive interactions between the Rydberg
states of atoms. In the first scheme [3], a pair of quantum fields counter-propagating in a hollow-
core waveguide filled with the atoms, undergo a conditional phase shift corresponding to the
action of the dipole-dipole interaction between the Rydberg components of the two colliding
polaritons.
In the second scheme [4], two or more atomic ensembles are trapped above the surface of a
coplanar waveguide resonator whose microwave modes near-resonant with the transitions between
the neighboring Rydberg states of atoms can mediate effective ultra-long range resonant (Förster)
or non-resonantly (van der Waals) dipole-dipole interactions between any pair of atoms within the
resonator mode. The Forster, or blockade, regime can be used to create single photonic excitations
within one or more atomic ensemble, while the van der Waals regime can be employed to induce
a conditional phase shift upon a pair of single-photon pulses each propagating or stored in a
different atomic ensemble.
By properly choosing the group velocities of the polaritons and thereby their interaction time,
the conditional phase shift can be made spatially uniform and equal to pi, corresponding to a
high-fidelity CPHASE gate between the single-photon qubits.
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Bistability in a Strongly Driven Rydberg Gas

N. Šibalić1, C. G. Wade1, T. Pohl2, C. S. Adams1, and K. J. Weatherill1

1Joint Quantum Centre (JQC) Durham-Newcastle, Department of Physics
Durham University, Durham DH1 3LE, UK

2Max Planck Institute for the Physics of Complex Systems, Nöthnitzer Strasse 38, Dresden 01187, Germany

Abstract— Nonlinear optical processes involving highly-excited Rydberg gases have become a
topic of great interest in recent years [1]. Recently, we experimentally demonstrated a nonequilib-
rium phase transition in a dilute thermal Cs atomic gas [2]. The system was driven strongly with
a resonant three-photon excitation scheme [3]. The observed phase transition, between states
of low and high Rydberg occupancy, is induced by resonant dipole-dipole interactions between
Rydberg atoms and can be observed in both transmission and fluorescence measurements. In
the frequency domain, we observe a shift of the Rydberg state which results in intrinsic optical
bistability above a critical Rydberg number density. In the time domain, we observe critical
slowing down where the recovery time to system perturbations diverges with critical exponent
α = −0.53 ± 0.10. The atomic emission spectrum of the phase with high Rydberg occupancy
provides evidence for a superradiant cascade.
We create a toy model of the system by investigating the dynamics of a driven-dissipative ensem-
ble of interacting two-level systems with random spatial distribution. Using rate-equation Monte
Carlo modelling, we observe the emergence of metastable states, producing a bistable response,
as the spatial extent of the long-range pair-wise interactions is increased. The importance of the
range of interactions is explored through disappearance of bistability in the 3D to 2D crossover.
Mixing within the system, due to atomic motion, stabilises the excited state, increasing overall
hysteresis. We explain these observations in terms of long-range insensitivity to shot-noise, corre-
sponding to the mean field used in simplified models. We believe that these results are consistent
with other recent Rydberg experiments on cold atoms where bimodal behaviour is observed [4, 5].
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Achieving Single-shoton Nonlinearities with an Intracavity Rydberg
Medium
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1Laboratoire Charles Fabry, Institut d’Optique, CNRS/Universite Paris-Sud, Palaiseau, France
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Abstract— The realization of a strong and deterministic photon-photon interaction is a chal-
lenging task, but could enable the implementation of a two-photon phase gate or the generation
of non-classical states of light. The standard nonlinearities in conventional optical media are
however too weak to induce such effects. One approach to create single-photon nonlinearities is
to temporally convert the photons into dark-state polaritons involving Rydberg atoms [1]. The
principle is that a single Rydberg excitation may modify strongly the susceptibility of a small
region, thanks to Rydberg blockade [2].
Recent experiments, implemented in an ultracold cloud of 87Rb atoms held in an optical dipole
trap, demonstrated nonlinearities at the quantum level, such as it creates a medium transparent
for single-photons, but is absorptive for photon pairs [3, 4]. This effect was used to create an
attractive potential between photons [5] and single-photon switches [6, 7].
Here, our atomic cloud is placed into a one-ended low finesse optical cavity which amplifies the
nonlinear effects [8]. We are also able to perform second-order correlation measurements and
homodyne detections of the outgoing field [9].
We will present our current efforts to observe nonlinear effects at the single-photon level. This
includes the implementation of a dipole trap to increase the atomic density, or increasing the
cavity finesse and its concentricity. We aim at observing bunching or anti-bunching of light and
phase jumps induced by Rybderg excitations in our intracavity cloud.
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Strongly Interacting Rydberg Polaritons in Optical Cavities

Ariel Sommer, Nathan Schine, Ningyuan Jia,
Albert Ryou, Alex Georgakopoulos, and Jonathan Simon

University of Chicago, USA

Abstract— Quantum materials of strongly-interacting photons will allow novel quantum simu-
lation studies of many-body systems. In particular, photonic materials are well suited to studying
long range interactions, strong gauge fields, and driven open quantum systems. We describe a
novel platform for realizing a photonic many-body system using Rydberg polaritons in degenerate
optical cavities.
Degenerate optical cavities provide a flexible platform to engineer photon dynamics, while elec-
tromagnetically induced transparency (EIT) using a Rydberg level induces strong interactions
between polaritons. We show that photons in nearly-degenerate optical cavities can be described
as massive particles in two dimensions subject to an applied potential. When a Rydberg EIT
medium is included in the cavity, the dark polariton modes inherit the properties of the un-
derlying cavity modes, but with an increased effective mass and a reduced effective trapping
frequency, analogous to the reduced group velocity in free space EIT. The strong interaction
between Rydberg atoms induces a strong interaction between the dark polaritons. At large dis-
tances, the polariton-polariton interaction retains the form of the Rydberg-Rydberg interaction,
while at short distances the interaction saturates due to detuning from the EIT condition. The
long range of the interaction gives access to a quantum phase transition to a crystal, allowing
novel studies of quantum crystallization in an open system.
We describe progress on realizing Rydberg EIT and single photon nonlinearity in a high-finesse
optical cavity. Additionally, we demonstrate an optical cavity that induces an effective magnetic
field for photons and is compatible with the proposed Rydberg EIT setup. Strongly-interacting
Rydberg polaritons subject to an effective magnetic field give access to fractional quantum Hall
states, which are of great interest for quantum simulation.
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Cavity Design and Mode Analysis in Woodpile Based
Three-dimensional Photonic Crystals

X. Zheng, Y.-L. D. Ho, L. Chen, M. P. C. Taverne, and J. G. Rarity
Merchant Ventures Building, Department of Electrical and Electronics Engineering

University of Bristol, UK

Abstract— In a three dimensional (3D) photonic crystal (PhC) structure with an embedded
defect cavity, the cavity mode is strongly associated with the surrounding environment which
results in a variety of mode field distributions [1–3]. Inspired by comparing the woodpile lattice
with the diamond lattice, here we present a cavity design which supports well confined Gaussian-
like cavity modes in a woodpile based 3D PhC structure. By carefully choosing the position of
the defect, we can create a cavity with high symmetry and tune the cavity mode with desired
order and frequency by adjusting its size. Defects at this position show clearly defined mode
orders simplifying analysis.

(a) (b) (c)

Figure 1: The location of the cavity in one vertical
period (four stacking layers in z axis). (a) View of
x-z plane, (b) view of y-z plane, and (c) view of the
x-y plane (from the top).

Figure 2: Normalized resonant frequency as a func-
tion of cavity size L/c.

(a)

(c)

(e)

(b)

(d)

(f)

Figure 3: 3. Energy distribution of cavity modes
when cavity size (a), (b) L = 0.5c, (c), (d) L = 0.25c,
(e), (f) L = 0.2c. (a), (c), (e) View of y-z plane,
(b), (d), (f) view of x-y plane. Due to the symmetry
of x-z plane and y-z plane, only views of y-z plane
and x-y plane are shown.

(a)

(c)

(e)

(b)

(d)

(f)

Figure 4: Energy distribution of cavity modes. Res-
onant mode at (a), (b) normalized frequency 0.48
when L = 0.8c; (c), (d) normalized frequency 0.57
when L = 0.8c; (e), (f) normalized frequency 0.55
when L = 1.5c. (a), (c), (e) View of y-z plane,
(b), (d), (f) view of x-y plane
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The cavity is formed by introducing a cube defect between two adjacent layers (2nd and 3rd)
in one vertical period c (Fig. 1). L is the size of the cavity in x-y plane while the height of
cavity is 2h (two rod heights) to make it connect with rods in 1st layer and 4th layer. In both
2nd layer and the 3rd layer, the centre of the cavity is also between two adjacent rods in plane.
The position of the defect shown in this paper is thus located at the centre of the FCC lattice,
the most symmetrical position. The refractive indices of woodpile and cavity are n = 3.3, and
background material is air.
The calculated cavity modes with resonant frequencies are obtained by using our in house finite-
difference time-domain (FDTD) software. When changing the size of the cavity L from 0.1c–2c
(Fig. 2) the resonant frequency traverse the bandgap region. Variation of Q-factor and mode
volume will be presented at the conference. The energy distribution in cavity modes can be
seen in (Fig. 3) showing Gaussian like modes. Finer confinement and smaller mode volume can
be achieved on reducing L from 0.5c to 0.2c. Two resonant modes coexist in the cavity when
L = 0.8c and L = 1.5c. Energy distributions of each cavity mode are shown (Fig. 4). Due to
the symmetry of x-z plane and y-z plane, only views of y-z plane and x-y plane are shown. The
corresponding mode numbers 0, 1, 2 can be distinguished.
We will also present preliminary fabrication results towards woodpile photonic crystals with
embedded cavities using our direct laser writing (DLW) system [4] and preliminary progress on
simulation and fabrication method for introducing emitter inside low-refractive index cavities.
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Dynamic Digital Metamaterials for Single Pixel Imaging Systems

Willie J Padilla
Department of Electrical and Computer Engineering, Duke University, Durham, NC, USA

Abstract— Focal plane arrays form the foundation for the vast majority of imaging systems.
However, at wavelengths of 10 µm and longer, it becomes difficult, expensive, and/or impractical
to form focal plane arrays for imaging. Single pixel cameras are an alternative method for imaging
where cost, size or efficiency rule out use of focal plane arrays. A common implementation of
the single pixel camera uses a spatial light modulator (SLM) to multiplex various portions of the
image. The multiplexed image is sent to a detector and the measurement is repeated a number
of times — usually equal to the desired resolution. Commercially available SLMs are based on
either liquid crystals or digital mirror devices. Thus these devices may be modulated only to a
few kHz and provide little control of the type of modulation available, i.e., usually only phase
and amplitude modulation are offered.
Metamaterial spatial light modulators provide advanced functionality compared to commercially
available devices. Here we present metamaterial based spatial light modulators which provide
the ability to digitally encode images thus permitting high speed high fidelity images. Images are
encoded as the coefficients of the Hadamard matrix which provides the best possible signal to
noise single pixel imaging system possible. We also explore the related S-matrix for single pixel
imaging and additionally utilizes compressive sensing techniques to increase imaging frame rate.
Lastly we highlight the ability of metamaterials to realize hyperspectral, polarimetric, and phase
sensitive imaging.
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Unlocking the Potential of Liquid Crystals as a Functional
Component of Active Metamaterials
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4Centre for Disruptive Photonic Technologies, Nanyang Technological University, 637371, Singapore

Abstract— Metamaterials have rapidly advanced over the past decade and are now expected
to have major impact across the entire range of technologies where electromagnetic radiation is
used. The current effort in the field is being focused on implementing the idea of active and
tuneable metamaterials, a generation of artificial photonic media with dynamically controlled
optical properties. The latter should enable to dramatically expand the range of the potential
applications of the metamaterials making them the fundamental base of future photonic devices.
The control in such metamaterials is commonly achieved by hybridising their fabric with naturally
available functional (e.g., nonlinear, phase change or gain) materials. Among such materials,
liquid crystals (LCs) possess arguably the strongest and most broadband optical nonlinearity and
birefringence, which can be externally controlled by temperature, light, and electric or magnetic
fields. That has made liquid crystals one of the first and most popular ingredients of active
metamaterial designs.
Although the refractive index changes characteristic to liquid crystals are extraordinarily large,
the expected tuneability of the hybrid metamaterial response is still too modest for some of real-
world applications, while in practice the efficiency of the tuning is further reduced due to strong
surface anchoring of LC-molecules. The latter, in particular, presents a serious challenge for en-
gineering nano-structured LC-loaded metamaterials operating in the visible and near-IR spectral
ranges. In this talk we will discuss various strategies that may help to realize the full potential of
electrically-controlled liquid crystals, and will illustrate their practical implementation in active
metamaterial hybrids.
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Voltage-tunable Hybrid Plasmonic Nanostructures
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V. V. Artemov, N. M. Shtykov, A. R. Geivandov, and S. G. Yudin

A. V. Shubnikov Institute of Crystallography, Russian Academy of Sciences, Moscow 119333, Russia

Abstract— We demonstrate the electro-optical switching of hybrid plasmonic-liquid crystal
structures consisting of subwavelength interdigitated aluminum slit gratings covered with a layer
of nematic liquid crystal. We report the switching times of 10 ms and switching voltages of 4–8
volts and discuss the possibilities of further functionality improvements.
Optical properties of subwavelength arrays of metal particles, holes and slits are determined by
an interplay of various resonant phenomena: surface plasmon resonances (localized and travel-
ing) [1], Fabry-Perot guided mode resonances [2], Rayleigh and Wood anomalies, etc.. Combining
plasmonic metal nanostructures with liquid crystals (LC) and semiconductors one can exploit the
high sensitivity of the resonances to adjacent environment and create hybrid materials tunable
by temperature, irradiation, fields and voltage [3].
We report the results of fabrication and electro-optical characterization of hybrid plasmonic-LC
structures consisting of aluminum subwavelength slit gratings (see Fig. 1(a)) used as interdigitated
electrodes that reorient the nematic LC upon voltage applied. Gratings with a period of 330 nm
and slit widths of 130 nm (G1) and 165 nm (G2) were prepared by focused ion beam (FIB)
milling of 80 nm thick aluminum layers thermally sputtered on glass substrates. We report the
characteristic switching times of the order of 10ms and demonstrate that voltages of 4–8V are
sufficient for the electro-optical switching (see Figs. 1(b) and 1(c)), which is in line with our
theoretical estimates [3]. We discuss the prospects of employing solid state ingredients (e.g.,
transparent semiconductors) to speed up the switching and improve the performance.

(a) (b) (c)

Figure 1: (a) SEM images of interdigitated grating G2 milled by FIB in Al film; (b) TE transmission spectra
of the gratings G1 (1, 2) and G2 (3, 4) in nematic LC cell between crossed polarizers in the field-OFF (lines
1, 3) and field-ON (lines 2, 4; U = 8 V) states; (c) Time-resolved transmission of the hybrid cell between
crossed polarizers for the voltages of 4V (1) and 8 V (2) applied from 0 to 10 ms.
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Multi-stablility and Switching in Superconducting Metamaterials
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Abstract— We will review our recent experimental studies on ultra-low loss electromagnetic
medium comprised of networks of compact superconducting resonators employing SQUIDs as
nonlinear tunable meta-atoms.
The design flexibility of superconducting thin-film resonators and circuits allows for utilizing
small structures down to the nanoscale while maintaining low loss properties, very strong and
well-controlled nonlinearity, and frequency tunability in the microwave and mm-wave frequency
range [1]. This approach opens up an opportunity to develop superconducting metamaterials with
non-trivially tailored electromagnetic properties, which can be functionalized as ultra-compact
resonant magnetic dipole arrays [2, 3], which resonance frequency is widely tunable by varying
external dc magnetic field.
Superconducting QUantum Interference Devices (SQUIDs) are implemented as superconducting
loops interrupted by Josephson junctions. Recently, we discovered very peculiar multi-stability of
SQUIDs in relatively strong ac magnetic fields [4]. In this regime, nonlinear SQUID metamaterials
operate as optically switchable microwave propagation media. The nonlinear effects occur in
the circuits containing SQUIDs at the high level of the RF-induced current, comparable to the
critical current of Josephson junctions. We studied nonlinear properties of SQUIDs integrated
into a coplanar waveguide. High microwave currents in the waveguide result in the inductance of
the critical current becoming dependent on the instantaneous value of the signal current in the
ring. Furthermore, strong microwave driving of a Josephson junction leads to a bifurcation on
the lower side of its intrinsic resonance (Josephson plasma resonance). Using a single junction
this dynamic bifurcation has been employed to implement a Josephson bifurcation amplifier. The
strongly driven Josephson junction enters the bi-stable regime with two stable non-dissipative
dynamical states, which differ by both amplitude and phase. The low-amplitude state oscillates
nearly in phase with the driving signal, while the high-amplitude state is characterized by the
phase shifted approximately by π.
A SQUID-based metamaterial can be operated in a similar multi-stable manner, for which the
in-phase response corresponds to positive magnetic permeability χ and the out-of-phase response
translates into having χ negative. For properly chosen driving frequency and power, these states
are stable and switching between them achieved by changing the driving power or frequency. As
these two states with χ > 0 and χ < 0 are both locally stable for a given set of driving signal
parameters, they may coexist in a way that some part of meta-atoms oscillate at phase close
to π and another part at phase close to 0. Having these groups of meta-atoms mixed together
and randomly distributed in the metamaterial should produce kind of birefringence for waves
incident on such a metamaterial. Once the two parts are separated by design parameters, they
will form an interface between two metamaterials, one with positive and another with negative
permeability.
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Abstract— Meta-fluidic-materials aim at manipulating light and metal-liquid flow in the mi-
crochannel and exploiting their interaction to create highly versatile devices have received sig-
nificant scientific interests in many areas. The novelties of the integrated meta-fluidic-material
are two-fold. First, metal-fluids can be used to carry substances for analysis in highly sensitive
optical micro-devices. Second, metal-fluids can also be exploited to control light, making them
tunable, reconfigurable and adaptive. In this paper, the state-of-the-art of meta-fluidic-material
research is reviewed with breakthrough innovations in optical and photonic devices, including the
high potential applications of meta-fluidic-material in biophysical, biochemistry and biomedical
studies [1–3].
Meta-fluidic-materials represents a new paradigm for designing light-manipulating devices, such
as cloaks, transformation optics and field concentrators, through the engineering of electromag-
netic space using materials with spatially variable parameters. Here we report for the first time
a proof-of-principle demonstration of a planar metamaterial where resonant properties of every
individual metamolecule can be continuously controlled at will. This work provides new insight
into the unique optical properties of meta-fluidic devices and their potential applications [4–6].
Meta-fluidic-material is not only to change the material properties through tuning or reconfiguring
the unit element structure size or shapes, which is changed by the metal-liquid flow in the
microchannel. It is significant breakthrough research for the meta-fluidic-material to demonstrate
new materials with new physics phenomena that are never been observed before. In the paper, the
different types of meta-fluidic-material will be presented with some future industry applications.
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Abstract— We present a fabrication technique for the implementation of ultra-thin, flexible
metamaterial membranes with embedded crystalline silicon. The electromagnetic properties of
the metamaterial can be optically tuned by an external stimulus. For example, we fabricated
a 25 µm thick terahertz bandpass filter whose amplitude transmission could be tuned with a
maximal modulation depth of 98% at an operating frequency of 0.67 THz in accordance with the
transmission maximum of the bandpass filter. The demonstrated fabrication technique can be
universally applied for implementation of more general metamaterial structures and is budget-
priced due to the usage of standard silicon.
Introduction: In the last few years metamaterials have gained increasing importance for the
implementation of novel adaptive optics in the microwave, terahertz and infrared spectral range.
Among various schemes, tuning of the electromagnetic properties of metamaterials by electronic
or optical means seem to be the most promising approaches [1, 2]. With respect to optical tuning,
the basic methodology relies on the fabrication of plasmonic metamaterial structures on top of
thick semiconductor substrates. The drawback of this technique lies in the strong terahertz
signal modulation due to etalon effects in the thick substrate and the introduction of artifacts
in the measured terahertz spectra. In contrast, ultrathin, optically tunable metamaterials can
overcome these limitations due to increased transparency and due to a significantly larger free
spectral range that shifts the resonance peaks outside the spectral bandwidth of interest.
Results: Here, we present a methodology for the fabrication of ultrathin adaptively tunable THz
metamaterials for the example of an optically tunable bandpass filter. The thickness of the band-
pass filter was less than 25µm and thus sub-wavelength with respect to an operating frequency
of 0.67 THz. We obtained a maximal modulation depth of 98% for the amplitude transmission of
the filter at the center frequency of 0.67 THz. The maximum amplitude transmission of the filter
without photo-excitation was 85%. The fabrication method includes three basic procedures: wet
and dry etching of a standard silicon wafer, bonding to a benzocyclobutene polymer and process-
ing and embedding of the metamaterial structure. In the talk, the method will be explained in
detail and investigations of the carrier dynamics in a silicon wafer will be presented.
Conclusion: We demonstrate a method for fabrication of ultrathin, sub-wavelength thick meta-
materials with embedded silicon as a semiconductor. In general, the presented approach can be
applied to a great variety of different metamaterial structures.
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Abstract— Extraordinary electromagnetic properties of metamaterials result from the reso-
nant response of constituent elements [1]. At radio frequencies electric and magnetic responses
are usually provided by two different types of elements, loop like elements provide for interaction
with magnetic field [2] whereas rod like elements govern “dielectric” properties of metamate-
rials [3]. Lack of suitable materials and fabrication techniques with sufficient precision make
radio and microwave metamaterial concepts hardly applicable for optical frequencies. Resent
advances in the synthesis of nano-structured particles provide alternative building blocks for op-
tical metamaterials [4]. The desired response can be obtained from the electric and magnetic Mie
resonances of nanoparticles. In principle both electric and magnetic resonances can be obtained
from a single structure, this being achieved by adjusting the geometry of composite particles
to equalize the responses and shift them to the desired frequency. In our contribution we will
present an optical metamaterial composed of complex multilayer plasmonic particles with mag-
netic inclusions. The outer metal-dielectric part of the particle provides for the electromagnetic
properties while the magnetic inclusion is introduced to manipulate the particle position in sus-
pensions. In such suspensions particles with intrinsic magnetic moments can arrange into chains
under influence of external magnetic field. This property can be used to change the optical re-
sponse of the suspension by changing the direction of the external magnetic field. For different
orientations of the chain axis relative to the light propagation direction and polarization, differ-
ent structural resonances are excited resulting in different extinction spectra. Optical properties
of such magnetically ordered suspensions can be simulated with the help of the superposition
T -matrix method [5].

ACKNOWLEDGMENT

The authors gratefully acknowledge the German Research Council (DFG), which, within the frame-
work of its ‘Excellence Initiative’ supports the Cluster of Excellence ‘Engineering of Advanced Ma-
terials’ and the Graduate School in Advanced Optical Technologies at the University of Erlangen-
Nuremberg.

REFERENCES

1. Pendry, J. B., “Negative refraction makes a perfect lens,” Phys. Rev. Lett., Vol. 85, 3966, 2000.
2. Pendry, J. B., A. J. Holden, D. J. Robbins, and W. J. Stewart, “Magnetism from conductors

and enhanced nonlinear phenomena,” IEEE Trans. Microw. Theory Tech., Vol. 47, 2075–2084,
1999.

3. Pendry, J. B., A. J. Holden, W. J. Stewart, and I. Youngs, “Extremely low frequency plasmons
in metallic MESO structures,” Phys. Ref. Lett., Vol. 76, 4773–4776, 1996.

4. Klupp Taylor, R. N., F. Seifrt, O. Zhuromskyy, U. Peschel, G. Leugering, and W. Peukert,
“Painting by numbers: Nanoparticle-based colorants in the post-empirical age,” Adv. Mater.,
Vol. 23, 2554–2570, 2011.

5. Peterson, B. and S. Ström, “T matirx for electromagnetic scattering from an arbitrary number
of scatterers and representations of E(3),” Phys. Rev. D, Vol. 8, 3661–3678, 1973.



Session 3P8b
SC3: Nano-photonic Devices for Optical Interconnects

and Optical Sensing

SOI Slot Photonic Crystal Cavities on SiO2 from λ = 1.3µ m to 1.6 µ m with Q/V Factors Beyond
800000
T.-H.-C. Hoang, Weiwei Zhang, Samuel Serna, Charles Caer, Xavier Le Roux, Laurent Vivien,

Eric Cassan, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1664

Compact 60GHz Hybrid Integrated Photoreceiver Module with 1.5-µm InAs Quantum Dot SOA

Toshimasa Umezawa, Kouichi Akahane, N. Yamamoto, Atsushi Kanno, T. Kawanishi, . . . . . . . . . . . . 1666

Review of Electro-Optic Polymer Nano-Photonic Devices for On-chip Optical Interconnects

Alan X. Wang, Ray T. Chen, Alex K. Y. Jen, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1667

Intracellular Molecular Detection by Light Localization Using Graded Plasmonic Nanoapertures

Wonju Lee, Taehwang Son, Donghyun Kim, Eunji Sim, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1668

Enhancement of SPR-sensor Sensitivity in Magnetophotonic Plasmonic Heterostructures

Daria O. Ignatyeva, Sergey K. Sekatskii, Andrey N. Kalish, Vladimir I. Belotelov, . . . . . . . . . . . . . . . . . 1669

Super-period Nanograting Surface Plasmon Resonance Spectrometer Biosensor

Junpeng Guo, Hong Guo, Xueli Tian, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1670

Bio-enabled SERS Sensors for Ultra-sensitive Immuno-assay Detection

Jing Yang, Le Zheng, Fanghui Ren, Gregory L. Rorrer, Alan X. Wang, . . . . . . . . . . . . . . . . . . . . . . . . . . . 1671

1663



1664 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

SOI Slot Photonic Crystal Cavities on SiO2 from λ = 1.3µm to
1.6µm with Q/V Factors Beyond 800000

T.-H.-C. Hoang1, W. Zhang1, S. Serna1, C. Caer1, 2, 3, X. Le Roux1, L. Vivien1, and E. Cassan1

1Institut d’Electronique Fondamentale, Université Paris-Sud, CNRS, UMR 8622
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Abstract— Silicon photonics has been of interest for its versatile properties. The silicon
bandgap is such that the material is transparent to wavelength commonly used in optical commu-
nications (1.28 µm–1.6µm) and micro-nano-fabrication of structures can rely on large silicon on
insulator (SOI) wafers and mature CMOS processes. In order to emphasize the light-matter in-
teractions in this integrated platform, hollow core resonators are needed as well as low interaction
volumes, thus meaning large Q/V ratio and small footprint dielectric resonators. Slot photonic
crystal cavities are a way to achieve this purpose [1]. Among many candidates, photonic crystal
cavities bring a good chance for enhancing photoluminescence of nanomaterials due to their small
mode volumes and high quality factors.

We present here the design and fabrication of heterostructure photonic crystal (PhC) cavities on
SOI infiltrated by a liquid and with mode volumes of around 0.03(λ/n)3 [2]. The heterostruc-
ture PhC cavities have been reported for achieving very large Q-factors among photonic crystal
resonators [3]. We have thus chosen this kind of geometry and have fabricated a series of cavities
in order to demonstrate high-Q resonances in a large wavelength window (1.28 µm≤λ≤ 1.6 µm).
The cavities’ design is based on a chirp of the lattice constant in the propagation of light. Fig. 1(a)
shows typical scanning electron microscope (SEM) views of the fabricated sample.

Figures 1(b) and 1(c) depict the two cavities in our series of cavities within the resonant wave-
length window ranging from 1.3 µm to 1.6 µm. The first cavity is designed with a basic lattic
constant a0 = 330 nm and presents a resonant wavelength peak at 1284 nm with a Q factor
of 10467, and the other one was designed with a0 = 400 nm and presents a resonant peak at
λ = 1605 nm with a Q factor of 23187. Other fabricated cavities have also proved to have Q
factors of around several tens of thousand and (Q/V ) values of approximately 800000. The low
insertion losses of these devices also prove the quality of the fabrication steps.

We stress that these cavities have been fabricated on silica, i.e., the buried oxide layer of SOI
wafers was not removed. In order to properly characterize the samples, we first drop cast an
optical liquid on top of the structures (nclad = 1.46). Owing to the non free-standing membrane
approach explored in this work, these works efficiently demonstrate the potentials of slot photonic
crystal cavities relying on a mechanically robust approach to enhance light-matter interactions
for silicon photonics nonlinear signal processing and on-chip biosensing.

(a) (b) (c)

Figure 1: (a) SEM picture of a typical fabricated slot hetereostructure PhC cavity, (b) transmission spectrum
of the slot heterostructure cavity using a basic lattice constant a0 = 330 nm and presenting a resonant peak
at 1284 nm with a Q factor of 10467, (c) transmission spectrum of another slot heterostructure cavity using
a0 = 400 nm: resonant peak at λ = 1605 nm with a Q factor of 23187.
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Abstract— With the data traffic carried over optical-fiber communication systems increasing
every year, advanced modulation formats such as QPSK, 16QAM, and advanced parallel trans-
mission technology such as space-division multiplexing are now implemented at baud rates of
25–30Gbps. Higher-baud-rate optical transmission is very attractive to improve the data rate
capacity in long-reach to short-reach communications. Opto-electronic devices are a bottleneck
for achieving high-frequency-response performance. For example, in photoreceivers using a tran-
simpedance amplifier (TIA), the 3-dB bandwidth is limited by the TIA’s bandwidth of 30 GHz.
Using an optical amplifier in place of an electric amplifier (TIA) makes high-baud-rate com-
munication possible because of its wide frequency bandwidth. Very few compact photoreceiver
modules operating at high baud rates have been reported. In this report, we present a com-
pact photoreceiver module integrated with a PIN photodiode (PD) and 1.5-µm quantum dot
(QD)-based semiconductor optical amplifier (SOA).
We have a developed 60-GHz hybrid integrated photoreceiver, which consists of a 1.5-µm QD-SOA
and a high-speed PIN-PD. A maximum responsivity of 25 A/W at a QD-SOA driving current
of 400 mA and a 3-dB bandwidth of 62 GHz was achieved. A high sensitivity of −20.5 dBm was
obtained through a BER test at 10 Gbps, and a clear eye diagram at 50 Gbps was also obtained.
We believe that this design is well suited for high-baud-rate optical-fiber communications. A
monolithic integrated device combining the QD-SOA and QD-PD will show higher responsivity.
Further, the photoreciever can be used for optical fiber communications including Radio over
Fiber communications.

(a) (b)

Figure 1: (a) 60-GHz hybrid integrated photoreceiver with a QD-SOA and its schematic diagram, and (b) eye
diagram at 50 Gbps, optical input power of −10 dBm, SOA driving current of 290 mA.
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Abstract— In the field of optical communication, organic materials and devices are highly
complementary to their inorganic counter parts such as silica fibers and semiconductor lasers
and detectors. Particularly, organic materials offer large, ultra-fast nonlinear optical (NLO)
responses, and broad spectral tunability, and they can be solution processed at low cost onto large-
area substrates. NLO organic materials demonstrate superior performance over inorganic NLO
materials such as LiNbO3 and silicon. Electro-optic (E-O) polymer materials are second-order
nonlinear (χ(2)) organic materials. The refractive indices of E-O polymers can be dynamically
changed by an applied electric field, which is known as Pockels Effect. Compared to inorganic
E-O crystals, E-O polymers offer intrinsic advantages:

• Large Pockels coefficient with r33 values greater than 300 pm/V.
• Ultrafast E-O response time of less than 10 femtoseconds.
• Relatively low dielectric constant (3 ∼ 4) with small dispersion up to 250 GHz, and very low

dielectric loss tangent (10−4).
• Compatibility with virtually any substrate.
• Intrinsic radiation hardness and wide operation temperatures for space communication ap-

plications.

During the past 15 years, the E-O coefficient, thermal stability, optical loss, and power han-
dling capability of E-O polymers have been significantly improved by push-pull chromophores,
typically consisting of a π-conjugated bridge end-capped with strong electron-donating and ac-
cepting groups. E-O polymers have been successfully used for ultra-high-speed E-O modulators,
high linearity and high bandwidth RF modulators, hybrid silicon-organic slot waveguide mod-
ulators, E-O polymer filled photonic crystal waveguide (PCW) modulators, organic-plasmonic
modulators, and polymer ring resonators. This presentation will review the most recent research
progress of E-O polymer nano-photonic devices and discuss the applications for on-chip optical
interconnects.
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Abstract— In this study, we explore feasibility of super-resolved axial imaging based on ex-
traordinary light transmission by metallic nanoaperture arrays. Incident light can transmit over
several orders of magnitude through subwavelength nanoaperture arrays fabricated at thick metal
film due to plasmonic coupling, which is well known as extraordinary transmission (EOT). Many
studies based on EOT have generally concentrated on several applications for enhanced sens-
ing techniques. Otherwise, relatively little has been attempted for the resolution enhancement of
biomedical imaging based on EOT. For live cell imaging, it is required to observe an axial distance
deeper than what is typically done under total internal reflection. Since EOT can be induced to
have a much longer penetration depth with a transmission range of a few hundreds of nanome-
ters from surface, sub-diffraction-limited axial sectioning for cellular imaging can be performed.
Here, we measured axial information of live cells using subwavelength nanoaperture arrays based
on EOT. For axial sectioning of live cells, a linear nanoaperture array was designed to induce a
differential penetration depth of EOT formed at apertures of different size. Fluorescent targets
were excited up to a different preset distance in the axial direction. Axial distribution of FITC-
conjugated ganglioside in mouse macrophage-like cells was analyzed with subdiffraction-limited
resolution, 20 nm in the best case, after reconstruction based on signal differences extracted from
neighboring nanoapertures. The feasibility of super-resolved axial sampling was extended into
gliding bacteria on nanoapertures.
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Abstract— We present a novel type of the surface plasmon resonance (SPR) sensor based on
the magnetophotonic plasmonic heterostructure and show that utilization of specially designed
1D photonic crystals (PC) along with the magnetic layers (ML) significantly enhances the quality
factor and magnitude of the optical and magnetooptical resonances and therefore allows for a
several orders of magnitude increase of the SPR-sensor sensitivity.
The sensing heterostructure consists of a plasmonic layer which can be perforated or smooth film
of a noble metal (e.g., gold) covered with a dielectric (e.g., bismuth-substituted iron garnet) or
metal ML (e.g., cobalt) and coated with 1D PC. ML increases the sensitivity of the SPR-sensor
since the magneto-plasmonic resonances are sharper than the plasmonic ones. At the same time
1D PC support ultralong-range propagating modes that enhances the magnitude and sharpens
the magneto-plasmonic resonances even more. Although the surface plasmon polaritons (SPPs)
can be excited in a magnetic metal directly our analysis shows that the structure where this layer
is combined with a film of a noble metal has significantly higher quality factor and is preferable.
We performed the design of the magnetophotonic plasmonic heterostructures and tuned the
parameters of the structure in order to enhance the magneto-optical response of the structure
via excitation of the ultalong-range propagating SPP mode. The numerical simulations predict
extremely narrow plasmonic and magneto-optical resonances and sensitivity enhancement up to
10−8 RIU.
Both types of the structures, with dielectric and metal ML were fabricated. The sensing pro-
cess was performed by two different experimental schemes. Extremely sharp magneto-optical
resonance (with a width of about 0.1 degrees) allowed us to detect with a good precision the
shift of the magneto-plasmonic resonance position with the variations of the sensor environment.
The fabricated spectral sensor sensitivity is 45 deg/RIU (2300 nm/RIU). On the other hand the
transverse magneto-optical Kerr effect (TMOKE) is enhanced up to 15% magnitude. Therefore
the environment variation can be tracked via the measurement of the absolute value variation
of the TMOKE for the fixed wavelength and angle. The sensor magneto-optical response to the
refractive index change is 10%/RIU.
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Abstract— Surface plasmon resonance in various metal nanostructures has been extensively
investigated for biochemical sensing which detect bonding of biomolecules on metal nanostructure
surfaces. Measurement of surface plasmon resonance typically relies on an optical spectrometer
that measures the spectrum of transmission, reflection, or scattering light from metallic nanos-
tructures. Here we report a new surface plasmon resonance sensor platform that eliminates the
use of optical spectrometers for measuring the surface plasmon resonance. With diffraction grat-
ing patterned metal nanostructures, surface plasmon resonance can be measured with a linear
photodetector such as a CCD imager in one of the diffraction orders. That way, an optical spec-
trometer is not needed for measuring the surface plasmon resonance and the shift of resonance due
to the bonding of target biochemical. We have demonstrated this new biosensor platform with
super-period gold nano-disks, super-period nanoholes, and super-period hybrid metal-dielectric
photonics crystal gratings. Our integrated nanophotonics spectrometer biosensor can measure
the bonding of bovine serum albumin (BSA) proteins of several nanometers on nanostructure sur-
face. Surface plasmon resonance which cannot be measured in the traditional transmission and
reflection modes, can be measured in the diffraction mode with our super-period nano-plasmonics
gratings.
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Bio-enabled SERS Sensors for Ultra-sensitive Immuno-assay
Detection

Jing Yang1, Le Zheng2, Fanghui Ren1, Gregory L. Rorrer2, and Alan X. Wang1

1School of Electrical Engineering and Computer Science
Oregon State University, Corvallis, OR, 97331, USA

2School of Chemical, Biological & Environmental Engineering
Oregon State University, Corvallis, OR, 97331, USA

Abstract— Immunoassay based on specific recognition between an antigen and a comple-
mentary antibody has become an essential and reliable tool for clinical diagnoses and diseases
detection in recent years. Surface-enhanced Raman scattering (SERS) detection has attracted
significant attention due to its narrow spectral bandwidth, immune to photo-bleaching, and fin-
gerprint information of various molecules. Typically, SERS-based immunoassays are implemented
on flat glass slides coated with colloidal nanoparticles. These substrates are inexpensive and easy
to be functionalized, but the sensitivity is relatively low. Diatoms are photosynthetic micro-
organisms that create their own skeletal shells of hydrated amorphous silica, called frustules,
which naturally possess hierarchical micro- & nano-scale features that are extremely cumber-
some and expensive to duplicate by top-down fabrication techniques. In this paper, we present
the design, fabrication, and characterization of diatom-based SERS immunoassay by integrating
Ag NPs into diatom frustules. The immunoassay was designed according to a standard sandwich
protocol of enzyme-linked immunosorbent assay (ELISA). The model antibody, goat-anti-mouse
immunoglobulin G (IgG) was first attached to the surface of Ag NPs. The antigen, mouse IgG
was then immobilized onto the antibody-functionalized diatom frustules for the specific recogni-
tion. To evaluate the specific recognition between the antibody and the antigen, we challenged
the immunoassay with a negative control IgG, human IgG. Afterward, the immunoassay was in-
cubated with antibody-functionalized Au NPs, which were initially labeled with Raman reporter,
5,5′-Dithiobis-(2-Nitrobenzoic Acid) (DTNB). We achieved 10 pg/mL detection limit, which is
100× better than conventional colloidal SERS sensors in the comparison group.
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Wireless Friendly and Energy Efficient Buildings (WiFEEB)

J. M. Rigelsford1, K. L. Ford1, T. Yu3, Z. Lai3, R. Shiram1, P. Valtr2, J. Weng3,
Y. Wang3, A. Vallecchi1, H. Altan1, H. Song3, J. Zhang1, J. Wu3, M. Cerveny2, W. Zhao3,

L. Subrt2, Y. Alharbi1, C. J. Davenport1, P. Pechac2, and R. J. Langley1

1Department of Electronic & Electrical Engineering
The University of Sheffield, Mappin Street, Sheffield S1 3JD, United Kingdom

2Department of Electromagnetic Field, Czech Technical University
Technická 2, Praha 166 27, Czech Republic

3Ranplan Wireless Network Design Ltd., Hart Business Centre
Kimpton Road, Luton LU2 0SX, United Kingdom

Abstract— The design and construction of buildings has historically been driven by structural,
functional, and aesthetic considerations. However, the working and home environment is driven
increasingly by energy efficiency and electronic communications whether it be the internet, smart
energy metering (to be implemented by 2020), telephone, computer data or multimedia exchange
and in future by remote patient monitoring (Telecare) and Assisted Living. The wireless per-
formance of building design is not understood and the construction industries do not consider
wireless system performance in their designs or specifications despite the rapid employment of
metal skins and windows and facades containing metallised layers for energy conservation, both
of which are a significant problem for wireless signal propagation. Hence there is a significant
need to understand the performance of buildings and construction materials for efficient energy
consumption and for the efficient propagation of radio waves.
Security in buildings is also a very important issue. The emergency services require pervasive
communications at 400 MHz throughout the built environment. In addition City Managers and
built environmental professionals will monitor a range of different aspects of the environment,
including factors such as air and water quality, noise and lighting levels as well as human and
vehicular movement and behaviour. Most of these services are wireless and they will significantly
increase in number and importance in the future. Wireless control is also used in buildings
for lighting, heating and energy control systems. The growth of use of these systems into new
and demanding applications requires greater efficiency in use of the electromagnetic spectrum and
control of wireless interference both within and between adjacent buildings and in the environment
itself. Hence, modern buildings must be designed to be wireless radio-friendly and energy efficient
whether they are hospitals, schools, offices, prisons or the home.
This paper presents the key findings resulting from the WiFEEB project and addresses how build-
ings and the built environment can be both energy efficient and wireless friendly. Our objectives
have been to develop and verify the new concept of the wireless friendly, energy efficient build-
ing. The wireless propagation properties of building and insulation materials have be assessed
and are presented. The same properties must be measured for building structures such as walls
(internal and external), floors, facades and window systems. These properties have been evalu-
ated from 400MHz to 20GHz to include both current and future wireless networks and systems.
Results are given resulting from the bespoke optimisation of CAD tools that combine wireless
propagation models with energy efficiency models producing a complete model for the built en-
vironment. New innovative construction materials such as glass and steel fibre reinforcement are
studied and new architectural designs investigated to improve wireless signal propagation while
maintaining energy efficiency. Techniques are presented to control wireless propagation within
buildings, namely frequency selective surfaces (FSS), smart wall units, adaptive antennas and
scattering surfaces. Finally, results of several case studies will be given.
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Recycling Radio Waves with Smart Walls

M. Dupré, N. Käına, G. Lerosey, and M. Fink
Institut Langevin, ESPCI Paris Tech & CNRS, France

Abstract— We propose to use electronically reconfigurable ultrathin metasurfaces as smart
walls to reflect more intelligently the waves in indoor environments. We experimentally prove at
2.47GHz that it is possible to use these as spatial microwave modulators, using a simple energy
feedback. In particular, we show that we can enhance the transmission between two antennas by
orders of magnitude or locally conceal a volume from the penetration of waves in a typical office
room.

An increasing amount of data is nowadays conveyed wirelessly by radio waves in dense environ-
ments such as cities or buildings [1]. While propagating, the electromagnetic waves carrying the
information are reflected several times off obstacles such as walls and furnitures, thus causing
a spread of the associated electromagnetic energy throughout those complex and reverberating
media. This raises health issues and wastes energy. Here we show that part of this seemingly lost
energy can be recycled by reflecting more intelligently these multiply scattered waves using smart
walls rather than bare ones. To do so we propose to use ultrathin metasurfaces [2] that we design
to be electronically reconfigurable in real time as spatial microwave modulators [3]. We show
that they can be utilized to cover part of the walls of a typical office room, hence transforming
these dumb surfaces into smart ones. We demonstrate that, akin to the spatial light modula-
tors which can focus light through complex media [4, 5], those spatial microwave modulators can
passively turn a random electromagnetic field resulting from reverberated and multiply scattered
waves into a shaped one using a simple energy feedback and simple optimization algorithms [6].
Specifically, we prove that such smart walls can, in real time, increase by orders of magnitude the
energy of a wireless signal received by any antenna or locally conceal a volume from penetration
of microwaves [7]. We will present simulation and experimental results as well as a quantitative
estimation of the benefits brought by the approach, by introducing and modeling the notion of
wavefront shaping in reverberating media.

Our smart walls have applications in green wireless communications and electromagnetic pro-
tection. Indeed this approach could be used alongside others [8, 9] to develop energy efficient
wireless communication systems. They are also amazing tools for fundamental physics related to
the propagation of waves in complex, highly scattering or reverberating media.
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Figure 1: (a) Scheme of the unit cell (up) and picture of the metasurface. (b) Average transmission spectra
for a field maximization and (c) field minimization. (d) Average maps of the field after maximization and
(e) minimization.
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An Inductive Frequency Selective Surface for Use in Secure Facilities

Michal Cerveny1 and Jonathan M. Rigelsford2

1Department of Electromagnetic Field, Czech Technical University
Technická 2, Praha 166 27, Czech Republic

2Department of Electronic & Electrical Engineering, The University of Sheffield
Mappin Street, Sheffield S1 3JD, United Kingdom

Abstract— The use of contraband mobile phones within prisons is an increasing global phe-
nomenon. It enables criminals to continue unlawful activity, including organizing drug deals,
assassinations and witness harassment [1, 2]. According to official statistics, 7301 mobile phones
or SIM cards were found in UK prisons during 2012 [3]. TETRA (Terrestrial Trunked Radio)
is the communications protocol used by emergency services in over 100 countries worldwide and
operates between 380MHz and 420MHz. It is widely used by Police forces, paramedics, fire
brigades, and special response units (including riot police), as well as other government agencies.
Historically, cellular mobile phone networks have operated on clearly defined frequency bands. For
example, AMPS and D-AMPs was used on systems operating between 806–880 MHz; GSM 900
operates between 880–960 MHz; GSM1800 operates between 1710–1880 MHz; and UMTS 1900–
2170MHz. With the adoption and roll out of LTE and 4G systems cellular network operators have
over 40 designated frequency bands which can be used across the existing spectrum allocation and
with the addition of newer bands including Band 38 which covers 2570–2620 MHz [4, 5]. Wi-Fi
operates in the 2.4GHz and 5.8 GHz ISM bands and can be used for peer to peer communication
on mobile devices.
There are four major issues to consider when designing a system to limit the usability of mobile
cellular networks for secure facilities such as prisons. Firstly, mobile phones are capable of
sending and receiving messages even when signal strength is low, due to the high sensitivity of
the receivers which is typically in the range −110 to −130 dBm. Secondly, the high number of
mobile base stations means coverage is vast, so it is probably that many prisons in the UK have
good quality signal [7]. Thirdly, to block signals of varying frequencies, a large band stop filter
response must be utilised by the FSS, whilst allowing 400 MHz to transmit through. Finally,
if the solution such as an FSS, is to be installed into a window frame, optical transparency is
essential.
This paper therefore presents an inductive frequency selective surface (FSS) which can be applied
to prison cell windows to prevent the transmission of unwanted signals from mobile phones but
allows TETRA based systems to operate correctly (as shown in Fig. 1). The performance of
the FSS is presented in Fig. 2. In this work it is assumed that the walls of the prison are
assumed perfectly isolating and can be achieved using metalized construction materials including

(a) (b)

Figure 1: Illustrations of (a) simple inductive cross
FSS with better optical transparency by the intro-
duction of an array of holes between the cross arms
and (b) an array of 4 unit cells providing 5 inter-
leaved cross elements.

Figure 2: Illustrations of (a) simple inductive cross
FSS with better optical transparency by the intro-
duction of an array of holes between the cross arms
and (b) an array of 4 unit cells providing 5 inter-
leaved cross elements.
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Celotex [8] or Kingspan [9]. Beyond its potential for optical transparency, advantages of the
proposed solution over other technologies such as jamming devices or active capacitive FSS [6],
are that an inductive FSS is cheap to manufacture as it can be self-supporting and manufactured
from a single metallic sheet. Furthermore, it requires no external power supply to correctly run,
reducing operating and maintenance costs and is in line with current legislative requirements
(i.e., restrictions on jamming overspill for public access areas).
The full paper will provide a detailed description of the FSS design and its performance as well
as an assessment of its optical opacity for window applications.
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A Simulation Based Distributed MIMO Network Optimisation
Using Channel Map

J. Weng, J. M. Rigelsford, and J. Zhang
The University of Sheffield, UK

Abstract— Channel map is an essential tool in network planning and optimisation. In this
work, we present an example of MIMO channel map for distributed MIMO network optimisation.
Based on the simulation of MIMO channel map, we optimise the MIMO channel capacity and
the bit error rate. The results demonstrate that the effectiveness of the MIMO channel map in
network optimisation.
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An Introduction to Physical-layer Security for Wireless Smart Cities

Matthew A. Bourke, Kenneth L. Ford, Mohammed Benaissa, and Jonathan M. Rigelsford
Department of Electronic & Electrical Engineering, The University of Sheffield

Mappin Street, Sheffield S1 3JD, United Kingdom

Abstract— An overview of physical-layer security theory for wireless communication is pre-
sented, along with a discussion of the potential feasibility to smart cities and potential future
research directions. For a long time security at the physical-layer has been neglected in favour
of computational methods implemented at the upper-layers of the protocol stack. Upper-layer
cryptography techniques use encryption with a shared-key to achieve secrecy. This security is
invariably achieved using cryptographic methods. Current encryption methods are deemed to
be secure because the level of computational power required to crack the keys is not attainable
using current technology. Nonetheless, the rise of more powerful technologies such as quantum
computing may soon challenge this assumption. The computational complexities required to
implement public key encryption prevents low-resource devices from using them. This can have
a significant impact on wireless systems for Smart Cities which might be limited in terms of
available power or computational overhead.
Cryptography at the physical-layer can be used to complement current upper-layer encryption, or
act as an independent security mechanism. This is beneficial for many reasons. It can facilitate
upper-layer key exchanges by providing a secure channel and allow independent security mech-
anisms to be implemented on low-resource devices. The nature of physical-layer cryptography
also means that adaptive security measures can be put in place depending on application and
classification of the threat. Common types of attacks on wireless systems include:

• Passive Eavesdropping — eavesdropping on messages passed between two legitimate
parties without actively engaging in any return communications.

• Denial-of-Service (DoS) — deny access to legitimate users by exhausting system re-
sources or signal jamming.

• Spoofing — masquerading as a legitimate user or system to gain access to privileged
resources.

• Man-in-the-Middle — relaying messages between two legitimate communication nodes,
without knowledge from either user, in an attempt to gain valid authentication.

These attacks can have a big impact on both civilian and military systems. For massively inter-
connected smart cities these attacks could cause disruptions or damage to smart meters, remote
healthcare, transport, and other public services. From a theoretical point of view, information-
theoretical secrecy can be achieved at the physical-layer if the signal-to-noise ratio (SNR) of the
eavesdropper channel is worse than that of the legitimate receiver; however, problems occur when
the eavesdroppers channel is better, or equal to the legitimate receiver. This paper presents a
review of current physical-layer security systems and their potential benefits to wireless smart
cities.
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Selected Aspects of RF Signal Propagation in Buildings
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1Department of Electromagnetic Field, Faculty of Electrical Engineering
Czech Technical University in Prague, Technicka 2, Prague 166 27, Czech Republic

2Department of Electronic & Electrical Engineering, The University of Sheffield
Mappin Street, Sheffield S1 3JD, United Kingdom

Abstract— Co-existence of various communication services within buildings requires detailed
knowledge of behavior of electromagnetic wave propagation in such environment. One of the
aspects related to indoor communication is the outdoor-to-indoor penetration. Indoor navigation,
for instance, is heavily dependent on indoor signal level due to wall attenuation. Another issue
is interference mitigation. This paper addresses several topics related to wave propagation into
and within buildings.
The focal point of understanding penetration loss into buildings is the knowledge of electrical
properties of building materials. Table 1 shows measured values of relative permittivity and loss
tangent of selected building materials. The measurements were done in the frequency range of
5GHz to 70 GHz and the numbers represent the mean value over the frequency range.

Table 1: Electrical properties of building materials.

Material Rel. Permittivity Loss tangent

Plaster board — base 2.14 0.005

Plaster board — wall 2.26 0.005

Plaster board — sound shield 2.78 0.006

Chip board 2.17 0.06

Glass 6.4 0.02

Excess penetration loss due to window blinds and window blind-like structures are usually not
taken into account in signal coverage planning. On top of wall attenuation and window attenua-
tion, however, window blinds can impose additional loss which can further downgrade the signal
quality from a source located outside the building. Experimental results of window blind inser-
tion loss are presented for frequency range of 5 GHz to 50GHz, see Fig. 1. The insertion loss
is studied depending on frequency, polarization and inclination of the window blind’s lamellas.
Detailed knowledge of the effects of window blinds on electromagnetic wave propagation can
improve existing prediction models.

(a) (b)

Figure 1: (a) Window blind insertion loss measurement setup; (b) Measurement result of insertion loss
compared with numerical simulation.
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Realization of a Flexible Technological Demonstrator for HF
Sky-wave Data Links
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1Radar and Surveillance Systems (RaSS) National Laboratory, CNIT, Italy
2Department of Information Engineering, University of Pisa, Italy

Abstract— Radio frequency range between 3–30 MHz is called high frequency or shortwave
radio. For a long time, the high frequency band has been considered as the most important
means for communications over long distance. The advent of new technologies, such as satellite
and terrestrial communications, made the high frequency systems obsolete. Despite that, a new
interest for these systems is growing due to the need of having a relatively cheap and simple system
for data and voice exchange, which could be a real alternative to existing system in case of their
failure. This paper aims to present an effective and flexible HF digital transceiver demonstrator
based on the software defined radio paradigma. The purpose of this demonstrator is to maintain
the “essential” information among the authorities in case of the failure of both satellite and
Internet communications for critical scenarios (e.g., terroristic attacks, natural disasters).
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Reciprocity-based Applications of the Time-domain Contour
Integral Method

Martin Štumpf
SIX Research Centre, Brno University of Technology, Technická 3082/12, Brno 616 00, The Czech Republic

Abstract— The reciprocity theorem of the time-convolution type is not only the starting point
for constructing the time-domain contour integral method (TD-CIM) itself [1], but also it is an
efficient means for describing closely related EMC aspects of power-ground structures. This may
include, space-time electromagnetic mutual coupling between two power-ground structures [2],
pulsed electromagnetic- field radiation characteristics [3], their pulsed radiated susceptibility or
even remote sensing of power-ground structure’s constitutive parameters, for instance.
In the present contribution it is shown that through the application of the reciprocity theorem
with a suitable choice of the ‘testing’ field state, complex (time-domain) EMC modeling of a
power-ground structure is feasible and computationally very efficient. In this analysis, the ‘test-
ing’ field is found either via the TD-CIM (for arbitrarily-shaped circuits) or using the time-domain
‘ray-type’ expansion (for rectangular circuits) (see [4], for example).
Systematic applications of the reciprocity theorem related to time-domain modeling of power-
ground structures supplemented with the corresponding sample numerical examples will be pre-
sented at the 36th PIERS.
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2. Štumpf, M., “Time-domain mutual coupling between power-ground structures,” Proceedings of
the 2014 IEEE International Symposium on EMC, 240–243, Raleigh, NC, USA, August 2014,
2014.
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Numerical Modeling of Reverberation Chambers: The Cavity
Green’s Function Boundary Element Method in Comparison to

Other State-of-the-art Algorithms

M. E. Gruber and T. F. Eibert
Lehrstuhl für Hochfrequenztechnik, Technische Universität München, Munich, Germany

Abstract— Different cavity Green’s function boundary element methods are discussed and com-
pared with other state-of-the-art methods for the numerical modeling of reverberation chambers.
The algorithms are compared in terms of accuracy, computing speed and memory requirements.
Different scenarios from a reverberation chamber with a single plate stirrer to a chamber with
multiple stirrers are considered.

Without acceleration techniques, the use of the cavity Green’s function (CGF) boundary element
method (BEM) is limited to cavities which contain small, one-dimensional objects [1]. The
quadratic complexity in filling the system matrix together with the numerically expensive integral
kernel (i.e., the Green’s function of the rectangular cavity) impede the modeling of mid- and large-
sized objects. To model large objects, different acceleration techniques have been proposed in
recent years [2–4]. In 2014, the CGF BEM was accelerated by [2] using the Ewald summation
technique together with the adaptive integral method (AIM), where only the near-zone part of the
system matrix is computed directly. Far interactions are calculated on-the-fly using AIM during
the iterative solution of the matrix-vector equation. In [3], Gruber et al. evaluated the CGF based
on the Ewald method. It was observed that the Ewald summation technique can be accelerated
with the fast Fourier transform when the Green’s function is sampled on an equispaced grid.
To calculate values in between the grid, Lagrange interpolation was employed. In [4], the CGF
was evaluated with a hybrid approach. The hybrid approach employs the Ewald representation
in the near range of the source and a two-dimensional spectral representation in the far range,
thereby combining the advantages of both representations. To address the quadratic complexity
of the system matrix, a fast group spectral domain approach (FGSDA) was proposed: the system
matrix is evaluated in the reciprocal instead of the real-space domain. Although the FGSDA does
not reduce the complexity of the system matrix, the constant factor is drastically reduced (over
three orders of magnitude) as the integration over test and source domain is not needed in the
reciprocal domain.

Besides the CGF BEMs, a hybrid discrete singular convolution (DSC)-method of moments (MoM)
was presented in [5]. The electrically large, rectangular cavity is considered in the DSC method
while the geometrically more complex objects within the reverberation chamber are modeled
with the more flexible MoM. Last bot not least, the specialized methods are also compared to a
standard method, namely a multilevel fast multipole method (MLFMM) accelerated free-space
Green’s function BEM [6].

To analyze the strengths and shortcomings of the different approaches, various scenarios from a
reverberation chamber with a single object to a chamber with multiple objects are considered at
different frequencies. The algorithms from [3, 4] are, in particular, advantageous when few objects
are within the cavity. The AIM accelerated CGF BEM and the standard BEM are favorable when
reverberation chambers with many objects are considered.
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A Hybrid Computational-statistical Approach to Calculating
Electromagnetic Coupling in Complex Environments

T. M. Antonsen, Jr.1, G. Gradoni2, E. Ott1, and S. Anlage1

1IREAP, University of Maryland, College Park, MD, USA
2Nottingham University, University Park, Nottingham NG7 2RD, UK

Abstract— The coupling of electromagnetic radiation into enclosures or cavities through aper-
tures and by circuit elements both electrically small and large has attracted the interest of
electromagnetic community for many years. Full solutions of this problem are particularly com-
plicated because of the mathematical complexity in the solution of the boundary-value problem
and because of the sensitivity of the solution to details of the enclosure’s dimensions, content,
and the frequency spectrum of the excitation. These difficulties have motivated the formulation
of a statistical description (known as the random coupling model, RCM [1, 2]) of the excitation
of cavities, in particular the linear relation between voltages and currents at ports in the cavity,
when the ports are treated as electrically small antennas. The RCM has also recently been ex-
tended to the case of apertures [3] of arbitrary size. The issue addressed here is the methodology
needed to take the results of computational electromagnetic solutions for manageable parts of the
system; such as an aperture, an antenna, or a configuration of conducting wires, and integrate
these results with astatistical model for the interaction of these parts. The approach will be based
on our previous work with rectangular apertures in conducting planes [3]. The key element will
be the identification of an appropriate set of fields, far from the system part under consideration,
for which an admittance or impedance matrix can be defined and computed. Once this matrix
is determined it can be modified according to the RCM prescription to describe the behavior of
the part in an enclosing electromagnetic environment.
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GPU-accelerated Stochastic-FDTD Study of Lightning-induced EM
Fields over Non-deterministic Terrains

G. G. Pyrialakos1, T. T. Zygiridis2, N. V. Kantartzis1, and T. D. Tsiboukis1

1Department of Electrical & Computer Engineering, Aristotle University of Thessaloniki, Greece
2Department of Informatics & Telecommunications Engineering, University of Western Macedonia, Greece

Abstract— A non-trivial number of engineering problems are pertinent, either directly or im-
plicitly, to the electromagnetic (EM) fields produced by lightning strike. This fact has motivated
the development of several methodologies, analytical as well as computational, aiming at the
precise and efficient prediction of lightning-induced EM pulses. Unfortunately, existing solu-
tions commonly make simplified assumptions regarding the geometric and/or electromagnetic
properties of the problems under study, thus rendering the handling of realistic setups rather
questionable.
In this paper, we develop a computational framework based on the finite-difference time-domain
(FDTD) method that takes into account the uncertainty inherent in certain aspects of lightning-
related problems. Specifically, we investigate the effects that the terrain has on the lightning-
induced fields, when its geometry is considered non-flat (i.e., its altitude varies with respect to
the horizontal x-y plane). The realistic geometric features are realized with the aid of a random
rough surface algorithm, where a length-correlation parameter is introduced as an indicator of the
terrain roughness. In order to statistically resolve the problem, we first employ the Monte-Carlo
method via repeated simulations, as a means to extract the two basic statistical parameters of
the EM fields (their expected value and variance). A representative result in the case of the
subsequent lightning stroke is displayed in Fig. 1. We next compare our results with a geometric
adaptation of the Stochastic FDTD method, based on a covariant-contravariant formulation,
where the statistical variation of suitable curvilinear parameters is considered. An attempt is also
made to associate the length correlation with the corresponding correlation parameter inherent
to the S-FDTD. In the cases examined herein, an almost linear relationship is found to exist.
To accelerate computations and exploit the capabilities of modern multiprocessor GPUs, the
full 3D FDTD codes are developed on the CUDA 6.0 programming platform. This decision is
favored from the parallelization potential of the FDTD method, the exploitation of which can
ensure substantial reduction of simulation times. To guarantee optimal implementation, various
parameters (e.g., the block-grid structure) are optimized, and several programming techniques are
adopted, including the use of streams for out-of-kernel parallelization, and atomics for avoiding
parallelization errors. Our results indicate up to 50 times decrease in execution time for the
S-FDTD method and Monte-Carlo approach.
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Figure 1: Statistical parameters of the radial electric field, obtained with Monte-Carlo simulations, at position
(r, z) = (100m, 10 m), in the case of non- at terrain. Cases where the correlation length l is set to different
values are displayed.
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Embedding Anisotropic Carbon Fibre Composite Thin Layers in
TLM Simulations

Xuesong Meng, Phillip Sewell, Ana Vukovic, and Trevor M. Benson
The University of Nottingham, UK

Abstract— Carbon fibre composites (CFCs) are widely used in the aerospace and car industries
and their electromagnetic properties have been intensively investigated using various experimental
and numerical simulation techniques. However, their small thickness and anisotropic properties
are still two challenging issues for numerical modelling. We have previously reported a compu-
tationally efficient thin layer model [1] for modelling embedded thin isotropic CFC panels with
the Transmission Line Modelling (TLM) method. In this contribution, the embedded thin layer
model is now extended to the practically important case of anisotropic CFC materials and its
role within simulations of more complex 3D geometries are demonstrated.
By definition, the electric and magnetic properties of anisotropic materials vary in different
directions. In this paper, CFC thin panels are modelled as anisotropic with respect to the
two in plane coordinates (x and y) with the principal directions of the anisotropy assumed
orthogonal and aligning with the x and y directions for clarity of presentation. This means
that the response of a flat CFC panel to an incident plane wave whose electric field is polarised
along one of the coordinate directions can be locally independently modelled using one of two
different one-dimensional (1D) thin layer TLM models. In the case of an arbitrary polarisation,
~Ei = Exx̂+ Eyŷ = |Ei| cos ϕ · x̂+ |Ei| sinϕ · ŷ, where ϕ is the angle between the electric field ~Ei

and the x axis, and x̂ and ŷ are the in plane unit vectors, the incident field is first decomposed
into components aligning with the anisotropic principal axes. Each of these components excites a
different thin layer model and the net reflection and transmission can be determined by combining
the two responses.
As a simple illustration, Fig. 2 shows the comparison of the TLM and theoretical result for
(a) reflection and (b) transmission coefficients of an anisotropic CFC thin panel as a function

(a)

(b)

(c)

Figure 1: (a) The electric field Ei incident upon an anisotropic thin film can be decomposed into x and y
field components. (b) Ey field component incident on a thin film. (c) Ex field component incident on a thin
film.

(a) (b)

Figure 2: (a) Reflection coefficients and (b) transmission coefficients of an anisotropic CFC thin layer against
the angle between the incident field with x axis at 1 GHz. The CFC thin film has the parameters in the x
direction εr = 2 and σe = 10, 000 S/m from [2] and in the y direction assumed εr = 3 and σe = 1, 000 S/m.
The thickness of the film is 1mm.
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of the angle between the electric field and the x axis at 1 GHz. It can be seen that excellent
agreement between the numerical and the TLM results is obtained. In the presentation, the
anisotropic multilayer CFC thin layer model embedded into the three-dimensional examples will
also be discussed and more practical examples will be presented.
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On the Limits of Numerical Modelling of Electromagnetic Field
Coupling through Small Apertures

Gazmend Mavraj and Frank Gronwald
Institute of Electromagnetic Theory, Hamburg University of Technology, Germany

Abstract— The modelling of electromagnetic field coupling through apertures is a classic
problem of Electromagnetic Compatibility (EMC). In particular for the case of electrically small
apertures a variety of analytic modelling schemes exists [1–4]. In view of numerical modelling it is
tempting to apply standard numerical techniques, such as the Finite Integration Technique (FIT)
or the Method of Moments (MoM), to this problem as well. However, as a matter of experience,
it turns out that a direct application of these standard methods can lead to inaccuracies due
to the difficulty of properly discretizing the apertures, see [5, 6] and references therein. In this
contribution we want to establish criteria and limits that can be used to estimate whether a
standard numerical technique still can be applied to a specific aperture problem. To this end a
number of canonical aperture coupling problems is numerically investigated by means of the FIT
and MoM and compared to analytical solutions. It is seen that with decreasing aperture size
or increasing numbers of apertures the numerical effort becomes impractical and refined hybrid
numerical methods are required.
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Electromagnetic Near Field Injection Model on Integrated Circuit

R. Omarouayache1, J. Raoult1, P. Payet1, L. Chusseau1,
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1IES, Université Montpellier
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2Freescale Semiconductor, Toulouse 31023, France
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Abstract— The electromagnetic (EM) injection is a technique which has already proved its
efficiency for the studies of susceptibility of integrated circuits (IC). Recently, its application in IC
cryptographic allowed the generation of significant faults in crypto-system. Near field probes are
used to inject EM fault into the circuit. Nevertheless, an understanding of coupling phenomena
in term of optimization and efficiency is still lacking. In the context of EM fault injection, probes
must be optimized to deliver an intense and localized magnetic field.
Taking into account these optimization criteria, a magnetic loop probe was fabricated and char-
acterized. To concentrate the magnetic field loops are wired around a ferrite-core with a conical
cut. The ferrite material is Nickel-Zinc. The diameter of the cylindrical ferrite is about 2 mm, and
the ferrite tip ends with a 20 µm diameter size. An electrical model of the probe was established
owing to S-parameters measurements. The next step was to understand the EM interaction
between the probe and the IC in order to perform an electrical model of the magnetic coupling.
A test chip has been designed by Freescaler in 0.25 µm SMARTMOS 8 technology with 4 metal
layers. It allows to study the near-field injection on basic interconnect structures. Voltage sensors
was integrated within the chip to measure the local voltage fluctuations induced by EM injection.
We conducted this study on 50 Ω micro-strip lines of 1.75 µm×1mm deposited on the third layer
of metallization. The lines have a 50 Ω termination and are connected to a voltage sensor. The
major interest of these sensors is to deliver an accurate measurement of in situ voltage induced
by EM injection.
The probe-line coupling is evaluated from measurements results. The basic and intuitive idea of
the proposed model is that the system probe-line can be viewed as a transformer. The probe,
primary winding, transfers energy to the electrical line, secondary winding, through electromag-
netic induction. An equivalent electrical model with lumped elements is proposed. The main
advantage is the relative ease of his implementation in SPICE-like electrical simulation software.
The most important element to determine is the mutual inductance of the system. We have
extracted its using measurements of the voltage coupled under sinusoidal excitation. A good pre-
diction of the interaction between the probe and the IC was obtained on a large frequency range
[100 kHz–1 GHz]. Our method has been validated against experiments with a pulse excitation
applied to the probe since this kind of excitation signal is frequently used to inject EM faults
in IC. Excitation signal is a square at 10 MHz repetition and 10 V peak to peak. Rise and fall
times are 10 ns with a pulsewidth of 50 ns. Measurements and calculated results using our model
are shown in excellent agreement, thereby validating the model. This procedure will thus be an
interesting and useful tool to predict the disruptive effect induced by magnetic probes on secure
ICs.
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Bound States in the Continuum: Interference Way to Trap
Electromagnetic Waves in Open Resonators

Almas F. Sadreev
L. V. Kirensky Institute of Physics, Krasnoyarsk 660036, Russia

Abstract— In 1929, von Neumann and Wigner [1] predicted the existence of discrete solutions
of the single-particle Schrödinger equation embedded in the continuum of positive energy states,
bound states in the continuum (BSC). Their analysis long time was regarded as mathematical
curiosity because of certain spatially oscillating central symmetric potentials. Situation cardinally
has changed after Friedrich and Wintgen [2] in framework of two-level Fan-Anderson model
formulated the BSC as a resonant state whose width tends to zero as at least one physical
parameter varies continuously. Physically a localization of one of resonant states of open system,
i.e., the BSC can be interpreted as destructive interference of two resonance states which occurs
for crossing of eigen levels of the closed system. That accomplished by avoiding crossing of the
resonant states one of which transforms into the trapped state with vanishing width for crossing
of the eigen levels of closed system [2]). This simple phenomenon has the same significance as
the Aharonov-Bohm effect or the Anderson localization because all of them are manifestation of
quantum interference effects.
We propose two layouts for experimental observation of trapping of microwaves inside the open
resonator. The first one is the rectangular plane resonator with variable width with two attached
waveguides which support propagating TM electromagnetic modes in the first channel [3]. For
variation of the resonator’s width an accidental degeneracy of two eigenmodes with the same
symmetry might occur. A variation of the shape can be achieved by moving well of the resonator
or by squeezing of the waveguides. We show that for this process the nearest resonances undergo
avoiding crossing during of which one of the resonance widths becomes zero. That is the bound
state in the continuum accomplished by intersection of transmission zero with the transmission
maximum. That phenomenon was observed by Lepetit et al. [4, 5] in metallic waveguide with
dielectric resonator in the THz range. The BSC is trapped mostly inside the open resonator.
The second layout consists of two identical resonators connected by waveguide [6]. Resonators
are opened by attaching of waveguide resulting transmission through double resonator’s system.
Each resonator has multiple transmission zeros at some frequencies and therefore serves as a
mirror. Whole system can be interpreted as the Fabry-Perot resonator at these frequencies which
supports respectively the bound states [7] for definite quantized distances between the resonators.
The double-bent waveguide presents the type of waveguides in which both types of the bound
states occur. Each corner is capable to trap electromagnetic waves below the continuum [8, 9].
For definite lengths of bridge between the corners bound states in the continuum occur [10].
We show numerically that the bound states in continuum can be excited for transmission of wave
packet if a width of resonator dot is varied linearly in time and reaches those selected values of
the width when the BSC arises. Moreover we consider numerically a decay process of different
eigen-states in the closed resonator to show that some of them trap in the BSC after the QD is
opened [11].
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Mode-matching Analysis of TEM Wave Reflection by a Junction of
Perfectly Conducting and Impedance Coaxial Waveguides

Ö. Yanaz Çınar1, G. Çınar1, and S. Akşimşek2

1Eskişehir Osmangazi University, Turkey
2İstanbul Kültür University, Turkey

Abstract— In this paper, the reflection of TEM waves by a step discontinuity on the junction
of perfectly conducting and impedance coaxial waveguides is analyzed rigorously by applying
modematching technique. Such problems may occur on certain microwave measurement systems
where the cable on test is coated with a dielectric material. The formulation of the problem is
achieved by defining field components at each side of the junction seperately and matching them
at the junction by the use of continuity relations (see Fig. 1(a)) as described in [1, 2]. Leontovich
boundary conditions are assumed on the coated walls of the cable on test. Finally, the coatings
on the inner and outer walls are assumed to be different as shown in Fig. 1(b) and the formulation
is repeated accordingly. At the end of the analysis, the effects of the cross-sectional areas of the
waveguides and the coatings on the walls of the cable on test are illustrated numerically.
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On the Type of Wave-incidence in Multiple-cylinder Diffraction
Analysis at 60 and 100 GHz

José-Vı́ctor Rodŕıguez, Juan Pascual-Garćıa, Maria-Teresa Martinez-Ingles,
Jose-Maria Molina-Garcia-Pardo, and Leandro Juan-Llácer

Universidad Politécnica de Cartagena, Cartagena, Murcia, Spain

Abstract— The analysis of radiowave multiple-diffraction has been carried out through a large
number of formulations which, usually, consider a plane-wave incidence over the array of diffract-
ing obstacles. However, when it comes to a transmitter located at a small distance from the series
of elements, a spherical-wave incidence assumption could be more appropriate in order to obtain
more accurate and realistic results. In this work, a comparison of plane against spherical-wave
incidence consideration in multiple-cylinder diffraction analysis is performed, both at 60 and
100GHz, in order to clarify the margin in which both incidences differ. In this sense, the scheme
of the propagation environment considered can be observed in Fig. 1. Moreover, the attenuation
due to multiple-cylinder diffraction obtained with the uniform theory of diffraction-physical optics
(UTD-PO) formulation proposed in [1], when assuming both plane and spherical-wave incidences,
is depicted — as a function of d (distance between the transmitter and the first cylinder) — in
Fig. 2, for n =10, α = 1◦ (with H properly varying with d in the spherical case), w = 0.232 m,
r = 0.04m, frequencies of 60 and 100 GHz, and soft and hard polarizations. The relative error
between the two solutions ([Att. Spherical — Att. Plane]/Att. Plane) is shown in Fig. 3.
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Figure 1: Scheme of the propagation environment under study.
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Figure 3: Relative error between both incidences.

As can be observed, it is not until d = 105 m that the relative error between the two types of
wave incidence is less than 0.5%, for 60 GHz, and 0.75%, for 100GHz.
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On the Importance of Double Bounce Diffuse Scattering in Indoor
Wireless Channels

Juan Pascual-Garćıa, José Maŕıa Molina-Garćıa-Pardo, José Vı́ctor Rodŕıguez,
Maŕıa Teresa Mart́ınez-Inglés, and Leandro Juan-Llácer

Universidad Politécnica de Cartagena (UPCT), Cartagena, Murcia, Spain

Abstract— The diffuse scattering propagation mechanism accounts for a significant percentage
of the received energy, even at high frequencies. One of the most accurate diffuse scattering
models is the Lambertian model which is based on the Effective Roughness approach [1]. This
model allows the incorporation of diffuse scattering in ray tracing tools and the development of
propagation prediction tools based exclusively on diffuse scattering. However, only single bounce
diffuse scattering components have been considered so far. Double bounce diffuse scattering
must be considered in order to increase the accuracy of the channel analysis. In this work,
double bounce diffuse scattering components are considered in a ray tracing (RT) tool allowing a
more accurate wireless channel simulation at 60 GHz in an indoor environment. The Lambertian
model was selected for both single and double bounce scattering components; both formulations
are shown in [1]. The frequency response in the range [57–66 GHz] was simulated and measured
in the position depicted in Fig. 1. Subsequently, the complex impulse time response (CIR)
was obtained by applying the inverse Fourier transform. As seen in Fig. 2, the double-bounce
scattering allows a better agreement between simulations and measurements since single bounce
components travel a maximum of 10 meters.

Figure 1: Indoor scenario. Figure 2: Complex impulse response comparison.
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Determination of Optimal Pairs of Radii of Dielectric Samples for
Complex Permittivity Measurement of Dispersive Materials

R. Kushnin, J. Semenjako, and T. Solovjova
Riga Technical University, Latvia

Abstract— The goal of this work is to find the optimum pair of values of radii of two full
height cylindrical samples with the same constitutive properties centrally located in a rectangular
waveguide for measurements of the complex dielectric constant. A pair of values of radii of samples
is called optimal if the value of measurement uncertainty for that pair is smaller than for other
pairs of values. One of the problems of this kind was first considered by Paez et al. in [1], where
the optimal value of a circular cylindrical post in a cylindrical resonant cavity was found by
using the well-known Monte Carlo method. A similar problem was considered in [2], where the
optimum value of the radius of a circular dielectric post in a rectangular waveguide was found.
Notwithstanding the advent of powerful computers, the uncertainty analysis still remains a very
time consuming task, because the Monte Carlo method requires a very large number of iterations
in order for estimation of the measurement uncertainty to be reliable and because in each of these
iterations the inverse scattering problem needs to be solved that, in turn, is very time consuming
task. Since the computational effort required to solve the inverse scattering problem depends
directly on the computational time required by the method for the direct scattering problem
one needs to find the fastest approach for solving the direct scattering problem. From many
approaches that have been proposed over the last several decades, we have chosen that proposed
by Sahalos et al. [3] as it provides reasonably accurate results and at the same time shows very
rapid convergence.
Also, in [2] the further reduction in the computation time have been achieved by using piecewise
linear interpolation of the reflection and transmission coefficients, but unfortunately this type
of interpolation is quite inaccurate in vicinity of resonances. We found that it is more efficient
to interpolate the sum and difference of the reflection and transmission coefficients, since for a
symmetric obstacle both these quantities have absolute value equal to unity for all real values
of the relative dielectric constant that, in turn, means that each pole of this function have the
corresponding root such that they are mutually complex conjugate values. Also, these two func-
tions are analytic with respect to the relative complex dielectric constant. Both these properties
enable us to use rational approximation involving the roots and poles of theses functions. These
pairs can be found successively from the derivative of the phase of the functions. Also, we found
that it is more convenient to work with normalized system parameters instead of actual ones,
as in the case of a dielectric obstacle two of three parameters take values in limited intervals,
since the waveguide is intended to be operated in the single-mode regime. In this study we use
the following three normalized quantities, namely, the relative wavelength, relative radius and
relative dielectric constant. Numerical studies show that it is sufficient to find only first twenty
root-pole pairs. However, for lossy materials such approximation is not accurate, since more poles
and roots are required, because the number of root-pole pairs to be taken into account increases
as the imaginary part of the complex dielectric constant increases. Fortunately, this issue can be
overcome by using asymptotes for root-pole pairs, namely, it is found that for large values of the
dielectric constant root-pole pairs can be divided into several groups such that for each of theses
groups asymptotic approximation can be found.

REFERENCES

1. Paez, E., M. A. Azpurua, C. Tremola, and R. Callarotti, “Uncertainty minimization in permit-
tivity measurements in shielded dielectric resonators,” Progress In Electromagnetics Research
M, Vol. 26, 127–141, 2012.

2. Kushnin, R. and J. Semenjako, “Determination of the optimal value of the radius of a circular
cylindrical post in a rectangular waveguide for measurement of the dielectric permittivity,”
Progress In Electromagnetics Research B, Vol. 34, 125–144, 2013.

3. Sahalos, J. N. and E. Vafiadis, “On the narrow-band microwave filter design using dielectric
rod,’ IEEE Trans. Microwave Theory Tech., Vol. 33, No. 11, 1165–1171, 1985.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1699

Method of Measuring the Dielectric Constant of Grain in Granaries
Using Electromagnetic Antennas

Leidong Yang, Bingfang Wu, and Fangming Wu
Institute of Remote Sensing and Digital Earth, China Academy of Science, China

Abstract— A method is proposed in this paper to calculate the dielectric constant of grain in
granaries by measure the speed of electromagnetic wave transforming in the grain.
In granaries, the quantity of the grain is calculated by its volume and density. The grain’s
standard density can be measured by specific device but cannot be used to calculate the quantity
directly. In order to measure grain’s storage density, the dielectric constant is used as a middle
parameter in this paper. With the same grain sample, the dielectric constant varies with its
density which is changed by vibrating [1]. In electromagnetic theory, when electromagnetic wave
transfers in medium, its speed depends on the medium’s dielectric constant. As to measure the
dielectric constant of grain, the transforming speed of electromagnetic wave in it is measured.
An experimental device based on electromagnetic wave antenna is designed. The antennas will
be input into grains in parallel, and electromagnetic wave will translate between the antennas.
The speed of the electromagnetic wave will be measured and the dielectric constant of grain can
be calculated.
The largest transmission distance of electromagnetic wave in medium depends on its frequency.
The frequency of electromagnetic wave used in these experiments ranged from 10 MHz to 16MHz.
The speed of electromagnetic wave is so fast that some high precision chips were used to measure
the tiny difference of phase in the experimental device. Several experiments were done in granaries
which have wheat stored in them and the result will be analyzed in the paper.
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On the Possibility of Water Detection under Asphalt Layer Using
Microwave Radar System

A. V. Brovko
Yuri Gagarin State Technical University of Saratov, Russia

Abstract— Detection of water between asphalt and concrete layers is important part of mon-
itoring and maintenance of road quality. For the sake of non-destructive evaluation of the road
state, different NDE/NDT technologies can be used. In his paper, possibility of application of
microwave radar system for detection of water layer under asphalt is explored.
Two types of radar system is considered: the system with a single antenna (Fig. 1(a)), and
the system with two horn antennas (Fig. 1(b)). The performance of the system was estimated
numerically with FDTD modeling of wave diffraction on the layers of road.

(a) (b) 

Figure 1: Numerical model of (a) single antenna and (b) multiple antennas radar systems for detection of
water under asphalt layer.

Numerical analysis allows making the following conclusions:

• Detection of water layer under asphalt with the use of microwave energy is possible.
• System with two horn antennas is more sensitive to the water layer in terms of transmission

coefficient S21.
• System with TE polarization of electromagnetic wave is less sensitive to the water layer in

terms of transmission coefficient S21, than the system with TM polarization.
• With increasing of water layer thickness from 0 to 1 mm the difference in S21 parameter is

increasing gradually, but after 1mm the difference in S21 is small.
• Dissipated power in water layer is of the same values as in the first asphalt layer dispite of

smaller values in the intermediate layers; this provides potential way of elimination of water
from asphalt layer by microwave heating.
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Detection of Discontinuities in the Samples of Changing Sizes with
ANN-based Technique

A. V. Brovko
Yuri Gagarin State Technical University of Saratov, Russia

Abstract— Detection of discontinuities in dielectric samples using microwave imaging is an
important part of non-destructive evaluation and testing technology. Recently, the technique
of detection of a spherical inclusion in homogeneous dielectric sample has been proposed [1].
The technique is based on application of artificial neural network (ANN) as numerical inverter,
which is trained with numerical modeling data, and after training the ANN may be applied for
reconstruction of the inclusion parameters using physical measurement results. Advantages of
the approach described in [1] include simple measurement technique and possibility to work with
closed measurement waveguide system. However, the technique is limited to the case of constant
sizes of dielectric sample. Variations of sizes may destroy completely the procedure and corrupt
the results. Moreover, the technique described in [1] requires changing of the positions of sample
inside measurement system in the course of measurement, which is not convenient for practical
implementation.
In this paper, the attempt to overcome the limitations of technique, described in [1], is under-
taken. The sizes of sample are included into a set of parameters which are reconstructed using
ANN. In order to provide more input information for ANN to reconstruct the extended set of
parameters, different multiport measurement systems are investigated in this paper, namely,
turnstile waveguide junction, and junctions of four and five rectangular waveguides.
Numerical experiments with spherical inclusion of changing radius, position, and dielectric per-
mittivity, and changing sizes of rectangular sample of constant homogeneous material show that
turnstile junction measurement system permits to reach relative errors 1.5%–3.5% in determi-
nation of position of the inclusion, 3%–4% in determination of radius of the sphere, 7%–15%
in determination of permittivity. Application of five-port rectangular waveguide junction leads
to increasing the relative errors to the following values: 6%–10% in determination of position
of the inclusion, 4%–7% in determination of radius of the sphere, 8%–16% in determination of
permittivity. Application of four-port waveguide junction seems to be not practical because of
too large relative errors in determination of the parameters of inclusion.
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Explicit Discretization Schemes for Linear Sampling and
Factorization Methods

M. N. Akıncı and M. Çayören
Department of Electronics and Communication Engineering, Istanbul Technical University, Turkey

Abstract— Qualitative inverse scattering consists of various inverse scattering techniques,
which aim to recover only the shape of the target rather than the frequency dependent dielec-
tric parameters of the scatterers [1]. These methods have certain advantages over quantitative
approaches. Simplicity of implementation and requirement of less computational resources are
just two examples of these advantages. Contradictory to this circumstance, such methods are not
widely used in engineering applications like subsurface sensing [2, 3], medical imaging [4] and etc..
In particular, finding a mathematical treatment for the derivation of the explicit discretization
schemes of such methods is a problematic issue, especially in the near field region [3, 5]. In this
context, this work presents a mathematical derivation of the explicit discretization schemes for
two famous qualitative inverse scattering methods, which are the linear sampling method (LSM)
and the factorization method (FM), for certain near field measurement scenarios. Explicitly,
we mathematically derive the discretizations of the well-known “near-field equations” for three
different case: measurements taken on a planar surface, measurements taken on a cylindrical
surface, measurements taken on a spherical surface. Apart from giving the discretization of the
near-field equations for different measurement configurations, we also mention how the discretized
equations related with the physical interpretations of LSM [6, 7]. It is important to note that
after understanding the mathematical and physical principles which motivate the LSM and the
FM, it is straightforward to extend this analysis to another measurement configurations. Lastly,
we also give several experimental reconstructions, which are obtained from Fresnel data [8, 9], to
prove the accuracy the derived discretization schemes.
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The Scaled Gradient Projection Method: An Application to
Nonconvex Optimization
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1Dipartimento di Scienze Fisiche, Informatiche e Matematiche
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Abstract— The scaled gradient projection (SGP) method [1] is a variable metric forward-
backward algorithm designed for constrained differentiable optimization problems, as those ob-
tained by reformulating several signal and image processing problems according to standard
statistical approaches. The main SGP features are a variable scaling matrix multiplying the
gradient direction at each iteration and an adaptive steplength parameter chosen by generalizing
the well-known Barzilai-Borwein rules.
An interesting result recently shown by Bonettini [2] is that SGP can be exploited within an
alternating minimization approach in order to address optimization problems in which the un-
known can be splitted in several blocks, each with a given convex and closed feasible set. Classical
examples of applications belonging to this class are the non-negative matrix factorization [3] and
the blind deconvolution [4] problems.
In this work we applied this method to the blind deconvolution of multiple images of the same
target obtained with different PSFs. In particular, for our experiments we consider the NASA
funded Fizeau interferometer LBTI of the Large Binocular Telescope [5], which is already oper-
ating on Mount Graham and has provided the first Fizeau images, demonstrating the possibility
of reaching the resolution of a 22.8 m telescope. Due to the Poisson nature of the noise affecting
the measured images, the resulting optimization problem consists in the minimization of the sum
of several Kullback-Leibler divergences, constrained in suitable feasible sets accounting for the
different features to be preserved in the object and the PSFs.
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Inverse Source in a Multipath Environment

A. Cuccaro, R. Solimene, and R. Pierri
Dipartimento di Ingegneria Industriale e dell’ Informazione

Seconda Unviersita’ degli Studi di Napoli, via Roma 29, Aversa 81031, Italy

Abstract— Generally, the problem of detecting and localizing small targets can be tackled by
adopting a number of different methods. Migration algorithm, time reversal and strategy based
on compressive sensing (when the scene under investigation is sparsely populated) are only a few
of examples of them. In all inversion techniques, from the scattered field (radiated field if the
target is a source) collected over domain, the position of target have to be inferred. However, it
often happens that apart from the field due to the target, the fields produced by further object
(generally unwanted) are collected as well. This degrades the performance achievable and the
detection can be fail.
In this contribution we measure ourselves with this problem, or rather we addressed the detection
of point-like sources in multipath environments. This entails dealing with an inverse source
problem. More in detail, the scenario of interest includes an ensemble of point-like passive
elements (infinitely long PEC cylinders) positioned between investigation domain (containing
only the source) and measurement line. A two dimensional scalar framework is set.
From physical point of view, extra in-homogeneities in the environment originates multipath.
Multiple scattered waves are often treated as a disturb to be rejected as they give rise to spurious
artifacts in the reconstructed images. However, if the in-homogeneous background is someway
characterized (i.e., because it is artificially created) these waves can be exploited positively.
In particular, using effectively this spatial diversity and not a priori discard it, we compare two
different linear inversion schemes. The first strategy consists in inverting the radiating operator,
which rigorously describe the radiation and interaction between the source and passive elements.
In the second one, the inversion is achieved by back-projection, which is one of the methods most
commonly used in imaging.
We will show how the performance achievable change with the passive structure compared to
the free-space, and how the detection system depend on the positions of these extra-scatterers.
Finally, we establish which of two different strategies exploits the best the multipath introduced
artificially.
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Quantitative Imaging in an Aspect-limited/transmission
Configuration: Incorporation of Antennas Radiation Pattern

C. Eyraud, A. Litman, S. Nounouh, and H. Tortel
Aix-Marseille Université, CNRS, Centrale Marseille, Institut Fresnel UMR 7249, Marseille 13013, France

Abstract— Electromagnetic wave probing is an interesting tool to obtain the physical features
of unknown targets (position, shape, size, complex permittivity). Indeed, these characteristics
can be retrieved from scattered fields measurements thanks to the resolution of a non-linear
inverse problem. A key point when dealing with quantitative imaging and experimental data is
the calibration procedure.
In spherical/circular configurations, when the antennas are sufficiently far away from the target,
the calibration can be performed with a single complex coefficient calculated using a reference
target. When the antennas are moving closer to the target, even in full-aperture configurations,
the impact of the antenna radiation pattern must be investigated, and more complicated calibra-
tion procedures might be required. For example, full coefficient matrices can compensate from
the fact that, in antenna arrays, the illumination may differ from one antenna to the other. As
well, in aspect-limited configurations, the radiation pattern of each antenna greatly influences
the target illumination as well as the scattered field collection.
In this work, we consider a transmission configuration, with antennas moving on open-line. This
complicated situation forces us to take into account the effective behaviour of the emitters and
the receivers. We thus propose to properly model the radiation pattern of the involved antennas
by means of a linear combination of electric dipoles and to incorporate it in inversion algorithms.
The forward model as well the computation of the various gradients which are involved in the
inversion procedure will be affected by such a model. In this talk, we will analyse the influence
of these information thanks to reconstructions obtained from measurements performed in an
anechoic chamber.
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Frequency and Polarization Diversity in through-the-wall Breath
Detection

A. Narbudowicz1, M. J. Ammann2, G. Ruvio2, A. Dell’Aversano3, and R. Solimene3

1IHF — Institute of High Frequency Technology, RWTH Aachen University, Germany
2Dublin Institute of Technology, Ireland

3Dipartimento di Ingegneria Industriale e dell’Informazione, Seconda Università di Napoli, Italy

Abstract— In this paper a novel through-the-wall (TTW) breath detection system is studied
in terms of different operating frequencies and signal polarization diversity for improved accuracy.
The measurement set-up is organized as in Figure 1(a) and includes two sets of circularly-polarized
patch antennas (Figure 1(b)) fed by a Vector Network Analyzer (VNA) placed one meter away
from a conventional 12-cm thick wall. A subject breathing normally is positioned at a distance
of one meter from the other side of the wall with the chest oriented in the direction of maximum
radiation of the antenna (1.5 meter from the ground). The return loss of the antenna is acquired
at the frequencies 1,575 and 2.575GHz for vertical, horizontal and Circular-Polarization (CP) of
the antenna system, respectively. This large dataset allows a deep investigation on the effects of
frequency- and polarization-diversity on the accuracy of the vital sign detection. In particular,
measurements taken for different polarizations allow an understanding of the effects of ground
bouncing and signal rotation.
The antennas used for the study are CP patches, which offer high gain at minimum complexity.
Measurement at 1.575 GHz were conducted using two antennas, located next to each other: one
rightand one left-hand circularly polarized. For 2.575 GHz measurement, where the spacing be-
tween antennas is more critical due to shorter wavelengths, a dual circularly polarized antenna [1]
was used. This allowed to achieve perfect colocation of both polarizations.
As for the breath detection methods, different algorithms are evaluated. In particular, a classical
Fourier based method is compared with a novel version of the MUltiple Signal Classification
(MUSIC) algorithm.

 

Figure 1: Detail of the measurement set-up.
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Waveforms for SAR Imaging in Dispersive Material

N. A. Cartwright
State University of New York at New Paltz, USA

Abstract— Precursor waveforms are derived from the asymptotic analysis of plane waves scat-
tered from an isotropic point scatterer. These waveforms are then used as the transmit waveform
for synthetic-aperture radar imaging through dispersive material. Numerical simulations are used
to compare these waveforms with “optimal waveforms”.
Motivation: As an electromagnetic wave propagates through a dispersive material, those fre-
quencies that lie below the absorption band experience the least amount of attenuation and hence
become the dominant contribution to the field for large propagation distances. Asymptotic anal-
ysis has shown that in dielectrics, this low-frequency contribution, the so-called Brillouin precur-
sor, has a peak amplitude point that decays algebraically with propagation distance z, as z−1/2

[1]. It has been suggested that near-optimal pulse penetration is possible by using the Brillouin
precursor as the transmit pulse, which may then have applicability to radar imaging [2].
The question as to which transmit pulse produces an optimal image in synthetic-aperture radar
imaging through dispersive media was addressed in [3, 4]. For large signal-to-noise ratios, the
optimal waveform “closely resembles the precursor which is generated from a one-cycle sinu-
soid. This suggests that under certain conditions, precursors may indeed be useful as transmit
waveforms in SAR imaging” [4].
Method of Analysis: Here, we derive the low-frequency transmit precursor waveform for
imaging isotropic point scatterers embedded in a Debye-type dielectric material indicative of
foliage. This “scattering precursor” is obtained by asymptotic analysis of the integral equation
for the scattered field using the Born approximation; it is given in terms saddle point locations
and modified Weber functions. In comparison to the Brillouin precursor (or the nonscattered
precursor), the scattering precursor pulse consists of higher frequencies but it too has a peak
amplitude that decays algebraically with propagation distance, now as z−3/2.
Numerical Simulations: We compare the propagation characteristics and imaging results
obtained for each transmit pulse (both the nonscattered and scattered precursor waveforms, and
the optimal waveform given in [4]). Comparison of the bandwidth of each received pulse gives
the spatial resolution of each transmit pulse. It is clear from the results that which waveform
is “optimal” depends upon the propagation distance from transmitter to scatterer and back, as
well as the dispersive properties of the material.
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Graphene Photonics and Optoelectronics

Andrea C. Ferrari
Cambridge Graphene Centre, University of Cambridge, CB3 OFA, UK

Abstract— Graphene has great potential in photonics and optoelectronics, where the com-
bination of its unique optical and electronic properties can be fully exploited, the absence of a
bandgap can be beneficial, and the linear dispersion of the Dirac electrons enables ultra-wide-
band tunability [1–3]. Despite being a single atom thick, graphene can be optically visualized [4].
The linear dispersion of the Dirac electrons enables broadband applications. Saturable absorp-
tion is observed as a consequence of Pauli blocking [5–7] and can be exploited for mode-locking
and Q switching of a variety of ultrafast and broadband lasers [1, 5–8]. Chemical and physical
treatments enable luminescence [1, 8]. Graphene and other two-dimensional materials are also
ideal as photodetection platforms [1–3]. The versatility of these material systems enables their
application in areas including ultrafast and ultrasensitive detection of light in the ultraviolet,
visible, infrared and terahertz frequency ranges [1–3, 10–13]. These detectors can be integrated
with other photonic components based on the same material, as well as with silicon photonic and
electronic technologies. By combining graphene with plasmonic nanostructures, the efficiency of
graphene-based photodetectors can be increased, because of efficient field concentration in the
area of a p-n junction [10]. Light-graphene interaction can be tailored by using microcavities [11].
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Graphene Based Optical Modulators

Vito Sorianello1, Michele Midrio2, and Marco Romagnoli1
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2CNIT, Università degli Studi di Udine, Udine 33100, Italy

Abstract— Graphene is shown to allow for the design of an SOI phase modulator with negligible
residual amplitude modulation, low insertion loss and record figures of merit with respect to any
other technology used so far. In fact graphene based optoelectronics is attracting increasing
interest because graphene electro-optical properties can be tuned with a proper gate, as well as
because graphene is technologically compatible with other materials, and substantially wavelength
independent.
Graphene-assisted electro-absorption modulators, photoconductors and other photodiodes have
been demonstrated recently [1, 2]. However, for telecom applications, notably when complex
modulation formats are employed to increase the spectral efficiency, availability of phase modu-
lators is of paramount importance too. In this work we show that graphene may allow to realize
such a component, with better performance than existing technologies.
A Graphene-Insulator-Graphene capacitor on top of a Si waveguide is used to induce a proper
shift of the Fermi potential in graphene. With large enough carrier concentration on the graphene
layers, graphene becomes an almost transparent material due to Pauli’s blocking principle. Any
further change of the carrier concentration only impacts on the graphene dielectric constant. This
way, biasing the capacitor and subsequently modulating the applied voltage, phase modulation
is achieved [3]. A voltage-length product as low as VπL = 0.1Vcm can be obtained, with an
insertion loss of 12 dB/cm. This yields the overall record FOM of 1.2 VdB in a device with
driving voltage, footprint and energy per bit consumption in the range of 1 V, 0.5 ÷ 1mm and
0.25–0.01 pJ/bit at 50 Gb/s, depending on the modulator configuration. These figures show that
graphene outperforms any other technology used so far for phase modulation. As a matter of fact,
modulators based on the plasma-dispersion effect suffer of both residual amplitude modulation
and large insertion loss due to the accumulation of carriers. Whereas the footprint of a LiNbO3

modulator is almost an order of magnitude larger than its graphene counterpart.

Figure 1: Schematic cross-section of a phase modulator with two layers of graphene on top of a silicon
waveguide.
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Valley and Spin Dynamics in Monolayer MoS2
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Abstract— The ability to control the valley degrees of freedom is the foundation of the emerg-
ing field of valleytronics [1]. Atomically thin Transition Metal Dichalcogenides (TMDs) are a
promising platform for the implementation of new devices exploiting the valley and spin degrees
of freedom [2]. Here we measure separately the spin and valley relaxation dynamics of both
electrons and holes in the prototypical TMD MoS2. We disentangle the different processes by the
combination of ultrafast optical spectroscopy techniques, i.e., Time Resolved Circular Dichro-
ism (TRCD) and Time Resolved Faraday Rotation (TRFR). TRCD experiments are performed
by exciting the sample with an ultrashort circularly polarized pulse, resonant with the optical
gap, and measuring the difference between the transient absorption response probed by co- and
counter-circularly polarized pulses. The transient absorption is measured on a broad energy range
including the A (λ = 650 nm) and B (λ = 605 nm) excitonic transitions at K and K ′. These mea-
surements reveal an extremely fast intravalley relaxation of the spin of the photoexcited electrons
at the bottom of the conduction band. Furthermore, our data demonstrate that the two non-
equivalent valleys K and K ′ are strongly coupled and the valley polarization is strongly quenched
after few ps [3]. In TRFR experiments the pump pulse creates a spin polarized population of
electrons/holes in the conduction/valence band, while the rotation angle of the linearly polarized
probe pulse is measured by a balanced photodiode bridge technique. We use a two-color TRFR
configuration, in which the energy of the probe pulse is tuned well below the absorption gap. In
these conditions, the TRFR signal is only sensitive to the helicity-dependent light scattering of
the photoexcited electron and hole populations. Since the probe pulse couples with the carrier
orbital degree of freedom, the Faraday rotation signal is related to an unbalanced distribution of
the photoexcited carrier orbital degrees of freedom. The orbital momentum in MoS2 single layer
is locked with the valley index. Thus, the two color TRFR measurements probe exclusively the
intervalley dynamics of electrons and holes. The combination of TRFR and TRCD allows us to
disentangle intervalley and intravalley dynamics. Both TRCD and TRFR experiments are quan-
titatively explained by a set of rate equations which take into account intervalley and intravalley
relaxation channels.
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Abstract— Recent progress in the exfoliation of layered materials and the nanofabrication
of functional structures has revived the interest in two-dimensional materials with properties
complementary to graphene, in particular transition metal dichalcogenides such as MoS2. Their
potential for electronics has become evident by the realization of a field effect transistor and a
logic circuit device based on a single flake of monolayer MoS2. Despite its high exciton binding
energy, monolayer MoS2 shows a strong photovoltaic effect and potential for high sensitivity
photodetectors. Both these functionalities require efficient charge carrier photogeneration, either
via direct excitation of mobile carriers or via exciton dissociation.
Here we use continuous wave photomodulation and femtosecond pump-probe spectroscopy to
identify the spectral features of photogenerated charges in an ensemble of few-layer MoS2 dis-
persed in a transparent polymer and trace their dynamics, starting with their generation either
by direct impulsive excitation into the charge continuum or via exciton dissociation. We find that
the primary photoexcitations are excitons which dissociate efficiently with a characteristic time
of 700 fs. Thus few-layer MoS2 displays a behavior which is intermediate between conventional
semiconductors on the one hand, and high exciton binding energy materials, such as organic semi-
conductors, carbon nanotubes, and presumably single-layer MoS2 on the other. High efficiency
photodetectors and photovoltaic elements based on monolayer MoS2 require additional measures
to achieve efficient exciton dissociation, such as a strong built-in field using appropriate electrode
materials, engineering a p-n junction, or a heterojunction device. According to our findings, in
few-layers, which have the added benefit of absorbing a larger fraction of the incident light, such
measures should not be necessary and simpler, more scalable device structures could be used.
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Negative Dynamic Conductivity in Pumped Graphene Layers
“Decorated” with Quantum Dots
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Abstract— The gapless energy spectra of graphene layers, bilayers, and non-Bernal-stacked
multilayers enables their applications in different terahertz (THz) devices, in particular, THz
lasers with the interband population inversion created by optical pumping or injection [1, 2]. The
intraband indirect radiative processes lead to significant THz radiation losses due to the Drude
absorption. These processes complicate the realization of the graphene-based THz lasers.
Recently, it was shown that the contribution of the indirect interband transitions to the graphene
layer dynamic THz conductivity can compensate or even dominate over that of the intraband
radiative transitions, provided that the carrier scattering is primarily associated with long-range
scattering potentials (natural or artificial) [3]. The total suppression of the Drude absorption
in pumped graphene layers is possible if the size of the scattering clusters is sufficiently large
(50–100 nm).
In this work, we evaluated of the role of the indirect interband transitions in pumped hybrid
graphene-quantum-dot heterostructures (or graphene layers “decorated” with quantum dots [4, 5]).
In these structures, the charged quantum dots (or domes) placed near the graphene layer plane
form the spatially fluctuating potential relief providing the carrier scattering with relatively small
variations of the electron and hole momenta. We demonstrated that despite a fairly small density
of states near the graphene layer band edges, the indirect interband generation of photons can sur-
pass their intraband (Drude) absorption, resulting in rather large absolute values of the negative
dynamic conductivity in a wide range of THz frequencies at elevated (room) temperatures. The
considered graphene-quantum-dot heterostructures can be perspective for graphene-layer-based
THz lasers.
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Abstract— Recent experimental and theoretical advances in the study of graphene plasmons
have triggered the search for similar phenomena in other materials that are structured down to
the atomic-scale, and in particular, alternative 2D crystals, noble-metal monolayers, and poly-
cyclic aromatic hydrocarbons, which can be regarded as molecular versions of graphene. The
number of valence electrons that are engaged in the plasmon excitations of these materials is
small compared with those of conventional 3D metallic nanostructures, and consequently, the
addition or removal of a comparatively small number of electrons produces sizeable changes in
their frequencies and near-field distributions. Graphene in particular has been shown to exhibit
a large degree of electrical modulation due to its peculiar electronic band structure, which is
characterized by a linear dispersion relation and vanishing of the electron density of states at the
Fermi level; few electrons are needed to considerably change the Fermi energy. However, plas-
mons in graphene have only been observed at mid-infrared and lower frequencies, and therefore,
small molecular structures and atomically thin metals constitute attractive alternatives to achieve
fast electro-optical modulation in the visible and near-infrared (vis-NIR) parts of the spectrum.
In this presentation, were view different strategies and recent advances in the achievement of
strong optical tunability in the vis-NIR using plasmons of atomic-scale materials, as well as their
potential application for quantum optics, light manipulation, and sensing.
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S. A. Mikhailov and N. A. Savostianova
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Abstract— It was theoretically predicted [1] that the linear energy dispersion of graphene
electrons leads to a strongly nonlinear electrodynamic response of this material. This fact has
been confirmed in a number of experiments, both at microwave [2] and optical [3] frequencies:
the nonlinear parameters of graphene were found to be many orders of magnitude larger than
those of many other nonlinear materials.
The results of the theory [1] have been obtained within the quasi-classical Boltzmann kinetic
theory which is valid at low (microwave/terahertz) frequencies ~ω ¿ 2EF ; here EF is the Fermi
energy of graphene electrons. In addition, the nonlinear response of graphene was analyzed in [1]
in the collisionless approximation τ →∞, where τ is the effective scattering time. In this work we
will report on the full quantum theory of the third-harmonic response of graphene [4, 5] valid at
arbitrary values of the parameter ~ω/2EF . We show that the dependence of the third-harmonic
intensity on the frequency ω of the incident wave should demonstrate a huge resonance at the
frequency ω = 2EF /~. corresponding to the inter-band absorption edge in graphene. The third
harmonic intensity is calculated both for the case of an isolated graphene sheet and for graphene
layer lying on a dielectric substrate like, e.g., SiO2/Si.
In addition, we will report on results of the quasi-classical theory of the nonlinear response of
graphene at arbitrary values of the external ac electric field and arbitrary values of the scattering
parameter ωτ . Such a non-perturbative solution demonstrates, for example, strong absorption
saturation at microwave/terahertz frequencies in the ac electric fields of order of 1 kV/cm.
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Design and Analysis of Tunable Photonic Devices Based on the
Co-integration of Graphene and Dielectric Waveguides

A. Locatelli and C. De Angelis
Dipartimento di Ingegneria dell’Informazione, Università degli Studi di Brescia, Brescia, Italy

Abstract— The peculiar properties of graphene have been attracting the ever increasing in-
terest of the scientific community since the 2010 Nobel Prize in Physics, which was awarded
to Novoselov and Geim for their groundbreaking studies. Scientists have already envisaged a
plethora of innovative applications in electronics and photonics which exploit the unique char-
acteristics stemming directly from the Dirac dispersion relation of electrons in graphene [1]. In
particular, the ultrafast tunability of the electromagnetic parameters of this two-dimensional
material can be a key feature for the realization of novel photonic devices. In this context, well-
established analytical models are available nowadays to describe both the linear and the nonlinear
optical properties of graphene in terms of its 2D complex surface conductivity σ2D [2].
The interaction length between light and graphene is limited by the atomic thickness of the
material therefore, following the idea proposed by Liu et al. in a seminal paper [3], several
structures based on the co-integration of conventional dielectric waveguides and graphene have
been reported, with the goal of perturbing the propagation of a guided mode by means of localized
variations of the electromagnetic parameters. This concept allowed to propose, for instance,
optical amplitude [3, 4] and phase modulators [5], tunable directional couplers [6, 7] and highly
nonlinear waveguides [8]. Most of these structures have been characterized by resorting to full-
wave simulations where graphene was modeled as a 3D brick with atomic thickness ∆, and
volume conductivity σ3D = σ2D/∆. This approach is straightforward but it is characterized by a
huge (and often unacceptable) computational burden, thus modeling techniques based on surface
current boundary conditions [7, 8] and/or perturbation theory [5, 7, 9] have also been proposed.
In this work we will first review the state-of-the-art of modeling of photonic devices based on
the co-integration of conventional dielectric waveguides and graphene. Then, we will systemati-
cally study the possibility of applying computationally efficient techniques, such as perturbation
theory [9], for the analysis and the design of linear and nonlinear devices for optical processing.
We will demonstrate that the effects induced by the tunability of the conductivity of graphene,
which can be due to an electrical bias and/or to the Kerr effect, can be accurately predicted by
exploiting the “concentrated” nature of the perturbation introduced by the graphene layers.
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Enhanced Nonlinear Interactions in Graphene-based Photonic
Structures

D. de Ceglia1, M. A. Vincenti1, M. Grande2, A. D’Orazio2, and M. Scalora3

1Charles M. Bowden Research Laboratory, National Research Council — AMRDEC
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Abstract— Third-order nonlinear response of monolayer graphene may be significantly mag-
nified by inserting it in properly designed photonic structures, such as defective periodic struc-
tures and resonant gratings. Placing graphene within the defect layer of an asymmetric, one-
dimensional photonic crystal induces near-perfect absorption in the narrow frequency band asso-
ciated with the defect mode of the structure. In particular, the enhanced field localization within
the defect state amplifies third-harmonic generation efficiency by nearly five orders of magnitude
compared with bare monolayer graphene. The role of the structure’s asymmetry, the angular
and polarization dependence of the linear and nonlinear response will be discussed. The effects
of saturation of the third-order susceptibility will be investigated at both the fundamental and
third-harmonic frequencies. Finally, we will show the possibility to achieve controllable saturable
absorption for the pump signal.
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Modeling Graphene Based Couplers and Arrays

Alejandro B. Aceves
Department of Mathematics, Southern Methodist University, Dallas, TX 75275, USA

Abstract— Exploiting the nonlinear properties of graphene layers, we study multi-layer systems
for which each layer can be independently modulated. We have shown proof of principle in a
2-layer nonlinear coupler, where small variations of the chemical potential gives wide variations
in the beating length, idea for a graphene-based fast switch. Here we will present studies in
multi-layer graphene-based systems including nonlinear arrays and the dynamics and properties
that can exhibit such systems.
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Discrete Solitons in Graphene-based Metamaterials

Yu. V. Bludov1, D. A. Smirnova2, Yu. S. Kivshar2, N. M. R. Peres1, and M. V. Vasilevskiy1

1Centro de F́ısica and Departamento de F́ısica, Universidade do Minho
Campus de Gualtar, Braga 4710-057, Portugal

2Nonlinear Physics Center, Research School of Physics and Engineering
Australian National University, Canberra ACT 0200, Australia

Abstract— One of the remarkable properties of nonlinear systems is the ability to sustain a
localized wavepackets-solitons, which can propagate over long distance without loosing its shape.
In the area of plasmonics discrete solitons can be observed in the metal-dielectric multilayers [2];
periodical arrays of nanowires [3] or nanoparticles [4]. Recently it was shown, that a 2D mate-
rial graphene is strongly nonlinear material [5]. In order to increase the effective nonlinearity of
photonic structures with graphene, a natural idea is to use graphene multilayers which, depend-
ing on different wavelength regimes, may possess the basic properties of photonic crystals and
metamaterials.
In this article, we study nonlinear properties of multilayer metamaterials. created by graphene
sheets separated by dielectric layers. We show that this type of metamaterial is essentially
nonlinear, and the origin of nonlinearity is the Dirac-cone shape of the charge-carriers spectrum
in the graphene. The expression for the graphene’s nonlinear conductivity [6] is obtained using
the Boltzmann kinetic equation formalism. We demonstrate that such a multilayer structures
are described exactly by the stationary discrete nonlinear Schrödinger equation, and, as a result,
can support spatially localized nonlinear modes in the form of discrete solitons. We show the
existence of two types of solitons. The plasmonic soliton (example is shown in Fig. 1) bifurcates
from the low-frequency boundary of the first band (black domain in left panel of Fig. 1), exists
in the semi-infinite gap, and is characterized by the evanescent waves in the dielectric between
the graphene layers. In the vicinity of the band edge the soliton is delocalized — its electric field
is distributed over a large number of graphene layers [panel A]. When frequency is detuned from
the band edge, the soliton becomes more localized [panel B]. The photonic soliton exist in the
upper (finite) gaps of the spectrum, and is characterized by propagating waves in the dielectric
between graphene layers.
We also analyze the nonlinear surface modes in truncated graphene metamaterials being a non-
linear analog of surface Tamm states.

(a) (b)

Figure 1: (a) Dependence of soliton norm P (in MV2/m2) upon frequency ω and wave vector kx for the
Fermi energy of graphene EF = 0.157 eV, interlayer distance d = 40 µm, and dielectic layer permeability
ε = 3.9; (b) Soliton spatial profiles for kx = 0.05 µm−1 and ω = 1.98meV [panel A], or ω = 0.52 meV [panel
B].
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Dyakonov-like Plasmonic Localized Waves on Graphene
Metasurfaces

I. V. Iorsh1, I. Trushkov1, O. Yermakov1, 2, A. Ovcharenko1, 2, A. A. Bogdanov1, 3,
P. A. Belov1, and Yu. S. Kivshar1, 4

1ITMO University, Russia
2V. N. Karazin Kharkiv National University, Ukraine

3Ioffe Institute, Russia
4Australian National University, Australia

Abstract— We study electromagnetic properties of a metasurface formed by array of coupled
graphene nanoribbons. We show that surface conductivity tensor has principal components of
different sign and the system supports Dyakonov-like plasmonic surface modes.
Introduction: Graphene, two-dimensional lattice of carbon atoms, exhibits a wide range of
unique electronic and optical properties [1]. Graphene plasmonics [2] became a rapidly growing
research field, both because plasmons in graphene exist in widely demanded THz field and because
they can be effectively tuned with an external gate voltage. In [3] it has been shown that a
wide range of metasurfaces can be construced based on graphene sheets. In our work we show
that nanostructuring the graphene sheet we can tailor the electronic properties directly and as
consequence control the conductivity of these metasurfaces.
Conductivity and localized surface waves of the metasurface: We study the system
shown in Fig. 1: We calculate the electronic band structure and eigenfunctions for the array of
tunnel coupled armchair and zigzag nanoribbons. We show that the coupled edge states of zigzag
nanoribbons form the additional electronic band characterizing by the hyperbolic Fermi surface
and the band structure of coupled armchair ribbons is characterized by the overlap of electron
and hole bands which results in the Fermi surfaces which simultaneously possess electron and
hole pockets. Then, using the Kubo formula we calculate the AC conductivity tensors of these
structures. We show that for the case of armchair nanoribbons (see Fig. 1) the system can be
described by an uniaxial conductivity tensor with principal components of different sign and low
loss. We obtain the dispersion equation for the Dyakonov-like surface modes at the anisotropic
metasurface. We also study the polarization properties of the localized waves: these modes are
linear combination of TM and TE surface plasmon modes appearing in 2 dimensional graphene.
Directivity of these plane waves can be controlled with the external voltage which can be used
for the creation of graphene-based photonic integrated circuits.
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Figure 1: (a) Atomic structure and (b) conductivity of the array of armchair nanoribbons.
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Analysis of Graphene Plasmonic Waveguides and Switching
Components via a Finite Element Formulation with Surface

Conductivity

I. Demirtzioglou and T. V. Yioultsis
Department of Electrical and Computer Engineering, Aristotle University of Thessaloniki

Thessaloniki 54124, Greece

Abstract— We present an efficient finite element formulation for the eigenmode analysis of
graphene-based plasmonic waveguides with switching functionalities. The formulation is full-
vectorial and addresses graphene as a surface conductivity, as opposed to a bulky material con-
siderations, thus eliminating the need for fine discretizations inside thin graphene models.
Introduction: Graphene is a ground-breaking material, with a multitude of significant proper-
ties and effects, including the ability to support surface plasmon propagating modes and switching
functionalities [1]. Optical conductivity of graphene has been shown to consist of a Drude in-
traband term and an interband contribution. These properties may result in either plasmonic
modes in THz [2] or enhanced switching in photonic waveguides for the optical communications
regime [3].
Finite Element Formulation: The proposed finite element eigenmode formulation starts from
a general framework that has been proposed in [4], where the electric field is used as a working
variable, with vector finite elements in the transverse plane and a scalar axial component. The
quadratic eigenvalue problem is of the form,

{[
St−k2

0T
t 0

0 −Sz,m+k2
0T

z

]
+neff

[
0 −jk0P

−jk0Q 0

]
+n2

eff

[
k2
0T

t,m 0
0 0

]}[
Et

Ez

]
= 0 (1)

where the corresponding finite element matrices may involve transverse or axial basis functions
or a combination of both. Mass matrices in (1) involve also line integral terms coming from
the surface treatment of graphene structures. Perfectly matched layers are used as domain
terminating conditions, while linearization of (1) results in positive semidefinite matrices, suitable
for sparse eigensolvers.
Plasmonic and Switching Components: The proposed formulation is able to analyze both
plasmon graphene ribbon waveguides in the THz regime (Fig. 1(a)) and a switching-capable
waveguide structure for telecom applications, based on the CGS waveguide [5], which is properly
enhanced by graphene (Fig. 1(b)). Based on the analysis, we have been able to propose a
graphene-enhanced plasmonic CGS waveguide with an extinction ratio of 8.6 dB and a 2.15 dB
insertion loss for a 10 µm length, which is highly promising for further study.

(a) (b)

Figure 1: Mode profiles (a) for three modes of a 5 µm graphere ribbon waveguide, (b) for a graphene-enhanced
CGS waveguide.
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Propagation of Quasi-TEM Waves in a Graphene Parallel Plate
Waveguide Involving Discontinuities

S. Akşimşek
Istanbul Kültür University, Turkey

Abstract— In this paper, propagation of quasi-TEM waves in a 2-D graphene parallel plate
waveguide (GPPWG) involving discontinuities [1] is investigated. The purposed waveguide struc-
ture involves some certain geometrical and physical discontinuities as illustrated in Figure 1, and
the mentioned discontinuity (scattering) mechanisms are: 1) a junction region of thickness b
stemming from the latitudinal sudden change between the plates, and 2) different dielectric sub-
strates on each side of the junction region and on this region as well, respectively. The surface
of the plates are represented by an anisotropic model of an infinitesimally thin graphene sheet
which has a dispersive conductivity term derived from Kubo formula [2].
The Mode-Matching technique, which is the well-known rigorous frequency domain method, is
applied to the geometry by determining the guided field terms at the junction region and both
sides of this region, and matching them at the junction’s boundaries by employing the continuity
relations following a similar procedure in [3]. At the end of the analysis the obtained infinite sets
of equations are truncated by a truncation number such N . After numerical evaluation of these
equations, the scattering coefficients are obtained and solved computationally [4]. The graphical
results of the scattering coefficients show the effect of the discontinuities on the propagation
of quasi-TEM waves along the purposed waveguide modal, and these results construct a solid
knowledge for future applications of nanophotonic devices at sub-THz frequency range.
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Figure 1: The geometry of 2-D graphene parallel plate waveguide involving discontinuities.
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Reconfigurable Antenna Design

Yahya S. H. Khraisat and Ahmad H. N. Qubaia
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P. O. Box 1375, Irbed 21110, Jordan

Abstract— A compact of a reconfigurable rectangular microstrip slot patch antenna of operat-
ing frequencies in the range of (2–6) GHz is proposed for Wireless Local Area Network (WLAN)
applications. It has one port excited with microstrip line feed mechanism. The proposed antenna
consists of a single layer patch antenna with two parallel slots designed that can be controlled via
two switches. Two parallel slots are incorporated to perturb the surface current path, introduc-
ing local inductive effect that is responsible for the excitation of the second resonant mode. By
adjusting the status of the switches state either on or off mode in simultaneously, the resonance
frequencies can be varied, thus achieving frequency reconfigurable.
I represent a fully information and design for reconfigurable antenna to use it in a new hybrid
device known Cognitive Radio CR. A cognitive radio CR is a wireless transponder that can sense
the environment in which it wishes to operate and can adapt itself to optimize its operation.
Sensing the environment may involve the measurement of the communications traffic and inter-
ference across a large part of the electromagnetic spectrum. The radio will also have knowledge
of the intentions of its user, to enable it to match its searches to the needs of the user. In simple
words the operations consist of Sensing and Reconfigurability called a Cognitive Radio CR.
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A Utility Maximization Approach to MAC Layer Channel Access
and Forwarding

Sunil Kumar1, 2, Priya Ranjan1, and Malay Ranjan Tripathy1
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Abstract— The directional antenna technology in wireless mesh network is used to improve
the spatial reuse of the wireless channel, where nodes communicate simultaneously without inter-
ference of each other. Compare to omnidirectional antenna, directional antenna establish links
between nodes far away from each other, and reduce the number of routing hops.
Innovative technology is required to meet customer demands and improve the performance in
WLAN 802.11. Large number of access point cannot be implemented due to infrastructure
limitation like wiring from access point to router or modem. Wireless is a scalable, reliable and
cost effective technology which can be used to propose a utility maximization approach to MAC
layer channel access and forwarding.
In this paper a nonlinear utility optimization based approach is proposed to share bandwidth
channel resources among interfering interfaces both in presence of balanced and unbalanced
traffic. We propose a new algorithm to provide channel access information in dynamic network
scenario. This work implements nonlinear utility maximization based on data rate and tested
indoor IEEE WLAN 802.11n+s. It will hopefully bridge the gap between economic perspective
of resource allocation and technological efficiency of WLAN. This can lead to a programmable
interface for management and control of physical layer resources in an optimal fashion.

REFERENCES

1. Sana, G., M. G. Sonia, and K. Farouk, Comparison of Proposed Path Selection Protocols for
IEEE 802.11s WLAN Mesh Networks, 17–28, Springer, Boston, 2010.

2. Chakraborty, S., S. Sharma, and S. Nandi, “Performance optimization in single channel di-
rectional multi-interface IEEE 802.11s EDCA using beam prioritization,” Proceedings of the
IEEE International Conference on Communication, Jun. 2012.

3. “IEEE standard for information technology-telecommunications and information exchange be-
tween systems local and metropolitan area networks specific requirements part 11: Wire-
less LAN medium access control (MAC) and physical layer (PHY) specifications,” IEEE Std
802.11-2012 (Revision of IEEE Std 802.11-2007), 1–2793, Mar. 2012.

4. Kapnadak, V., M. Senel, and E. J. Coyle, “Distributed iterative quantization for interference
characterization in wireless net-works,” Digit. Signal Process., Vol. 22, No. 1, 96–105, Jan. 2012.



1730 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015
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Abstract— The noise in magnetic resonance imaging (MRI) systems is primarily thermal noise
generated in the receiver Faraday coil (rf resonator) and in the imaged body. There are two
regimes for the thermal noise induced conductive losses in the MRI systems. In the first one,
the overall rf loss is body loss dominated, so the SNR is governed by the body loss, in the
second instance, loss occurs predominantly in the coil. Therefore in the latter case, reducing the
coil resistance or/and temperature can result in significant thermal noise reduction. This can
be realized by coils made out of high-temperature superconducting (HTS) materials known for
their very low rf surface resistance Rs. Furthermore, relatively high critical temperature of HTS
materials allows for cryostat design simplifications, which enables short range distance between
the HTS coil and the body.
We report on the design, construction, and validation of receive-only MRI cryo-probe operating
at 7T based on HTS coil integrated with tuning/matching to 50 Ω and de-coupling circuitry.
The coil is designed as a double-sided structure, consisting of two split rings, the gaps in each
quasiring rotated 180 from each other (Fig. 1). Such structures have been referred to as twin
horse-shoe (H-S) resonator and its double-sided configuration introduces not only distributed
capacitance, but also reduces capacitive loss by concentrating the electric field within low-loss
substrate. HFSS software package (Ansoft) was used to design both copper and HTS coils with
dimensions according to the resonant frequency and field-of-view requirements.
The Cu coil and electronic circuit layout was patterned using LPKF PhotoMat C100. Double-
sided Cu high frequency laminate (ε = 2.2 and thickness of 0.38 mm) was used for the coil
fabrication. Superconducting coils were made of epitaxially grown 0.5µm thick YBCO super-
conducting films, which were patterned using optical lithography and wet etching. Two split
quasi rings were fabricated on both sides of a 0.33 mm thick Al2O3 (ε = 10.4) wafer to create a
300MHz resonator. A closed cycle pulsed tube cryogenic system (CryoMech HTP10) was used
to cool the probe.
Our main interest in this work was the identification of all losses, such as rf coil (∼ 1/Qcoil), body
(∼ 1/Qbody), cryostat (∼ 1/Qcryostat) and tuning/maching/decoupling electronics (∼ 1/Qelectronics)
losses, and assessment of the probe SNR limits. We have measured all loss components of the
system. In addition, the influence of magnetic flux (7T) on the HTS coil was also investigated.
YBCO thin film is in the mixed superconducting state at 7 T, which can result in higher losses.
The electronic loss (∼ 1/Qelectronics) increased in 7T from 1/1600 to ∼ 1/900. Most likely such
increase is due to magneto-resistive effects in varactors diodes used in the electronic circuit.
From Q measurements (Qcoil, Qbody, Qcryostat and Qelectronics) it was found that for in-vivo rat
imaging the SNR gain of the system is limited by rf body losses. In such a case, the SNR gain
can be adjusted by changing the coil size. For small samples, such as those used for in-vitro
microscopy imaging, electronics losses turned out to be limiting factors. Further increase of the
SNR gain for microscopy will require use of a cryogenic preamplifier and also further reduction
of the tuning/matching circuit losses.
SNR gains, tested on phantom and rats at 300MHz in a few cryogenic configurations, were
measured as ∼ 6 dB and ∼ 8 dB for cooled Cu and HTS coils over room temperature copper,
respectively.
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Abstract— Strong induction between one-dimensional arrays of Josephson junctions separated
with tens of micrometers were observed and analyzed. Arrays have a structure of superconduct-
ing quantum interference device (SQUID) connected in series, allowing one to tune Josephson
coupling energy by changing the flux threading a SQUID loop. Constituent Josephson junctions
were made of Al/AlOx/Al with a typical size of 100 nm, giving a charging energy of about 50 µeV.
A dc current biased in one array may increase the conductance of nearby isolated arrays. Because
of large inter-array distance, this mutual induction cannot be explained by capacitive coupling
between two arrays [1]. It turns out that the conductance change can be understood under a
picture of phase diffusion introduced by microwave excitation [2]. A detail analysis reveals that
excitation microwave power is proportional to bias current in the emitter. The induction strength
is largest when charging energy is dominant over Josephson coupling energy, a similar trend that
an array responds to microwave excitations [3]. In short range, induction strength is inversely
proportional to inter-array distance, suggesting a microwave power emission. This induction
provides an application of long-range and fast signal coupler.

(a) (b)

Figure 1: Demonstration of long-range digital signal coupler. (a) Time scan of the output voltage of receiving
array under a bias current of 0.47 nA when the emitting array is cyclically switched on and off. When emitter
current is switched on, the voltage drops due to a rapid change from high resistance (hi R) state to a low
resistance state (lo R). (b) The receiving array responses with a characteristic time smaller than 5 ms, which
is limited by our wiring and voltage pre-amplifier.

REFERENCES

1. Shimada, H., C. Ishida, and Y. Mizugaki, Phys. Rev. Lett., Vol. 109, 196801, 2012.
2. Liou, S., W. Kuo, Y. W. Suen, C. S. Wu, and C. D. Chen, New Journal of Physics, Vol. 10,

073025, 2008.
3. Liou, S., C. C. Chang, and W. Kuo, EPL (Europhysics Letters), Vol. 108, 67003, 2014.



1732 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Multi Band Metamaterial Based Bowtie Antenna for Wireless
Applications

Rajesh Kumar1, 2, M. R. Tripathy1, and Daniel Rönnow3

1Department of Electronics and Communication Engineering, ASET, Amity University, Noida, India
2Department of Electronics and Communication Engineering, BSAITM, Faridabad, Haryana, India
3Department of Electronics, Mathematics and Natural Sciences, University of Gavle, Gavle, Sweden

Abstract— In this paper a new design of meta-fractal antenna is proposed. The dimension
of the patch is 40 ∗ 40mm2 and the FR4 substrate is used for this. The patch antenna with
metamaterial ground plane is shown in Fig. 1(a). The first iterated fractal antenna with the
meta-material is shown in Fig. 1(b). The 2nd and 3rd iterated fractal antennas with metamaterial
ground plane are shown in Fig. 1(c) and Fig. 1(d).

(a) (b)

(c) (d)

Figure 1: (a) Patch antenna with metamaterial ground plane. (b) 1st iterated meta-fractal antenna. (c) 2nd
iterated meta-fractal antenna. (d) 3rd iterated meta-fractal antenna.
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Figure 2: (a) Patch antenna with metamaterial. (b) 1st iterated meta-fractal antenna. (c) 2nd iterated
meta-fractal antenna. (d) 3rd iterated meta-fractal antenna.
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The results are shown in Figs. 2(a)–(d). As we increase the iterations, different results are seen.
The band width used to increase for higher iterations. The return loss results shows better in
some of frequency bands for higher iterations and it get degraded for other frequency bands. All
these results are analyzed and discussed in detail in the paper.
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Abstract— The split ring resonator (SRR) is the key element to obtain left handedness at
microwave frequencies [1]. The orientation of the SRR relative to the electromagnetic field is
decisive for achieving left handedness (refractive index n < 0). It has been suggested that left
handedness is sensitive to disorder and that breakdown of left handedness may occur [2]. That
would be important for many applications, where manufacturing will cause imperfections, in
particular in low cost applications and at high frequencies. We investigate by simulations how
the left handedness is affected by rotational disorder of the SRR. The studied structure is shown
in Fig. 1.
The structure was designed for left handness in the X-band. The inner, φ1, and outer rings,
φ2, rings were rotated, but the position was not changed. The rod position was not changed.
In Fig. 2 the refractive index vs. frequency is shown for the case with φ = φ1 = φ2. φ was
independent for all SRR and was uniformly distributed between ±0◦, ±15◦, ±45◦, ±90◦. The
left handedness (n < 0) changes in frequency range and amplitude, but no breakdown of left
handedness from orientation disorder is seen. The highest negative refractive index is actually
achieved for φ between ±45◦. Varying φ1 only had negligible effect and φ2 only similar to the
case with φ = φ1 = φ2.

 

Figure 1: The investigated structure. Figure 2: The effect of random SRR rotation (φ =
φ1 = φ2).
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Abstract— A microwave switchable filter is one of key circuits in wireless communication
systems. A challenging bandpass filter design are tunable, good selectivity characteristics, low
insertion loss, and compact size. In this paper, a switchable bandpass to all stopped filter with
broad stopband is proposed (Fig. 1). The bandpass filter consists of a hairpin resonator and three
capacitors at the ends of resonator with capacitive coupling feed lines. As shown in Fig. 1, two
upper capacitances, C1, are fixed and lower capacitance C2 is varied The main function of C1

is used to attenuate the stopband The capacitor C2 is used to tune the bandpass to all stopped
filter by changing DC voltage The proposed filter provides a good selectivity and compact sized.
For experimental validation of proposed structure, the bandpass to all stop filter is proposed at
an operating frequency of 2.6 GHz The filter is designed on a substrate with a thickness (h) of
31mil and dielectric constant (εr) of 2.2. The fabricated circuit is shown in Fig. 2. The circuit
size is 8 × 25mm2 The SMV1233-040LF varactor diode is used for the capacitance variation.
The passband is occurred when bias voltage 1.7 V (C2 = 3 pF) From experiment, the passband is
shifted to lower frequency compare to EM simulation that is because of the effect of parasitic of
the varactor diode and the fabrication error (Figs. 3 and 4). In the simulation, the ideal capacitor
C1 and C2 are used. The insertion loss in the passband is 1.4 dB and the return loss is better
than 15 dB at 2.42 GHz Since transmission zeros near to the passband are obtained at 1.85GHz
and 2.84 GHz it provides a good selectivity characteristic. The 3 dB fractional bandwidth is
6.3%. The upper stopband is suppressed higher than 17 dB from 2.67 GHz to 9 GHz. The lower
transmission zero is moved to the passband when bias voltage 3.7V (C2 = 1.55 pF) providing all
attenuated as shown in Fig. 4.
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Abstract— In this paper a new design of meta-fractal antenna is proposed. The dimension
of the patch is 40 ∗ 40mm2 and the FR4 substrate is used for this. The patch antenna with
metamaterial ground plane is shown in Fig. 1(a). The first iterated fractal antenna with the
meta-material is shown in Fig. 1(b). The 2nd and 3rd iterated fractal antennas with metamaterial
ground plane are shown in Fig. 1(c) and Fig. 1(d).

(a) (b)

(c) (d)

Figure 1: (a) Patch antenna with metamaterial ground plane. (b) 1st iterated meta-fractal antenna. (c) 2nd
iterated meta-fractal antenna. (d) 3rd iterated meta-fractal antenna.
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Figure 2: (a) Patch antenna with metamaterial. (b) 1st iterated meta-fractal antenna. (c) 2nd iterated
meta-fractal antenna. (d) 3rd iterated meta-fractal antenna.
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The results are shown in Figs. 2(a)–(d). As we increase the iterations, different results are seen.
The band width used to increase for higher iterations. The return loss results shows better in
some of frequency bands for higher iterations and it get degraded for other frequency bands. All
these results are analyzed and discussed in detail in the paper.
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Abstract— Bangalore is state capital of karnataka, India and also know as IT capital of India.
In 1975, total number of lakes in Bangalore was 51 which had reduced down to 17 now because
of pollution growth, land encrochment and water pollution. Earlier they were a good source of
daily use water for Bangalore but now due to extensive pollution, it cannot be used. We in this
paper propose a project based on Low power WSN clubbed with cloud infrastructure to monitor
water quality in the lakes in real time during different seasons in a year and see the variation of
water quality in different region, i.e., close to human infra, in middle of lake, during rainy season
etc.. We want to conduct this experiment simultaneously across the 17 lakes in Bangalore. With
the data collected, suitable measures can be suggested to government to take effective actions
in order to save the exiting bio-diversity across the lakes. Cloud infrastructure can be useful
to see and analyze real time data from anywhere and even archive data which can be further
downloaded to see variation in last few year. Similar approach can be implemented to measure
real time air quality in Bangalore and some of other major polluted cities like Delhi.
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Abstract— Recent developments in the manufacturing of second-generation (2G) high temper-
ature superconductor (HTS), deposited on buffered flexible metal substrates, have opened more
possibilities for application in electric power grid and superconducting magnets. In the current
manufacturing process, HTS tapes such as YBa2Cu3O7−x on Hastelloy substrate (YBCO/Hastelloy)
often have in-situ quality control of surface morphology using high-speed cameras that can de-
tect and flag defects and X-ray diffractometers to access and regulate the tape texture. However,
these tools do not provide direct information on the expected critical current performance of the
superconductor tape. Since, kilometers long 2G tapes are manufactured by the MOCVD pro-
cess, an ideal solution would encompass a non-contact and non-destructive technique capable of
providing real time information about both the buffer and superconducting layers at each point
of the manufacturing process.
We report on development of such method with the aim to use it as a potential room temperature
quality control for fabrication of YBCO tapes. The tapes were deposited at different tempera-
tures, what resulted in their different quality, on Hastelloy-supported oxide buffer layers using
the MOCVD technique. Tc was about 89.3 K for all three (GdY)BCO tapes and Ic values in zero
magnetic field were 165A, 270 A and 339A for tapes with measured thickness of 0.84 µm, 1.02 µm
and 1.06 µm, respectively. The buffer stack consisted of aluminum oxide (Al2O3), yttrium oxide
(Y2O3), and textured IBAD-MgO and LaMnO3 layers.
Two configurations of dielectric resonators (DR), the single post (SPDR) consisting of highper-
mittivity barium zirconium titanate (BZT) ceramic operating at 9.4GHz in quasi TE01δ and the
rod (RDR) consisting of rutile operating at 13 GHz in TE011 mode were designed to measure the
complex conductivity (σ) of the tapes (12 mm wide) at the normal and superconducting states,
respectively. In order to extract complex conductivity (σ) from experimental data of Q-factor
and resonant frequency shift, a commercial electromagnetic simulator HFSS, based on finite ele-
ments analysis, was used to calculate resonator EM fields. The theoretical Q-factor and resonant
frequency shift curves obtained from numerical simulations were matched with the experimen-
tal data to determine conductivity of the YBCO tapes in both normal and superconducting
states. Three different tapes were fully characterized and correlation between superconducting
and normal state properties was investigated.
Discussion of feasibility and limits of using the microwave dielectric resonator technique for
measurements of σ on temperature slope in normal YBCO state will be presented.
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Abstract— The recent developments in semiconductor industry have demonstrated the perva-
sive use of digital broadband communication handling a huge data to be processed and transmit-
ted at the faster speed. In order to increase the operating speed, the device dimensions have been
scaled down following the Moore’s Law and reached at the verge of saturation [1]. Therefore,
researchers have proposed a wide variety of novel nanoelectronic devices such as Self-Switching
Device (SSD) [2] and Ballistic rectifier [3] which can be fabricated in two-dimension electron
gas (2-DEG) heterostructures by using standard nanolithography followed by wet chemical or
dry etching. Both the devices can be used a rectifier to convert microwave signals into DC
signal, however, they don’t require any pn and/or Schottky barrier when compared to conven-
tional multi-layered rectifiers. Due to their planar device architecture, they have shown very
small internal capacitance meaning that their frequency response doesn’t have RC charging time
limitations as convention electronic devices and can be used for various applications starting
from radio frequency (RF) to terahertz (THz) frequencies [2, 3]. Such devices can easily be inte-
grated to outside macroscopic world using coplanar transmission lines and planar antennas which
demonstrate very low parasitic capacitances.
Here, we report the design and fabrication of coplanar waveguide (CPW) fed coplanar patch
antenna (CPA) to integrate with SSD and ballistic rectifier at Unlicensed Industrial, Scientific
and Medical (ISM) band frequency of 2.45GHz for radio frequency identification (RFID) systems.
The custom-built antenna has a similar configuration as loop slot antenna [4] consisting of a
patch surrounded by closely spaced ground conductor and a CPW feed line of 50 Ω as shown in
Figs. 1(a) and (b). The 1.2 mm thick glass epoxy (FR4) substrate with dielectric constant (εr)
and loss tangent (tan δ) of 4.4 and 0.0002, respectively, is used for the fabrication of antenna.
The antenna has demonstrated a gain of 3.82 dB and its measured return loss of about 37.24 dB
is in reasonable accordance with the simulated values of 47.4 dB as depicted in Fig. 2.

(a) (b)

Figure 1: (a) CPW fed coplanar Patch Antenna with optimized
dimensions. (b) Fabricated antenna with a SMA connector.

Figure 2: The return loss of 37.24 dB was
measured using Agilent’s network anal-
yser (model: E 5061B ENA Series) which
is in well accordance with the simulated
results obtained using ADS software as
shown in the inset.
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Abstract— This paper presents an UWB antenna with optically controlled frequency notches.
Behavior of the photoconductive optical switches under light illumination and in the dark are
modeled. The optical signal in turn alters the radiation properties of the antenna structure and
consequently changes the notched frequency bands. The photoconductive switches are activated
by laser light that is coupled through an optical fiber which extends from the ground plane to
just underneath the silicon element (silicon filled gap) placed on the radiating face of the antenna
structure. Such a construction allows for easy integration of such antenna designs into conformal
packaging for wireless devices [1, 2]. Photoconductive switches are used because of their superior
performance as compared to MEMS, p-i-n diodes, and lumped elements. The photoconductive
approach does not require the use of bias lines, which typically lie in the plane of the antenna
and can interfere with the electromagnetic performance of the antenna. Also, photoconductive
switches exhibit extremely fast switching speeds on the order of nanoseconds [2, 3]. The antenna
structure is shown in Fig. 1. The four switches S1, S2, S3 and S4 are controlled using optical signal
via optical fiber. Fig. 2 shows the performance of the antenna (return loss S11) for different cases
of the optical switches which are either OFF (opened) or ON (closed). Experimentally measured
RF performance of the antenna is in good agreement with the numerical simulations.

(a) (b)

Figure 1: (a) Microstrip antenna with partial ground and four optical switches, and (b) return loss of the
antenna with switches at different states.
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Realization of a Topological Anderson Insulator
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Abstract— Topological states have emanated a fascination in condensed matter physics and
the discovery of topological insulators [1] was one of big successes of recent years. Our team
experimentally demonstrated a photonic topological insulator [4] using the so-called Floquet
topological insulators (FTI) [2, 3]. This is a 2D lattice where evanescently coupled waveguides
are arranged in a honeycomb (graphene-like) geometry and and waveguide is twisted around its
axis in a helical fashion.

We now consequentially challenge, how disorder would impact the FTI. In 1958, it was shown
that disordered systems exhibit Anderson localization: the suppression of wave transport [5]. In
fact, in two-dimensional disordered systems, all eigenstates are localized even for an infinitesimal
amount of randomness, without any observable threshold [6, 7]. In contrast, topological systems
exhibit a radically different nature which allows them to retain extended states even under the
influence of disorder in two dimensions. However, it was still extremely intriguing when the
so-called Topological Anderson Insulator was proposed [8]: a system with topological properties
— displaying extended edge modes — due to the presence of disorder.

For the first time, we present an experimental demonstration of a Topological Anderson Insulator
in any physical system in nature. Our photonic system is similar to that in previous work [4].
In addition, we employ a staggered mass potential, that is, the two sublattices of the honeycomb
structure exhibit different refractive indices na and nb (see Fig. 1(a)). When na = nb our system
is identical to the FTI in [4] and, hence, exhibits topologically protected edge states (Fig. 1(b)).
However, when breaking the inversion symmetry in the transverse plane by detuning the sub-
lattices (na 6= nb) a topologically trivial bandgap opens and topological insulation vanishes. In
the presence of disorder (helically synchronized with the lattice) this trivial bandgap closes and
acquires a nonzero topological invariant when it finally reopens. This is proofed by the formation
of a one-way edge state, as shown in Fig. 1(c).

The basic idea of a TAI is as follows. In the periodically driven system with a staggered potential,
the drive (the helicity manifested in the gauge A(z)) and staggering act as two opponents. While
staggering produces a trivial gap with positive effective mass at both Dirac cones, the drive
causes a topological gap with opposite masses. When the staggering dominates over the drive,
the system has trivial topology. This is where disorder comes in: it effectively reduces the effect
of the staggering and, at sufficiently large disorder it closes the trivial gap and the topological
phase is restored.

(a) (b) (c)

Figure 1: (a) Schematic representation of the honeycomb lattice with a staggered mass potential composed
of two sublattices A (red) and B (black). The uniformly disordered onsite energy is indicated by variable
radius of the lattice sites. (b) For A = B and no disorder the wave function at the output clearly travelled
along the edge without any scattering. (c) For A 6= B the edge state can be recovered in a disorderd system.
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Abstract— The colors shown by several insects often arise from light scattering by very complex
photonic structures rather than selective absorption by pigments. Such structures are the result
of optical strategies developed during millions of years of evolution. The bright and iridescent
colors shown by certain butterflies and beetles, for example, arise from coherent effects which
requires ultrathin periodic layers of material [1]. In contrast, a bright white coloration is more
complicated to achieve, since all colors has to be scattered with the same high efficiency. In
this case the wave nature of light is not involved in the appearance of the object, and a bright
white is achieved only in presence of multiple scattering, for which thicker, high refractive index
contrast systems are usually required. Nevertheless, the extremely brilliant whiteness shown by
the Cyphochilus beetle is generated by multiple scattering of light inside the ultra-thin scales that
cover its body. The intra scale structure is characterized by a dense, nanostructured network of
chitin filaments, which seems to be optimized (during million of years of evolution) to increase
the total reflectance, and thus the bright appearance of the beetle, employing as less material as
possible [2, 3].

In this work we analyzed light transport inside the beetle’s scales, showing that multiple scattering
of light occurs, in spite of its thinness (5–9 µm). We proved, with static and time resolved
experiments, that white beetle’s scales show the lowest transport mean free path and diffusion
coefficient for low-refractive-index systems (n = 1.5) reported until now. We found that the
crucial aspect of the optimization of light scattering is the structural anisotropy of the chitin
network. We indeed demonstrated that light transport inside the scales is anisotropic, and it is
engineered to increment the scattering strength in the direction orthogonal to the scale surface,
at expense of the in plane scattering, which is not relevant for the total reflectance. With such
morphology and geometry of the intra scale structure the beetle succeed achieving a bright white
reflectance with a thin, anisotropic, lightweight structure.

Such kind of discoveries can have immediate impact in developing new highly scattering optical
systems with applications ranging from thin coatings to LEDs illumination.

Figure 1: Image of Cyphochilus white beetle and SEM micrograph of a dissected scale (scale bar 2µm).
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Abstract— Recent advances in the engineering of light confinement have demonstrated the
ability to fully control the spectral properties of an individual photonic mode in two-dimensional
disordered photonic structures paving the way for the creation of open transmission channels in
strongly scattering media. The optical confinement and the coupling between modes open new
perspectives over the control of the light flow in random media, as well as the possibility to build
architectures tuned for efficient light-matter interaction.
Here we propose a novel geometry to achieve coupling between single quantum emitters (Diben-
zoterrylene (DBT) molecules, embedded in a thin anthracene crystals), and disordered photonic
structures. We investigate the quasi-modes of a disordered pattern to create a chain of hy-
bridized localized modes extended from one end of the sample to the other. Such topology has
the advantage of bringing distant molecules to exchange energy, thanks to the shared photonic
mode.
In particular the structures that we study are suspended Si3N4 membranes in which a triangular
lattice of holes is fabricated. The disorder is introduced by shifting the holes by a small normally
distributed displacement relative to the position in the perfect periodic lattice. In this way,
adding disorder on top of an initial ordered structure, we tune the appearance of Anderson
localized modes at the proper frequency, for coupling with DBT molecules FDTD simulations
are performed in which several dipoles, that simulate the DBT molecules, are used to excite
the photonic structures. In order to detect the appearance of localized or hybridized modes, we
have developed a “simulation tool” based on Fourier analysis, phase rigidity, complexity factor,
spreading factor, spatial correlation and cross correlation integrals.
A simple case-study platform has been performed as a test bed for the analysis in the disordered
case. In particular, two coupled D2 cavities have been analysed. Such system provides an easy
model for coupled modes since the modes of the single cavity are well characterized. Considering
two adjacent D2 cavities, the coupling strength can be tuned by adjusting the tunnelling rate
acting on the radius of the holes shared by the two cavities, while a detuning between the two
cavities can be introduced by acting on the non-shared holes. It is therefore relatively easy
to study all combinations of coupling and detuning. Combining information about the phase
distribution, the field spatial and spectral profile, we anticipate level crossing and anticrossing
between modes. The results provide new understanding of the hybridmode nature and define a
fingerprint to spot necklace states in two dimensions.
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Abstract— Photonic Crystals (PCs) have represented a major driving force for the optical
materials community for the last three decades. In analogy with solid-state physics, the goal
of photonic crystal science and technology is to understand, engineer and fabricate materials
with specific light transport and emission properties. Photonic band engineering is at the heart
of virtually any application of PCs. In the early stages of the development of the technological
capacities to fabricate photonic bandgap structures, it was realized that fabrication defects inhibit
the formation of a gap and thus spoil to a large extent the performance of any practical photonic
device, up to a point where commercial applications might be practically precluded.

Recently however the picture of considering disorder as the limiting factor for the fabrication
of photonic band gap materials has changed dramatically. Several groups realized that, indeed,
certain types of correlated disorder may be beneficial for the creation of a photonic bandgap.
Moreover such amorphous bandgap materials would feature a spatially isotropic gap difficult to
attain in a truely crystalline structure.

In the pioneering work of M. Florescu and coworkers [1], it was shown that the so called stealthy
hyperuniform (HU) disorder can lead the buildup of isotropic photonic bandgaps in two and
three [2, 3] dimensions. In contrast with the structures studied in [4], it was suggested that
crystalline order is not required to obtain a full band gap but local ordering, uniform topology
and, importantly, stealth hyperuniformity.

Stealth HU is a structural property related to the structure factor S(q) of the disordered system:
HU patterns present a vanishing S(q) as q tends to zero, while stealthy HU imposes a much more
restrictive constrain to S(q): it exhibits vanishing values over a finite range of values from q = 0
up to a critical value qc. Stealthy HU materials can be regarded, to some extent, as the reciprocal
space counterpart of the constrains imposed by the hard-sphere (hard-disc in 2D) model in the
real space.

In the present paper, we study a system where uniform topology is not relevant as the system
is composed of isolated two-dimensional scattering units (circular cylinders). We compare non-
polycrystalline disordered samples with different degrees of correlation, showing both stealthy
hyperuniformity or only short range ordering due to random packing in real space. We show
that an isotropic bandgap emerges in both cases and that the short-range correlated system
can present even wider isotropic bandgaps as compared to stealthy hyperunform structures with
similar constraints on the degrees of freedom (in q-space or real space respectively). We show how
the interplay between different characteristic scattering lengths in the system, namely transport
mean free path, correlation distance and pseudo-Bragg length play a role in these systems. We
conclude that any constrain imposed in the accessible degree of freedom leads to peaks (at
appropriate positions) in the radial distribution function or the structure factor and in promotes
the emergence of a photonic bandgap provided the scattering strength of the individual building
blocks is sufficiently strong.
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Abstract— We study the dynamics of light waves propagation in correlated 2D disordered
landscapes. A non-diffracting disorder with adjustable strength VR and correlation length σR

is generated in a photorefactive crystal using spatial light modulators (SLM) [1], and tailored
wavepackets prepared also using SLM are launched in those photonic disorders. Our disorder,
as also in previous similar studies [2], has a well-defined spectral edge kmax, = 1/σR that causes
peculiar propagation patterns. In particular, we observe in real space distributions, a ballistic
front of exponential Anderson Localization defined by the ballistic position of waves with k = kmax

(Fig. 1(a)), that reminds Bragg plane effects in regular lattices [3]. We compare our observations
to simulations using a novel calibration technique for the refractive index [4].

(a)

(b)

(c)

(d)

Figure 1: (a) Light intensity at crystal output face for a Gaussian probe beam without (green) and with
disorder (blue). Vertical dashed lines show the ballistic positions of components of momentum kmax. (c),
(d) Fourier space pictures for a plane wave with momentum k with weak (b) and stronger disorder (c).
(d) Relative drag (transverse transport reduction) measured at crystal output for plane waves of different
transverse momenta k, for 3 disorder strengths.

We also observe intriguing effects in Fourier space. For plane waves with a well-defined transverse
momentum k, we observe the formation of elastic diffusion rings (Fig. 1(b)) and a peak of coherent
back-scattering (CBS), with contrast close to the ideal maximum of 2 (Fig. 2(c)), which proves
the coherence of transport [5]. We study the dynamics of the CBS peak formation by varying
VR: after an increase of the asymmetry in the momentum distribution, we observe a decrease
that may be related to the onset on strong localization. Further, measuring the relative stopping
(“drag force”) of plane waves with different momenta k at the crystal output face, we note a non-
monotonous dependence and a maximum close to k = kmax (Fig. 1(d)) that strongly resembles the
behaviour predicted for the localization length in a disorder with similar correlation properties [6].
Our work provides a detailed study of light propagation in our correlated disorder, and shows
the potential of using wave shaping techniques for the momentum-resolved studies of light prop-
agation in disordered media.
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Abstract— In a photonic medium with a spectral degeneracy, where two orthogonal modes
appear with the same wave number, Anderson localization can be avoided in the case of strong
random scattering by the formation of uni-directionally propagating modes. This phenomenon
was observed previously for strong random scattering of electrons in graphene [1], where elec-
tronic states avoid Anderson localization by creating two uni-directionally propagating modes.
The reason for this phenomenon are nodes in the spectrum, where the electronic modes have a
degeneracy and backscattering is suppressed.
Here we discuss this effect in photonic systems with strong random scattering. The spectral
degeneracies can be generated by a randomly deformed photonic crystal. Several examples will
be discussed for different structures and different types of random scattering. It will be shown
that for weak random scattering we obtain diffusion, whereas for strong random scattering a finite
length scale appears which is proportional to the inverse scattering rate. This scale, however, is
not the conventional localization length but describes the spatial decay of the photonic mode away
from a semi-infinite line. Along this line the electric field is constant. These uni-directional modes
are reminiscent of the edge states in quantum Hall systems, where a spectral gap exists rather
than a spectral degeneracy. The described effect provides a method for angular localization
of a spherical wave by strong random scattering. We derive our results within a convergent
perturbation theory and discuss potential applications for focusing light from an isotropic source.
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Abstract— Biolasers are laser sources made out of biopolymers and powered by nanophotonic
interactions. We will report on biocompatible self-assembled random lasers, made entirely of
doped silk, showing clear threshold behaviour and spectral narrowing [1]. We will show that
with a simple self-assembly process the porous silk matrix can be incorporated with different
dyes and casted in a free-standing inverse photonic glass with designed collective scattering Mie
resonances. A diffusive model in which we have included also material dispersion accounts well
for the observed lasing curve [2]. The combination of a natural biopolymer and random lasing —
a lasing system that uses highly disordered materials to obtain laser action without the need for
carefully aligned mirrors — offers the opportunity for integration of a laser within living tissue,
opening a new path at the interface between nanophotonic and medicine.

(a)

(b) (c)

Figure 1: Fabrication process of the inverse silk photonic glass.
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Interpulse and Inrapulse Optical Feedback during Femtosecond
Laser Surface Nanostructuring: Experimental Study and

Numerical Modeling

S. V. Makarov1, A. A. Ionin2, and S. I. Kudryashov2, 3
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Abstract— Nonlinear cumulative dynamics of femtosecond laser-induced surface ripples was
experimentally studied on silicon and aluminum surfaces, reflecting ultrafast nonlinear dynamics
of corresponding optical interference surface patterns. Such dynamics was revealed by detailed
electrodynamic modeling to be directly driven by related instantaneous surface optical patterns,
which are sensitive not only to cumulative ripples deepening (interpulse feedback), but also to
laser-induced instantaneous variation of surface dielectric function (intrapulse feedback), provid-
ing either positive, or negative fluence-dependent optical feedbacks. Aluminum and silicon are
two typical materials, which represent low and high, respectively, sensitivity of their dielectric
function on laser fluence. Therefore we carried out numerical modeling of interpulse feedback for
aluminum, and intrapulse feedback modeling for silicon.
The interpulse feedback numerical modeling provides information about the fastest growing relief
period at given ripples amplitude. As a result of direct comparison of our experimental data on
multishot ripples evolution with corresponding numerical modeling of femtosecond laser energy
deposition into growing relief on aluminum, we found out that optical feedback has a maximum
value when the ratio Λ/λ ∼ 0.7, where Λ is the ripples period and λ is laser wavelength. We
show that similar trend should be observed for all materials with high value of imaginary part of
dielectric function (Imε À 1) or high negative value of ε real part (Reε ¿ −1) [1].
Analysis of the intrapulse optical feedback, basing on modeling of both prompt dielectric function
and laser energy deposition into ripples, reveals multiple switching of optical feedback sign during
femtosecond laser induced dielectric-to-metal transition. Such behavior of optical feedback causes
ripples both degradation and revival during multishot laser irradiation observed in corresponding
experiments with silicon [2].
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Abstract— At the interface between two media, the properties of Surface Plasmon Polaritons
(SPPs) strongly depend on the optical properties of the involved materials. So far, plasmonic
effects in noble metals are well described by the widely accepted formulas [1, 2] which are based
on the assumption that the imaginary part of the dielectric permittivity is negligible. However,
for many materials/systems such an approximation is not valid. This includes interfaces between
doped or transiently excited semiconductors and dielectrics with plasmon-active transition metals
(such as titanium or platinum), or with organic compounds. An accurate description of such
systems requires a refinement of the SPP theory beyond the “perfect metal — perfect dielectric
interface” approximation, hence taking into account the neglected imaginary parts [2–5]. In this
context, the excitation conditions and properties of SPPs such as the spatial period of the field
modulation, the lifetime of the SPP, the SPP decay length and depth strongly deviate from
predictions based on the accepted theory.
In this paper, rigorous analytical calculations taking into account the imaginary parts of the
dielectric permittivities have been performed which involve the dielectric function terms mostly
neglected so far. These refined calculations are presented for various interfacial material com-
binations. SPPs are found to be excitable on a much wider class of interfaces than just ‘noble
metal — perfect dielectric’ ones. This suggests a possibility to develop plasmon-active photo-
voltaic cells and new photonic applications based on alternative materials while allowing a wider
range of SPP excitation. A list of plasmon-active interfaces is given and supported by near-field
modeling using the numerical Finite-Difference Time Domain (FDTD) method. Consequences
are detailed for the SPPs in the excitation regimes where the classical approximation is not valid.
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5. Norrman, A., T. Setälä, and A. T. Friberg, Opt. Express, Vol. 22, 4628, 2014.



1758 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Nanostructure Formation by Quasi-1D Plasmon Excitation

Christian Patzek and Ruediger Grunwald
Max-Born-Institute for Nonlinear Optics and Short-Pulse Spectroscopy, Germany

Abstract— Sub-100-nm laser-induced periodic surface structures (LIPSS) can be generated by
irradiating materials with intense femtosecond laser pulses. The basic mechanisms of LIPSS are
not completely understood because of their high complexity. Compared to lithographic methods
which require multistep procedures and cleanroom technologies, the LIPSS approach is easier and
cost-effective. By exploiting nonlinear channels for the excitation of surface plasmon-polaritons
(SPPs), LIPSS can even be obtained in large-bandgap dielectric materials. The field of applica-
tions, however, is limited by the particular tolerance against the residual degree of randomness.
For example, random structures can serve as functional surfaces for photocatalysis, anti-icing
layers, hydrophobic surfaces or substrates for surface enhanced Raman spectroscopy. Other
applications like optical diffraction gratings demand a significantly higher degree of order and re-
quire a better control of the laser-material interaction. Important parameters which influence the
randomness are the homogeneity of the intensity profile, size and density of defects, the number
of laser pulses, the pointing stability of the laser, the polarization orientation and the differential
transversal elongation of the translation stage over the path of the substrate. Large areas of
material can be structured by scanning methods where the substrate or the laser spot is moved
at an optimized speed. Recently we proposed a scanning geometry based on a line focus and a
moving substrate. In such a geometry, random defects are statistically changing their relative
position along the line focus. Here we report on experimental studies on the formation conditions
of coherently linked ripple structures with such a quasi-1D plasmon excitation geometry. The
role of nanoscale optical and plasmonic feedback mechanisms is discussed.
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Normal and Abnormal Nanoripples Produced on Materials Surfaces
by Ultrashort Laser Pulses
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Abstract— Ultimate (sub-100-nanometer) nanoripples fabricated on different materials sur-
faces via multi-shot femtosecond (fs) laser exposure are analyzed according to their polarization
(ridge orientation) in respect to the laser one — normal (ridges across the laser polarization) or
abnormal (ridges along the laser polarization). This polarization aspect is considered in terms
of different diffracted EM components on fs-laser photo-excited materials surfaces at photoex-
citation conditions, corresponding to their transient optical characteristics, which support ex-
citation of their corresponding surface plasmon resonances. The experimental observation of
such normal and abnormal nanoripples is enlightened, invoking the transient optics of fs-laser
photo-excited materials experimentally studied by optical pump/probe reflection method, and
profound plasmonic description, including plasmon-plasmon interactions, to calculate transient
“energy frequency-spatial wavenumber” dispersion relationships for surface plasmon-polaritons
in these photoexcited materials.
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Abstract— Metallic photonic crystals combined with waveguides are interesting structures
that provide a strong interaction between the electronic resonance of a plasmon and the optical
resonance of a quasi-guided mode; they can give rise to waveguide-particle-plasmon polaritons
with a Rabi splitting. We show here that such structures can result from a plasmon-driven self-
organization process [1]. 2D arrays of silver nanoparticles are generated upon laser exposure in
a TiO2 film (Figs. 1(a)–(b)). They exhibit tunable optical properties (Fig. 1(c)) thanks to the
control of their size, periodicity, orientation and degree of organization. The physico-chemical
mechanisms leading to such a self-organization process are also investigated. Both radiative and
non-radiative decays of the localized surface plasmon resonance of silver nanoparticles appear
to play an important role in the mechanisms. The non-radiative excitation of hot electrons
leads either to charge transfers from metallic nanoparticles to the semiconductor TiO2 matrix,
through the Schottky junction, or to the material heating. These two processes result in two
opposite effects that are the shrinkage or the growth of silver nanoparticles through oxidation
or reduction reactions, respectively (Fig. 1(d)). Their competition is put to the fore through
theoretical and experimental approaches and is shown to control the onset of self-organization [2].
The parameters of the self-organized photonic crystals are however driven through scattering by
plasmonic nanoparticles, i.e., through the radiative decay of the plasmon. The latter excites a
guided mode of the TiO2 film, whose interference with the incident field is shown to directly
influence the period and the orientation of nanostructures. This novel fabrication method is
compatible with large area processing at a realistic cost for technological implementation.

(a)

(b)

(c) (d)

Figure 1: (a) SEM top view and (b) cross-section of a self-organized waveguiding metallic photonic crystal.
(c) Transmission coefficient for cross-polarizations. (d) Simulated changes in the nanoparticle size during
laser scanning for various scanning speeds.
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Femtosecond LIPSS Formation on Complex Multilayer Target
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Abstract— We report on femtosecond LIPSS formation on multilayer targets consisting of a
glass substrate, a 100-nm film of a ferromagnetic metallic alloy, covered by a 5-nm protective
polymer film. Irradiation with 1 up to 5,000 laser pulses (duration 100 fs, wavelength 800 nm,
intensity 2.60TW/cm2) results in a peculiar overall ablation pattern, consisting of a system of
sharp-edged, flat concentric ring-like terraces, despite the Gaussian beam profile. On each of
these terraces, a peculiar LIPSS pattern is developed, with, generally, increasing wavelength
towards the spot center. Further, for the inner terraces the LIPSS orientation is parallel with
a wavelength of about 700 nm, whereas further out it is perpendicular to the laser polarization.
In the latter case, the LIPSS wavelength increases towards the spot center from 100 to 250 nm,
despite the flatness of the terrace. This indicates that structure formation is more dependent on
local intensity than overall ablation.
Already with the first pulse, the protecting layer is fully removed over the whole spot. After
a sufficient irradiation dose, the complete layers are removed at the spot center, and the bare
substrate is visible, which does not exhibit LIPSS. So, all structure formation appears to occur
in the ferromagnetic alloy film.
Interestingly, the laser-target coupling strongly depends on the laser polarization with respect to
the target orientation. This might be an effect of the ferromagnetic film properties.
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Abstract— Laser-induced periodic surface structures (LIPSS) are a universal phenomenon
upon irradiation of solids with linearly polarized laser radiation [1]. During the last decade
remarkable efforts have been made for controlling the LIPSS and for studying their formation
dynamics by using ultrashort laser pulses [2–6]. It is generally accepted now that the excitation of
surface electromagnetic waves is involved in the formation of near-wavelength sized LIPSS. This
may include the excitation of Surface Plasmon Polaritons (SPPs) at the sample surface [7, 8].
For laser processing in air environment, in most cases, both the LIPSS periods and orienta-
tions can be successfully explained by taking into consideration transient changes of the optical
properties of the laser-excited materials [7]. For laser processing in liquids, usually the LIPSS
periods are significantly reduced by up to one order of magnitude. However, only a few studies
provide complementing experimental and theoretical analyses of LIPSS formation in different
environments [9–11].
In this work, we experimentally study the formation of laser-induced periodic surface structures
(LIPSS) upon irradiation of silicon by multiple linearly polarized 30-fs laser pulses (wavelength of
λ = 790 nm) in air and water environment. The LIPSS surface morphologies are characterized by
scanning electron microscopy and their spatial periods are quantified by two-dimensional Fourier
analyses. It is demonstrated that the irradiation environment significantly influences the period-
icity of the LIPSS. In air, low-spatial frequency LIPSS (LSFL) were found with periods somewhat
smaller than the laser wavelength (Λ ∼ 570 nm ∼ 0.7λ) and an orientation perpendicular to the
laser polarization. In contrast, for laser processing in water, a reduced ablation threshold and
LIPSS with approximately five times smaller periods (Λ ∼ 100 nm ∼ 0.15λ) were observed in the
same direction as in air.
These experiments are complemented by a theoretical modeling of the excitation of Surface
Plasmon Polaritons (SPP) in a thin-film surrounded by two semi-infinitely extended media. Three
configurations were considered. (i) While, in air, a thin layer of silicon is transiently excited by
the femtosecond laser irradiation, it is found that the period of the SPP-laser interference in the
excited layer can reach 100 nm at very high intensities. (ii) In water, such a small period can
be also reached at very high intensities. However, these two scenarios are not consistent with
the experimentally induced carrier densities. Hence, a third scenario is proposed here: (iii) By
taking into account the transient excitation of water and the presence of an oxide layer at the
laser-excited silicon sample surface, the excitation of SPP in the oxide layer allowed to explain the
100-nm-period at reasonable carrier densities. Such a thin-film SPP model successfully describes
the tremendously reduced LIPSS periods in water, and the orientation perpendicular to the laser
polarization.
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Ablation Threshold and Nanostructuring of Laser Irradiated
Diamond
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Abstract— We investigate the ablation threshold and nanostructuring of polished natural
diamond exposed to 515 nm intense 200 femtosecond laser pulse. The dynamics of the photo-
excited electrons inside the bulk is modelled with time-dependent Schrodinger equation. We find
that electron dynamics depends sensitively on the characteristics of the substrate band structure,
the intensity and polarization of the radiation field. We show that 8 photons are required to
surpass the diamond bandgaps for relatively weak field strength. We scrutiny the intensity
dependence of the electron density, that is helpful in the interpretation of the experimental data.
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On-chip Laser-written Photonic Circuits for Quantum Applications
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Abstract— Quantum computation and information science is a new and rapidly developing
interdisciplinary research field. In this context, one of the most ambitious goals is to realize
scalable quantum information processing and computing based on only linear optical configura-
tions and photon-counting devices [1, 2]. In that vein, a promising approach for miniaturizing
and scaling optical quantum circuits is to use on-chip laser written waveguides, which promises
strong improvements in performance due to high stability, low noise and therefore almost neg-
ligible decoherence. In addition, this particular fabrication method allows creating complex
three-dimensional waveguide architectures with multiple degrees of freedom, such as diffraction
control and birefringence.
In this talk, we report on our recent progress in integrating laser-written photonic quantum
circuits. The presentation will be twofold: in the first part we give a brief overview of the physics
and fabrication of integrated multiport waveguide configurations. In the second part we provide
a closer look at several particular examples regarding the experimental realization of quantum
circuits to achieve particular tasks: On-chip generation of high-order single-photon W-states [3],
implementation of Fractional Fourier transforms of classical and quantum wave functions [4], an
integrated single-photon counter device [5], and a perfect state transfer protocol [6].

Figure 1: Characterizing quantum waveguide networks on chip. Except photon source and detection devices,
all optical components such as beam splitters or wave plates are integrated on chip.
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Coupling Single Molecules to a Fabry-Perot Cavity with Ultrasmall
Mode Volume

V. Sandoghdar
Max Planck Institute for the Science of Light (MPL) and

Friedrich Alexander University Erlangen-Nürnberg, Erlangen 91058, Germany

Abstract— Cavity Quantum Electrodynamics has offered a powerful approach for manipulating
and enhancing light-matter interaction. Two central parameters in this type of study are the
quality factors (Q) and cavity mode volume (V). Ideally, one aims to maximize the former while
minimizing the latter, but this combination is often very challenging, especially if one insists on
facile tenability of the cavity resonance. Indeed, most spectacular results of the last two decades
were obtained by increasing Q while V was left at hundreds or thousands of λ3. Working in this
regime means that one deals with very narrow resonances with two undesirable consequences.
First, one can only couple to one atomic transition at a time, Second, one has to tune the
cavity precisely and work hard to keep its resonance frequency against thermal and mechanical
instabilities in the laboratory.
In this work, I will report on the realization of a tunable and scannable microcavity with an
ultralow mode volume of the order of 0.5λ3. The cavity is made of a curved micromirror fabricated
using focused ion beam milling and coated with gold placed in front of a planar distributed Bragg
reflector (see Fig. 1). Using a very highly curved mirror at the end of an AFM tip, we also
achieve a high numerical aperture of 0.4, which offers a large collection angle and compatibility
with tightly focused laser beams. A further important feature of our design is maintaining a low
Q of about 150, corresponding to a cavity linewidth of 5 nm. The ultrasmall mode volume of
such a cavity yields a Purcell enhancement factor of more than 25.
We present our results on the investigation of the effect of a single gold nanoparticle on the
cavity resonance and Q. Furthermore, we discuss ongoing work on the coupling of single organic
molecules to the microcavity at cryogenic temperatures, where a modest Purcell factor of 25 is
expected to have a substantial influence on the emission branching ratio of the excited state. Fi-
nally, we will discuss the potential of our experimental arrangements for novel studies of nonlinear
quantum optical effects and for optomechanics.

Figure 1: An electronmicroscope image of an AFM tip with four microfabricated curved mirrors.
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Crystalline WGM Resonators on the Road from R&D to Photonics
Products

Vladimir Ilchenko, Andrey Matsko, and Lute Maleki
OEwaves Inc., 165 N Halstead St., Se. 140, Pasadena, CA 91107, USA

Abstract— Crystalline optical resonators with whispering gallery modes (WGM) with their
uniquely high value of quality factors 108–1010 and beyond can serve as core elements in photonic
filters, modulators, receivers, narrow-linewidth lasers and low phase noise microwave oscillators.
We will review the development status of WGM resonators of different crystalline materials,
coupling and tuning methods, high speed modulation techniques utilized in functional photonic
devices, as well as discuss performance parameters of crystalline WGM resonator-based microwave
and millimeter-wave optoelectronic and Kerr comb oscillators. Architectures and properties of
agile photonic receivers and filters will be outlined. Latest results on frequency stability and noise
in injection-locked semiconductor lasers with optical feedback from crystalline WGM resonators
will be presented in context of their utility for traditional and emerging applications ranging from
spectroscopy and remote sensing, to data transmission, metrology and navigation. Prospects
and challenges of novel WGM resonator materials and devices for expanded spectral range, from
visible to mid-infrared, will be discussed.
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Small Refractive Index, High Performance: Magnesium Fluoride
Whispering Gallery Mode Sensors

F. Sedlmeir1, 2, 3, R. Zeltner1, G. Leuchs1, 2, and Harald G. L. Schwefel1, 2, 4

1Max Planck Institute for the Science of Light, Erlangen 91058, Germany
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Friedrich-Alexander University of Erlangen-Nürnberg, Erlangen 91052, Germany
4Department of Physics, University of Otago, 730 Cumberland Street, Dunedin, New Zealand

Abstract— Whispering gallery mode (WGM) resonators have been used for sensing for more
than a decade [1, 2]. The most common implementation are resonators based on silica micro-
spheres [3] and toroids. Although their performance is good [4] we propose a novel class of
materials for WGM resonator sensors namely single crystalline materials [5]. Such resonators
can feature higher quality factors Q > 1010, expand the range of refractive indicies as well as
provide birefringent materials as resonators. Such birefingent WGM resonators can show circular
and elliptic polarization behaviors if the angle of the optic axis with respect to the rotational
symmetry axis is chosen properly [6]. We will show that especially low index materials as well as
birefingent materials are ideally suited for sensors such as refractometric aqueous environment
sensors [7]. In particular WGM resonators made out of magnesium uoride (MgF2) have a re-
fractive index very close to that of water ∆n ≈ 0.05 and therefore feature significantly enhanced
evanescent fields length compared to silica microresonators [7]. Their birefingence and especially
the thermorefractive coefficients of MgF2 allow furthermore to stabilize the temperature of the
mode volume down to a few nano Kelvin [8].
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Oscillatory Lateral Coupling in a Waveguide-microdisk-resonator
System

Fang Bo1, 2, Sahin Kaya Ozdemir2, Faraz Monifi2, Guoquan Zhang1,
Jingjun Xu1, and Lan Yang2
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TEDA Applied Physics Institute and School of Physics, Nankai University, Tianjin 300457, China

2Department of Electrical and Systems Engineering
Washington University in St. Louis, St. Louis, Missouri 63130, USA

Abstract— A notch filter consisting of a resonator and a waveguide plays an important role in
both fundamental and applied research such as optomechanics quantum information processing,
low-threshold lasing and high-performance sensing. It is always desirable to maintain efficient
resonator waveguide coupling (RWC) of the notch filter for the success of all these studies In
general, we consider the case in which the waveguide is placed outside the rim of the resonator.
In this case, the field exchange between the resonator and the waveguide takes place through their
evanescent fields in a region where their spatial modes overlap. As the waveguide approaches the
resonator, the RWC goes from under coupling, through critical coupling, to over coupling due
to the increase of the spatial overlap between the light leaking out from the resonator and that
from the fiber taper.
Here, we investigate a new RWC configuration in which the waveguide is placed between the
center and edge of the resonator in a plane parallel to the surface of the resonator. In this
case, the RWC takes place at two different regions where the spatial modes of the resonator and
waveguide have spatial overlap. We show that with this new configuration, one can obtain as
efficient RWC as nearly critical coupling even when the waveguide is moved far from the rim of the
resonator toward its center. This is attributed to the destructive interference between the light
fields coupled out from the resonator at two different regions and the light propagating through
the waveguide directly. As the horizontal position of the waveguide with respect to the center of
the resonator is scanned laterally, RWC experiences periodic oscillation when the waveguide is
fixed at a constant height above the resonator. A theoretical model based on coupled-mode theory
and two-point coupling successfully explains the experimental observations. Similar horizontal
oscillatory coupling behavior is also observed in two vertically coupled microdisk resonators.
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Ring Resonator Based Silicon Photonic Devices
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3CEA, LETI, Minatec, 17 rue des Martyrs, Grenoble 38054, France

Abstract— Silicon as a material for forming photonic devices is attractive for several reasons.
Devices can be fabricated in CMOS like facilities in large volumes and with high yield and as a
result costs are low. Another attraction is compactness. In most cases silicon photonic devices
are built on silicon-on-insulator substrates. Sub-micrometer single-mode strip and rib waveguides
based in this high index contrast system are highly confining and low loss bends can be produced
with a radius of just a few micro meters. This feature allows ring resonators which occupy
extremely small footprints to be produced. In this work an overview of some of our recent work
in the area of ring resonators will be given.
Our recent results about cascade-coupled ring and racetrack resonators based on the Vernier
effect for filtering and sensing applications and operating in the near-infrared wavelength range
are reported. In particular, Vernier spectra with overall free spectral ranges as long as ∼ 36 nm,
Vernier gains up to 30, extinction ratio of 30 dB and overall insertion loss as low as 2 dB have been
achieved experimentally around 1.55 µm in excellent agreement with the theoretical predictions
Optical modulators are key components in photonic systems for data transmission. In silicon the
use of the plasma dispersion effect to achieve optical modulation in a carrier depletion structure
has been the preferred approach for many working in the field due to their ease of fabrication,
attainable performance and CMOS compatibility. There are two main approaches for converting
the phase modulation produced by such a device into intensity modulation. The first involves in-
corporating the phase modulator into a Mach-Zehnder interferometer (MZI) and the second into a
ring resonator. In this work we present experimental results from both approaches demonstrating
a ring resonator based optical modulator operating up to 40 Gbit/s.
The Midinfrared wavelength range is become an increasingly vibrant research area in silicon
photonics for many application areas. In particular, ring resonator based structures are particu-
larly suitable for sensing and filtering applications to be performed in the mid-infrared; although
integrated microcavities based on suspended and membrane waveguides on silicon-on-sapphire
technology platform, As2Se3 chalcogenide glass, and Ge23Sb7S70/Zr0.6Ti0.4O2 material systems
have been demonstrated to operate up to ∼ 5 µm, to date there have been very few demonstra-
tions of silicon ring resonators based on non-exotic waveguide architectures, operating in this
wavelength range. In this work we also present our work on single and cascade-coupled ring
and racetrack resonators based on standard rib and strip silicon waveguides operating in the
3.7–3.8µm wavelength range. Our devices can exhibit insertion loss lower than 1 dB, extinction
ratios up to 30 dB, quality factor up to ∼ 10, 000 and free spectral ranges even shorter than 5 nm.
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Spatial and Temporal Control of Cavities
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3Thales Research and Technology, Route Départementale 128, Palaiseau 91767, France

Abstract— Semiconductor microcavities have proven to be essential for light confinement in
space and also for storage in time, which enables manipulating light matter interactions [1]. The
control of the cavity refractive index spatially and temporally will allow for complete control over
the light stored in a cavity; in real space, wavevector space, frequency space, and in time domain.
The control of the refractive index at ultrafast time scales enables to convert the frequency of
light stored in a cavity [2]. The spatial control will allow for controlling the coupling of the cavity
to the environment and enable to shape the mode profile.

The generation of light with a controllable frequency is a long standing challenge. Literature has
it that the physics of frequency conversion in a cavity differs from traditional non-linear optics,
regarding the rate of phase change and output spectrum [2, 3]. Here, we unify these disparate
views. We have reversibly switched the resonance of GaAs-AlAs microcavities in the near-infrared
(λ = 1280 nm) within 300 fs by the electronic Kerr effect [4]. Fig. 1(a) shows spectra measured
at several pump-probe delays ∆t. We observe a significant red- and blue-shift of light trapped
in the cavity, controlled by the pulse-timing. Blue-shift occurs at ∆t = −100 fs when the phase
decreases, and red-shift light at ∆t = −500 fs where the phase increases, in seeming agreement
with usual non-linear optics [4]. Fig. 1(b) shows that the integrated blue-converted reflectivity
increases remarkably with inverse quality factor. We identify (1/Q) as a measure of the density
of optical states (DOS) that leak into any cavity at frequencies off-resonance. We conclude that
frequency conversion in a cavity is controlled by the density of vacuum states and the non-linear
polarization [4]. Our new insights provide a unified framework for seemingly disparate results in
traditional nonlinear optics and nanophotonics, and offer a complete control of on-chip frequency
conversion.

Arrays of coupled high-Q nanocavities, collectively provide a superior system than a single cavity
that can be used to observe light localization [5, 6]. A challenge remains; namely to fabricate
an array of cavities at the same resonance frequency to observe localization. Due to technical
limitations, fabrication of many high-Q cavities at the same resonance frequency is not simply
achievable. Here, we control the resonance frequency of each cavity individually by locally chang-
ing the refractive index in an InGaP photonic crystal cavity array. We use wavefront shaping to
shape the pump beam and we address individual cavities [7]. As a result, we spatially control the
refractive index and manage to manipulate the coupling of the cavities. We show that we can
counteract the unintentional shift of the cavity resonance frequency and we can bring multiple
cavities to a collective resonance.

(a) (b)

Figure 1: The measured transient reflectivity versus frequency at several time delays. Filled regions show
newly generated frequencies. In the absence of color conversion the transient reflectivity is 100%. Cavity
has Q = 390. (b) Integrated signal versus inverse quality factor (1/Q), a measure of the density of states,
for different pump intensity. Top abscissa: LDOS. Lines are guides to the eye.
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Whispering Gallery Mode Microresonators for Sensing
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Abstract— Optical sensors can offer many advantages in terms of increased sensitivity or
compatibility with environments where electronic devices are not suitable.
Whispering gallery modes microresonators (WGMRs) exhibit high quality factor (> 107) optical
resonances. These are very sensitive to changes to the structure of the resonator and their
wavelength position shifts when molecules bind to its chemically functionalised surface.
This effect can be exploited to build very sensitive sensors and can be utilised to develop point
of care equipment or environmental sensors, among the most relevant applications.
In this presentation, after a short recall of the working principles of these structures and a review
of the highlights of the advances in this field, the presentation will describe our activity in the
development of optical sensors based on WGMRs.
The presentation will focus in particular on our activity in the development of microbubble
resonators.
We have been working on the interdependent aspects such as modelling, fabrication, localised
chemical functionalization for selective response, structural and modal characterisation, coupling,
which are all challenging tasks in order to obtain optimised devices. The presentation will give
an account of our efforts to harness all these factors and the related results we obtained.
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Coupling, Controlling, and Processing Non-transversal Photons with
a Single Atom

A. Rauschenbeutel
Vienna Center for Quantum Science and Technology, Institute of Atomic and Subatomic Physics

Vienna University of Technology, Wien, Austria

Abstract— I will report on recent experimental investigations of the interaction between single
rubidium atoms and light that is confined by continuous total internal reflection in a whispering-
gallery-mode (WGM) bottle microresonator. We discovered that the non-transversal polarization
of WGMs fundamentally alters the physics of light-matter interaction [1]. Taking advantage of
this effect, we recently demonstrated switching of signals between two distinct optical fibers
controlled by a single atom [2]. Owing to the excellent optical properties of our bottle microres-
onator, the scheme yields high switching fidelities and low losses. Furthermore, we made use of
the strong nonlinear response of the atom-resonator system and experimentally realized an opti-
cal Kerr nonlinearity at the level of single photon [3]. Analyzing the transmitted light, we observe
a nonlinear phase shift of π between the cases of one and of two photons passing the resonator.
This phase shift leads to entanglement between previously independent fiber-guided photons,
which we verify by performing a full quantum state tomography of the transmitted two-photon
state. And finally, via the WGM microresonator, we coupled a single atom to a nanophotonic
silica waveguide and demonstrate nonreciprocal transmission of light at the single-photon level
through the system [4]. The resulting optical diode is the first example of a new class of non-
reciprocal nanophotonic devices which exploit the chiral interaction between quantum emitters
and transversally confined photons.
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Micro-optical Wall Shear Stress Sensor for Fluid Mechanics
Applications
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Abstract— In recent years, several micro-sensors have been proposed based on the excitation
of optical modes of dielectric micro-resonators. These optical resonators could come in spherical,
cylindrical or torroidal geometries and vary in size from a few microns to several hundreds of
microns. The optical modes of these resonators are called whispering gallery modes (WGM),
and have been exploited in a number of applications in spectroscopy, micro-lasers, optical com-
munications as well as sensor technologies. The WGM based optical sensors in the literature
include biosensors, trace gas detection, impurity detection in liquids, structural health monitor-
ing of composite materials, detection of electric and magnetic fields, as well as mechanical sensing
such as force, pressure, shear stress and acceleration. In this talk, some of these optical sensors
in mechanical sensing, with the focus given on the wall shear stress sensor for fluid mechanics
applications, will be presented.



1778 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Quantum Operations Based on Waveguide Nonlinear Optical
Materials

Takashi Yamamoto
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Abstract— Photonic frequency conversions based on nonlinear optical phenomena have at-
tracted much interest in the context of the manipulation of the quantum states recently. One of
the immediate applications is the frequency conversion of a single photon without destroying its
quantum states. Such a quantum frequency converter is useful for linking diverse matter based
quantum systems through the quantum states of light. Especially, when we look at the long
distance quantum communication, entangling the distantly located matter quantum memories
via photons is considered to be an elemental building block for the quantum repeaters. Here
we report on such a single photon frequency converter from visible to telecommunication wave-
length with a second order nonlinear optical phenomena based on a waveguide PPLN, which
aims at linking Rb atom quantum memories with a long distance optical fiber communication.
The single photon frequency converter with a adjusted conversion efficiency is also useful for
the manipulation of quantum states encoded in the frequency degree of freedom. Along this
direction, we also present an interference of a photon in two different frequency modes and also
Hong-Ou-Mandel (HOM) interference of two photons in two different frequency modes. The
enhancement of the conversion efficiency with microcavities is also an important issue for the
future applications. We also present our recent activity on slow and fast light observation based
on high-quality-factor whispering gallery mode (WGM) resonators in the form of microtoroids
and bottle microresonators with high quality factors.
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Silicon Optical Matrix Processor for Parallel Computing
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Abstract— Matrix-vector multiplication is a fundamental operation in modern digital signal
processing fields. Inspired by the intrinsic spatial parallelism of optics, much effort has been made
to develop optical apparatuses that can perform such a parallelizable operation. The Stanford
multiplier is one of the most notable demonstrations, which is composed of light source array,
optical lens, spatial light modulator matrix and photodetector array. Almost all implementations
are large in volume and high in power consumption. Moreover, many removable elements adopted
make them extremely sensitive to the environmental vibration. To overcome these limitations,
we propose an on-chip optical matrix processor (MVM), which is composed of laser-modulator
array, multiplexer, splitter, microring modulator matrix and photodetector array. The fan-out
and fan-in with optical lenses in the traditional optical MVMs are replaced by the power splitting
and wavelength multiplexing with waveguide devices in the proposed optical MVM, which greatly
reduces the complexity and size of the system. The discrete components in the traditional optical
MVMs are replaced by the integrated ones in the proposed optical MVM, which improves the
stability and power efficiency of the system. 1.6 × 109 multiplications and accumulations per
second is implemented by a demo system with a 4× 4 microring modulator matrix.
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Optically Manipulated Emulsion Microdroplets
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Abstract— We demonstrate efficient coupling to the optical whispering gallery modes of a
spherical resonator consisting of a liquid droplet embedded in another liquid medium. Whis-
pering gallery mode particle sensing experiment is commonly performed with solid resonators,
whereby the sensing volume is limited to the weak evanescent tail of the mode near the resonator
surface. In this work, we demonstrate efficient coupling to the optical whispering gallery modes
by introducing a portable, all liquid emulsion microdroplet resonator held in a single beam optical
trap. We have observed coupling to the fundamental whispering gallery modes of 10 to 60µm
diameter emulsion droplets at 1550 nm. The experimental challenges towards making, stabilizing
and coupling to the droplet resonators are also addressed in this paper.
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Optical Resonances in Quantum Plasmonics

M. S. Tame
University of KwaZulu-Natal, South Africa

Abstract— Quantum plasmonics is a rapidly growing field of research that involves the study
of the quantum properties of light and its interaction with matter at the nanoscale. Here, surface
plasmons — electromagnetic excitations coupled to electron charge density waves on metal-
dielectric interfaces or localized on metallic nanostructures — enable the confinement of light to
scales far below that of conventional optics. We review recent progress in the experimental and
theoretical investigation of resonant optical phenomena in quantum plasmonic systems, including
the role of surface plasmons in controlling light-matter interactions at the quantum level and
potential applications, such as entanglement generation and the distillation of entanglement.
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Abstract— Circular cavities [1] such as microspheres [2], microdisks [3], and microtoroids [4]
with high quality factor whispering gallery modes (WGMs) continue to open up new perspectives
in sensing [5–8]. In this paper, an optical setup for a DNA optical biosensor based on sapphire
microsphere was built. Transmitted and elastic scattering intensity at 1510 nm were analyzed
from a sapphire microsphere on an optical fiber half coupler for the first time. The 0.43 nm angular
mode spacing of the WGMs correlated well with the optical size of the sapphire microsphere. The
spectral linewidths of the WGMs were on the order of 0.01 nm, which corresponded to quality
factors on the order of 104. As a proof for principle, a polydopamine (PDA) layer has been used
as a functionalizing agent on sapphire microspheres in view of the implementation of biosensors.
The various PDA layer thicknesses on the sapphire microsphere were characterized as a function
of the WGMs wavelength shift. It was shown that the polymeric functionalization does not affect
the high quality factor (Q ≈ 104) of the WGMs. This functionalizing process of the microsphere
constitutes a promising step towards the achievement of an ultrasensitive biosensor. Afterwards,
the sapphire microsphere was modified with DNA and an optical biosensor is demonstrated for
the first time using an insulating implant material such as sapphire. A probe DNA, consisting
of a 36-mer fragment was covalently immobilized on sapphire microsphere and hybridized with
a 29-mer target DNA. WGMs were monitored before the sapphire was being functionalized with
DNA and after it was functionalized with single stranded DNA (ssDNA) and double stranded
DNA (dsDNA). The shift in WGMs due to the surface modification with DNA was measured
and correlated well with the estimated add-on DNA layer. It was shown that ssDNA are more
uniformly oriented on the sapphire surface than the dsDNA. In addition, it was shown that
the functionalization of the sapphire microsphere’s surface with DNA does not affect the high
quality factor (Q ≈ 104) of the WGMs. All in all, we have taken the first step towards utilizing
a structural, electrically insulating implant material as an optical microcavity based biosensor
platform paving the way for future in vivo biosensing devices [9, 10].
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2. Bilici, T., S. Işçi, A. Kurt, and A. Serpengüzel, “Microsphere-based channel dropping filter
with an integrated photodetector,” IEEE Photon. Technol. Lett., Vol. 16, 476–478, 2004.

3. Lu, X., J. Y. Lee, P. X.-L. Feng, and Q. Lin, “Silicon carbide microdisk resonator,” Opt. Lett.,
Vol. 38, 1304–1306, 2013.

4. Zhu, J., S. K. Ozdemir, Y.-F. Xiao, L. Li, L. He, D.-R. Chen, and L. Yang, “On-chip single
nanoparticle detection and sizing by mode splitting in an ultrahigh-Q microresonator,” Nature
Photon., Vol. 4, 46–49, 2009.

5. Arnold, S., R. Ramjit, D. Keng, V. Kolchenko, and I. Teraoka, “Micro particle photophysics
illuminates viral bio-sensing,” Faraday Discussions, Vol. 137, 65–83, 2008.

6. Vollmer, F., S. Arnold, and D. Keng, “Single virus detection from the reactive shift of a
whispering-gallery mode,” PNAS, Vol. 105, 20701–20704, 2008.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1783

7. Arnold, S., M. Khoshsima, I. Teraoka, S. Holler, and F. Vollmer, “Shift of whispering gallery
modes in microspheres by protein adsorption,” Opt. Lett., Vol. 28, 272–274, 2003.

8. Vollmer, F., D. Braun, A. Libchaber, M. Khoshsima, I. Teraoka, and S. Arnold, “Protein
detection by optical shift of a resonant microcavity,” Appl. Phys. Lett., Vol. 80, 4057, 2002.

9. Murib, M. S., W. S. Yeap, D. Martens, X. J. Liu, P. Bienstman, M. Fahlman, W. De Ceun-
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characterization of DNA using sapphire spheres,” J. Biomedical Opt., Vol. 19, 097006, 2014.



1784 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Sensitivity Enhancement of FRET-based Biosensors Using
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Abstract— Non-radiative Forster Resonance Energy Transfer (FRET) between a pair of donor
and acceptor chromophores can serve as a precise ruler to measure the distance between the
two chromophores in the nanometer range with atomic-scale resolution. The strong dependence
of the Energy Transfer (ET) rate in FRET on the donor/acceptor distance has already been
used to detect conformational changes in large biomolecules such as proteins and nucleic acids
or to quantify interactions between different biomolecules and molecular complexes in live cells.
Commonly, the change in the intensity of the donor or acceptor fluorescence is used to determine
the change in the ET rate. To increase the sensitivity of fluorescence measurements, the ET
can be coupled to a suitable optical cavity, forming a laser with FRET-based active medium.
This approach takes advantage of the strongly non-linear dependence of the amplified stimulated
emission on minute changes of the overall laser gain.
Using rate equations describing FRET coupled to a Fabry-Perrot optical resonator, we study
theoretically the dependence of the output lasing energy from a simple donor/acceptor dye pair
placed in the cavity on the distance between the two chromophores. Subsequently, we compare
these results with the sensitivity of the output fluorescence intensity when there is no lasing or
feedback mechanism present. Our analysis shows that for an example dye pair of Rhodamine 6G
as a donor and Acid Blue 7 as an acceptor with 6.1 nm Forster distance, the sensitivity of the
fluorescence intensity to the changes in the donor-acceptor separation in the FRET-lasing case
increases at least by a factor of 10 relative to the non-lasing case with identical dye concentra-
tions in the 1 to 10 micro-molar range. The presented theoretical analysis supports our recent
experimental works on optofluidic FRET lasers and suggests a direct strategy for optimizing the
performance of FRET-based molecular sensors.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1785

Operating Speed Extension of SOA External Modulator Using
Microring Resonator
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Abstract— Semiconductor optical amplifiers (SOAs) have recently been receiving intense re-
search interest for use as external modulators. The main technical challenge faced in this effort
is the SOAs modulation bandwidth, which is limited below 1GHz due to the SOAs finite differ-
ential carrier lifetime [1]. In order to overcome this difficulty, a widely adopted option exploits
optical filtering to manipulate the spectral components of the signal at the SOA output [1]. For
this purpose various technologies have been employed [1, and References [11–14] therein]. In
this paper we propose to apply a passive single microring resonator (MRR) as notch filter [2]
for extending the modulation speed of directly modulated SOAs. This scheme features several
attractive operating and practical characteristics [2], which render it an alternative solution for
allowing conventional SOAs to be used as external modulators at enhanced data rates.
Figure 1 depicts the block diagram of the directly modulated SOA followed by the MRR of
radius R, notch (resonance) detuning, ∆λ, to the longer sideband of the data carrier position,
and field transmission coefficient r that meets the necessary requirement of critical coupling [2].
We simulated the operation of this setup by calculating first the temporal response of the SOA [2]
when the latter is driven under the same input signal and bias conditions as in [1]. Afterwards we
transferred this function into the frequency domain by means of Fast Fourier Transform (FFT)
in Matlab software and convolved it with the MRR spectral response. This response is described
by a compact mathematical form [2] and has the periodic comb-like profile shown inside the
MRR box in Fig. 1. Finally, we converted the convolution product back into the time domain
using Inverse FFT. By following this procedure we investigated the impact of the MRR radius
and detuning on the quality of the encoded optical signal. Provided that the MRR is properly
designed against these parameters, which is practically feasible, then it can efficiently suppress
the SOA pattern-dependent distortion. Thus the MRR-based notch filter can help improve the
performance of SOAs as externally modulators at data rates several times faster than those
enabled by their electrical bandwidth.

Figure 1: Configuration of directly modulated SOA and MRR-based notch filter.
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Abstract— In recent years there has been considerable interest in exploiting temperature
dependence of sapphire whispering gallery mode resonator’s (WGMR) frequency to develop a
mechanical stable temperature sensor that could provide measurement capabilities on par with a
Platinum resistance thermometer (PRT). While PRTs can routinely measure temperatures with
uncertainties of 10mK, they are sensitive to mechanical shock which causes the sensor resis-
tance to drift over time requiring frequent off-line, expensive, and time consuming calibrations.
Disk-resonator-based devices have been demonstrated to measure temperature with accuracies of
10mK or better in the temperature range of 273 K to 373K. We are utilizing automated data ac-
quisition and processing to rapidly evaluate a mechanically-stabilized sapphire whispering gallery
mode resonators based on a hollow cylindrical configuration. Our results preliminary results in-
dicate the metal support structure contributes to increased loses of the resonator which results
in significant reduction in resonator mode’s quality factors.
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Magnetic Storms at High Latitudes and Slips in GPS Operating
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2Institute of Solar-Terrestrial Physics of Siberian Branch of Russian Academy of Sciences
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Abstract— Variability of space weather and its impact on the near-Earth environment is a
natural norm. These phenomena can not be avoided, but should be studied and taken into
account for the successful functioning of modern communication and GNSS systems. Moreover,
the rapid development of technology in the last 20–30 years has meant that the potential accuracy
of the use of modern communication and navigation systems are limited to the influence of media
in which information signals are distributed. It is particularly sensitive the malfunctions of
high-orbit GNSS due to the impact of the physical conditions (space weather) prevailing in the
near-Earth space.
The considered “slips” or “failures” are the two possible events in the GPS operation. First of
all, it is impossible to determine as the phase or pseudo accompanying signal. These phenomena
have a direct impact on the positioning accuracy. Secondly, the failure may also be considered
short-term variations of the recorded total electron content (TEC), the values of which can not
bear the physical sense and explains the process in the ionosphere and magnetosphere.
In our work we analyzed the dynamics of manifestation of GPS slips and failure in some signifi-
cant time periods around the date of the studied powerful geomagnetic disturbances 2010–2014.
Discussed magnetic storms have the amplitude more 1500 nT. In consideration GPS data on
more than 100 stations in the modern global and regional networks (IGS and CHAIN) are used.
The used stations are located north of the inclination of the system GPS. Consideration of the
chains of power plants mainly in a northerly direction on the territory of Alaska, Canada, north-
ern Europe has allowed for the first time to study the dynamics of the growing influence of the
high-latitude ionosphere to the received satellite signal.
The data on the occurrence of slips compared to the behavior of the high-latitude geomagnetic
indices AE and AL. We found that failures in determining pseudorange occur much less frequently
than in phase measurements. The probability of slips for the phase L2 frequency even in calm
conditions receive are several times more than the frequency code capture L1. These relations are
preserved and for the pseudorange faults. The presence of geomagnetic storms (or disturbances)
leads to an increase of this magnitude in a few dozen times for the considered magnetic events.
Slips rate in determining the TEC significantly — 100 times — more than the phase losses and
also during the growing geo-solar magnetic disturbances of different nature. The analysis shows
that a possible solution to reduce the impact of failures on the navigation GPS system is to
increase the mask on the elevation angle of the satellite 20◦ .
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and Mid-latitude Paths over Eastern Siberia during

Magnetoactive Period in February 2014
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Abstract— Based on vertical and oblique-incidence sounding data we carried out an analysis
of HF propagation characteristics during magnetoactive period in February 2014. The oblique-
incidence data were obtained along subauroral and midlatitude paths: from Magadan to Irkutsk,
from Khabarovsk to Irkutsk, from Khabarosk to Norilsk The period under consideration was
characterized by series of solar flares accompanied by X-ray flares, intensification of proton fluxes
and coronal mass ejections (CME). These processes caused two magnetic storms of different
intensity. The former storm developed on February 18–26. It was characterized by minimum Dst
= −112 nT at 08UT on February 19 and prolonged recovery phase. The latter one with minimum
Dst = −99 nT at 23UT on February 27 happened on February 27–March 3. Increase of X-ray
radiation on February 25 (X4.9/2B) led to a growth in the lowest observed frequencies at the
oblique and vertical sounding ionograms and weakening of a signal near the maximum observed
frequencies (MOF). During the main and recovery phases of the storms the MOF along the path
from Magadan to Irkutsk sharply fell by 3–5 MHz. Intervals of low MOF values alternated with
those of absence of reflected signals at the ionograms. It specifies that boundaries of the main
ionospheric trough could be displaced to the latitude of this path average point. Similar absence of
reflected signals at the ionograms was registered along Khabarosk-Norilsk path. Besides, during
these two storms at the oblique sounding ionograms the additional signals with large temporary
delays were observed over paths from Magadan to Irkutsk and from Khabarovsk to Irkutsk in
the evening and nocturnal hours. The amplitude relief of abnormal signals was characterized
by strong diffusion and frequencies exceeded MOF of standard propagation modes. Since the
ionosphere is not perfectly horizontally stratified during magnetic storms the signal associated
with propagation mode may arrive at received point over a wide range of azimuth angles.
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Comparative Analysis of Geomagnetic Field and GPS-TEC
Variations for Middle-latitude and Arctic Regions
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Abstract— We present the results of comparative analysis of geomagnetic field and total elec-
tron content (TEC) variations. The analysis is based on the long series of data from the Siberian
GPS network of the Institute of solar-terrestrial physics (ISTP) of Siberian Brunch of Russian
Academy of Science (SB RAS) and Norilsk GPS station operated by the Geophysics Service of
RAS (GS RAS.) ISTP SB RAS Siberian network make continuous TEC measurements since 2012
and provide TEC-variation data with time resolution of 1 sec. The calculation of TEC is based
on two-frequency phase measurements of GPS receivers. We analyzed TEC variations in two
period ranges (0–10 min and 10–40 min), which are correspond to different modes of ionospheric
disturbances. Magnetic intensity data were obtained from ISTP SB RAS observatories and IN-
TERMAGNET sites. The common level of TEC disturbance is estimated by the index Wtec of
the TEC-variation intensity. The index is calculated for all available GPS satellites, with the data
of highest elevation angle at every moment. This method allow to investigate continuous changes
of TEC variation intensity. The Wtec calculated for all the GPS data 2013. The Wtec dynam-
ics features is revealed for different times of day, seasons and levels of geomagnetic activity for
middle-latitude and Arctic regions. The response of the Wtec to sudden storm commencements
(SSC) was also investigated.
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TEC Response to Geomagnetic Storms and Solar Flares as
Observed with SBAS L1/L5 Signals
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Abstract— The development of Satellite Based Augmentation Systems (SBAS) provides the
possibility to retrieve ionospheric Total Electron Content (TEC) from the dual frequency L1/L5
observations from a number of geostationary satellites using the same approach as for dual
frequency GPS/GLONASS observations.
In this work we study L1/L5 signals of Indian GAGAN and American WAAS geostationary satel-
lites observed with geodetic GNSS receivers at several stations at mid- and low-latitudes and
estimate corresponding geostationary TEC variations and errors of such estimations. We discuss
the quality of these data showing that SBAS TEC RMS could reach up to 1.5 TECU with typi-
cal values of 0.25–0.5 TECU which is up to one order greater than for common GPS/GLONASS
observations. We present the evidence that such large values of SBAS TEC RMS are satellite
dependent and are not of ionospheric origin, so they could be easily filtered out without losing sig-
nificant ionospheric information providing continous TEC datasets for selected satellite-receiver
pairs instead of short 2–6 hours records as in GPS/GLONASS case.
We present geostationary SBAS TEC response to increasing solar X-Ray and EUV ionizing
radiation during several recent X-class flares. Good correlation was found between TEC and
EUV flux for the stations at the sunlit hemisphere. We also present SBAS TEC response to
geomagnetic field variations during strong and moderate geomagnetic storms showing examples
of both positive and negative TEC anomalies of order of tens of TECU during main storm phase.
Our results show the capability of SBAS L1/L5 observations for continuous monitoring of iono-
spheric TEC. Intensively growing networks of receivers capable to work with L1/L5 SBAS signals
(for example MGEX network) and increasing number of dual-frequency satellites in SBAS con-
stellation potentially make it a powerful instrument for TEC climatology.
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Acoustic-gravity Waves in Space Generated by Near-ground and
Volume Sources
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Abstract— Numerical analysis of acoustic-gravity waves (AGW) generation and propagation
in the Earth’s atmosphere is performed based on computer model of stratified atmosphere with
dissipation.Atmospheric and ionospheric wavelike disturbances generated by near-ground or vol-
ume sources such as oscillations of the Earth’s or oceanic surface, earthquakes, explosions, seiches,
tsunami waves and temperature heating are studied. These wavelike phenomena in the atmo-
sphere and ionosphere appear as the alternating areas of enhanced and depleted density (in the
atmosphere) or electron concentration (in the ionosphere).
Observation and investigation of various ionospheric perturbations under assumption of their
correct physical interpreting and understanding of their hydrodynamic generation mechanisms
commonly allows obtaining current or predictive configuration of near-ground or volume sources
of disturbances. The least studied problem here is a question about acoustic energy transferring
from the ground sources into near-Earth space that primarily is related with incompleteness of
AGW propagation theory in the real atmosphere. Moreover, complete analysis of the observed
ionospheric perturbations should be performed using conventional characteristics of ionospheric
waves such as amplitude, phase, period, velocities of corresponding wave packets and angular
characteristics of the wave vector. Notice, that for most near-ground or volume sources in geo-
physical bibliography there is a significant variance regarding values of basic AGW parameters
as well as absence of unified point of view on AGW generation mechanisms. As the examples
of mentioned mechanisms different authors provide infrasound wave generation, internal gravity
waves generation, eddying motion of the neutral component generated by an acoustic pulses, the
generation of shock-acoustic waves, etc..
The numerical simulation of upper atmosphere responses to various near-ground or volume
sources can provide estimations of basic AGW characteristics and to clarify AGW generation
mechanisms. The major results of the paper consist in determining of common as well as unique
tendencies in AGW behavior for a wide class of sources, analysis of these tendencies and es-
timation of AGW wave packets’ parameters. Numerical simulation studies of wavelike AGW
disturbances generation by particle precipitation are presented. The ionospheric footprints of
atmospheric disturbances are given. These two sentences should be removed.
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Testing NmF2 Data from UV SSUSI Measurements with Global
Ionospheric Maps and Satellite Radio Tomography at Mid and

High Latitudes
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I. A. Nesterov, A. M. Padokhin, and Yu. S. Tumanova

Lomonosov Moscow State University, Russia

Abstract— Development of the Defense Meteorological Satellites Program (DMSP) and its
new instruments such as Global Ultraviolet Imager (GUVI) and Special Sensor Ultraviolet Spec-
trographic Imager (SSUSI) provides the opportunity to get ionospheric F2-layer peak density
(NmF2) as the product of the measurements of the natural nighttime emissions of O+ ions, gener-
ated by its reaction of radiative recombination. This dataset is distributed via http://ssusi.jhuapl.
edu/ by Johns Hopkins University Aplied Physics Laboratory.
The aim of the present work is to compare this new NmF2 product with broadly used Global
Ionospheric Maps (GIM) and data obtained using such well-developed method as GNSS ra-
diotomography (with both low- and high-orbiting navigational satellites) for various geomagnetic
conditions during last two solar cycles.
The results of such comparison along radio tomography system in Russia (covers mid and high
latitudes) during the periods of various geomagnetic conditions showed that large structures
reaching the size of about 10◦ are distinctly reconstructed in both RT and UV data and are in
good agreement within the accuracy of both methods, while the same structures are typically
smoothed in GIM data due to poor spatial and time resolution.
Having poorer SNR values compared to radio measurements, UV data can give important infor-
mation about the ionosphere, especially over the regions where application of radio tomography
methods is limited. The possibility of incorporating UV measurements into radiotomography
routines should be further investigated and modeled.
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Abstract— The ionospheric Alfvén resonator (IAR) is a structural formation in the ionosphere
between two peaks of Alfvén speed in its altitude profile. The IAR can amplify and accumulate
ultra low frequency (ULF) wave energy in the upper ionosphere. As a result of the IAR occur-
rence the multiband spectral resonance structure (SRS) appears in the ULF observations, both
ground-based and satellite. Frequency of discrete spectral bands and spacing between them are
determined by the geometry of the resonator and the Alfvén speed in its cavity; the change in
band frequency during the day with a minimum around noon and a maximum after midnight or
in the early morning hours is due to diurnal variation of ionospheric parameters. Close connec-
tion of SRS mode and features with state of the ionosphere motivates many authors to study the
details of this connection, and make suggestions about how to use observations of the spectral
structure of the electromagnetic background in the range of 0.5–10 Hz for sounding ionospheric
parameters and clarifying ionospheric models.
In this paper we propose a new approach to analysis of emission of ionospheric Alfvén res-
onator (IAR). We apply the IRI-2012 version of International Reference Ionosphere model to
calculate difference between frequencies of adjacent harmonics (frequency scale) of IAR emis-
sion. The calculated values are compared with the frequency scale data obtained from search-coil
magnetometer observations made at two different stations, the mid-latitude observatory Mondy
(Eastern Sayan, Russia) and the high-latitude Sodankylä Geophysical Observatory (Finland).
For measurements made at medium latitudes, it appears that to reach satisfactory results it
is necessary to modify IRI-2012 model replacing the vertical profile of ionospheric parameters
adopted in the standard model with the profile elongated along the magnetic field lines. For
polar latitudes, where the field lines deviate from the vertical insignificantly, such a procedure is
not so important. On the other hand, irregular behavior of the polar ionosphere results in the
diffusive character of the SRS. That is why the spectral bands of the SRS at SGO spectrograms
are blurred which cumbers precise measurements of frequency values. To improve the estimates
of the frequency scale we corrected the model using local f0F2 measurements. Finally, our results
showed strong correlation between the estimated and measured values of the frequency scale.
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Variability Using Ionosonde and SuperDARN Data

K. G. Ratovsky1, A. V. Oinats1, and N. Nishitani2

1Institute of Solar-Terrestrial Physics SB RAS, Russia
2Solar-Terrestrial Environment Laboratory, Nagoya University, Japan

Abstract— We study ionospheric variability using HF radio facilities within three latitudinal
regions: polar (Norilsk vertical sounder; 69.4N, 88.1E), sub-polar (Ekaterinburg SuperDARN
radar; 56.4N, 58.5E) and mid-latitude (Hokkaido East SuperDARN radar; 43.53N, 143.61E). As
characteristics we select the peak electron density (NmF2) and peak height (hmF2) measured with
the ionosonde and the ground backscatter range corresponding to the skip distance (Rsd) from
HF radar measurements. The disturbances of characteristics are the deviations of characteristics
from their 27-day running median values. We assume that 27-day running medians are associated
with climatological specifics of the diurnal, seasonal, and long-term solar activity variations. The
variability is considered as the root mean square of disturbances. For different tasks we used
different types of averaging. Annual averaging was used for studying year-to-year changes in
the variability (solar cycle variations). To study the difference between the day- and nighttime
variability we made separate averaging for the day- and nighttime using ground terminator as
a day-night boundary. To obtain the diurnal-seasonal pattern of the variability we performed
averaging over years for each local time and day of year. In the paper we discuss similarities and
differences between the selected characteristics and between the polar, sub-polar and mid-latitude
ionospheric variability.
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Abstract— In this paper, the analysis of geomagnetic effects on measurements, made by Global
Navigation Satellite Systems (GNSS), relies on both the contribution of the geomagnetic field
to the refractive index of ionospheric plasma and the presence of random irregularities aligned
along the magnetic field lines. In the geometrical optics approximation at high GNSS frequen-
cies, the refractive index, phase and code distances can be expanded in a rapidly decreasing
series in inverse powers of frequency. This allows us to eliminate ionospheric effects from mul-
tifrequency measurements. In dual-frequency measurements, the ionosphere-free combination is
used to remove most of the ionospheric error — first-order error proportional to electron density.
Improvement in accuracy of dual-frequency GNSS measurements is associated with elimination
of the second-order error caused by geomagnetic effects on the refractive index of magnetoactive
ionospheric plasma. The paper reports results of exploration of the possibility for simultaneous
removal of first- and second-order errors by modifying the ionosphere-free combination of dual-
frequency measurements. The geomagnetic field affects not only the refractive index but also
the structure of ionospheric irregularities. Afraimovich et al. [1] based on the dependence of the
GNSS phase slips on the angle between the satellite-receiver line of sight (LOS) and the mag-
netic field line, have revealed the anisotropy effect of ionospheric irregularities. To analyze the
role of this effect on GNSS measurements, we used numerical simulation for studying anisotropy
effects of ionospheric irregularities on the probability of occurrence of slips in phase measure-
ments. When examining GNSS signal phase fluctuations, we determined the relation between
the probability of slips in GNSS system operation and the degree of elongation of field-aligned
irregularities. The simulation results allow us to study and account for the factors which mask
effects of this anisotropy. In the future, we are going to exploit this method of estimating the
degree of elongation of irregularities to monitor parameters of ionospheric irregularities in the
Arctic region.
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Abstract— At present, remote sensing methods relying observations of signals from global nav-
igation satellite systems (GNSS) are finding ever-widening application in environmental research.
These methods allow remote diagnostics of wide sectors of overground space, which makes them
attractive for use especially in the Arctic region. However, the spatially and temporally variable
ionosphere significantly affects the accuracy and reliability of GNSS remote sensing, hence the
need to study inhomogeneous ionosphere effects on GNSS measurements, and to explore pos-
sibilities of their elimination. In the geometrical optics approximation, the ionospheric part of
error in measuring phase and code delays of the satellite signal may be represented as a rapidly
decreasing series in inverse power of frequency. Such simple frequency dependence allows us to
use multi-frequency measurements for eliminating the error in multi-frequency GNSS. However,
the elimination of errors is handicapped by diffraction effects during signal propagation through
turbulent ionospheric plasma. In this study, the elimination of diffraction effects from the mea-
surement error via Fresnel inversion and then the elimination of this error via multi-frequency
combination are analyzed. We demonstrate the possibility of reducing residual ionospheric errors
in ionosphere-free combination by Fresnel inversion. The inversion parameter — the distance to
the virtual screen — may be selected from the minimum of amplitude fluctuations. This suggests
the possibility of improving the accuracy of GNSS remote sensing in meteorology. In investi-
gations into ionospheric disturbances through geometry-free combinations, the Fresnel inversion
eliminates only the third-order correction. To eliminate the random TEC component which,
like the measured average TEC, is the first-order correction, we should use temporal filtering.
However, measurements of this random TEC component allow us to examine the fine structure
of ionospheric plasma via GNSS. The Fresnel spatial processing requires constructing a phase
GNSS array of sufficiently large sizes. Despite the difficulty in constructing this array, it seems
necessary to develop the array, taking into account feasibility of using it in many fields of research
on the troposphere, ionosphere, earthquakes, and volcanic activity.
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High-resolution Wave Field Processing for Diagnostics of
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Abstract— For the analysis of transparent inhomogeneous, it is appropriate to use phase
tomography, which is based on measuring the phase of the wave transmitted from the transmitter
to receiver. Finding the physical characteristics of inhomogeneous media by these methods carried
out in several stages. At the first stage the receiving system consisting of antennas registers the
phase of wave scattered by the inhomogeneity. Then, depending on the type of tomographic
measurements the optimal method of computer tomography is selected. The final step is finding
the required physical parameter of the inhomogeneous medium. In particular the diagnosis of
the inhomogeneous plasma by standard methods ray and diffraction tomography is not always
possible to find the parameters of the medium. For more accurate diagnostic results of the
inhomogeneous medium we can use additional processing phase measurements. Earlier in the
papers was obtained spatial processing phase measurements based on the method of double
weighted Fourier transform (DWFT). This process allows to diagnose small-scale plasma under
conditions of strong and weak phase fluctuations. However, the use of DWFT for direct and
inverse problems of wave propagation in inhomogeneous media is often hampered by the necessity
to integrate in two planes. In particular, in tropospheric and ionospheric investigations we can
integrate measurement data in coordinates of only one plane, say a receiving plane.
Here we will consider the DWFT method modifications permitting the use of it both without
possibility of integrating over two planes and under wave reflection from an inhomogeneous
medium (plasma).
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Investigation of Nanoantennas Using Surface Integral Equations and
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Abstract— Nanoantennas, i.e., antennas designed for optical frequencies, have attracted the
interest of many researchers [1–4]. Although the idea of using nanoscale antennas operating at
visible lights, e.g., for harvesting solar energy, was purposed decades ago, realization of nanoan-
tennas had to wait for the developments in nanotechnology. Recently, various nanoantennas have
been designed, manufactured, and tested for diverse applications, including energy harvesting [1],
optical sensing [2], and imaging. Along this direction, computational simulations of nanoanten-
nas have become essential for designing and investigating these structures in alternative scenarios
before their actual realizations [4].
Computational analysis of nanoantennas using the conventional solvers is not trivial. While
nanoantennas are commonly made of highly conducting materials, such as silver and gold, scaled
solvers with perfectly conducting assumptions fail to provide realistic and accurate modeling
of nanoantennas [4]. This is mostly due to different behaviors metals at optical frequencies,
namely plasmonic effects [5], which become dominating factors especially for nanoscale objects.
Incorporating plasmonic effects in the existing solvers is also a challenging task, especially for
full-wave solvers. This challenge can partially be solved by resorting to Drude or Lorentz-Drude
models that allow for macroscopic analysis via electromagnetic parameters. Specially, changing
the electrical permittivity to a complex value with a negative real part based on these models
leads to a direct analysis of a plasmonic structure using existing solvers developed for penetrable
objects.
In this study, we investigate nanoantennas using surface integral equations and a powerful
method, namely, the multilevel fast multipole algorithm (MLFMA) [6]. Among alternative formu-
lations, we prefer the electric and magnetic current combined-field integral equation (JMCFIE)
for accurate and fast iterative solutions using MLFMA. JMCFIE is modified carefully by consid-
ering complex permittivity values with negative real parts. MLFMA is also updated for stability
in handling complex wavenumbers with large imaginary parts, leading to rapidly decaying inter-
actions. In this paper, after demonstrating the effectiveness of the developed solver on canonical
problems, we present numerical simulations of bowtie nanoantennas at optical frequencies. Dif-
ferent material properties and frequencies are considered for single bowtie nanoantennas. Electro-
magnetic interactions between pairs of nanoantennas and their effects in the power enhancement
abilities are also investigated. Numerical results show that MLFMA is a strong alternative to
space-discretization solvers for accurate and efficient full-wave analysis of nanoantennas.
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Polarization-sensitive Compositions
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Abstract— The paper discusses the polarization properties of the compositions of the light-
sensitive media. The compositions include a polymer matrix, fluorescent tags: the dyes-phosphors
which have been used, including specially synthesized, and the fluorescent polymer. The activa-
tors of photo anisotropy based on the organic dyes, chiral dopants, dendrimer. As the matrix
polymer were used: polycarbonate, polystyrene, polymethyl methacrylate. Were created the
optical schemes, allowing us to investigate the polarized luminescence, and conduct the ellipso-
metric measurements of the photo-anisotropic parameters obtained compositions. For polarized
radiation were used the standard lasers with lengths of waves: 405 nm, 441.6 nm, 532 nm. For
the quantitative measuring of the polarized luminescence the parameter-coefficient of anisotropic
radiation was used. The created compositions had had few maximums of the polarized lumines-
cence, what determined by the structure of making elements. Data are presented as tables and
spectral curves of coefficient of anisotropic radiation. Were developed compositions with initial
optical activity, thanks to the introduction of specific chiral additives. We investigated the change
in the optical activity of the resulting compositions by the irradiation with circularly polarized
radiation. Conducted ellipsometric measurements allowed us to estimate both the magnitude
and the direction of rotation of the polarization plane of the media. We investigated the change
in the optical activity of the resulting compositions by the irradiation with circularly polarized
radiation. Were obtained curves of the exposition induced anisotropy of the investigated circular
media for the purpose of comparing the gradient sensitivity, depending on the chemical structure
of the used dopants. Were revealed the dependence arised anisotropy and gyrotropy in the sam-
ples under investigation on the chemical activity of the used dopants. The done work allows to
make conclusions about the mutual influence of elements of the composition on the magnitude
and specificity of the induced Weigert effect, which demonstrates the enormous scope for the
developers of polarization-sensitive media.
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Abstract— In recent years, there have been many attempts to overcome diffraction limit. It
could provide the visualization of features that are smaller than half a wavelength. In this work
we demonstrate possibilities of creating monochromatic light distribution with details comparable
with the wavelength. The investigations are based on the scalar diffraction theory. We consider
one-dimensional case of a beam expansion by plane waves in analogy with [1]. We take into
account finite aperture size and spectrum width (for example, evanescent waves are not examined
if the spectrum is limited to the range of minus one to one).
The plane of optical signal formation is located at a distance of several wavelengths from the
input plane. The observed domain width is equal to the aperture size D, so we get two equivalent
areas on the input and output of the optical system.
We use integral transformation based on the method of plane wave expansion for laser beam
modeling. After sampling considered transformation we get a square matrix with eigenvalues
and eigenfunctions that we should find. These functions represent a system of orthogonal modes
propagating from the input plane to the output without changes except the scale factor.
Previously, we study eigenfunctions for the limited system of two lenses where Fourier transform
(or Hankel transform in case of radial symmetry) plays the role of propagation operator [2, 3].
The eigenfunctions are spheroidal functions if the optical system is Cartesian [2]. The difference
of this work consists in free-space propagation in the near-field diffraction rather than through
the lenses, therefore, modeling can be done at a small distance from the input plane.
The beam propagation distance is a parameter of the operator and it significantly changes the
set of eigenvalues and eigenfunctions. The eigenvalues modules define corresponding “survival”
eigenfunction at a given distance. Thus, calculations allow to find out the number of degrees of
freedom in dependence of the distance. In addition, it is determined the maximum number Nmax

of “survived” eigenfunction at the distance. Hence, the minimum size of details, reproduced on
the propagation distance, is approximately equals d ≈ D/Nmax. Thereby, we get the answer to
the question, what resolution is achievable at a given distance.
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Abstract— The Shielding Effectiveness parameter of the transmission lines and coaxial ca-
bles/connectors is an important item to ensure the correct operation of electro-electronic devices.
Eventual problems in this shielding could generate unintentional electromagnetic disturbs. Fun-
damentally, an Electromagnetic Compatibility (EMC) problem can be divided into three parts:
noise source, coupling and receptor (victim) [1, 2]. In this paper, the coupling will be investigated
in order to mitigate the radiated or induced electromagnetic interferences. Cable and connectors
shielding is one of the most used techniques to minimize this kind of disturbs [1, 2]. The Shielding
Effectiveness (SE) can be defined by [3, 4]

SEdB = 20 log
V (without shielding)

V (with shielding)
SEdB = 20 log

E (electric al field without shielding)
E (electric al field with shielding)

(1)

In order to determine the SE factor of a coaxial cable connector, this paper proposes a method-
ology based on a physical model, using the R&S ® EMC32 Measurement Software. Figs. 1(a)
and 1(b) illustrate the measurement software and the measurement setup, respectively.
The measurement setup consist of an electric field probe, the coaxial cable and connectors.
Both the electric field and the voltage standing wave ratio (VSWR) will be measured. The
main objective of this paper is to investigate shielding effectiveness of coaxial cable connectors,
in order to ensure the best performance in Ultra High Frequency (UHF) and also to reduce
electromagnetic radiation. By using the EMC32 integration software that controls both injected
signals and measured parameters, a constant power is injected into the cable and the electric
field is measured. To reduce the irradiated and inducted electromagnetic interferences in the
transmission line, a coaxial cable with solid outer conductor will be used. It should be noted
that there are still many challenges to determine the transfer impedance, as well as the shielding
effectiveness of coaxial cables in the microwave range [5].

(a) (b)

Figure 1: (a) Measurement Software EMC32. (b) Measurement setup.
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Abstract— There are various parameters of quantum system which play important role in
quantum computing. However the most interesting and perspective parameters are entanglement
and polarization. In particular, entanglement has many applications in quantum information
theory. Namely, the best-known applications of entanglement are superdense coding and quantum
teleportation [1]. Also the entanglement is used in some protocols of quantum cryptography [2].
In quantum interferometry, entanglement is necessary for surpassing the standard quantum limit
and achieving the Heisenberg limit [3].
In this work we consider the biphoton states formed in the process of degenerate spontaneous
parametric down-conversion. The purely polarization biphoton states (the so-called qutrits) are
described by a superposition [4, 5]:

|ψ〉 = c1|ψHH〉+ c2|ψHV 〉+ c3|ψV V 〉
of photons in modes with horizontal (H) and vertical (V ) polarizations. The degree of entangle-
ment can be derived from the Wootters’ parameter (the so-called Wootters’ concurrence):

C = |2c1c3 − c2
2|.

The degree of biphoton polarization [4, 6]

P = |Tr (ρr~σ)| = |Tr [~σTr2 (|ψ〉〈ψ|)]| ,
where ρr is the reduced density matrix, ~σ are the standard Pauli matrices, can be compared with
the Wootters’ concurrence and the result is [4]:

C2 + P 2 = 1.

This expression (first derived in [4]) shows the anti-correlation between the entanglement and
polarization.
In this work we also discuss in details the von Neumann entropy of the qutrit, namely

Sr = −Tr (ρr log2 ρr) .

Moreover, we consider the time evolution of parameters P (polarization) and C (Wootters’ con-
currence) using the solution of equation for density matrix (von Neumann equation) taking into
account the various initial states of the biphoton system.
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Abstract— The linear sampling method (LSM) aimed at the reconstruction of target shape
and based on the so-called far field equation [1] is reformulated in terms of the transition (T )
matrix. The latter reflects only the intrinsic properties of the scatterer and does not depend
on locations and radiation patterns of the antennas constituting the transmitting and receiving
arrays [2]. The information on the antenna arrays is contained in the corresponding sampling
matrices At and Ar transforming T matrix into the response matrix, H = ArTA†

t , measured in
experiments. For simplicity, a scalar 2D version is considered, however the proposed approach
can be generalized to both scalar or vector 3D problems.
LSM is reduced to solving the linear problem Ta(r) = b(r) for all points r = (r, φ) of the sampled
domain, providing the transition matrix T is estimated at the previous step. The unknown
vector a(r) is the incident field causing, after interaction with the target, a scattered field b(r),
a cylindrical wave emanating from sampling point r, i.e., the elements of b(r) are given by
bm(r) = Jm(kr) exp(−imφ). The behavior of ‖a(r)‖ serves as an indication of the scattering
object support. This formulation of LSM is more flexible than the original far field version [1].
Usually, we would like to recover a large T-matrix using as few as possible measure-ments (a small
response matrix H). This is a classical under-determined problem. Also, the data includes noise.
To improve the situation, the inversion is supplemented with a number of physical constraints
the transition matrix should satisfy. In particular, conservation of energy leads to the passivity
of the related scattering matrix, S = I + 2T, the eigenvalues of which have to lie inside the unit
circle in the complex plane. Another constraint is the reciprocity of the T matrix; this means
that only (roughly) one half of its elements should be found, the others may be restored by using
the symmetry relation: Tmn = (−1)m+nT−n,−m.
The quality of the object recovery may be controlled by the normalized Frobenius norm εF = ‖T−
T̂‖/‖T‖, and can be seen directly in the LSM-based images, see Fig. 1. Upper row corresponds
to unconstrained inversion (εF = 0.41 and εF = 0.71, respectively, for SNR values equal to 5 and
0 dB), lower row presents constrained results (εF = 0.23 and εF = 0.38, respectively).
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Figure 1: Results of the LSM reconstruction.
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Abstract— In classical X-ray tomography it is assumed that the radiation propagates along
straight lines [1]. The log-intensity measured in the observation plane is then a Radon transform
of the attenuation coefficient α. Since the Radon transform is invertible, it is possible to recon-
struct uniquely the distribution of α, providing the measurements are performed for all possible
projections. In optical or microwave tomography the propagation is no longer along straight lines,
because the refraction and diffraction effects can play an essential role. In this situation the use
of the same Radon-based algorithms leads to low resolution and strong artefacts in the image,
or even makes the reconstruction impossible. In this paper we analyze a new reconstruction
algorithm based on approximate propagators describing the high-frequency radiation scattered
by (lossy) dielectric objects [2, 3].
We assume that the wave propagation is governed by a standard parabolic wave equation [4]
relating the wavefield measured in point (r, z) to a point source located in (r0, z0). Since the
parabolic equation coincides with the Schrödinger equation of quantum mechanics, we apply the
path integral formalism to obtain a required solution. The main motivation of using the path
integral technique here is to reduce the (infinite-dimensional) path integral to an approximate
finite-dimensional quadrature provided the solution is able to reproduce the relevant diffraction
effects [3, 5]. Introducing mixed input/output coordinates, r1 = r + r0/2 and r2 = r− r0/2, we
show that an approximate solution for the normalized wave field h(r1, r2) can be presented in the
form Φ1Φ−1

2 {h0(s1, s2)}. This operator consists of two independent ordinary Fresnel transforms
(the first one is direct and the second is inverse), coupled only by the object “hologram” h0.
Function h0(s1, s2) is the exponential of the permittivity integrated along a straight line connect-
ing the points s1 and s2, which are defined in the same mixed space. Hence, in order to perform
the inversion, the transmit/receive arrays should cover a sufficiently large area of the hyperplane
(r1, r2).
Having at hand the reconstructed hologram h0, we can calculate its logarithm (a phase unwrap-
ping can be required at this stage), and then apply the usual Radon transform. Note that in a
possible tomographic experiment the scanning is not restricted to the fan (cone) beam geome-
try. In particular, using only a cross-section of the reconstructed hologram, which in the mixed
coordinates satisfies the condition s2 = s1/3 (this corresponds to s = s0 in the original space),
the parallel scanning geometry may be realized. The results of simulations show a rather good
resolution of reconstructed images well beyond the weak scattering regime. In contrast to many
known lensless imaging techniques suitable for reconstructing only thin samples [6], our method
allows for imaging extended objects.
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2Centro de Tecnoloǵıas F́ısicas, Universitat Politècnica de València, Valencia 46022, Spain
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Abstract— Walsh functions are a complete set of normal orthogonal functions that, except
at a finite number of points of discontinuity, take on values 1 or −1 over a given finite interval.
The number of zero crossings within the specified domain determines the order of the Walsh
functions. As is well known, a Fresnel zone plate consists of alternately transparent and opaque
zones whose radii are proportional to the square root of the natural numbers. Thus, it can be
generated starting from a 1D compact-supported periodic function q(x), followed by a change of
coordinates x = r2 (r is the radial coordinate) and then by a rotation of the transformed function
around one of its extremes. In a similar way a Walsh zone plate can be constructed by replacing
the periodic function q(x) by a given Walsh function. Walsh zone plates (WZPs) of various orders
are designed from corresponding Walsh functions by realizing values of 1 or −1 with 0 or π phase,
respectively. To evaluate the focusing properties of the WZPs we have computed the irradiance
along the optical axis (z coordinate) provided by these lenses illuminated by a plane wave of
wavelength λ, using the Fresnel approximation. Fig. 1(a) shows axial irradiances provided by
the WZPs of several orders along the normalized reduced axial coordinate: u′ = ka2/2λz, being
a the radius of the WZP, and k is a constant for each order. It can be observed that in general
a WZP has several foci depending on the order of the Walsh function. Self-similarity can also
be observed in the axial intensity distributions. We have experimentally tested the focusing
properties of the WZPs by implementing them on a liquid-crystal display. Fig. 1(b)) shows the
transverse irradiance of the order k = 22 (red arrow in Fig. 1(a)). A profile of the experimental
axial irradiance is represented in the same figure together with the analytical axial irradiance for
comparison.

(a) (b)

Figure 1: (a) Axial irradiances provided by the WZPs of several orders. (b) Experimental transverse irra-
diance of the WZP with order k = 22 (blue line) and the corresponding analytical axial irradiance (green
line).
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Experimental Study on Low-profile of Multi-layer Noise Suppression
Sheet Using Periodic Metal Film
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Abstract— This paper examines a method to reduce the thickness of a Noise suppression sheet
(NSS) by using a periodic metal film. NSS with the periodic metal film is placed on the microstrip
line, and the transmission characteristics are measured.
Figure 1 shows the setup to measure the attenuation of conducting current noise along a trans-
mission line, including a microstrip line (MSL) based on the IEC (International Electrotechnical
Commission) standard. A network analyzer is connected to the MSL by coaxial lines, the trans-
mission characteristics |S21| of the MSL shown in Figure 2 is measured. The MSL is fabricated by
dielectric substrate (manufactured by ARLON, DiClad522, εr = 2.55, tan δ = 0.0022). The NSS
(ε̇r = 169.15−j15.31, µ̇r = 8.40−j5.22 @ 1 GHz) is placed on 4.4 mm wide strip conductor. Then
NSS with and without the periodic metal film (Aluminum, σ = 37.4× 106 [S/m]) are measured.
Figure 3 shows the multi-layer NSS with periodic metal film. The sheet consists of the metal
film sandwitched by NSS to prevent from radiated noise. Figure 4 shows the result of measured
transmission characteristics of the MSL with the multi-layer NSS and with the NSS not to use
the metal film. In Figure 4, when the thickness of NSS decreases from 0.834 to 0.204mm, fc is
shifted from 0.98 to 1.92 GHz. It is also noticeable that fc of the NSS with periodic metal film
is 0.99 GHz, which is approximately equal to fc in the case of the NSS thickness of 0.834 mm.
Moreover, the low-pass characteristic of the multi-layer NSS is similar to the NSS which has
0.834mm thick. As a result, the thickness of NSS can be reduced up to 40.9% by attaching the
periodic metal film. As further investigation, re ection and absorpition of radiated noise by the
multi-layer NSS should be examined.

Figure 1: Measurement system of transmission char-
acteristics on a microstrip line.
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Abstract— It is known that, due to the high optical activity, some chiral metamaterial struc-
tures implemented in printed circuit board (PCB), such as those based on mutual rotation be-
tween faces [1, 2] and on conjugated faces [3, 4], exhibit negative values of the refractive index
(n±) for the right handed (+) or left handed (−) circularly polarized waves. Unfortunately, in
these structures the negative refractive index is related to high losses because of the high value
of the refractive index imaginary parts. Only in a narrow frequency range the structure presents
negative refractive index and low losses simultaneously. However, in this case the figure of merit
of the negative refractive index (defined as FoM± = n′±/n′′±), is small. Consequently, these facts
prevent the use of the aforementioned CMM structures for developing applications that take
advantage of the negative refraction.

In order to decrease the losses and the FoM, Zhaofeng in [5] proposes a composite chiral meta-
material (CCMM) constituted by the combination of a conjugated rosettes CMM structure with
a fishnet structure that presents continuous metallic wires at the edges and in the center of the
unit cell (see Fig. 1 of [5]). With the addition of the continuous metallic wires the maximum
FoM values enlarges from 8.4 for the original conjugated rosettes structure to 50 for the CCMM.

In this work a new CCMM composed by a conjugated gammadion CMM structure [4] and a cross-
shaped fishnet structure without metallic wires at the edges is analyzed numerically with the aid of
Keysight EMPro 3D electromagnetic simulator. For that purpose the aforementioned structures
are individually characterized using the EMPro Finite Differences Time Domain engine. The
obtained results show that the CCMM enlarges in more than 20◦ the moduli of the polarization
plane rotation angle than the original CMM does. Regarding to the refractive index, the CCMM
displays a wider frequency band with negative index, lower losses and higher FoM values (See
Fig. 2).

(a) (b) (c)

Figure 1: (a) Conjugated gammadion CMM. (b) Fishnet structure. (c) Conjugated gammadion structure
combined with fishnet structure (CCMM).
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(b) CCMM.
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Abstract— A method of successive integral equations is developed to describe electromagnetic
wave transmission through a subwavelength nano-hole in a thin plasmonic sheet in terms of the
dyadic Green’s function for the associated Helmholtz problem. No assumptions about boundary
conditions are needed as they are implicitly embodied in the integral equations. This approach
has facilitated relatively simple numerical computation, and it is not in any way restricted to a
metallic screen. Taking the subwavelength radius of the nano-hole to be the smallest length of
the system, we have obtained an exact solution of the integral equations for the dyadic Green’s
function analytically and in closed form. This dyadic Green’s function is then employed in
the numerical analysis of electromagnetic wave transmission through the nano-hole for normal
incidence of the incoming wave train. The electromagnetic transmission involves two distinct
contributions, one emanating from the nano-hole and the other is directly transmitted through
the thin plasmonic layer itself (which would not occur in the case of a perfect metal screen). The
transmitted radiation exhibits diffraction interference fringes in the vicinity of the nano-hole,
and they tend to atten as a function of increasing lateral separation from the hole, reaching the
uniform value of transmission through the sheet alone at large separations. The calculated results
also exhibit a positional broadening of the central electromagnetic transmission maximum as the
height above the hole increases from the near to the far zones. This is to be expected as a simple
geometric spreading of the radiation emanating from the nano-hole itself, but, as indicated above,
the transmitted radiation is further supported by electromagnetic transmission directly through
the plasmonic sheet. Furthermore, our results incorporate the role of the 2D plasmon of the thin
layer, which is smeared by its lateral wavenumber dependence.
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Photodynamic Properties of a C60 Organosol
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Abstract— The fullerene C60 is a wonderful molecule becoming more common in photonics
due to high optical nonlinearities and singlet oxygen quantum yields (ϕ = 0.96) [1, 2]. The
both properties are determined by high probable singlet-triplet intersystem crossing in fullerene
molecule populating a metastable triplet state (T1) with appropriate characteristics. In practice,
large polarizabilities lead to the aggregation of the C60 molecules owing to strong dispersion forces,
the process causing formation of various supramolecular structures depending on physicochemical
properties of media.
The strongest aggregation of fullerenes is observed in polar solvents, in which long-living or stable
colloidal sols can be formed on the grounds of solely repulsive electrostatic interactions between
the aggregates [3]. It is well known that aggregated fullerenes have rather poor T1 quantum
yield and pretty short life-times, these factors decrease photodynamic ability of materials [4].
This is the most important issue regarding singlet oxygen photosensibilization in such potential
applications as photodynamic therapy and oxygen-iodine lasing [2]. In the present communication
we show that under certain circumstances C60 aggregation is not so dramatically detrimental with
respect to its photodynamic properties in some media.
C60 solution in CCl4 was mixed with acetone in different proportion provided fullerene concen-
tration constant. Absorption spectra changes, representative the begging of cluster formation in
the liquid, appeared in the mixtures with values of its dielectric constant ε over 14. At ε about
19 we found a stable suspension on the time scale of two days. The dynamic light scattering
study shows a narrow size distribution about 220 nm with polydispersity index 0.005.
Singlet oxygen (1∆g state) IR luminescence (λ = 1268 nm) was measured both in the C60/CCl4
and the C60/CCl4&Acetone-D6 systems at the excitation by LED light of different wavelengths
(λex = 370 nm, 405 nm, 465 nm, 525 nm, 625 nm) under the same experimental conditions. The
singlet oxygen quantum yield ϕ of C60 in the sol form was found to be only 3 times less than the
one of C60 in solution.
A theoretical model of quasi-two-level scheme for fullerene and three-level scheme for oxygen
employed to describe the generation process involving fullerene light absorption, singlet-triplet
intercrossing, photosensibilization and quenching of 1Σg oxygen state by T1, 1Σg–1∆g oxygen
transition and 1∆g quenching by the solvent molecules. The solution of the set of kinetic equations
using kinetic constants of the levels as parameters established a dependence of generated singlet
oxygen concentration vs. T1 lifetime. This dependence explains why although the T1 lifetime
value is dramatically decreased by two orders of magnitude following the aggregation, the singlet
oxygen photosensibilization efficiency still remains high.
The results obtained show up rather perspective regarding working out fullerene-aggregates-based
singlet oxygen generators, which are expectedly germane to practical applications.
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Abstract— It is well-known that semiconductor nanocrystals (NCs) have high non-linear op-
tical properties. But the interaction between these NCs and with surrounding matter can have
strong influence on their non-linear light absorption and scattering [1].
In this work we present the results of the preparation of the suspension and coatings containing
PbS QDs stabilized by high-molecular (Ms =1300000) polyvinylpyrrolidone (PVP). PbS sus-
pensions were prepared from mixed water — propanol-2 solution of Na2S and Pb(NO3)2 at the
presence of PVP. Composite PbS/PVP coatings were deposited on glass surface by dip method
at room temperature.
The spectra of prepared suspensions demonstrated the absence of absorption bands in visible
spectral range. Experiments show that PbS suspensions and coatings demonstrate strong lumi-
nescence in NIR spectral range (1100–1200 nm) at the excitation of visible light with different
wavelengths. Luminescent properties of our suspensions non-linearly depend on the power of
exciting irradiation and, also, they are changing during storage at room temperature.
The measurements of non-linear transmittance of PbS suspensions were made on special setup
using Nd:YAG laser (λ = 0.532 µm). Experiments show that prepared suspensions can effectively
limit powerful laser irradiation at λ = 1.06 µm with the limiting threshold 2 · 10−4 J.
Non-linear refractive index γ and two-photon absorption coefficient β were measured at λ =
1540 nm by Z-scan method with open and closed apertures. These measurements gave values
β = 4.2 · 10−9 cm/W and γ = −3.4 · 10−13 cm2/W for the suspension containing 8.6 10−4 mol/l
PbS.
The registered effects are seen to be explained through dependencies between luminescent and
non-linear optical properties of PbS aggregates, and their structure in the polymer environment.
The use of the polymer composites studied makes appearance as promising in fixing issues of
photo-voltaics and non-linear optical limiters. The observed regularities would enhance efficacy
of such solutions.
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Abstract— Most of the III-nitride semiconductor hetero-structures are grown along the c-axis
on Si (111), GaAS (111), SiC and sapphire (0001) with wurtzite structure which the basal plane
(0001) is a slide plane. The basal plane dislocation slip brought about the majority of dislocation
in the III-nitride semiconductor layers. The spontaneous and piezoelectric electrical polarizations
produce the electric fields along the 〈0001〉 direction to separate the spatially electrons and holes
and to reduce the recombination probability result in the poor performance in optoelectronic
device devices.
Indium nitride (InN) is one of the members in III-nitrides semiconductors, and has attracted
intensive interest because of the narrow band gap ∼ 0.7 eV and high electron mobility approxi-
mately 4400 cm2/V-S among III-nitrides semiconductors. However the Fermi level pinning above
the conduction band in InN accompanied with donor-like surface states leading to an ultrahigh-
density of surface electron accumulation layer on the InN surface. Most InN reported recently
are degenerate n-type materials with an electron concentration of approximately 1 × 1018 cm3

or higher, and these problems result in the difficulties in the fabrication of InN-based devices
practically. Hence, the semi- and non-polar III-nitride semiconductors including InN have been
attracted considerable attention in recent years because of the reduction of the polarization-
induced electric fields and the improvement of the efficiency of optoelectronic devices. Moreover,
the problems of the Fermi-level pinning and the surface electron accumulation were predicted
that would be mitigated by distract from the growth in polar orientation.
In this paper, we present the structural and optical properties of metal organic molecular beam
epitaxy grown semi-polar InN with (10–13) surface orientations on LaAlO3 (112). The (10–13)
crystal spacing of InN films is very close to the bulk InN revealed the almost stress-free in the InN
(10–13) axis direction confirming by XRD. The result of XRD in-plane ¤-scan indicates there a
two domains InN epitaxy on LaAlO3 substrate. The PL spectrum display the near-band-edge
and free-to-bound recombination with localization effect due to the urbach band tails located at
both conduction and valence band edge. The surface electron accumulation is mitigated by the
growth of InN (10–13). In contract to c-plane InN, the polarization-depended PL reveals strong
optical anisotropic polarization in semi-polar InN due to the valence band structure could be
modified by anisotropic in-plane strain in semi-polar InN.
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Abstract— The Snell law and Fresnel formulas for plane monochromatic waves were success-
fully used during generations, but they are not correct for light beams. Any light beam can
be represented as a superposition of plane waves propagating at different angles and each plane
wave has its own amplitude and phase. The dependence of the reflection and refraction on the
angle of incidence and refraction index leads to the violation of the Snell law for light beams. For
the first time the Snell law violation was predicted and observed by Goos and Hanchen in 1947.
The longitudinal shift of the linear polarized beam center of gravity was observed under the total
internal reflection. The shift was about a wavelength. The transverse shift of a circular polarized
light beam was predicted by Fedorov in 1955 and was experimentally observed by Imbert in 1978.
The shift direction depended on the circularity sign and the shift value was about a wavelength.
The longitudinal shift can be increased by the beam reflection from layered medium.
We present our results of computer simulation and experimental observation of the Gauss beam
reflection from a thin film (an one-dimension photonic crystal). The beam splitting and the beam
center of gravity shift were observed after the beam reflection. The shifts were different for s
and p-polarization and depended on the angle of incidence, the film thickness and the refractive
indices of the film and the substrate. The value of the shifts was a few micrometers. The beam
intensity distribution after reflection is shown in Fig. 1.
We have demonstrated coincidence between of the experimental results and the results of com-
puter simulation. The results can be used for the thin film parameters determination.

Figure 1: The intensity distribution of the Gauss beam after reflection from the film-substrate system.
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Abstract— Cu(In,Ga)Se2 (CIGS) thin films and related materials are promising absorbers for
use in solar cells. They have attracted considerable research interest because of their wide gap,
Eg > 1.3 eV (x = Ga/(In+Ga) > 0.5), large absorption coefficient of greater than 105 cm−1 close
to the band gap, and the cheapness of the large-scale deposition of polycrystalline CIGS. Low-cost
and high-efficiency CIGS-based solar cells have recently been fabricated with a high recording
conversion efficiency over 21%. The improvement of the film quality and reducing defects in
CIGS absorber layer were significant issues for high-performance of CIGS solar cell. However,
the characteristics of defects in CIGS films are not clearly understood because of the fluctuation
in its complex device structures, and multinary composition.
In this study, the Cu(In,Ga)Se2 absorption layers were prepared on an Mo-coated soda-lime
glass (SLG) by three-stage co-evaporation. The mean alloy composition had [Cu]/[In]+[Ga]
and [Ga]/([In]+[Ga]) (GGI) ratios of approximately 0.67 and 0.28 respectively. The as-deposited
CIGS thin film was utilized to fabricate a CIGS solar cell with a ZnO:Al (AZO)/ZnO/CdS/CIGS-
/Mo/SLG structure with an efficiency of 10–12%. Optical properties of Cu(In,Ga)Se2(CIGS)
films were investigated by taking temperature-dependent (TD), power-dependent (PD) and time-
resolved photoluminescence (TRPL) measurements. The TDPL results revealed that various
carrier dynamics and recombination processes in CIGS thin films, and obvious near-infrared
emission peaks were observed. Two dominant emission peaks were associated with the donor-
acceptor pair (DAP) transitions in a CIGS absorber layer with an inhomogeneous structure and
composition. The PDPL measurement demonstrated anomalous evolution of emission spectra
as the excitation power is increased. We conclude that this phenomenon is attributed to the
competition between two DAP emissions, which are correlated to indium vacancies (VIn), copper
vacancies (VCu) and isolated oxygen substituted selenium (OSe) atoms in CIGS thin films. The
nature of defects in CIGS films significantly influenced the luminescence performance and current
density-voltage characteristics of photovoltaic devices as well.
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Patterned Nano Magneticstructures
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Abstract— Patterned magnetic nanowires are extremely well suited for data storage and logic
devices. They offer non-volatile storage, fast switching times, efficient operation and a bistable
magnetic configuration that are convenient for representing digital information. Key to this is
the high level of control that is possible over the position and behaviour of domain walls (DWs)
in magnetic nanowires. Magnetic random access memory based on the propagation of DWs in
nanowires has been released commercially, while more dynamic shift register memory and logic
circuits have been demonstrated. Here, we discuss the present standing of this technology as well
as reviewing some of the basic DWeffects that have been observed and the underlying physics
of DWmotion. We also discuss the future direction of magnetic nanowire technology to look at
possible developments, hurdles to overcome and what nanowire devices may appear in the future,
both in classical information technology and beyond into quantum computation and biology [1].
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Design of Double Cladding Photonic Crystal Fibers with Low-loss
and Broad Dispersion

Na Wang, Shanglin Hou, Yanjun Liu, Jingli Lei, Suoping Li, and Wenyu Zhang
School of Science, Lanzhou University of Technology, Lanzhou, Gansu 730050, China

Abstract— Photonic crystal fiber (PCF) is a new type of optical fiber with periodic arrange-
ment of air hole on certain substate materials. Due to the periodic cladding structures PCF can
be changed flexibly, double cladding structure photonic crystal fiber (double-cladding photonic
crystal fiber, DC-PCF) is designed and its transmission characteristics are much more easily
tailored. In recent years researchers were interested in reducing the loss of PCF because the
high loss restricts the further development of some applications. The method to control the loss
by tailoring the structure of PCF is studied and optimizing design of PCF can obtain low loss
and broad dispersion. This paper demonstrates a new type DC-PCF with hexagonal air hole
configuration. This kind of PCF is composed of double-cladding made by different air holes, the
double-cladding structure not only makes the coupling reduced difficultly but also has a unique
dispersion characteristics. In order to investigate the influences of this structure on its dispersion
and loss, the effects of the inner cladding diameters, outer cladding diameters and air-hole pitches
on dispersion and loss are all numerically simulated.
When the cladding structure of DC-PCF is similar as the conventional PCF, the similar disper-
sion characteristics can be obtained for that the dispersion characteristics of DC-PCF is mainly
determined by the inner core and the surrounding air hole structure. And the loss can be reduced
by optimizing the out-layer structure that affects the limited loss. In the paper, the dispersion
characteristics of PCF is tailored by changing the diameters of inner and outer cladding air
holes, and the effective index of which is lower than that of the fiver core so that the total inter-
nal reflection theorem is satisfied. The results indicate that values of its dispersion varies from
−23 ps/(nm · km) to −10 ps/(nm · km) in the band of 1.30–1.8 µm, which has broadband dis-
persion compensation characteristics. By changing these structure parameters carefully, the loss
can reach 7.39 · 10−6 dB/km at the wavelength of 1.55 µm, which is the smallest value that has
ever been reported. The results of this DC-PCF provide a reference for designing some devices
based on PCF with dispersion compensation, and also provides a theoretical basis for practical
applications for the low loss characteristics which can increase the transmission efficiency of PCF.
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Investigation on Reflection of Brillouin Dynamic Grating in Single
Mode Optical Fibers

Junfeng Li, Shanglin Hou, Wenyu Zhang, Yanjun Liu, Jingli Lei, and Suoping Li
School of Science, Lanzhou University of Technology, Lanzhou, Gansu 730050, China

Abstract— Stimulated Brillouin scattering (SBS) is a nonlinear process that can occur in
optical fibers, which can be described classically as a nonlinear interaction between the pump
and Stokes fields through an acoustic wave. The pump field generates an acoustic wave through
the process of electrostriction. The acoustic wave in turn modulates the refractive index of the
medium. This pump-induced index grating scatters the pump light through Bragg diffraction.
Scattered light is downshifted in frequency because of the Doppler shift associated with a grating
moving at the acoustic velocity va.
Optical fiber gratings is manufactured by the photosensitive characteristic of fiber, the refractive
index of fiber core is modulated periodicity, where will occurred coherence reflection when the
frequency have coincidence with phase-matching condition during incident light. With this special
property and the advantage of optical fiber such as low losses, anti electromagnetism etc.. It have
developed into a mature technology with a wide range of applications in various areas, including
physical sensing for temperature, strain, acoustic waves and pressure.
In this letter, the theory of static fiber Bragg grating was used to investigate the phenomenon
that the perturbation of the refractive index modulated during the process of SBS which named
as Brillouin dynamic gratings in optical fibres. Then the reflection of Brillouin dynamic gratings
are studied and simulated by the coupled-mode theory in single-mode optical fibers. It is shown
that the reflectivity becomes larger and the FWHM becomes narrower with the length of Bril-
louin dynamic grating increasing. However, with the increasing of refractive index modulation,
the reflectivity becomes larger and the FWHM becomes broad. Additionally, the maximum re-
flectance red-shifts with the increase of core index. Finally, the maximum reflectivity is 0.9329
when the length of Brillouin dynamic grating is 100 meters and the refractive index modulation
is 1× 10−8.
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Enhanced Femtosecond Optical Pulses Compression in Highly
Nonlinear Photonic Crystal Fibers at 850 nm

Qiling Wu, Shanglin Hou, Yanjun Liu, Jingli Lei, Suoping Li, and Wenyu Zhang
School of Science, Lanzhou University of Technology, Lanzhou, Gansu 730050, China

Abstract— Ultrashort optical pulse have potential applications in ultrafast optical communi-
cation, optical signal processing, optical machining, sensing technology and other fields. Fiber-
based pulse compression technology is one of effective ways for obtaining ultrashort optical pulse.
However, the conventional fiber has been restricted by its geometric parameters and it’s not easy
to get a good pulse compression effect. Photonic crystal fibers effectively overcome the deficiency
of conventional fiber, and greatly improve the efficiency of pulse compression. Thus, the photonic
crystal fiber-based pulse compression technology has become a hotspot in the research of pulse
compression technologies.
Highly nonlinear photonic crystal fiber has important applications in various areas such as ultra-
short laser pulse frequency conversion, spectrum broadening, pulse compression, wave breaking
and so on. The effect of high nonlinearity can be achieved by minishing the area of core, increas-
ing the air filling fraction or using the background material with large nonlinear refractive index.
The development of optical communication system has experienced the process from the short
wavelength (850 nm) to the long wavelength (1310 nm and 1550 nm), considering the communi-
cating cost of the short wavelength of 850 nm is lower than the long wavelength, we numerically
investigate the compression of femtosecond optical pulses in HN-PCF at 850 nm.
In this letter, we numerically investigate the soliton-effect compression of femtosecond opti-
cal pulses in highly nonlinear silica-core photonic crystal fiber at near-infrared region of the
spectrum (specially at 850 nm) using full-vector finite element method and split-step Fourier
method. We propose a novel photonic crystal fiber structure featuring a anomalous group veloc-
ity dispersion (β2 = −50.698 ps2/km), small higher-order dispersions and enhanced nonlinearity
(γ = 268.4191w−1/km) for efficient soliton-effect compression of femtosecond optical pulses. We
numerically investigate the effect of the high-order soliton compression of chirped Gaussian pulses
in HN-PCF. It shows that high-quality ultrashort optical pulses with little pedestal energy can
be obtained. The parameters, such as the fiber length, chirp parameter or the soliton order, have
significant influence on the pulse compression properties, such as compression ratio and peak
power.
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A Universal Optical Network Unit for Hybrid TDM-PON and
WDM-PON Transport Systems

Ching-Hung Chang, Liang-Shuo Tu, and Meng-Chun Tseng
Department of Electrical Engineering, National Chiayi University, Taiwan

Abstract— Fiber to the Home (FTTH) transport systems have attracted plentiful attentions
to provide triple-play multimedia services for residential and business clients due to their low loss
and high capacity characteristics. Time-division multiplexing (TDM)-passive optical networks
(PONs) are therefore developed to share the extended bandwidth for clients. Nevertheless, if
the bandwidth requirement is increased with the extended multimedia service environment, the
network capacity of an optical network unit (ONU) in such TDM-PON structure is difficult to
be upgraded. Converting the TDM-PON structure to wavelength-division multiplexing (WDM)-
PON structure will be a suitable solution to upgrade the ONUs’ capacity. A WDM-PON with
logical point-to-point connection for each ONU will be able to extend the available downstream
bandwidth from 100Mbps in TDM-PONs to 1 Gbps or larger bandwidth for a client. There are
two main methods to achieve this objective. One is to insert an optical wavelength selector,
such as tunable optical bandpass filter (TOBPF), in front of an TDM-ONU to select a dedicated
optical wavelength and reject other inserted optical wavelengths, and another one is to replace
the optical passive splitter deployed in the remote node of a TDM-PON by an optical wavelength
de-multiplexer, such as arrayed waveguide grating (AWG), to direct various downstream optical
carriers into dedicated directions. Utilizing a TOBPF to select the inserted optical carriers in
an ONU is convenient and the entire TDM-PON can be gradually migrated to WDM-PON
according to consumers’ requirements. However, the expensive TOBPF makes this solution
inacceptable. On the other hand, the TDM-ONU is still able to be utilized in WDM-PON
architecture if the optical splitter of a TDM-PON is replaced by an AWG. This can save a
lot of cost but the entire network will need to be upgrade from TDM-PON to WDM-PON
simultaneously. In addition, the type and amount of the employed optical wavelengths in such
WDM-PON are fixed by the employed AWG. The internet service provider will not able to
gradually achieve the migration according to consumers’ requirements and the scale of the WDM-
PON is fixed. It is clear from the discussion that utilizing a TOBPF to achieve the TDM-
PON to WDM-PON migration is much more flexible than employing an AWG, if there is a
method to provide economic wavelength selector for a TDM-ONU. To achieve this target, a novel
wavelength selector is proposed and developed to compose a universal optical network unit (ONU)
for both TDM- and WDM-PON architecture. Unlike the published TDM-PON to WDM-PON
migration architectures which utilizing expensive TOBPF or complicated optical routing schemes
to select proper optical wavelengths, the proposed universal ONU can utilize an economic vertical-
cavity surface-emitting laser (VCSEL) as a TOBPF to select a specific lightwave from multiple
injected optical carriers. Besides, the VCSEL-composed wavelength selector with electrically
adjustable characteristic will be able to assist the universal ONU with an ability to switch its
receiver functionality for either economic TDM-PONs application or high-capacity WDM-PONs
structure. Experimental results proof that by modifying the driving current of the VCSEL-based
wavelength selector, both TDM-PON signal and WDM-PON signal can be received individually.
This proposal provides an economic and flexible method for clients to migrate between TMD-PON
and WDM-PON architecture.
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Sub-micron Particle Detection Using a Spatial Light Modulator
Based on Fluorescent Imaging

Serap Altay Arpali1 and Çağlar Arpali2
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Abstract— Because of the high modulation efficiency and programmability, Spatial Light Mod-
ulator (SLM) is widely used in many fields of optical imaging. In this study, we implement the
multiple and scanning type Gaussian beams using SLM with amplitude modulation to detect
fluorescent sub-micron particles in the specimen. With this new on-chip fluorescent imaging
modality, fluorescent samples onto an opto-electronic sensor-array (e.g., a CCD chip) are scanned
by multiple Gaussian spots. Using multiple Gaussian excitations we can detect the sub-micron
fluorescent beads which are not apparent with classical illumination schemas such as plane wave
illumination. In this experiment, blue laser is collimated and directed to the SLM. The whole ac-
tive area of the SLM was used to produce Gaussian spots with amplitude modulation. To create
the each Gaussian spot, one pixel is used from the SLM screen (1024 × 768 pixels, 19 µm pixel
size). And then amplitude modulated light is reflected to the cascaded lens system to provide
demagnification at opto-electronic sensor-array. Higher diffraction orders were eliminated by a
filter at back focal plane of the lens system. Using the 21× demagnification rate, 0.9 µm spot
size that is half beam with of each Gaussian spot was obtained onto an opto-electronic sensor-
array. In this on-chip fluorescent imaging platform, specimen which is smeared on top of the
faceplate (that is a planar optical component) to increase the efficiency of fluorescent emission is
positioned onto an opto-electronic sensor array. Since we use vertical illumination, the rejection
rate of the filter that is onto an opto-electronic sensor array is very important. So we used the
only coated faceplate as a filter to increase the efficiency of fluorescent emission. Based on this
on-chip fluorescent imaging technology, 1 µm particles were detected nearly within 1 mm2 area.
This system might be useful for detection of viruses in scatter media such as whole blood.
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Analogy between the Ising Model and the Polarization Switching of
Vertical-cavity Surface-emitting Lasers

Tsu-Chiang Yen, Yueh-Chen Li, and Yu-Heng Wu
Department of Physics, National Sun Yat-sen University

No. 70, Lienhai Rd., Kaohsiung 80424, Taiwan

Abstract— Conventional vertical-cavity surface-emitting lasers (VCSELs) have a cylindrical
laser cavity, which provides an intrinsic two-degree of freedom to the polarization direction of
the emitted light. This isotropic symmetry of polarization is usually broken by the anisotropy of
the physical structure of VCSELs; for example, the anisotropy of the lattice structure, residual
stress, or thermal distribution. In some VCSELs, the broken polarization symmetry conducts a
polarization switching (PS) phenomenon. During this process, the VCSEL remains in a phase of
emitting linearly polarized light around the laser’s threshold, and then switches to another phase
of emitting orthogonally polarized light when the laser’s current surpasses a switching current.
The VCSEL’s PS (VPS) can help to build some components for the high speed optical computing.
Accordingly, the characteristic of VPS is an important research pursuit.
Recently, VPS was reported to be a second-order phase transition (SOPT). That discovery was
based on the criticalities observed in the experiments, which are the unique characteristics of
SOPTs. This research attempts to explore the connection between VPS and the conventional
Ising model. The said model employs the spin-up and spin-down spins to study the transition
of magnetic materials from the ferromagnetic state to the paramagnetic state and identifies that
transition as an SOPT. Therefore, both of the phase transitions of VPS and Ising model are
SOPTs between two orthogonal states. Typical Ising model employs a two dimensional spin
lattice to simulate the magnetic material. In this work, a Gaussian-distributed interaction was
introduced into the center of the spin lattice to simulate the laser’s beam profile and the spatial
coherence. The investigation focused on the examination of the relaxation time required to
transit from the ferromagnetic state to the paramagnetic state. The simulation results present
an exponent of the relaxation time of about 2.23. This result approximates the experimental
result of 2.3 well, revealing a success of this model. Some other results will also be reported.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1827

Electromagnetic Modeling of Antenna Array Based on Circular
Carbon Nanotubes Bundle

M. Aidi and T. Aguili
SysCom Laboratory, National Engineering School of Tunis, BP 37 Le Belvedere 1002, Tunis, Tunisia

Abstract— A novel antenna array structure, formed by carbon nanotube bundle is proposed.
The geometric structure and radiation characteristics have been investigated using a proposed in-
tegral equations system. This equations system is numerically solved using the moments method.
The dependence of the radiation performance, upon geometrical parameters, e.g., nanotube
length and number and the coupling distance is accurately discussed. Some illustrative nu-
merical results have been presented to discuss the radiation performance of carbon nanotube
antenna array for different coupling distances.
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Radiative Heat Transfer in the Extreme Near-field

V. Fernández Hurtado1, K. Kim2, B. Song2, W. Lee2, W. Jeong2,
J. Feist1, F. J. Garcia-Vidal1, J. C. Cuevas1, E. Meyhofer2, and P. Reddy2

1Departamento de F́ısica Teórica de la Materia Condensada and Condensed Matter Physics Center
(IFIMAC), Universidad Autónoma de Madrid, Madrid 28049, Spain

2Department of Mechanical Engineering
University of Michigan, Ann Arbor 48109, USA

Abstract— One of the central open problems in nanoscience is the study of the heat transport
in nanoscale devices, which has remained largely unexplored due to experimental challenges. In
this context, a key issue is the understanding of the heat transfer via thermal radiation between
systems separated by nanometer-size gaps. In this extreme regime, the electromagnetic near-field
is expected to give rise to a dramatic enhancement of the radiative heat transfer, something that
has only be quantitatively verified for gaps on the order of 20–30 nm [1]. In this work, we present
a combined experimental and theoretical study of the radiative heat transfer in the extreme near-
field regime (gaps of 1–10 nm). From the experimental side, we performed systematic studies using
AFM-based scanning probes with integrated nanoscale thermocouples [2], which were coated with
dielectrics (SiO2 or SiNx). Our experiments of heat transport between the scanning probes and
a flat substrate coated with dielectrics, performed in an ultra-high vacuum environment, confirm
that heat transport is dramatically enhanced in the near-field. To understand our experimental
results, we investigated these near-field enhancements within the framework of the theory of
fluctuational electrodynamics [3]. To be precise, we performed extensive numerical simulations
making use of a combination of a fluctuating-surface-current formulation of radiative heat transfer
with the boundary element method [4, 5]. Such a combination allows us describing realistic
geometries for our tip-sample setups. Our theoretical results are in good agreement with the
measured heat flows between both dielectric and metallic surfaces, which establishes the validity
of fluctuational electrodynamics in modeling near-field heat transport all the way to nanometer-
size separations.

(a) (b)

Figure 1: (a) Schematic diagram of the experimental setup. The AFM probes incorporate a thermocouple,
made by a spherical Au/Cr junction with a diameter of 200 nm. (b) Numerical simulation of the spatially
resolved heat transfer between a tip and a plate made of silica and separated by a distance of 1 nm. The
radius of the tip is 225 nm. The color scale is logarithmic, showing the radiative heat transfer enhancement
in the extreme near-field.
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A Compact Printed Spiral FM Antenna
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Abstract— Electrically Small Antennas (ESAs) are desired and essential for many applications
and especially at lower frequencies like HF and VHF band. Nowadays, compact antennas have
become standard equipment for radio receivers on vehicles and mobile terminals which lead to new
requirements for small, efficient and low cost designs. The good performance of a radio receiver
is heavily depended on the antenna performance. A variety of FM antenna types have been
reported for automotive and portable applications including, the active [1] and short meander
line monopoles [2], fractal Hilbert curve antenna [3], chip antennas [4], window-printed active
antennas [5] and the shark type antennas [6].
In this work, a compact printed FM antenna is reported and operates over the frequency range of
87.5–108MHz. The antenna was designed and printed on a 100 mm× 50mm double sided FR-4
substrate (εr = 4.3, tan δ = 0.025, thickness = 1.5mm) with copper metallization thickness of
0.035mm. The antenna is fed by a microstrip line which is connected to a SMA connector. The
miniaturization is based on its spiral structure occupying a 50 mm (0.023λ0)× 50mm (0.023λ0)
area on the PCB board. In order to improve the antenna bandwidth, a network matching circuit
is added so that the impedance bandwidth of antenna can be wider, covering the frequency
range of 20MHz bandwidth at VSWR 6 : 1. The antenna was also measured and simulated on
900mm× 900mm ground plane which is representative of a vehicle roof.
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A Wideband Matching Technique for Polarization Versatile
Applications

A. G. Koutinos, G. A. Ioannopoulos, M. T. Chryssomallis, and G. A. Kyriacou
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Abstract— A novel patch feeding technique is proposed, in order to achieve wideband matching
for linear (horizontal or vertical) and circular polarization around the WiFi band of 2.4GHz,
which is allocated for computer-to-computer communications and Internet access. In addition,
patch antennas fulfill many requirements regarding portable communication systems, combined
with ease of fabrication at low cost and therefore are a fair solution.

As stated in [1], polarization diversity can be achieved by imposing a 90◦ phase difference between
two adjacent linear resonances TM10 and TM01, exploiting shorting posts. Each resonance (one
regarding vertical and one horizontal polarization) can be slightly moved higher than the other by
small differences in a square patch dimensions, so that the input impedance of, e.g., the vertical
mode is inductive, while the input impedance of the horizontal mode is capacitive. Thus, the
patch can effectively radiate in vertical mode or horizontal mode, while when operating in an
intermediate frequency (thus giving rise to both resonances), circular polarization is achieved.

Furthermore, wideband linear resonances can be achieved using a technique proposed in our
previous work [2]. The shorting posts which play a crucial role in [1] are replaced with feeding
points, each symmetrical pair of them giving rise to either vertical or horizontal polarization.
The point is that, regarding a single mode, we can enhance its bandwidth by introducing a
feeding path inequality between its symmetrical feeding points. The novelty in the proposed
configuration is that wideband operation for linear resonances is managed, while there is still the
possibility for circular polarization mode by appropriately adjusting the frequency of operation
between the two resonances.

As shown in Fig. 1, the feeding points centered on the x-axis are fed via holes in the substrate,
while the path inequality regarding their distance to the common source (source 1) enables
wideband matching for the horizontal mode around a frequency fR1. The same approach is
adopted for the feeding points located on the y-axis (source 2, for vertical polarization), this
time around a frequency fR2 6= fR1. Introducing now 90◦ phase difference between sources 1
and 2, circular polarization is achieved at an intermediate frequency, between fR1 and fR2.
The designed patch antenna dimensions are 33.5mm long and 34 mm wide, which printed on a
50× 50× 1.524mm Rogers dielectric substrate with εr = 3.4 and tan δ = 0.002.

(a) (b)

Figure 1: (a) Downwards and (b) backwards aspects of the proposed configuration.
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Design and Implementation of a Planar Slot Antenna for SSR
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Abstract— Secondary surveillance radar (SSR) mechanism is based on sending a pair of signals
at the frequency of 1030 MHz for interrogation and receiving a pair of signals as an answer at
1090GHz [1]. SSR radars are built in the form of planar or cylindrical array antenna [2]. Reflector
and multi layer antennas are the most common SSR antennas in the literatures that have some
disadvantages like complexity and being bulky [3, 4]. One layer microstrip array antenna which
is proposed in this work is useful in mass production because of its advantages like easily printed,
light weight and low cost which makes it suitable for radar applications. However it has some
disadvantages like narrow bandwidth and high side lob level which is solved in this paper. To
enhance the bandwidth, many attempts have been done in microstrip technolpgy. [5] using
stacked elements for increasing the bandwidth of microstrip antenna and [6] proposed an stacked
patch array of 1 × 8 elements with 14 dBi gain and the SLL of −14 dB, which is not enough
to satisfy the Side Lobe Suppression (SLS) for the SSR [1]. In addition using stacked element
increase the complexity of the system.

Figure 1. Figure 2. Simulated S11 of the 2× 8 SSR antenna.

Table 1. Total characteristics of the proposed antenna.

Features Unit Value

#Channels - 2 (Sum/Difference)

Frequency Range MHz 1030± 5, 1090± 5

Polarization - Vertical

Sum Gain dB 18.5

Sum Azimuth SLL dB −23

Sum Azimuth BLL dB −28

Difference Nu dB 19

Difference Coverage dB > 4

Sum Azimuth B.W Degree 9.5

Sum Elevation B.W Degree 52

Size cm3 200× 10× 60

Gain at Elevation Angle (−20◦, −40◦)+5 dB > maximum Gain

Gain at Elevation Angle (±60) + 12 dB < maximum Gain

Gain at Elevation Angle (±90) + 18 dB < maximum Gain

Gain at Elevation Angle (±145) + 28 dB < maximum Gain

Back lobe + 30 dB < maximum Gain
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In this paper a useful, low cost, low complexity, and one layer microstrip slot antenna for sec-
ondary surveillance Radar (SSR) application is presented. The feed network of antenna is a
rat-race divider to create sum and difference ports and sixteen unequaled power dividers to sat-
isfy the Chebyshev distribution with −30 dB SLL. The feed network has a special structure that
creates constant group delay in all output ports and wide frequency bandwidth. The antenna
gain for the sum pattern is 18.5 dB and 19 dB at 1030 MHz and 1090MHz respectively (Fig. 1),
with a 3 dB beam width of 52◦ in elevation and 9.5◦ in azimuth. The difference has a −19 dB
null at the peak of the sum pattern and an acceptable pattern against the sum pattern for SSR
applications. Furthermore, the antenna pattern has no need the back fill antenna to satisfy the
back lobe conditions, which is critical for SSR applications. The total characteristics of the pro-
posed antenna are shown in Table 1. A 2 : 1 VSWR bandwidth of 9.4% is achieved with the
presented geometry in simulation to cover the 1030 ± 10 MHz transmit and the 1090 ± 10 MHz
receive frequency band (Fig. 2).
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Abstract— A uniplanar compact electromagnetic bandgap (UCEBG) antenna and its perfor-
mance analysis is presented in this paper. The EBG structure in the antenna presented improves
the antenna’s efficiency and increases its compactness, enabling it to perform better at a lower
frequency.
The antenna is composed of a ground plane, an EBG plane, a dielectric substrate and a radiating
patch. Figure 1 depicts the top view of the antenna. The length of each side of the ground plane is
L which is equal to 191.2 mm. The antenna consists of a 17×17 matrix of unit UCEBG structure.
The substrate between the UCEBG layer and the radiating patch is of 0.7 mm thickness and a
dielectric constant of 1.96. The air gap between the ground plane and the UCEBG layer is 9mm.
The radiating patch element is of dimension 70 mm× 54mm.
CST Microwave Studio is used for the design and analysis of the UCEBG antenna. The results
obtained from the simulation show that the central frequency of operation of the antenna is
1.271GHz. The antenna has a reflection coefficient bandwidth (< −10 dB) of 17 MHz and covers
the frequency range from 1.263GHz to 1.28 GHz. The graphical representation of reflection
coefficients are shown in Figure 2. The radiation pattern of the antenna is shown in Figure 3.
The antenna has a gain of 8.08 dB at θ = 0◦, φ = 0◦.

 

L

Figure 1: Top view of UCEBG antenna. Figure 2: Reflection coefficient vs frequency.

Figure 3: Radiation pattern.
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Abstract— Hybrid coupler is an essential component in modern wireless communication sys-
tems. It has been widely used in a variety of applications, such as the feeding network of an an-
tenna array, power dividing/combining networks and balanced-mixers. Recently, electric tunable
quadrature hybrid coupler has gained much attention, because of its reconfigurable performance.
In this paper, we propose a novel wideband quadrature hybrid with tunable power dividing ra-
tio. It is consist of a modified structure of hybrid and two varactor diodes (Cp), as shown in
Fig. 1. By verifying the biasing voltage, the power dividing ratios between the two output ports
(i.e., port 3 and port 4) of the hybrid can be easily controlled. Analytical design equations are
derived using the even-odd mode method. To verify the design concepts, a miniaturized tunable
power dividing ratio hybrid working at 1.85GHz is designed. The parameters of the proposed
antenna are as follows: L0 = 14.2mm, L1 = 16 mm, L2 = 9mm, W0 = 1.5mm, W1 = 2.8 mm,
W2 =1mm, W3 = 0.25mm, W4 = 1.2mm. When verifying the capacitance of the varactor diodes
from 0.9 to 3.3 pF, the power dividing ratios between the two output ports of the hybrid can be
controlled from 0 to 6 dB within a wide bandwidth for (1.75–1.95GHz). Moreover, the size of
the quadrature hybrid is much small (60.4 × 26.8mm2). The measured results agree well with
the simulated ones.

Cp Cp

L0 L1

W0 W1W4

W3

L2

W2

Figure 1: The structure of the proposed tunable power dividing ratio wideband quadrature hybrid coupler.
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A Wide Stopband Filter with Source-load Coupling Technique
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Abstract— In this paper, a wide stopband bandpass filter with source-load coupling technique
is proposed. Multiple transmission zeros are generated at the stopband to suppress the harmonic
responses of the bandpass filter. With the gap-coupling structure, transmission zeros can be
controlled by adjusting the input/ouput tapped position. Moreover, additional transmission zeros
can be obtained by using the source-load coupling technique. By controlling the value of the gap
capacitance, the locations transmission zeros can be controlled. The stepped-impedance resonator
(SIR) is utilized to minimize the overall circuit size. The impedance and length ratios of the SIR
are determined to move its first harmonic to a higher frequency. The center frequency of the filter
is 2.45GHz, and the stopband rejection is higher than 30 dB from 2.9 GHz to 13.36GHz. The
circuit is fabricated on a Rogers RO4003C substrate with εr = 3.6, h = 32mil, and tan δ = 0.0027.
The total circuit size is 0.15λg × 0.23λg.
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Analysis and Implementation of a Dual Mode Cavity Band Pass
Filter
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Abstract— Microwave filters play an important role in almost every RF-microwave communi-
cations system. In communication system, narrowband filters are essential components to reject
the interference signals. Therefore it is necessary to utilize high Q resonant circuits to achieve
a narrow bandwidth in the pass band at high frequency. Microwave band pass filters have been
typically implemented using waveguide technology or cavity due to low loss, high quality factors,
narrow bandwidth and high power handling capabilities [1]. On the other hand, waveguide filters
are massive and heavy. A solution has been done to reduce the size and weight of filters involves
using dual mode cavities that support two degenerate resonances. Therefore, to reduce the num-
ber of physical cavities, dual mode or triple mode resonators are often employed. The advantages
of these filters are the fewer number of cavities and improved performance. The first working
multi-mode cavity microwave filter has been introduced by Li [2]. Elliptic dual mode filters for
space applications were introduced by Atia and Williams [3]. Designs in other methods were
reported by many authors [4, 5]. In addition, the transmission line must be coupled together. In
the coaxial case, the probe excitation is carried out in the cavity resonator by introducing the
probe inside the cavity.

This paper presents a structure of the dual mode rectangular cavity filter using coaxial probes for
excitation. By using cross coupling technique with perturbation theory, transmission zeros in the
stop band are realized, so the shape factor can be improved. Also, by this technique, bandwidth
of pass band can be optimized. On the one hand, cross coupled filters are difficult to tune, due
to coupling effects in the filter. This dual mode cavity design is used for the implementation of
second order filters with two TE101 and TE011 modes. The two independent modes can be coupled
so that, energy is transferred from the first modes into the second. Actually, the probe is inserted
from the broad dimension of the cavity and it should be kept at the place inside the cavity where
electric field is maximum, which is discussed completely. Considering the topology of two orders
band pass, is designed to meet the center frequency of 9050 MHz, 3-dB bandwidth of 60 MHz,
insertion loss less than 0.5 dB, and 20 dB return loss in the pass band. In this design cavity is
perturbed by a small deformation of its boundary as shown in Figure 1(a). This perturbation
causes disturbing in the electrical field and so direct coupling between them is occurred. Also
this cause cross coupling that is discussed completely. It is obvious that the bandwidth of the
filter can be altered to desired values by changing the dimension of perturbation Furthermore, to
indicate the effect of perturbation on the bandwidth, circuit analysis is done. The proposed cavity
filter is structurally compact size and requires only one tuning screw. This tuning mechanism is
presented to adjust the resonant frequency without causing any coupling of the degenerate cavity
modes. Finally, EM simulation is done for the filter. Full wave analysis of the filter confirms the
designed filter and performance of the full wave simulation of the complete structure. In order
to validate the performance of the filter design, the filter was fabricated and measured. Figure 1

Figure 1: EM Simulated and measured results of the proposed band pass rectangular dual mode cavity filter
and its photo.
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shows the comparison between the measured response as the solid curves and simulated response
(dashed lines) and its photo. The 3 dB bandwidth of the simulated filter is 63MHz centered at
9050MHz, insertion loss is about 0.28 dB, and return loss is better than 26.4 dB in over the pass
band. The measured results are the return loss of better than 12.5 dB in the pass band and the
insertion loss of better than 0.5 dB.
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Propagation of Electromagnetic Waves in Cylindrical Three-layers
Waveguide with Metamaterial Layer

V. A. Meshcheryakov and V. A. Zhuravlev
Tomsk State University, Tomsk 634050, Russian Federation

Abstract— Results of computer modeling of the coefficients of waveguide mode propagation
in a tree-layered circular screened waveguide are presented. The waveguide center is filled with
the medium having a negative refractive index. The results presented here suggest that fre-
quency transparency windows, complex waves, waves with anomalous dispersion, and waves with
significant retardation of the phase velocity exist in such waveguides.
In the course of computer modeling, different variants of relationship between the thickness
of the internal dielectric core made from the left-handed material and the layer of the right-
handed material have been studied. The qualitative pattern of the behavior of the parameter
propagation differed significantly from that in the waveguide with two right-handed media. Thus,
we can indicate the following special features of electromagnetic wave propagation in the examined
waveguide:
1. In the tree-layered screened waveguide whose the second layer has negative refractive index and
external layer represents an air layer, both the wave process and the cutoff regime of waveguide
mode propagation can be observed for definite internal layer radii.
2. The layer of the left-handed medium leads to the occurrence of modes with large retardation
coefficient.
3. Regions of complex waves (without losses in the filling media) are observed.
4. There are waves with anomalous behavior of the propagation parameter.
5. The presence of the central LHM layer leads to the occurrence of the frequency transparency
windows. The waveguide represents a bandpass filter.
Thus, this suggests the possibility of designing bandpass filters, retardation lines, and devices
operating based on retarding systems from segments of such waveguides.
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Abstract— Waveguide to Coaxial transition, as an important passive component has wide
application in antennas, radars and microwave systems. Nowadays, broad band transitions are
necessary for feeding wideband antenna in developing of the microwave systems. Most of designs
like aperture-coupled slot [1] or aperture coupled patch element [2] have been expanded in the lit-
erature to introduce a useful transition from waveguide to microstrip. Although aperture-coupled
structures are compact, but their fractional bandwidth is compact. Besides, the waveguide to
microstrip transition based on the coupled probe at the E-plane [3] has been presented which
is small but its bandwidth is limited (∼ 22% for less than 15-dB return loss). To modify the
bandwidth, [4] has proposed transition using the stepped waveguides and [5] has presented the
short-circuited tapered finline to widen the band width. However, the circuit size is also large.
To decrease the size of the circuit, some researchers use the aperture slot coupling [6], and patch
element [7] as a transition. The circuit size of these transitions can be reduced but in cost of
narrow bandwidth. To enhance the bandwidth, waveguide to microstrip transitions using the
open-circuited probe [8] and tapered coplanar strip (CPS) probe [9] were presented. But there
is an additional slotline to microstrip transition in their designs. Furthermore, although [10] has
presented a compact and broadband waveguide to microstrip transition using the anti-symmetric
tapered probes, but there is an imbalance problem while transitioning from the ML to the rectan-
gular waveguide. All of those transitions have been designed for simple rectangular waveguides,
but for wideband application the ridge waveguides are more useful than rectangular waveguides
which is not commonly presented any transition for them in the literatures.
In this paper, a wideband end launch ridge waveguide to coaxial transition is proposed, which
operates in 8 ∼ 14GHz. The microwave characteristics of double-ridge waveguide to coaxial
transition are analyzed and simulated by full-wave analysis. Quarter wavelength Chebyshev
impedance matching method used to design the middle part of the transition. Dimensions of the
first part of transition have been calculated by time domain solver of Ansoft Designer based on
finite element method (FEM). The compact LPDA is designed on microstrip to receive signal
from the waveguide. This antenna is placed in the E-plane of the ridge waveguide to stimulate
the TE10 dominant mode which is shown in Fig. 1. Higher modes propagation can disturb the
performance of the wide band transition. Also in this paper a C shape part is used to increase
the cut off frequency of higher modes. Furthermore; power analysis is done to investigate arcing
across the transition for 100 Watt input power. The simulation results show that the S11 of the
transition is below −10 dB in 8–14GHZ that is shown in Fig. 2.

Figure 1: The layout of the proposed coaxial-to-
waveguide transition.

Figure 2: The return loss of final transition.
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Abstract— Recent progress in computation performance and computational electrodynamics
allows various analyses on many problems related to electro-magnetic (EM) waves using general
purpose EM simulators. In this paper, we describe and demonstrate 3D ISAR image generation of
a realistic target using FEKO, which is one of the representative general purpose EM simulators on
the commercial market. This method can benefit us many advantages like building the database
of many targets for target recognition with cost-and-time effective way and designing a radar and
evaluating its performance under more realistic situations.
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Abstract— Compressed sensing (CS) is a newly developed technology for sparse or compressible
signal which can be applied to synthetic aperture radar (SAR) imaging to achieve high-resolution
images. As the SAR image is the spatial distribution map of target reflectivity function, it can
be sparse or compressible in some transform domain such as wavelet domain or Fourier domain.
This character is just exactly meet the requirement of CS theory, and provides the theoretical
support for application of CS in SAR imaging. Generally, SAR utilizes matching filter (MF)
technique to improve resolution, but due to the superiority of CS, the need for MF technique has
been doubted. In recent years, some scholars have discussed CS in SAR imaging and published
some related articles. Based on the above, this paper analyzed the principle of both methods, and
compared CS with MF during processing SAR images in several aspects such as resolution and
SNR, which aims to expatiate the differences between them. Furthermore, several new indicators
are proposed in this paper during the comparison between these two methods, such as microscopic
and macroscopic resolution and group spread function (GSF), to evaluate imaging performance
due to new features caused by CS processing. The comparison results are given and verified by
theory derivation and data simulation. Several experiments are carried out and simulation results
are presented to illustrate imaging performance based on MF and CS theory. Firstly, we present
reconstruction result obtained when range is greater than and less than microscopic resolution
and macroscopic resolution in CS imaging. Next, we introduced GSF comparison between MF
and CS. After that we explained statistical results on SNR when changing input SNR and the
value of M/N in CS imaging, and finally demonstrated SNR comparison between MF and CS.
According to the simulation results, the resolution can be improved considerably by using CS
when the sampling rate is greater than corresponding bandwidth, but ambiguity phenomenon
will appear as the distance increases which does not occur when using MF. Besides macroscopic
and microscopic resolution, GSF is also an important indicator to measure resolution, and it is
proved that two methods’ GSF are almost the same when sampling rate is close to bandwidth.
In addition, output SNR for CS imaging varies with the number of rows and columns in sparse
dictionary when input SNR is given, and its anti-noise ability is weaker than that when using MF
which is designed to produce the maximum achievable SNR. Each method has its own strength
and weakness, and CS can’t replace MF even if it has so many advantages because CS still
has some characteristics not so good as that of MF, such as SNR. So we must select appropriate
imaging method based on the specific situation. Moreover, besides this two methods mentioned in
this paper, there are still many other effective SAR imaging processing methods for consideration,
and we have also listed the advantages and disadvantages between them.
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Micro-motion Target Detection Based on Wall Envelope Alignment
in Through-the-wall Ultra-wideband Radar
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Abstract— The detection of human targets behind obstacle has become a keen research topic
in recent years and is highly desired in military and civil applications particularly in urban
battle, anti-terrorism, disaster rescue, and medical application. Change Detection techniques
are used to detect moving targets and mitigate the heavy clutter caused by strong reflections
from stationary targets in through-the-wall ultra-wideband radar. However, the radar antenna
platform jitter caused by working engine wobble or environmental factors such as wind blowing,
results in stationary targets position change in different data frames. Although the change is
tiny, the residual energy of stationary targets after change detection is much greater than that
of moving targets, particularly of micro-motion human targets due to the low reflectivity of
human and high signal attenuation of wall. This paper proposes an antenna platform jitter
compensation method based on wall envelope alignment, aiming to detect micro-motion targets
behind wall. Firstly, the antenna platform jitter model is established. The stationary position is
assumed unchanged during a frame time, and the motion compensation is only performed between
different frames. Then wall envelope alignment method is applied to compensate antenna jitter in
range direction. There exists a strong plane reflection of the wall, the jitter can be compensated
by the front surface of the wall who has the maximum amplitude in every frame data. Finally,
the jitter effect in cross direction is evaluated. Simulation and experimental results demonstrate
that the proposed approach can compensate antenna platform jitter, eliminate the stationary
clutter and detect micro-motion targets correctly and effectively.
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Abstract— In this paper we describe an antenna especially designed used for a RFiD passive
tag working at UHF (987MHz), for healthcare applications, in particular for the transfusion
medicine and the blood supply chain. The tag has to be able to work placed on the top of a
blood sack, while the bag is full of blood, and the antenna has been designed with this goal
in mind. Therefore we require an antenna able to work close to a (relatively large amount of)
lossy medium with high permittivity. Moreover, the bag shape is curved but cannot be predicted
exactly, so that the antenna worst retain its behavior for a large set of different environments. In
order to comply with all those requirements, a printed slot antenna built with a flexible substrate
has been selected, so that the whole tag can be flexible too. The first step was the optimization
of the working parameters of the antenna while placed in a perfect planar surface (i.e., assuming
the blood bag to be a parallelepiped). Since the actual bag shape is not known, this choice allows
to take into account the lossy material, but using a simple geometry. The antenna has been
optimized to get the maximum reading distance. Then we consider the effects of a real blood
bags (i.e., a curved one), filled with blood, on the antenna behavior. We consider a bag with
a transverse section bounded by two arc of circles (with a radius quite a larger than the bag
size). Since we found a reasonable agreement with the planar antenna we can assume that the
antenna behavior is quite insensitive to the bag shape. Finally, we evaluated the SAR into the
blood and compare it with the compatibility parameters. A robustness analysis, respect to the
bag curvature radius, has been performed, too, to assess the antenna use in real environments.
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Abstract— During the last decades, the level of the EM field in urban areas has increased at
a fast rate, due to the increase of radio services using RF electromagnetic waves, mainly in the
VHF and UHF bonds. Among those services, we can quote cellular phone systems, broadcasting,
public utility services and, more recently, wireless internet networks.
This shady increase of EM field level in urban areas is the reason for an equal increase of the
public concern about the (possibly hazardous) effect of EM field on the human body. And, as a
consequence, both the number of researchers in this field and the (more or less cogent) regulations
have been boosted.
A completely different problem is the prediction of indoor EM field. As a matter of fact the co-
existence of a significant number of RF sources in an almost of environment makes the monitoring
of EM field level inside a building a difficult task. The starting point for the monitoring of
the electromagnetic field inside a building can be represented by the study of the propagation
of electromagnetic waves’ in indoor environments. The indoor propagation characteristic is a
fundamental point in the design of wireless LAN, cordless phones networks and every other type
of indoor system based on radiofrequency communication. It is easy to understand that indoor
environments are very complex and it is clear that the level of electromagnetic fields usually
depends on many, different, factors. As a matter of fact, it is well known that is sometime
sufficient to move a device just a couple of centimeters to significantly, odify the service level
of that device. The scope of this work is to evaluate how long the standard antenna knowledge
(gain and radiation pattern) help to product the EM level in an hospital indoor environment.



1848 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015
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High Resolution UWB ISAR Imaging
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Abstract— Inverse synthetic aperture radar (ISAR) is an imaging technique that provides
images of the targets by observing the targets in rotational movements using stationary radar
sensor system. By using impulse ultra wideband (UWB) radar, high resolution ISAR images can
be acquired. Since radar signals are non-destructive to human body, the high resolution UWB
ISAR imaging is a promising technology for biomedical, security, through wall observation, and
military applications. To achieve better quality ISAR images of a wanted target only, a process
for removing background signals is necessary. To remove the background signal, the UWB radar
system measures the background only signal and the background with target signal. In most
cases, the background only signal is simply subtracted from the background with target signal to
acquire the target only signal. Unfortunately, this method is not effective because of the phase
error between the background only signal and the background with target signal due to the pulse
drift UWB radar equipment. One way to solve this problem is to calibrate the pulse drift by
measuring the transmitting signals directly from the transmitter. However, this method requires
additional receiving channel. This research provides an effective pulse drift correction method
for background rejection in UWB ISAR imaging. The proposed background rejection method
does not require any additional receiving channels or additional measurement for calibration.
The pulse drift correction is optimized by finding the amount of pulse shift that has minimum
mean absolute error (MAE), mean squared error (MSE) or total energy between the background
only signal and the background with target signal. This study shows the results of optimized
background rejection in UWB ISAR images and compares the performances of the optimization
methods.
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Response of Oscillator Model of Cardiac Conduction System on
Modulated Electromagnetic Radiation

E. Ryzhii and M. Ryzhii
Complex Systems Modeling Laboratory, University of Aizu, Japan

Abstract— Various model approaches utilizing systems of ordinary differential equations have
been applied to study cardiac rhythm dynamics. Different modifications of Van der Pol oscillator
equations are the most popular in such studies as they allow adoption of intrinsic pacemaker
frequency to the driving signal with minimal change in its amplitude.
Recently, we proposed a mathematical model of cardiac conduction system based on set of hetero-
geneous oscillators including main pacemakers and heart muscles [1, 2]. Sinoatrial node, atrioven-
tricular node and His-Purkinje system are represented by modified Van der Pol type oscillators
connected with time-delay coupling. For description of atrial and ventricular muscles, the depo-
larization and repolarization processes are considered as separate waves described by modified
FitzHugh-Nagumo equations.
The model allows generating physiologically correct electrical signals of action potentials of all
three major natural pacemakers (sinoatrial node, atrioventricular node, and His-Purkinje system)
as well as atrial and ventricular muscle response. Resulting dynamic response of the oscillator
system is obtained in the form of the synthetic electrocardiogram (ECG) which is one of the
most important clinically comparable characteristic of human heart electrical activity. The model
allows reproducing a number of various normal and pathological situations including arrhythmias.
We consider the behavior of the heterogeneous oscillator model of cardiac conduction system
under periodic electrical stimulation caused by applied modulated electromagnetic radiation. We
investigate initiation and termination of different arrhythmias, in particular, conduction blocks,
atrial and ventricular fibrillations.
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Measurement of Electromagnetic Activity of Living Cells
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Abstract— Continuous energy supply to a biological system creates a state far from thermo-
dynamic equilibrium. Excitation of coherent electromagnetic field is considered to be a crucial
condition for life. [1] formulated a hypothesis of excitation of electric polar vibration and en-
ergy condensation in a single vibration mode forming a coherent state with essential biological
function. Fröhlich’s hypothesis is supported at acoustical frequencies by a) measurement of
mechanical vibration in yeast cells Saccharomyces cerevisiae-dead cells do not exhibit any vibra-
tions [2], b) comparison of measured mechanical vibrations and electric oscillations [3], c) analysis
of nanoscale vibrations of different cellular systems as an expression of metabolic activity and
signature of life [4]. The majority of biological macromolecules and structures are electric polar
systems and vibrations generate electromagnetic field which was measured by dielectrophoretic
attraction of small dielectric particles with a high permittivity by cells [5, 6] and the greatest
electromagnetic activity in the M phase was confirmed by [7] in the frequency range 8–9MHz.
Microtubules represent the oscillating structure in eukaryotic cells [8]. [9] measured resonant
frequencies of isolated microtubules in the frequency range 10–30MHz, 100–200 MHz, in the far
infrared region (at about 500 and 700 cm−1), and the UV absorption spectrum at about 270 nm.
The frequency spectrum from 1 to 100 GHz should be analysed to.
The frequency spectra below 1 GHz and in the far infrared region measured by [9] and Vedruccio
and [10] should be verified. The power supply to the electric polar vibrations in a cell is assumed
to be of the order of magnitude 0.1 pW (10−13 W). If the number of microtubules in a cell is about
400 then the power supply to a single microtubule is of about 0.1 fW (10−16 W). For quality factor
of about 80 the power of electric polar vibrations in one microtubule is about 10 times greater
(i.e., of 1 fW). The electromagnetic component of oscillations may be smaller than 1 fW. The
measurement system should consist of a sensor (metal contacts of linear dimension 50 nm or
smaller) integrated with preamplifier with extremely low noise followed by further amplifiers.
Impedance matching of the preamplifier is a special problem. The sensor measures the potential
difference of the near field excited by electric polar vibrations in microtubules between two points
at the membrane. The input impedance of the preamplifier should correspond to the impedance
of the plasma membrane in the region of the sensor. Nevertheless, reaction of the living cell to
power losses caused by preamplifier consumption is an unknown factor. The whole measurement
system should be in a doubly screened box. The coherent signal evaluation should be performed
by a real time spectrum analyser controlled by a computer. Measurement in the far infrared
region may be performed by Surface Enhanced Raman Spectroscopy (SERS) using a substrate
with convenient metallic space pattern and infrared excitation. Synchronized, non synchronized,
and control group of yeast cells (Saccharomyces cerevisiae) might be investigated at the beginning
to assess properties of the measurement system.
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28GHz Delay Spread Measurement Using a Broadband Channel
Sounder in Small Urban City

Young Keun Yoon, Jong Ho Kim, Myoung Don Kim,
Young Jun Chong, and Myoung Sun Song

ETRI (Electronics and Telecommunications Research Institute), Republic of Korea

Abstract— This paper describes the relations between the R.M.S delay spread and TX-RX
separation distance for Daejeon City measurements at 28GHz frequency with 500 MHz channel
bandwidth. R.M.S delay spread is caused by multipath due to a large number of reflective
characteristics none line of sight environments in small urban city.
Introduction: Recently, the fifth generation (5G) mobile communication to satisfy the needs of
high data rates in the small cell environment has attracted the attention. Millimeter frequency
bands for 5G services are the lands of new frontier being able to support broadband bandwidth
from 0.5 up to 2.0 GHz. We know that feasibility research at millimeter bands is carried out
currently. Yet, there is still the lack of the collected field data and statistical models based on
measurement. Therefore, we performed measurement in small urban city of Korea to find specific
R.M.S delay spread characteristics.
Hardware & Measurement Campaign: Millimeter wave Band Exploration and Channel
Sounder (mBECS) developed by ETRI was used in the outdoor R.M.S delay spread measurement
campaign. Using a 500 Mcps broadband channel sounder with 2.0 ns multipath resolution, we
conducted R.M.S delay spread measurements at 28 GHz in Daejeon City, Korea. A 4095 chips
pseudo-random noise (PN) sequence sliding correlator was utilized, which was modulated to a
5.2GHz intermediate frequency (IF) and upconverted 28 GHz. The maximum transmitter (TX)
power was 29 dBm, fed to a 30◦ beamwidth 15.4 dBi horn antenna that was mechanically rotated
or tilted. The receiver (RX) used the 10◦ beamwidth 24.4 dBi horn antenna and the same type
of enable mechanically rotating or tilting structure as the transmitter.
The measurement campaign was taken during daytime. During measurement, TX location was
fixed, and RX put none line of sight (NLOS) locations. We choose one TX at a height of
4m and 15 RX measurement locations. The distance between the TX and RX ranged from
120 to 400 m. At RX at a height of 1.5 m, a 360◦ azimuth sweep at each RX position was
automatically performed in steps of 10◦ because of using 24.4 dBi horn antenna with the 10◦
half power beamwidth. Extensive measurements were conducted for the thirty six different RX
azimuth angles ranged from 0 to 350◦, and for the three different RX elevation angles of −10◦, 0◦,
and +10◦ creating one hundred eight possible antenna pointing steps. For each of one hundred
eight steps, measurement data were recorded. Finally, R.M.S delay measurements were done at
the RX locations in Daejeon, Republic of Korea.
Results: We note that the maximum value of R.M.S delay spread appears to be up to 400 m
TX-RX separation distance at 28 GHz frequency, and then decreases for relative large TX-RX
separation distance. In NLOS case, the TX and RX antennas were indirectly pointed at each
other, and large multipath existed. But, when the separation distance between a TX and Rx is
too large (exceeding 400 m), the path loss is so great that the power of the transmitted signal
declines to zero before reaching the RX, resulting in fewer or no received multipath. For the
relations between the R.M.S delay spread and TX-RX separation distance as well as the cumu-
lative distribution function (CDF) of the R.M.S delay spread at 28 GHz. The maximum value
of measured multipath components in our research using wide band channel sounder with 2.0 ns
multipath time resolution has R.M.S delay spreads below 125 ns, the average has below 58 ns to
NLOS environments in small commercial urban environment, Daejeon, Republic of Korea.
Conclusion: We found that the measured values from the light urban environment of Daejeon
City in Korea have substantial differences in comparison with the dense urban environment in
R.M.S delay spread in [1]. To find adequate R.M.S delay spread components, we believe that the
results through extensive measurement in various urban environments should be more discussed.
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Minimum Sum Algorithm Decoder for LDPC Nonregular Parity
Check Matrix in BPSK System
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Abstract— Referring to the approximate lower triangular low-density parity-check code check
matrix of the IEEE P802.11n™/D1.04 (Part 11: Wireless Local Area Network Medium Access
Control and Physical Layer specifications), this study established a decoder based on LabVIEW
program language on a single program architecture that can adjust the transmission end to
generate diverse codeword patterns, including three subblock sizes (27, 54, and 81 bit) and four
code rates (1/2, 2/3, 3/4, and 5/6). Combined with the minimum sum algorithm (MSA), the
decoder completed decoding tasks by changing the check node and variable node structures on
the basis of the selected subblock size and code rate In addition to providing an introduction
on the decoding mechanism of the MSA and completing decoding program optimization and
analysis of bit error rate (BER) performance curves, this study applied the LabVIEW program
to simulate the BER of the ratio of energy per bit to the spectral noise density (Eb/No) at
each point from 0 to 10 dB, when subblock sizes (27, 54, and 81 bit) were combined with code
rates (1/2, 2/3, and 5/6) operating in an additive white Gaussian noise channel environment.
The error rate performance curve diagrams of two studies were referenced (regular weight (3,6)
and 802.11n irregular subblock size 27 bit combined with code rate 5/6) and compared with the
simulation outcome yielded in this study. The result showed that the subblock size did not affect
the error rate, but the code rates substantially affected the error rates. When the code rate was
set to 1/2, the error correction performance of the irregular check matrix was considerably higher
than that of the regular check matrix.
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Asymptotic Analysis of Scattering from Transmitarray for Near
Field Focused

Shih-Chung Tuan1 and Hsi-Tseng Chou2
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Abstract— This paper presents the asymptotic formulation of ray fields in the decomposition of
electromagnetic (EM) scattering mechanisms from a one-dimensional, semi-infinite and periodic
array when it is illuminated by a line source. This technique can be applied to analyze the passive
FSS (frequency selective surface) type periodic structure with identical elements, the transmit-
array type antennas that are phased to radiate EM fields focused in the near zone of the array
aperture. The solutions are built up based on the Floquet mode expansion of the scattering
fields, and are obtained by asymptotically evaluating the resulted integrals to express the fields
in terms of transmitted and edge diffracted fields as previously addressed in the framework of
uniform geometrical theory of diffraction (UTD).
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Didactic Simulations in Electromagnetics
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Abstract— Electromagnetic theory forms the basis of all electrical engineering from electro-
statics to optics. However, the teaching of the basic area of electromagnetics has been considered,
for a long time, to be a challenge and a matter of concern due to low student motivation and
underperformance in electromagnetic courses. This was attributed to the mathematical complex-
ity and abstract nature of the topic. Moreover, EM field phenomena are normally expressed in
3D vector notation, which are physically invisible and students, at the beginning, have difficulty
in relating mathematical models to good mental images. Simulations and computer graphics
are strongly suggested to overcome many of the conceptual difficulties. In this direction, we
present in this paper some virtual didactic simulations developed as a supplementary tool for
teaching electromagnetic field. In the following, we describe some sample simulations which have
been developed for some simple electronics components such as capacitors and inductors. The
magnetic and electric field lines and distribution can be displayed in real time which makes the
application ideal for use in interactive undergraduate and high diploma teaching. In this kind of
simulation the student will be able to manipulate variables such as electric and magnetic field
strength, field lines and have an idea on the relationship between the value of these electronic
components, their geometry and the medium properties. Furthermore, in order for our simulation
to comply with the new trends of distance learning and e-learning, the simulation where made
using Action-Script to take full advantage of Adobe Flash technology as deemed by its power in
the areas of multimedia and the Internet.

Figure 1: A screenshot of the parallel plate capacitor simulation.
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Perfect Light Absorption in Ultra-thin Silicon Films on Aluminum
and Optical Color Filters

Seyed Sadreddin Mirshafieyan and Junpeng Guo
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Abstract— We have demonstrated wavelength selective perfect light absorption in ultra-thin
single layer silicon films deposited on aluminum metal surface in the visible and near infra-red
spectral range. The perfect light absorption is due to the critical coupling of the incident light
to the second-order Fabry-Perot resonance mode of the nano-optical cavity formed by the silicon
film on aluminum surface. Perfect light absorption wavelength varies with the thickness of the
silicon film. Spectral selective perfect absorption results in different optical colors corresponding
to different silicon film thicknesses. The colors of fabricated devices do not change with the
increase of viewing angle up to 70 degree with respect to the surface normal. The demonstrated
silicon absorption filter technology is intrinsically low cost and compatible with silicon processing
platform, and can be used for many applications such as optical displays and wavelength selective
photo detectors.



1856 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Investigation on Rudimentary Geometries of Dielectric Resonator
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Abstract— Due to the variety of basic geometries available to antenna designers such as rectan-
gular, cylindrical, hemispherical etc., a proper practice to select the best geometry for Dielectric
Resonator Antenna (DRA) is required. In this paper, various rudimentary geometries of DRA
excited by a coaxial probe fed is designed and investigated for selecting the preeminent geometry
of antenna. The rudimentary geometries of DRA are rectangular, cylindrical and hemispheri-
cal, which are used for investigation of DRA performance as shown in Fig. 1. The dielectric
material used for rudimentary geometries is TMM10i, a ceramic thermoset polymer composite
material of Rogers high-frequency laminates. The dielectric constant (εr) of the material is 9.8,
the dissipation factor (tan δ) is 0.002, and the density is 2.8 gm/cm3. The DRA is designed to
operate around 3.2 GHz. However, the resonant frequency may alter due to different rudimentary
geometries. CST Microwave Studio transient solver is used to design and simulate the different
rudimentary geometries of DRA. Table 1 summarizes the numerical results for different geome-
tries of DRA. It can be seen that the impedance bandwidth (for return loss below −10 dB) of
the DRA is 56%, 46% and 50% for rectangular, hemispherical and cylindrical respectively. These
rudimentary geometries of DRA give a better understanding of design parameters of an antenna
and their effect on return losses, impedance bandwidth, VSWR, gain, efficiency and resonant
frequency.

(a) (b) (c)

Figure 1: Configuration of rudimentary geometries of DRA: (a) Rectangular, (b) cylindrical, (c) hemispher-
ical.

Table 1: Comparisons between different rudimentary geometries of DRA.

Rudimentary Geometries Rectangular Cylindrical Hemispherical

Dimensions (mm) a = b = 30, d = 15 r = 18, h = 15 hr = 18.61
Resonant Frequency 3.2 GHz 3.2GHz 3.3 GHz
Bandwidth Range 2.9–4.7GHz 2.9–4.75 GHz 3–4.5 GHz

Bandwidth (S11 < −10 dB) 56% 50% 46%
Total Peak Gain 1.56 dBi 1.50 dBi 1.54 dBi
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Features Processing Lidar Signals in the GHz Frequency Range

A. S. Grishkanich, S. V. Kascheev, V. V. Elizarov, and A. P. Zhevlakov
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Saint-Petersburg, Russia

Abstract— Laser sensing — a highly effective method of remote operational environmental
monitoring on land and over the surface of water bodies. As required substances can be used
various substances Indicator hydrocarbon leaks from pipelines and processing plants, toxic agents
necessary for chemical plants, smoke from fires, etc.
However, for high-speed sensing, speed of processing information received and ease of operation
lidar units necessary to use appropriate hardware and software systems used to solve the problems
of collecting, processing, storage, ordering large volumes of data.
The structure of a lidar system includes components that must communicate with each other
by exchanging data and control signals. Each component performs a specific function and has a
specific set of commands and control signals, as well as send or receive data.
In lidar system uses the method of spontaneous Raman scattering. This physical process is very
short-lived, in some cases, no more than a few nanoseconds, so you need to work in the gigahertz
frequency range for detecting signals with nanosecond.
Each component of the lidar system must respond a set of requirements due to work in the giga-
hertz frequency range. Therefore it is necessary to choose both hardware and software solutions
that will deliver high-speed data exchange between parts of the system and high-speed processing
of the data and system parameters.
The hardware is realized using modules and components with a high speed, as well as interfaces
that allow you to exchange data with a high frequency that would exclude the loss of data due
to time delays.
Software modules used for controlling, processing and organization of database systems should
have adequate algorithms to perform real-time processing of information.
Are known to Raman scattering cross-section is very small (10−25–10−27), so in some cases back
radiation captured by the objective can be several tens of photons. For registration of such
weak signals and reliable conversion is preferred to use a photomultiplier operating in the photon
counting mode. The PMT uses a high-speed electronic circuit that allows measurement with a
pulse-pair resolution up to 10 ns. Interface USB 2.0 High-speed provides data exchange rate up to
480Mbit/s. Information processing using software developed in Labview. To debug and validate
the algorithm calculations instead of the photomultiplier used PXI system. This approach allows
you to simulate operation of the system in real conditions, using a laboratory bench.
A laser beam scanning system has been developed. It comprises a mirror which oscillates with a
frequency of 20Hz, and the angle of rotation of 20 degrees. For precise positioning of mirrors used
stepper motor with controller and specialized control software. For developing of this software
was used C#. Control signals are transmitted using RS-232 interface.
In lidar system provides navigation and mapping. Mapping system is organized using a com-
patible GPS devices and software. The device is connected to the USB port of a PC. All data
transmitted over the NMEA 0183 protocol. The obtained coordinates attached to the card, as
well as recorded in a database simultaneously with the measurement results.
All information collected from the system components processed by the application developed
using C#. The objectives of this application is to monitor uptime and connection of components,
management report of possible errors and entering information about them in the database.
As a result of the scheme established inter-component communication hardware lidar complex
and selected options that allow you to achieve the required measurement accuracy and high speed
data exchange between components. Just developed the software needed to process volumes of
information obtained from multiple system components.
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Abstract— Remote laser spectroscopy availability for airborne search of the oil-and-gas de-
posits has been examined. The migration of oil and gas (H2S, CO, CO2, H2, He) leads to a
change of the physical properties of the rocks above the deposit and the formation of halos
of methane, propane, and other hydrocarbons in the surface sediments and the atmospheric
boundary layer. Experiments were carried out under the CARS and SRS circuit. Minimal con-
centrations of 200 ppb of heavy hydrocarbon gas have been remotely measured in laboratory
tests. We have developed airborn lidar system to detect pipeline leakage and explore oil and
gas deposits. Tests were carried out on the gas pipeline Urengoy-Novopskov. Field tests (50 to
500m helicopter flight altitudes) demonstrate that the lidar allows detection of methane with a
sensitivity up to 6 ppm for methane and 3 ppm for hydrogen sulfide.
GeoChemical surveys of hydrocarbon deposits based on detection of the oil and gas migration
as well as the other molecules such as CyHx, H2S, CO, CO2. The migration leads to a change
of the physical properties of the rocks above the hydrocarbon (methane, propane) deposit and
anomalous concentrations of hydrocarbon gases in an atmospheric boundary layer.
Laser sensing is a highly effective method for the deposit exploration. We present a Raman lidar
with ultraspectral resolution for airborne oil&gas exploration and pipeline leakage detection.
Tests were carried out on the gas pipeline Urengoy-Novopskov. The experiments were carried
out to detect leaks on the working section of pipeline with an internal pressure of 60–70 bar. Test
flights show the level of sensitivity about 6 ppm (methane) and 3 ppm (hydrogen sulfide) with
the measurements at 50 to 500 m flight altitudes.
The probing is done by a compact pulsed diode pumped Nd:YLF laser (50mJ, 6 ns, 100 Hz) with
KTP ISHG (50% conversion efficiency) and BBO frequency shifting (261.7 nm, 6–10 mJ).
Ultraspectral resolution of the double polychromator (3600 mm−1, dλ/dl = 0.224 nm/mm) reli-
ably differentiates methane (283.31 and 284.42 nm), nitrogen (278.69 nm), and hydrogen sulfide
(280.89 nm) what ensures reliable 80% HHG detection for the integration of seismic prospecting
and laser remote sensing.
Unlike Raman spectroscopy, CARS employs multiple photons to address the molecular vibrations,
and produces a signal in which the emitted waves are coherent with one another. As a result,
CARS signal is much stronger than spontaneous Raman emission.
A chamber filled by a mixture of HHG gases and air served as a simulator of hydrocarbon halo.
It was irradiated by femtosecond and nanosecond laser pulses. A pump beam (at the frequency
referenced ωp) from Ti:Sapphire laser (800 nm, 30 fs, 0.2mJ, 50Hz) and a probe beam (at the
frequency referenced ωpr) from Nd:YAG laser (1064 nm, 8 ns, 60 mJ, 50Hz) were focused at
the chamber. These beams interact with the sample mixture of gases and generate a coherent
optical signal at the anti-Stokes frequency (ωpr + ωp − ωS) (Fig. 1). The anti-Stokes signals
(λ = 656 nm for CH4 and λ = 658 nm for C3H8) are resonantly enhanced when the frequency
difference between the pump and Stokes beams (ωp-ωS) coincides with the frequency of Raman
resonance due to the intrinsic vibrational contrast mechanism.
In order to anayse back scattering anti-Stocks spectral component, we use HR4000+ compact
optical fiber spectrometer (Ocean Optics) with further numerical processing. Pressure of methane
and propane chosen as an indicator of hydrocarbon deposits was ∼ 0.01Torr in 0.2 m-length
chamber that corresponds to 10 m-thickness of the real halo with concentration at level of 5 ·
E12 cm−3, i.e., 200 ppb, for each of these gases (Fig. 2). Since Ti:Sapphire laser has a wide
spectrum, the coherent anti-Stock scattering of radiation occurs from corresponding Fourier-
components of the pump (λ = 800 nm) and Stocks signals (λ = 1064 nm), removed on Stocks
shift size of researched gases. Therefore, it was possible to observe an occurrence of the various
new components around 650 nm for different heavy hydrocarbon gases (HHG), in the anti-Stock
scattering spectrum.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1859

Method CARS allows detection at the level of 3–10 molecules and determines hydrocarbons in
the natural atmosphere under the presence of impurities.
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Abstract— This work presents an internal mobile phone antenna occupying a small board
space of 520mm2 on the system circuit board and providing three wide operating bands of at
least 746–796, 860–1000, 1760–1880, 2390–2499, 3480–3708 and 5120–5957, for the long term evo-
lution (LTE)/wideband local area network (WLAN)/Worldwide Interoperability for Microwave
Access (WiMax) operations. These 8 bands includes one LTE bands of LTE700, one bands of
GSM900/1800, three bands of WLAN 2.4/5.2/5.8, and two WIMAX 3.5/5.5GHz bands. The
antenna is a modified PIFA with coupled-strip and shows a height of 13 mm and a width of 40 mm
only, when mounted at the top edge of the display panel in mobile phone. The ground plane size
is 87× 40mm2.
The antenna architecture is shown in Figure 1. This is a two-sided inverted F antenna struc-
ture with a side ground point at left side. The more detail structure is shown in Figure 2.
The simulated return losses is shown in Figure 3. These simulated return losses covers the
700MHz LTE, 900/1800MHz GSM, 2.4/5.2/5.8 GHz WLAN, 3.5/5.5GHz WiMax band. The
detail operations bands can be divided two parts: the low-frequency bandwidth operation in
(746–796MHz) (860–1000 MHz) (1760–1880 MHz), while operating at high frequency bandwidth
(2390–2499MHz) (3480–3708MHz) (5120–5957MHz), in line with the basic LTE, GSM, WLAN
and WiMax operating bandwidth.

Figure 1: Architecture of the proposed antenna.

Figure 2: Detail architecture of the proposed an-
tenna.

Figure 3: Return losses of the proposed antenna.
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Abstract— Frequency modulated continuous wave (FMCW) synthetic aperture radar (SAR)
is a compact, lightweight, and low-cost imaging system with high resolution. There has been
increasing interest in FMCW SAR in the last years, which has led to the construction of several
experimental systems. On the other hand, circular synthetic aperture radar (CSAR) has lately
become of the hotspot in the field of SAR due to its characteristics like all-aspect observation,
super-high two-dimensional (2-D) resolution, and potential three-dimensional imaging possibility.
In order to combine the advantages of both FMCW radar and CSAR, it is suggested to change
the acquisition geometry of FMCW SAR from a straight line to a circular trajectory. Thus we
could get a novel imaging model FMCW CSAR.
As for the imaging processing of linear trajectory FMCW SAR, it is well known that the intra-
pulse movement would introduce new range migration and affect the range cell migration correc-
tion (RCMC). Similarly, and it is found that the intra-pulse movement also leads to new range
migration in the case of FMCW CSAR and further distorts the imaging results. Correspondingly,
we have proposed a modified back projection algorithm (BPA) in a former paper, in which the
new range migration has been taken into account. However, the modified BPA and its poten-
tial improvements encounter huge computation. To improve the imaging efficiency, the modified
Fourier-based imaging procedures of FMCW CSAR is investigated in this paper.
In this paper, we focus on the two dimensional (2-D) imaging of X-band FMCW CSAR in the
frequency domain and it is assumed that the targets are located in the flat ground-plane. The
main contributions contain:
1. The exact signal spectrum of FMCW CSAR is presented firstly.
2. The influence of the intra-pulse movement on the Fourier-based imaging processing of FMCW
CSAR is analyzed in detail and the corresponding correction method is proposed.
To verify the feasibility of the proposed correction method, numerical simulation test is carried
out. Specifically, The FMCW CSAR system operates at 10 GHz, and the bandwidth of the
transmitted linear frequency modulation (LFM) pulse is 600MHz. During the simulation test,
the modified BPA which is available for FMCW CSAR is used for comparison. The results of
simulation test denote that the proposed correction method is feasible to remove the influence of
the intra-pulse movement exactly in the frequency domain and figure out well-focused FMCW
CSAR image eventually.
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A New Sidelobe Reduction Method for Circular SAR
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Abstract— Due to its advantages of all-aspect observation, super high-resolution, the potential
three-dimensinal (3-D) imaging, circular synthetic aperture radar (CSAR) has become of partic-
ular interest to the SAR community. For isotropic targets, the spectrum of which is ring-shaped
so that the corresponding point spread function (PSF) is related to Bassel function, not the sinc
function. Correspondingly, the sidelobe level according to isotropic targets is higher than that of
linear-trajectroy SAR, which drastically limits the quality of CSAR images. More importantly,
the traditional window-function technique is not valid any more and yields even worse results
for CSAR. Therefore it is essential to investigate new methods to reduce the sidelobe level for
CSAR.
This paper focuses on the sidelobe reduction of two-dimensional (2D) CSAR image, according to
isotropic targets. The fundamental motivation of the proposed sidelobe reduction method is to
extract the sidelobe-image firstly and then to deduct it. During the sidelobe reduction strategy,
the method of extracting the sidelobe image is essential. Specially, a method of dividing the
CSAR spectrum is proposed, based on which the sub-images are obtained firstly and then the
sidelobe image is produced afterwards. Subtracting the sidelobe image from the former CSAR
image yields the sidelobe-reduced CSAR image.
Simulation Result: In order to have a better insight into the performance of the proposed
method, a numerical simulation is carried out. The CSAR system operates at 10GHz, and the
bandwidth of the transmitted linear frequency modulation (LFM) pulse is 600 MHz. The radii
of the circular trajectory and the observed area are 1000 m and 40 m, respectively. The height of
airplane is assumed to be 500 m. Fig. 1(a) shows the pseudo-3D PSF of a marginal point target.
With the proposed sidelobe-image extraction-strategy, we obtains the sidelobe image, as shown
in Fig. 1(b). The corresponding pseudo-3D view of the sidelobe image is shown in Fig. 1(c).
Substrating the sidelobe image (in Fig. 1(c)) from the former image (in Fig. 1(a)) yields the
sidelobe-reduced CSAR image, as shown in Fig. 1(d). Figs. 1(e) and (f) denote the comparison of
profiles of PSF in x and y direction, respectively. Directions x and y are arbitrary orthorhombic
axes. In Figs. 1(e) and (f), the dotted and solid profiles denote the result without and with

(a) (b) (c)

(d) (e) (f)

Figure 1: Result of sidelobe reduction.
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sidelobe reduction (SLR), respectively. It is learnt that after the sidelobe reduction, the mainlobe
of the PSF is preserved, but the peak-to-sidelobe ratio (PSLR) reduces from −7.95 dB to −16 dB,
and the 2D integrated sidelobe ratio (ISLR) reduces from 10.62 dB to 4.27 dB.
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Terabit WSDM Optical Access Network Using Multicore Fibers and
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Abstract— Next generation optical access network are envisioned to evolve into a converged,
high-speed and heterogeneous-service platform supporting large capacity transmission to enor-
mous number of users covering a wider area. To satisfy these requirements, we proposed a hybrid
wavelength-space division multiplexing (WSDM) optical access network architecture utilizing
multicore fibers with advanced modulation formats, as shown in Fig. 1(a). As a proof of concept,
we experimentally demonstrated a WSDM optical access network with duplex transmission us-
ing our developed and fabricated multicore (7-core) fibers and fan-in/fan-out device with 58.7 km
distance. To increase the access data rate in the cost-sensitive access network, the IM/DD optical
16QAM-OFDM signal and RSOA based adaptive DMT signal have been adopted for downstream
(DS) and upstream (US) transmission, respectively. As a universal platform for wired/wireless
data access, our proposed architecture provides additional dimension for high speed mobile signal
transmission and we hence demonstrated an upstream delivery of PDM-QPSK modulated signal
using the inner core of MCF emulating a mobile backhaul (MB) service. Fig. 1(b) illustrates
the experimental setup. For DS transmission, 20 wavelengths with 25 GHz channel spacing from
an optical comb generator are employed and each wavelength is loaded with 10 Gb/s baseband

(a)

(b)

Figure 1: Proposed architecture of converged WSDM optical access network: (a) schematic, (b) experimental
setup.
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16QAM-OFDM signal generated off-line by Matlab, where the IFFT/FFT size is 128 and 63
effective subcarriers are used to convey data information. Boosted by EDFA, 20-wavelength DS
signal are power splitted and simutaneously launched into five of the six outer cores of the MCF
through the fan-in device, thus the aggregation downstream capacity reaches 1Tb/s. About
−11 dBm sensitivity has been achieved for 3.8 × 10−3 bit error ratio (BER) with 7% Forward
Error Correction (FEC) limit for all wavelengths in every core. For US transmission, wavelengths
seeded from DS using the 6th outer core are modulated with DMT signal adapted with the chan-
nel conditions and then reflected back to the OLT. ONUs served by the same DS wavelength can
share a US wavelength within different time slots through TDMA. As an emulation of high speed
MB transmission, IQ modulated PDM-QPSK signal with 50Gb/s per wavelength is transmitted
in the inner core of MCF and coherently detected in the OLT side. −19 dBm sensitivity has been
achieved under the FEC limit and more than 18 dB power budget is guaranteed. Both DS and
US optical signal exhibit acceptable performance with sufficient power budget.
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Progress in Developing Fabrics Coated with Nano-particles as Radar
Absorbing Materials
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Abstract— There exists a long-standing interest in the development of thin, lightweight, and
flexible radar absorbing materials (RAM) for various civilian and military applications. One
promising research direction [1, 2] has been the use of conducting polymeric textiles incorporat-
ing a coating of magnetic metal nano-particles either at the yarn-stage or after weaving the fabric.
This paper reports on an experimental investigation that uses a knitted Polyacrylonitrile (PAN)
fabric (thickness = 2 mm with a yarn diameter of 20 µm) as the host matrix for the composite
RAM. The fabric is coated with nano-particles of Ni and Co via an electroless metal deposition
method using Sodium borohydride (NaBH4) as a reducing agent. The relative concentrations of
Ni and Co as well as the coating time are varied with a view to tailoring the EM absorption char-
acteristics of the resulting material for the intended application. The morphology of the clusters
of the Ni-Co alloy incorporated into the fabric volume is established through a microstructure
investigation. It is found that the metallic structures grow in a wide range of sizes, from nano- to
micrometer, which are believed to contribute to broadband microwave absorption.The microwave
absorption measurements are carried out in the X, Ku, and K Bands using a vector network
analyzer in conjunction with a waveguide system incorporating samples of the coated fabric.
Electromagnetic constitutive parameters for the coated sample are calculated from the measured
s-parameters using the Nicolson-Ross-Weir technique In addition, the return loss (RL) of the
samples for RAM applications is estimated from the measured complex permittivity and perme-
ability values.As a potential application, the use of these materials in the design of microwave
Fresnel Zone Plate (FZP) lenses is discussed.
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Abstract— Functional materials with desired crystal morphologies have demonstrated a vast
range of applications because of their advanced properties, such as the ability to achieve thermal,
optical and acoustic rectification. Novel fabrication techniques based on magnetic self-assembly,
as an attractive method for positioning particles, are currently drawing extensive research in-
terests. Due to the difficulties in manipulating micro- and nanoparticles, however, it remains a
considerable challenge to perform accurate experiments in practice. In this study a two-dimension
numerical model is developed to provide a fundamental understanding as well as visualization of
the magnetic assembly process. In the simulation, dipole-dipole interaction among the particles
and hydrodynamic drag between particles and matrix fluid are taken into consideration, and the
former is believed to be the dominant force of forming various crystalline morphologies. Three
factors, i.e., magnetic field intensity (H), global particle concentration (φ), and relative particle
concentration (ϕ) are investigated for the colloidal particle systems on scales ranging from mi-
crometer to millimeter. Additionally, both binary and ternary colloidal systems are evaluated and
in particular, the systems composed of different sized particles are investigated systematically.
Finally, the evolution of typical assembled structures is observed in-situ, offering a straightfor-
ward manner to understand the magnetic self-assembly. The simulation results agree well with
the experimental results, which could validate the accuracy of the model. The effect of magnetic
field intensity (H), global particle concentration (φ), and relative particle concentration (ϕ) on
the assembled structures is revealed. Consequently, desired assembled structures can be expected
through varying H, φ and ϕ. A two-dimension numerical model is used to investigate the mag-
netic self-assembly, enabling a low-cost method for artificial crystalline materials preparation.
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Abstract— The majority of living organisms exhibit a very low but measurable level of elec-
tromagnetic radiation in the visible range of the spectrum. This phenomenon is common to
metabolically active cells and is referred as the ultra weak photon emission (UPE). Its inten-
sity is usually less than 1000 photons cm−2s−1. Origin of UPE is biologically endogenous and
is attributed to reactions of reactive oxygen species (ROS) with biomolecules which give rise to
electron excited states. In other words, the energy comes solely from chemical reactions, therefore
the UPE is also known as weak chemiluminescence. Reasons why organisms exhibit UPE have
not been satisfactorily elucidated yet. It is assumed that it may play role in regulatory processes
of cells; however it could be simply a byproduct of oxidative metabolism.
The goal of our research is to delineate the origin of UPE from a model organism; yeast cells
Saccharomyces cerevisiae. UPE from the yeast cells arises spontaneously during the growth of the
culture. UPE signal from organism is highly dependent on external factors such as temperature,
pH, biotic agents, molecular oxygen consumption or composition of the environment.
Damaging effects of ROS formed during the metabolism can be partly suppressed either by
natural antioxidant defense system or by scavengers artificially supplied into the environment or
directly into the organism. In this work, the experiments are focused on the description of effects
caused by antioxidants. Several kinds of antioxidants were used and we studied the temporal
development and changes in intensities of ultra weak photon emission from the culture. Study of
antioxidants scavenging effects on UPE signal is crucial in order to understand UPE generating
processes.
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RF Dynamics of Mode-locked Intracavity Frequency Doubled Laser

A. V. Kovalev and V. M. Polyakov
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Abstract— Mode-locked lasers are of a great interest in fundamental and applied sciences.
Their capability to generate ultrashort pulse trains and equidistant optical spectra has already
revolutionized such fields as spectroscopy, data networks, optical clocking and biomedicine.
We report on radiofrequency (RF) dynamics of Nd:YVO4 laser with intracavity frequency dou-
bling in a KTP crystal. Experimentally, the laser cavity was 109 mm long and consisted of
1 ∗ 3 ∗ 3 mm3 1% at. doped a-cut Nd:YVO4 active element and 5 ∗ 3 ∗ 3mm3 KTP crystal. An
output coupler was mounted on fast and slow PZTs for cavity length modulation and the output
coupler position attenuation.
A narrow longitudinal modes beat signal (less than 300 Hz FWHM) which is an evidence of mode-
locking regime was observed for both fundamental and second harmonic radiation. For a certain
power and temperature range (the KTP temperature 28 ± 0.2◦C, 420 mW pump power) and a
proper placing of the output coupler against the KTP crystal, a regime of the second harmonic
amplitude weak modulation was obtained. The fundamental radiation remained not modulated.
The modulation manifests itself in the RF spectrum as two sidebands of the central beat note
frequency and a low-frequency (order of 50–100MHz) difference signal. We implemented the
cavity length modulation via the PZT with the frequency of several kilohertz which led to oc-
currence of weak sidebands for the central beat note of the second and fundamental harmonics
and a Lorentzian shaped spectrum of equidistant frequencies for the low-frequency signal and
the sidebands of the second harmonics beat note. The distance between the spectral components
was equal to the modulation frequency.
We propose that the appearance of the second harmonic modulation regime results from bounded
phase variations of the laser field. The transition between states with and without the modulation
occurred continuously. The stability of the phase bounded mode-locked operation was limited
by the cavity elements alignment and stable operation in the regime lasted longer than 300 s.
The weak modulation frequency dependence on the central beat note frequency is well fitted by
a parabola confirming that the output is that of a stable mode-locked laser with bounded phase.
This newly obtained regime of the phase bounded mode-locked operation can be utilized for
synthesis of low-noise microwave frequencies, and can be used for iodine-stabilized schemes of
laser frequency standards without additional modulators.
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Abstract— Self-similar dynamics is common in nonlinearity optics. It is well-known that the
light spot would collapse self-similarly while keeping the Townes profile, if self-focusing dom-
inates over diffraction [1]. Self-similar optical pulses can also happen with the coexistence of
dispersion, gain and nonlinearity, which can be useful in fiber amplifiers and lasers [2]. However,
it is difficult to directly extrapolate these solutions to the linear cases by making the nonlinear
coefficient to approach toward zero. For example, using variable scaling, the (2 + 1)D non-
linear Schrödinger equation 2ik∂zU + (∂2

x + ∂2
y)U + q|U |2U = 0 has solutions in the from of

Uq(x, y, z) = Uq=1(αx, αy, α2z)/β, where α = βq1/2. If q approaches zero, which is the case of
free space, the solution must tend to a constant value, which is a trivial plane wave.
Here we study self-similar dynamics in linear systems systematically, by finding the exact solution
of paraxial wave equation in scaled coordinates. The allowed solutions include:

1) Paraxial Bessel beams [3]: Jm(
√

dr) exp[i(−dz/2k + mθ + kz)],

2) Linear scaling beams: Jm(
√

dr/s0z) exp[i(kr2/2z + d/2ks2
0z + mθ + kz)]/z,

3) Gaussian-type beams: MdzR/4ks2
0,±m/2[kr2zR/(z2

R+z2)] exp{i[ kr2z
2(z2

R+z2)
− dzR arctan(z/zR)

2ks2
0

+mθ+
kz]}/r,
4) Elliptic-hyperbolic scaling beams: ψEHS (r, θ, z) = J±m/2[kr2/2zR(1−z2/z2

R)]·exp{i[kr2/2z(1−
z2
R/z2) + mθ + kz]}/

√
1− z2/z2

R,

and 5) Parabolic scaling beams [4]: J±m/2(kr2/4z) exp[i(kr2/4z + mθ + kz)]/
√

z.
We will show their self-similar propagation dynamics in free space, and Gaussian apodization will
also be considered for practical realization. The linearity of free space eliminates the annoying
stability problems, and we can construct these beams easily utilizing linear superposition. As
shown in Fig. 1, we use diffractive optical elements (Figs. 1(a) and (b)) to experimentally realize
the non-trivial self-similar beams (Figs. 1(c)∼(e)).

(a) (b)

(c) (d) (e)

Figure 1.
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Size Reduction of Magnetic Resonance Coils for Wide Wireless
Power Transfer Applications
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Abstract— Many researchers have developed the wireless charging system using the magnetic
coupling or magnetic resonance [1]. In this paper, we extend previous studies of coupled magnetic
resonance into reducing size of the coils for wide wireless power transfer applications.
As shown in Fig. 1, the diameter of TRx magnetic resonance coils is not same. The diameter of
Rx coil is even smaller than that of Tx coil by using the impedance matching technology (C-C
matching). The resonance frequency is 1.78MHz. Diameters of TRx’ spiral coil are 30 cm and
7 cm. Fig 1(c) shows the measurement result of fabricated TRx coils. The transfer efficiency η is
shown with transfer distance and radius distance(misalignment). The proposed coil structure is
expected to be applied for energy transfer technology of various home electrical devices as well
as portable devices.

 

(a)

(b) (c)

Figure 1: TRx coil’s transfer efficiency η with normal transfer distance and radius distance (misalignment).

ACKNOWLEDGMENT

This research was funded by the MSIP (Ministry of Science, ICT & Future Planning), Korea.

REFERENCES

1. Cheon, S., et al., “Wireless energy transfer system with multiple coils via coupled magnetic
resonances,” ETRI Journal, Vol. 34, 2012.



1872 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Near-field Analysis in Wireless Power Transfer Using Magnetic
Dipole
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Abstract— This paper presents the intuitive and simplified analysis of near-magnetic field using
magnetic dipole and image theory in wireless power transfer. In modeling of magnetic resonator,
it is practice to ignore the volume of the resonator in comparison with the wavelength and
consider it into the magnetic dipole on the ground plane. And the analysis presented here leads
to reasonable modeling and analyzed results compare well with full-wave simulation. The utility
of this approach is useful for the case when the human safety with respect to electromagnetic
fields (EMFs) and interference problems should be considered in the design of wireless power
transfer system.

(a) (b)

Figure 1: The near-field test environment and characteristics of wireless charging system.
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Abstract— In this paper, 60W power charging circuit for the wireless charging system using
the magnetic resonance method is presented. The proposed charging circuit is composed of
a constant current signal converter and a controller. The constant current signal converter is
designed to convert the dc signal which its voltage range is variable from the rectifier in the
wireless charging system. The output current value can be changed from 0.1 A to 1.7 A with
0.1A step according to the control of the controller. This changing is used for the protection
of the human body from the EM field around the system. The controller is designed to control
the charging circuit in accordance with the communication results with the transmitter and the
final load. Two communication schemes, a 424MHz FSK and a RS-232C, are adopted in the
controller to communicate with the transmitter and the final load. The wireless charging system
is implemented to charge a 24V battery. The system consists of a 100W power transmitter,
two magnetic resonators having 30 cm diameter, a 100W rectifier, a 24 V battery, a personal
computer, and the proposed 60 W charging circuit. The personal computer is used for the user
interface of the system. The transmission frequency is 1.8 MHz band. By the test results, the
transmission efficiency is about 50% at 30 cm distance between two resonators.

Figure 1: System configuration and the implemented charging circuit.
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Photonic Integrated Circuits for Electro-optic Microwave Frequency
Multiplication and Frequency Translation: Spurious Harmonics
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Abstract— In the past two decades or so there has been a plethora of publications in the
field of microwave photonics that have described essentially the same generalized Mach-Zehnder
interferometer (GMZI) circuit architecture: a 1 ×N splitter directly interconnected to a N × 1
combiner via an array of N electro-optic LiNbO3-based phase modulators; each GMZI adapted
to particular design goals. The applications have generally been to single-side-band modulation
or electro-optic microwave signal frequency multiplication [1–3]. The difference between the
circuits proposed have largely concerned variations of the static optical and electrical phase shifts
required or the implementation of an equivalent circuit using standard Mach-Zehnder modulators
(MZM) rather than individual phase-modulators as the basic building brick. After our latest
investigations [4, 5], in this paper a methodology is presented that specifies the architecture
required to meet specified design objectives such as the suppression of unwanted products (Fig. 1).
Moreover, it is shown how to use the intrinsic phase relations between the ports of splitters and
combiners and specifically multi-mode interference couplers to implement the static optical phase
shifts required by these circuits, thereby avoiding the need to apply static DC bias to the electro-
optic modulators and the associated drift issues that otherwise require complex stabilization
circuitry. Circuits capable of single-side-band suppressed-carrier modulation and frequency octo-
tupling show a simulation performance equal to or better than results reported in the literature
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Figure 1: Schematic diagram of a GMZI and the output for various design conditions in a 4-modulator array.
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Figure 2: Schematic of a dual-function photonic circuit and output for frequency octo-tupling and single-
side-band modulator.
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(Fig. 2). In particular, a new cascade architecture implementation is reported that offers 50%
lower optical insertion loss and 50% reduced RF power drive requirement compared to previously
known circuits. While LiNbO3 technology offers a mature solution to the small scale integration
of MZM structures, this work anticipates photonic integrated circuits based on Si and/or InP
material integration platforms emerging as the preferred choice. In this context the continuous
advances made in improved speed, linearity, footprint, and energy consumption of electro-optic
phase modulator devices in both material platforms augurs well for the future.
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Design of a Printed Antenna for Mobile Terminals

Hui Liu1, 2, Youhuan Guo2, Ping Yu2, and Xueman Wu2

1Centre for Optical and Electromagnetic Research, Academy of Advanced Optoelectronics
South China Normal University, Guangzhou, China

2Computer Science and Engineering Department, Guangdong Peizheng College, Guangzhou, China

Abstract— A printed mobile terminals antenna with multi operating bands for the 2G/3G/4G
LTE (long term evolution) is presented. The antenna has three operating bands covering low
band of 900MHz, middle band 1900 MHz and high band 2600 MHz for GSM 900MHz, UMTS
1900MHz and LTE 2600MHz. The antenna occupies a ground clearance of 54 mm× 19 mm and
has a thin of 1 mm. The antenna comprises radiating branches to generate multi operating bands.
Dimensions and working principle of the antenna are discussed.
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A Wideband Circularly Polarized Antenna with Wilkinson Feed
Network for Worldwide UHF Band RFID Reader

Bingjie Wang, Zhibin He, Hui Liu, Yoichi Okuno, and Sailing He
Centre for Optical and Electromagnetic Research, Academy of Advanced Optoelectronics

South China Normal University, Guangzhou 510006, China

Abstract— A radio frequency identification (RFID) reader antenna with circular polarization
(CP) radiation is proposed to operate at worldwide UHF band which covers 840–960 MHz. The
size of the antenna is 0.555λ0 × 0.553λ0 × 0.099λ0. A micro-strip patch with truncated corners
as the main radiation patch is placed between the wilkinson feed network layer and the parasitic
patch layer. The ground plate is placed on the top of the feed network layer. The feed network
is connected with the main radiation patch via two metal cylindrical probes which produce two
orthogonal signals of equal amplitude and 90 degree phase difference. The proposed antenna has
wideband circularly-polarization characteristics. The truncated corners on the main radiation
patch can increase 3 dB axial ratio (AR) bandwidth while improving the best axial ratio. And
the parasitic patch can adjust the radiation direction of the antenna while increasing its gain.
The simulation results show that the proposed circularly polarized UHF reader antenna has an
input impedance matching bandwidth (S11 ≤ −10 dB) of 456 MHz (675–1131MHz), the band of
reflection coefficient S11 ≤ −20 dB covering 842–955 MHz, 3-dB axial ratio bandwidth of 296MHz
(741–1037MHz), minimum axis ratio reaching 0.33 dB, and the highest gain reaching 3.53 dBi in
the operating frequency band. Both the impedance bandwidth and the axial ratio band cover
the entire UHF band of RFID systems.
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A Small Printed Antenna for Bluetooth Wireless Communication

Liu Hui1, Bingjie Wang1, Cheng Liu1, Zhibin He1, and Sailing He1, 2

1Centre for Optical and Electromagnetic Research, Academy of Advanced Optoelectronics
South China Normal University, Guangzhou, China

2Department of Electromagnetic Engineering, Royal Institute of Technology, Stockholm S-100 44, Sweden

Abstract— A small printed inverted-F antenna, operating at 2.44GHz, for Bluetooth system is
designed in this paper. The RF system diagram and PCB layout are drawn by Cadence Allegro.
The small printed antenna, integrated in the PCB, is modeled by HFSS and both the simulation
and experimental results verify of its suitability for the Bluetooth wireless communication.
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Measurement of the Dielectric Properties of Micaceous Minerals
Using Scattering Parameters

I. F. Dos Anjos1 and S. E. Barbin2

1UFPB-Federal University of Paraiba, João Pessoa, Brazil
2USP-University of São Paulo, São Paulo, Brazil

Abstract— The determination of the dielectric properties of materials is very important in the
development of microwave heating systems. In this case, the dielectric properties of the materials
to be processed are the key point in order to achieve a good efficiency of the system. In the
present study it is presented the determination of the complex permittivity of vermiculite that
is a hydrated phyllosilicate. In a previous work the dielectric constant of vermiculite has been
determined using a TDR based probe. In this study dielectric constant has been determined
through the measurement of the volumetric water content and the refractive index. Although
the method has demonstrated a good accuracy, it was not possible to determine the complex
permittivity of the mineral due to the characteristics of the equipment used. So, in order to
determine the complex permittivity using an accurate and non-destructive method, the scattering
parameters has been chosen. The method is based on the usage of a microstrip line and through
the measurement of the S-parameters by a VNA the data has been processed in MATLABr

code. The results were very close to the ones obtained with the TDR probe, but now with the
determination of the complex permittivity and loss tangent. The dataobtained with the present
studyshow that the determination of the dielectric properties of materials such as vermiculite
using S-parameters is a good accurate and non-destructive method.
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Active Tuning of Silicon Nanodisk Metasurfaces

Jürgen Sautter1, Isabelle Staude1, Manuel Decker1, Evgenia Rusak1,
Dragomir N. Neshev1, Igal Brener2, and Yuri S. Kivshar1

1Nonlinear Physics Centre, Research School of Physics & Engineering
Australian National University, Australia

2Center for Integrated Nanotechnologies, Sandia National Laboratories
Albuquerque, New Mexico 87185, USA

Abstract— As optical metasurfaces become useful for practical applications, the possibility of
dynamically controlling their optical properties becomes increasingly important. For plasmonic
metasurfaces, considerable efforts have concentrated on tuning and switching their optical prop-
erties using liquid crystals (LCs) [1–3] utilizing either the strong temperature dependence of the
LC optical anisotropy or their realignment in an external electric field. However, plasmonic meta-
surfaces suffer from strong dissipative losses of metals at optical frequencies. A solution to this
problem is provided by all-dielectric metasurfaces consisting of two-dimensional arrangements of
high-permittivity dielectric nanoparticles with tailored optical properties, which allow for con-
trolling a wavefront at the nanoscale with near-unity efficiency [4]. However, to date dynamic
control of all-dielectric metasurfaces remains an open challenge and experimental realizations are
still missing.
In our work we use a silicon nanodisk metasurface featuring two pronounced resonances in the
spectral range of interest — an electric and a magnetic dipole resonance. The metasurface is
integrated into a 170 µm-thick LC-cell. The samples are fabricated via electron-beam lithography
and reactive-ion etching on silicon-on-insulator wafers. We use the ‘Licristal E7’ LC from Merck
that features a strong optical anisotropy along the axis of the LC molecules in its nematic
phase. In order to demonstrate dynamic resonance tuning originating from the temperature-
dependent refractive-index change of the LC and symmetry switching of the optical response,
we measure the sample’s transmittance when increasing the LC temperature from T = 20◦C
(nematic phase) above its phase transition point at T ≥ 58◦C (isotropic phase). The maximum
spectral tuning range realized in our experiment is approximately 40 nm with a maximum relative
transmittance change of up to a factor of 5. Importantly, for temperatures above T = 58◦C
the optical anisotropy of the metasurface is removed and the high symmetry, i.e., the isotropy
of the sample’s optical response is restored. Our experimental observations are in excellent
agreement with numerical simulations. We believe that this first demonstration of tuning of
dielectric metasurfaces will open the way for a new generation of efficient and tunable ultra-thin
devices based on optical metasurfaces. Specifically, we will discuss three application examples
of dielectric metasurfaces from our recent work, namely wavefront manipulation, shaping of
photoluminescence spectra of quantum dots, and nonlinear frequency generation.
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Tunable Multilayer Graphene Metamaterials for Terahertz/Infrared
Waveguide Modulators

Irina Khromova1, Andrei Andryieuski2, and Andrei V. Lavrinenko2

1University Colledge London, UK
2Technical University of Denmark, Oersteds pl. 343, KongensLyngby, DK-2800, Denmark

Abstract— Active development of terahertz (THz)/infrared (IR) science and technology has
created a growing demand for new electronic and quasi-optical devices. In particular, the promis-
ing opportunities for broadband high-speed terahertz communication require new techniques for
real-time manipulation of radiation. Various approaches have been proposed for THz/IR ampli-
tude, phase, spatial and temporal profile modulation, including the employment of metamateri-
als [1] and, recently, one-atom-thick graphene [2].
Most of the proposed modulators, including graphene-based ones, are developed for free-space
propagation configurations. However, high-speed THz/IRcommunication channels will unlikely
be based on such architectures — atmospheric absorption peaks and small wavelengths (from sub-
millimeter to tens of micrometers) imply strong free-space attenuation. It is therefore preferential
to apply waveguide-based modulation platform similar to those used in telecom photonics. Due
to specific properties constrains it is natural to consider metamaterial (structured) approach to
satisfy simultaneous demands for low losses and high tunability in the waveguide configuration.
We study and classify the electromagnetic regimes of multilayer graphene-dielectric artificial
metamaterials. The interplay between interband and intraband transitions in graphene allows
converting the structure into a transparent and/or electromagnetically dense artificial medium.
The gate voltage can be used to electrically control the concentration of carriers in the graphene
sheets and, thus, efficiently change the dispersion of the whole structure. Placed inside a hollow
waveguide, a multilayer graphene/dielectric metamaterial provides high-speed modulation and
tunable bandpass filtering. The absence of scattered radiation enables dense integration of such
THz waveguides and modulators without influencing their neighboring elements.
We exemplify the employment of graphene-dielectric metamaterial for waveguide-integrated mod-
ulators with three examples of tunable devices. The first one is a modulator with excellent
ON-state transmission and very high modulation depth: > 38 dB with only 70 meV graphene
electrochemical potential change. The second one is a modulator with extreme sensitivity to-
wards graphene Fermi energy. The third one is a tunable waveguide-based passband filter. The
narrow-band cut-off conditions around the ON-state allow the latter to shift its central frequency
by 1 : 25% perevery meV graphene Fermi energy change.
We believe that graphene-dielectric multilayer metamaterials will constitute the functional plat-
form for THz-IR waveguide-integrated devices.
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Abstract— We investigate Stimulated Brillouin Scattering (SBS) in the context of integrated
optics. We examine the necessary conditions on material properties, waveguide symmetry, and
waveguide dimensions that are required to obtain technologically useful SBS gain, as well as
potential limitations on the amount of gain achievable. We discuss the technological possibilities
for the harnessing of SBS for optomechanical applications.
Introduction: Stimulated Brillouin Scattering (SBS) is a coherent interaction between the
electromagnetic and acoustic waves that occurs in optical waveguides [1]. Although traditionally
associated with optical fibres, there has been a recent surge of interest in applying SBS in the
context of integrated optics; thus far a broad range of capabilities have been demonstrated, from
on-chip slow and fast light to high-frequency pulse generation [2]. These on-chip SBS experiments
open the door to the exploitation of SBS in fully integrated photonic environments [2–4].
SBS in Integrated Waveguides: The basic physical processes of SBS can be derived from
thermodynamics: this gives a connection between scattering processes (including the photoelastic
effect and scattering from boundaries) and force-like processes, which include electrostriction
and radiation pressure. These processes lead to necessary conditions on material properties for
acoustic and optical guidance, symmetry, as well as dielectric contrast that must be met in order
to achieve sufficient gain. We outline the possibilities for achieving SBS in various material
platforms at different wavelengths, from communications frequencies to the mid-IR (see Fig. 1).
We also explore the effects of both optical and acoustic loss, and see how fabrication imperfections
such as waveguide roughness can lead to a reduction in gain in the same regimes that the effects
of radiation pressure cause SBS enhancement. Finally, we examine the effect of finite lengths on
achieving desired levels of gain in realistic SBS structures.

Figure 1: SBS acoustic mode and gain computations for a mid-IR waveguide [5].
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Femtosecond Magneto-optic Kerr Effect in Magnetoplasmonic
Crystals

M. R. Shcherbakov, P. P. Vabishchevich, A. Yu. Frolov,
T. V. Dolgova, and A. A. Fedyanin

Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia

Abstract— We have studied ultrafast effects in magnetoplasmonics by observing nontrivial
evolution of transversemagneto-optical Kerr effect within 45-fs pulses reflected from an iron-based
magnetoplasmonic crystal. The effect takes place for resonant excitation of surface plasmon-
polaritons (SPPs), has opposite signs of time derivative for different slopes of the resonance, and
is addressed to magnetization-dependent dispersion relation of SPPs.
One of the most prominent opportunities of using SPP nanostructures is to shape femtosecond
laser pulses. The mean lifetime of SPPs in nanostructures varies from several femtoseconds to
several hundreds of femtoseconds. A femtosecond laser pulse interacting with such a short-living
excitation gets coherently modified as indicated in many preceding works. Recently, temporal
shaping of femtosecond laser pulses by plasmonic nanostructures was observed both for the inten-
sity and polarization state. it was shown that external quasistatic magnetic field can be used to
control dispersion of SPP in magnetic media [1]; despite immense number of works on magneto-
plasmonics emerged during the last years, magnetoplasmonic effects have been considered static
so far. In this work, we experimentally demonstrate manifestations of time-dependent trans-
verse magneto-optical Kerr effect (TMOKE) within ultrashort femtosecond laser pulses reflected
from a one-dimensional iron-based magnetoplasmonic crystal. The sample of one-dimensional
magnetoplasmonic crystal based on a commercially available digital versatile disk polycarbonate
template having periodic corrugation with the depth of approximately 50 nm and the period of
750 nm. The dielectric template was covered by a 100 nm layer of polycrystalline iron deposited
by magnetron sputtering and protected by a 20 nm-thick silica layer from the top. To obtain
information about time-resolved TMOKE, the correlation function measurement setup was used.
A train of 45-fs laser pulses from a Coherent Micra Ti:sapphire oscillator was precompressed at
a chirped-mirror assembly to account for dispersive optics in the setup. The pulses were split
into two beams, where one was the signal beam that contained the sample and the other was
a gate beam with a 3-fs step delay line. Two electrically serial electromagnets placed around
the sample were used to apply a quasistatic magnetic field in the TMOKE configuration, i.e., in
the plane of the sample perpendicular to the plane of incidence. The magnets were driven by
an ac source at a frequency of 117 Hz and provided approximately 30 mT of magnetic flux den-
sity,which was sufficient to saturate the magnetization of the iron in the sample. Manifestations
of time-dependent transverse magneto-optical Kerr effect are experimentally demonstrated in fs-
laser pulses reflected from a iron-based magnetoplasmonic crystal. Kerr effect evolution is shown
to have either positive or negative time derivative depending on the position of the incident pulse
carrier wavelength with respect to the SPP resonance. Proper grounds are given for this effect
within the Lorentzian spectral line shape approach. Being a subwavelength-thickness tailorable
nanostructure, the iron-based plasmonic crystal under study is a promising tool for manipulating
femtosecond laser pulses with the external magnetic field that is to find applications in the novel
active plasmon-based telecom devices [2, 3].
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Three-wave Frequency Mixing in Stacks of Binary Nonlinear
Dielectric and Semiconductor Layers

A. Schuchinsky
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Abstract— Nonlinear metamaterials have been a subject of increasing interest over the last few
years. Owing to their capability of independent control of both the nonlinear properties and the
linear characteristics, such as dispersion and phasing, they are attractive for a variety of diverse
applications. Majority of the studies performed to date have been concerned with the meta-
materials intended to improve the efficiency of harmonic generation. Combinatorial frequency
generation (CFG) has been another direction where the purposely tailored metamaterials can be
particularly instrumental for shaping and localising fields and controlling the phase coherence
in distributed wave interactions rendering the three- and four-wave processes of mixing two or
more pump tones. Uncovering the fundamental mechanisms of CFG in metamaterials proved to
be of the special significance for the opposite aim — highly linear response of the medium and
mitigation of spurious intermodulation effects.
Majority of metamaterials and metasurfaces are nowadays manufactured by layer-by-layer de-
position or growth. To identify the main mechanisms of CFG in such kind of structures, it is
instructive to examine first the nonlinear wave interactions in the canonical planar arrangements
with the basic constitutive elements comprised of stacked binary dielectric and/or semiconductor
layers. Both periodic and quasi-periodic (Fibonacci and Thue-Morse) structures have been anal-
ysed in this work to assess the qualitative effects of the lattice disorder on CFG in the finite stacks
illuminated by a pair of plane waves of frequencies ω1 and ω2, incident at different angles. Stacks
of semiconductor layers have been modelled in the self-consistent problem formulation taking into
account the nonlinear dynamics of mobile carriers. A unified methodological framework based
upon the modified transfer matrix method has been developed and applied to the CFG analysis
in the finite stacks of binary layers. It has been demonstrated that the quasi-periodic stacks of
Fibonacci and Thue-Morse types can be treated as the perturbed periodic stacks with the defects
located in the positions determined by the respective quasi-periodic sequences. The results of
numerical simulations have provided important qualitative insight in the mechanisms respon-
sible for the performance of the stratified metamaterial structures and a means for controlling
frequency mixing and CFG.
The main features of CFG in periodic and quasi-periodic stacks will be discussed and illustrated
by examples of the simulation results for combinatorial frequencies ω3 = ω1 + ω2 generated in
the three-wave mixing process. The effects of the stack linear reflectance, and the constituent
layer anisotropy and losses on the CFG efficiency will be addressed in the talk.
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Characterization of Chiral Nanostructured Plasmonic Surfaces with
Second Harmonic Generation

Ventsislav K. Valev
MultiPhoton NanoPhotonics, Department of Physics, University of Bath, United Kingdom

Abstract— Because of its high surface and interface sensitivity, the nonlinear optical tech-
nique of second harmonic generation (SHG) appears as a designated method for investigating
nanostructured metal surfaces. Indeed, the latter present a high surface-to-volume ratio, but,
even more importantly, they can exhibit strong near-field enhancements, or “hotspots”. Hotspots
often appear as a result of geometric features at the nanoscale or of surface plasmon resonances,
which are collective electron oscillations at the surface that, on the nanoscale, can readily be
excited by light. In addition, SHG is a symmetry-sensitive technique and, due to the recent de-
velopment of nanofabrication techniques, it has become possible to endow nanostructured metal
surfaces with virtually any possible symmetry. As a consequence, SHG based techniques have
gained popularity at both the microscopic and the macroscopic level [1]. One particular symmetry
related property that has benefited a lot from the developments in nanofabrication is chirality.
Because of its high surface and interface sensitivity, the nonlinear optical technique of second
harmonic generation (SHG) appears as a designated method for investigating nanostructured
metal surfaces. Indeed, the latter present a high surface-to-volume ratio, but, even more impor-
tantly, they can exhibit strong near-field enhancements, or “hotspots”. Hotspots often appear
as a result of geometric features at the nanoscale or of surface plasmon resonances, which are
collective electron oscillations at the surface that, on the nanoscale, can readily be excited by
light. In addition, SHG is a symmetry-sensitive technique and, due to the recent development of
nanofabrication techniques, it has become possible to endow nanostructured metal surfaces with
virtually any possible symmetry. As a consequence, SHG based techniques have gained popu-
larity at both the microscopic and the macroscopic level [1]. One particular symmetry related
property that has benefited a lot from the developments in nanofabrication is chirality.
Chirality, the handedness of nature, constitutes a fundamental concept throughout the universe.
Entire galaxies can be chiral, just as well as the smallest amino acids. Chiral plasmonic nanos-
tructures are emerging as a very promising branch of nanophotonics, with numerous poten-
tial applications [2]. Recently, so called “superchiral” electromagnetic configurations have been
demonstrated, whereby the pitch of the electric field of light is shorter than that of circularly
polarized light. These configurations have lead to enhanced chiroptical interactions with matter.
In addition, it has also been reported that negative refractive index can be achieved in chiral
metamaterials. Furthermore, due to the favorable power-law scaling of near-field enhancements,
new nonlinear optical properties, for instance in SHG, are emerging in chiral nanomaterials as
well.
Chiroptical (chiral-optical) effects in SHG are usually three orders of magnitude larger than their
linear optical counterparts. Therefore, upon using superchiral excitation, nonlinear nanomaterials
are anticipated to achieve record-high chiroptical values compared to those of natural materials
and consequently to serve as highly sensitive probes for exploring chiral molecular chemistry.
At the moment though, little has been done towards fulfilling these high expectations. Basic
understanding of the nonlinear chiroptical properties of nanosurfaces is also lacking; for instance,
it is not clear how the chiroptical effects of nanosurfaces would be affected upon expanding to
more pronounced 3D geometries.
Among other developments, a surprising direct relationship between superchiral light and SHG
has been reported [3]. By varying the dimensions of nanostructures, superchiral light can be
tuned to optimize material dimensions for enhanced nonlinear chiroptical response. The use of
superchiral elements as building blocks opens very interesting possibilities in both 2D and 3D
nanomaterials.
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Ultrafast Kerr Nonlinearities in Multimodal Plasmonic
Metamaterials: Elliptic, Hyperbolic and Epsilon-near-zero

Regimes

S. Peruch, A. Neira, G. A. Wurtz, and A. V. Zayats
Department of Physics, King’s College London, Strand, London WC2R 2LS, United Kingdom

Abstract— The ability to actively manipulate optical signals at the nanoscale represents an
essential tool in modern and future nanophotonics. This can be achieved all-optically exploiting
optical nonlinearities in metals, which are some of the fastest available. Plasmonic metamaterials
represent an ideal platform to implement active functionalities, given their capability to support
complex field distributions, which are geometry-controlled and impact the metamaterials ultra-
fast nonlinear response. Thus, enhanced optical nonlinearity can be engineered at the required
wavelengths.
Previous work [1] has shown a strong, ultrafast response from metamaterials based on plasmonic
nanorod assemblies, with sub-ps transient change in transmission reaching 80%. This exception-
ally strong and fast response was assigned to the nonlocal behaviour of the metamaterial in the
vicinity of the epsilon near zero (ENZ) frequency, where the real part of the effective permittivity
vanishes and its wavevector-dependent contribution may become strong [2–4].
Here we present a full-vectorial microscopic model to study the Kerr-type, ultrafast nonlinear
response of a plasmonic metamaterial consisting of an array of vertically aligned gold nanorods,
with the plasmonic (Au) components of the metamaterial considered as the source of the optical
nonlinearity.
We have performed a numerical study of the transient nonlinear response of the metamaterial tak-
ing into account the effects of both control illumination conditions and induced non-equilibrium
electron temperature distribution in the Au nanorods forming the metamaterial. The nonlinear
response of the Au nanorods is governed by a polarization-induced electron temperature change
driven by the femtosecond optical excitation. We describe the evolution of the position-dependent
electron temperature in the metal via the two temperature model (TTM) [5], keeping the phonons
temperature effectively constant. The nonlinear absorption is then modelled via the temperature
dependent Au permittivity [1].
We found that the nonlinear response of the system is stronger when exciting in the vicinity
of the ENZ frequency. We also show that the enhancement of the nonlinear response depends
on the spatial distribution of the electromagnetic energy density induced by the pump pulse .
Considering these effects, the magnitude and time response of the metamaterial is further studied,
in different dispersion regimes of the metamaterial.
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Wavefront Shaping in Cavities: Waves Trapped in a Box with
Tailored Boundaries

M. Dupré, M. P. Del Hougne, M. Fink, F. Lemoult, and G. Lerosey
Institut Langevin, ESPCI Paris Tech & CNRS, France

Abstract— Usually cavities of a given shape and dimensions support definite eigen frequencies
and modes. They are used in a vast number of fields of research and frequency ranges, from
microwave ovens to masers, from QED to electromagnetic compatibility. The eigenmodes of a
cavity are always modified and tuned through mechanical parts, like mode stirrers in reverberation
chambers in electromagnetic compatibility or screws in masers and quantum electrodynamices.
Nevertheless, thanks to integral theorems, tailoring the boundaries of a cavity permits to design
at will its eigenmodes and therefore the fields inside it. Here we show that this is possible to
do so by using electronically tunable metasurfaces that litteraly modify locally the boundaries
of cavities, switching them from electric to magnetic conductors. We prove that it permits,
contrary to intuition, to focus waves at desired locations inside cavities. Using a binary tunable
metasurface as a spatial microwave modulator (SMM) [1, 2], we show that we can control those
eigenmodes up to some point which depends on one hand of the number of modes inside the
cavity N given by the losses and the mean level spacing, and on the other hand on the number of
degrees of freedom p which is also the number of elements of our SMM. We show experimentally,
with the set-up shown on Figure 1(a), and theoretically that different behaviours of the cavity
with a SMM inside can be expected. We explain the physical mechanism underlying the concept,
which allows us to give a criteria that ensures that a cavity can be turned into a completely
different one as in Figure 1(b) and contrary to Figure 1(d), by modifying parts of its boundaries.
We finally show that this can even permit, in a cavity of given shape, to position at will the
eigenfrequencies and corresponding eigenmodes as shown on Figure 1(d).
We believe those results will have application in fields requiring mode stirrers, optimizing trans-
mission or frequency filters such as EMC, microwave ovens, or telecommunications.

(d)(a) (b) (c)

−

Figure 1: (a) Experimental set-up. (b), (c) Two different behaviours of the transmission between two
antennas in a cavity for different Q factors when the configuration of the SMM is changed. Blue points
correspond to initial measured transmission and red points correspond to optimized transmission points.
(d) Spectra obtained numerically of the transmission between two antennas in the cavity, for different steps
of the optimization procedure.
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Magnetic Field Controlled Microwave Hybrid Oscillations in
Composite Resonator Dielectric-weak Ferromagnet
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Abstract— Dielectric resonator based UHF filters, which are the key elements of the mod-
ern transceiver equipment [1], have one major drawback — they lack dynamical tuning of their
characteristics. Since utilization of resonators with electronically tunable electrodynamic charac-
teristics can greatly increase the functionality of microwave devices (for instance, in reconfigurable
matched filters), in this paper we present a new concept for magnetic field tunable device, based
on the electrodynamically coupled dielectric and weak ferromagnet resonators.
Weak ferromagnets are of special interest, since their typical quasi-feromagnetic resonance (FMR)
frequencies can easily reach Ku- and K-bands for extremely small bias fields H0 of few hun-
dreds Oe [2], due to the presence of Dzialoshinskii-Moriya effective field HDM , whereas quasi-
antiferromagnetic excitations lays on the borderline between mm and sub-mm wavebands.
Here we investigated a 2.1 × 2.3 × 0.1 mm3 high-quality sample of iron borate (FeBO3), a well-
known weak ferromagnet [2]. It was grown by us from solution in melt. As a first step, a sample
was characterized, by placing it atop of coplanar transmission line and measuring FMR frequency
for in-plane bias magnetic field, in range from 10 to 400 Oe. After fitting resulting curve with
model equation [2]

ω2
F = γ2

(
H0 (H0 + HDM ) + H2

∆

)

magnetic parameters of FeBO3 were successfully determined (see Fig. 1(a)). Next, this sample
was epoxy bonded to the disk dielectric resonator (commercially grade microwave ceramics) and
put inside the rectangular metallic 23× 10mm2 waveguide. Composite resonator was positioned
at the middle of the wide wall, with FeBO3 in direct contact with metal. Dielectric resonator
was excited on HE

(±)
11δ modes (due to the lack of cylindrical symmetry of waveguide section, the

frequency degeneracy was removed) and FMR oscillation in iron borate acted as a perturbation.
Results on transmission characteristics modification with external in-plane bias magnetic field
are shown on Figs. 1(b), (c). The strongest effect is observed when magnetic field tunable FMR
frequency coincides with that of either of HE

(±)
11δ modes.

(a) (b) (c)

Thus, we have shown that inclusion of weak ferromagnet constituent leads to possibility of elec-
tronic control over a composite resonator amplitude and phase transmission characteristics, and
have potential for both K-band and (in perspective) sub-mm wave device applications.
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Imaging Coherent Response of a Superconducting Metasurface
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5Russian Quantum Center (RQC), 100 Novaya St., Skolkovo, Moscow Region 143025, Russia

Abstract— We study microwave response of the individual meta-atoms of a superconducting
metasurface formed by a two-dimensional array of Superconducting QUantum Interference De-
vices (SQUIDs). In our experiment, RF currents in the metasurface are directly imaged by using
Laser Scanning Microscopy (LSM) technique. We tested a sample with 21× 21 SQUID array in
a waveguide cavity designed to achieve a uniform microwave distribution over the entire array.
The demonstrated tunability of 2D SQUID metasurface resonance frequency by external mag-
netic field is about 56%, covering 8–12.5GHz range. The obtained LSM images of the RF current
distributions over the SQUID array confirm a high degree of coherence of the entire metasurface.

Introduction: A two-dimensional array of SQUIDs is an example of a tunable superconducting
metasurface [1]. Here the SQUIDs are playing a role of magnetically coupled meta-atoms, tunable
with external magnetic field [2]. Recently the microwave response of SQUID arrays has been
studied theoretically [3, 4] and also experimentally [5, 6]. In published experiment it is difficult to
estimate the actual number of the SQUIDs involved in synchronized RF response. We are using
a cryogenic LSM [7] in order to observe the responses of the individual SQUIDs in the array, and
to characterize the spatial distribution of the coherent response of the array to microwave signal.

Experiment and Results: In the test setup, the probing microwave signal should be uniform
and have magnetic field component directed orthogonal to the plane of the SQUID array. To
achieve this, we place the SQUID array sample in the plane of symmetry of a rectangular waveg-
uide, where the magnetic field of the fundamental TE10 mode is perpendicular to the sample
plane. The designed waveguide test section has two coaxial adapters for the broadband connec-
tion to the network analyzer. The LSM access is made via a small hole in the waveguide wall,
with the size much smaller than the cutoff wavelength for RF. The test sample is an array of
21 × 21 SQUIDs, where each SQUID is a Nb thin-film rectangular loop, with outer dimensions
of 70× 50 µm2, interrupted by a single Nb/AlOx/Nb Josephson junction.

In transmission experiment with the SQUID array, the array collective response is visible as
a resonance peak tunable over 56% band (8.5–12GHz). The resonance peak is narrow, about
20MHz wide, and resembles a response of a single resonator. We used LSM to visualize the RF
currents in the individual SQUIDs at the resonance frequency of the array. The LSM imaging
shows that about 50% of the SQUIDs in the array are resonating coherently.

Conclusion: Our experimental study of superconducting metasurface with 21×21 SQUID array
indicates a nearly synchronized resonant response of the array and a broad frequency tuning range
of the metasurface. The LSM imaging of the currents in the individual SQUIDs shows a partial
uniformity, where about 50% of the SQUIDs participate in the coherent response. The spatial
structure of the SQUID array response will be discussed. SQUID-based metasurface has low
losses and a good frequency tunability, and can be useful for designing compact cryogenic RF
systems.
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Hydrodynamic Instabilities of Thin Au and Ag Films Induced by
Tightly Focused Femtosecond and Nanosecond Laser Pulses
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3P. N. Lebedev Physical Institute
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Abstract— Functional plasmonic nanostructures made of noble metals owing to their unique
optical and spectral properties are currently of great scientific interest. A number of promising
applications in such areas as plasmonics, nanophotonics, biosensing, etc. were theoretically pre-
dicted and experimentally demonstrated. For these applications it is often necessary to fabricate
both single element at a given point and sufficiently large ordered arrays of nanostructures, which
can be realized by a number of relatively expensive or time-consuming techniques. Laser material
processing potentially provides the easiest and cheapest way to fabricate single and large ordered
arrays of different functional metallic nanostructures through initiating various hydrodynamic
instabilities excited on the metal film surface under nano- and femtosecond pulse irradiation.
In present paper we report on rigorous experimental study of various nanoscale surface hydro-
dynamic instabilities on the thin Au and Ag films induced by tightly focused single femtosecond
and nanosecond pulses. Each type of laser-induced hydrodynamic instabilities results in the
formation of corresponding resolidified surface relief nanostructure: nanojets, nanocrowns, self-
organized nanoparticle’s chains or hybrid structures (a nanojet surrounded by a nanocrown). The
hybrid structures as well as the nanoparticle chains are reported for the first time. The thickness
of the metal film, pulse energy and duration were found to be the key parameters determining
the type as well as the geometrical shape of the resulted surface nanostructure. Underlying
physical mechanisms responsible for the formation of all these laser-induced nanostructures are
also discussed in this paper. Possible implementation of the fabricated nanojets, nanocrowns,
nanoparticle’s chains and hybrid structures as promising plasmonic elements for SERS signal
enhancement in molecular sensors, hot electron generation in solar cells and light localization at
nanoscale are also discussed in this paper.
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Three Dimensional Ablation Flow Produced by Ultrashort Laser
Pulse from Perfectly Flat Target

N. A. Inogamov1 V. V. Zhakhovsky2, and V. A. Khokhlov1

1L. D. Landau Institute for Theoretical Physics of Russian Academy of Sciences, Russian Federation
2Joint Institute for High Temperatures of Russian Academy of Sciences, Russian Federation

Abstract— We consider laser peeling and structure formation of thin and thick films on sub-
strate. Let us present shortly a general picture of laser structuring. It is known, that the
structuring of materials by short laser pulses with duration in the range of 10 fs–1 ps has many
important technological applications. But underlying physics is not well understood. On our
view, the corresponding processes are interplay of plasmon enhanced absorption from one side
and a thermomechanical triplet from the another side, where the triplet is: (i) spallation, (ii)
capillary deceleration in tandem with (iii) diffusion limited freezing. Particular morphology of
structures depends on absorbed fluence and number of pulses. Formation of the structures is
usually attributed to plasmon activity, which leads to the LIPSS (laser induced periodic surface
structures, ripples). On our opinion, plasmons only dominate in the interplay if absorbed fluences
are small and the multiple repetition regime is used. Indeed, the chaotic (not ripples) structures
are produced by X-ray pulse where plasmon excitation is not possible. Therefore the wavelength
should be added into the list of parameters governing the final morphology of an irradiated sur-
face. It was shown that for the small number of pulses, either large fluences or short wavelength
the chaotic structures different from ripples are formed. Another important governing parameters
are connected with geometrical limitations. They are a radius of a focal spot on an irradiated
surface and thickness of a film. Indeed, surface structures have the finite lateral sizes (submicron
scales). Therefore for tightly focused optical light pulses, when diameter of a focal spot is smaller
than lateral spatial scales, definitely will influences the surface structures. Those problems are
analyzed in the report.
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Stanislav G. Bezhanov1, Andrey Kanavin1, and Vladimir I. Emelyanov3

1P. N. Lebedev Physical Institute, Russian Academy of Sciences, Russia
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3Moscow State University, Russia

Abstract— Nanofabrication of single and multiple near- and sub-100-nanometer surface nanofe-
atures — nanoholes [1, 2], nanospikes (solidified nanojets) [2, 3], as well as intermediate sub-
micron bumps [2–5] — by tighly focused nanosecond and femtosecond laser pulses appears to be
driven interfacial or sub-surface boiling in thin films, or thick films and bulk materials, respec-
tively. The necessary prerequisites for such buried evaporative phenomena is strong picosecond
evaporative cooling of the fs-laser heated surfaces [6] and heat conduction laterally or to the
bulk [1–5], which both leave the transient temperature maximum at the corresponding transient
heat conduction length. Furthermore, when the peak subsurface temperature exceeds the boil-
ing temperature of the laser-heated material [7], spontaneous nanoscale elementary single-bubble
boiling, formation of sub-micron buried vapor cavity, or nanoscale melt expulsion occur, yielding
in sub-100-nanometer nanoholes, bumps and nanospikes, respectively.
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On Different Regimes of Condensed Matter Ablation Depending on
Intensity and Duration of Absorbed Electromagnetic Pulses
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Abstract— Absorption of intense electromagnetic pulses gives rise to various non equilibrium
processes in condensed matter resulted in ablation of irradiated materials. Here the ablation pro-
cesses are analyzed in the framework of molecular dynamic simulations combined with continual
description of electron subsystem in metals. At nanosecond pulse duration in metal (Al) film tar-
gets with 48 and 430 nm thickness which in liquid states with temperature 6400 K four different
ablation regimes are observed depending on electromagnetic pulses intensities: surface evapora-
tion, explosive (volume) boiling, spinodal decomposition and supercritical fluid expansion [1–3].
At shorter (picosecond) pulses spallation effect (see, e.g., [4, 5]) due to negative pressure values
generated in the thin film is also observed. Appearance of explosive (volume) boiling in metals
irradiated with intense electromagnetic pulses is not evident beforehand because of high values of
thermal conductivity and small radiation penetration length. Nevertheless, the explosive boiling
process at absorbed radiation intensity I = 44 MWt/cm2 is clearly visible in Fig. 1(a) which
shows several flying away target fragments formed after explosions at earlier moments 1.16 ns,
1.5 ns and 1.79 ns. The fragments with initially well defined boundaries then become thinner and
disintegrate due to surface evaporation process. Remnants of the first fragment which was formed
due to the first explosion at 0.71 ns are not visible here. Fig. 1(b) shows spinodal decomposition
regime where density fluctuations have no such distinct boundaries as in the explosive boiling
case. Initial thickness of the explosive boiling fragment is of the order radiation penetration
length (about 10 nm). This result means, in particular, that in theoretical description of the
explosive boiling process in irradiated metals [6] it is necessary to take properly into account
finite value radiation penetration length.

(a)

(b)

Figure 1: Snapshots of irradiated (from the right) metal film at t = 1.82 ns after the radiation pulse with
constant intensity I = 44MWt/cm2 is switched on (a), and (b) at t = 0.73 ns with I = 88MWt/cm2.
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Femtosecond Laser Ablation of Thin Films on Substrate
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Abstract— In many applications an ultrashort laser pulse irradiates films deposited onto
a dielectric substrate. E.g., microbumping phenomena caused by blistering of the irradiated
film are important for laser bio-printing and LIFT technology [1–3], for formation of arrays of
nanoholes [4], and for nanophotonics (creation of nanoantennas [5]). The case with a film on
substrate is interesting. Indeed, a system with a thin film between a substrate from the one
side and vacuum from the other side is very different from a case of bulk targets and from a
case of a freestanding film. In the report the systems “film on substrate” are considered in de-
tails. Modern model of two-temperature (2T) physics is used [6, 7]. We show that for 40–100 nm
thick thin films the conductive leveling of electron temperature across film thickness takes few
picoseconds in gold, copper, and silver. The duration of the leveling is small in comparison with
the electron-ion temperature equalization time teq [6, 7] and is small in comparison with acoustic
time ts defined by thickness of film and speed of sound. At the same time values teq and ts are
comparable. Thus electron-ion coupling coefficient and 2T equation of state [6, 7] are important
ingredients of 2T physics since they define a rate of electron cooling and dynamic significance
of electron pressure. Interplay of rarefaction waves in a film and dynamic interaction between
the film and the substrate control a process of film separation from substrate. Finite size of a
heated spot on a film surface is included into consideration. Velocity of a film after its separation
from substrate has a maximum at the axis of a beam in case of Gaussian distribution of pulse
intensity across a cross-section of a laser beam [1–4]. That’s why the film after separation from
the substrate expands having a shape of cupola. An area of surface of a target under the cupola
is defined by a radius of a laser beam. Absorbed fluence is above a melting threshold in our
applications. Therefore the shell of the cupola is made from molten metal. Surface tension plays
the decisive role in a stopping of expansion of cupola. Tension focuses mass ow inside a shell in
direction to the axial region forming a jet and droplets. Mutual action of capillary effects and
cooling/freezing process define a final shape of a cupola.
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All-laser Fabrication of Metallic Nanoantenna with Planar Lens for
Surface Plasmon Polaritons
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Abstract— We demonstrate new simple methods of all-laser fabrication of nanoantenna (nano-
jet) with an additional elements for coupling/focusing of surface plasmon-polaritons (SPPs).
The first method is realized by using an aluminum plasmonic lens irradiated by linear polarized
femtosecond laser pulses at fluences higher than the ablation threshold of aluminum. These
plasmonic lenses are surface rings with tunable mean diameter in the range of 1.0–2.5µm, which
are easily fabricated by a single fs-laser pulse over the whole laser spot via self-organization
processes. Following the first fs pulse, the next one irradiates these plasmonic lenses and initially
excites quite intense SPPs which are focused in their center. The remaining part of the pulse
interferes with the focused SPPs, resulting in field enhancement in the very center of the lenses and
causing strong local (nanoscale) heating. The resulting plasmonic lenses contain single nanojets
in their centers owing to melt expulsion in the locally heated area [1]. Such surface structure
resembles a parabolic antenna, which has a receiver and focusing reflector.
The second method is based on double-shot femtosecond laser nanoablation of thin supported
metallic (Au) film. The first fs-laser pulse produces nanojet, standing on bump of microscale
diameter. Irradiation by spatially shifted (on several microns) second laser pulse results in the
bump removing, transition of nanojet into nanosphere and formation of concentric periodical
semi-rings. Resulted surface structure represents nanoantenna (gold nanospere), surrounded by
plasmonic lens, delivering more incident energy to the nanoantenna [2].
The proposed new principle of all-laser nanoantenna fabrication is very simple and high-productive
technology to be applied in nanophotonics soon. For instance, we showed almost 30-fold enhance-
ment of fs-laser induced ultrafast electron emission from such nanoantennas, which is promising
for time-resolved electron microscopy [1].
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Characterisation of Polymeric Rod-connected Diamond Photonic
Crystal Templates at Near-infrared Range
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Abstract— We present a low-index polymeric three-dimensional photonic crystal, rod-connected
diamond structure, created via direct laser writing, showing a partial photonic band gap at near-
infrared wavelengths in both P and S polarization, measured by angular resolved Fourier image
spectroscopy. We show initial tests of backfilling with high refractive index material aimed at
achieving a full photonic bandgap in the near-infrared.
Rod connected diamond (RCD) [1], which is known to exhibit the largest full PBGs among all
photonic crystal designs with the same index contrast [2], has been investigated but remains
a significant challenge to create [3]. Here we use the direct laser writing method to fabricate
a polymeric (n = 1.52) RCD template and characterize its band structure via angular-resolved
spectroscopy. We first calculate the RCD bandstructure using MPB software around wavelengths
of interest using the results to optimize lattice parameters (Fig. 1(a)). We then fabricated a
structure and measured transmission (reflection) at normal incidence along the X’ symmetry
direction where we see a clear 20% dip (peak) in transmission (reflection) with center wavelength
around 1500 nm (Fig. 1(b)). We then measure reflection spectra mapped as function of angle
(Fig. 1(c)) showing good agreement with the bandstructure features seen in Fig. 1(a).

(a) (b) (c)

Figure 1: (a) MIT photonic-bands (MPB) calculation of RCD band structure at our measurement range,
the insert defines the Brillouin zone of RCD and the principle directions (X ′, U ′, L), (b) transmission and
reflection measurements at normal incidence, the insert show dimensions of structure, (c) measurement of
reflection spectra against collection angle, incident with S polarized light.

(a) (b) (c)

Figure 2: (a) Overview of a backfilled RCD structure, (b) cross section and (c) top peel showing good back
fill quality, bright parts are chalcogenide material and dark parts are polymer templates.
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Having successfully made polymeric RCD, we can then backfill this template with high refractive
index (n = 2.4) chalcogenide material [4] to form high refractive index contrast (2.4:1) photonic
crystal with full photonic bandgap. Our preliminary backfilled sample is shown in Figs. 2(a)–(c).
By removing the polymer templates in a further process we can achieve high refractive index
contrast. In the conference we will show our latest measurement results for these full photonic
band gap RCD structures.
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Simulation of Intense Laser Irradiation of Silicon and Diamond

T. Apostolova and B. Obreshkov
Institute for Nuclear Research and Nuclear Energy, Sofia 1784, Bulgaria

Abstract— The processes of photo excitation of band gap materials by intense pulsed laser
radiation taking place on a femtosecond time scale is modeled by time dependent Schrodinger
equation. The subsequent time evolution of the dynamical system near the end and after the
termination of the pulse due to impact ionization, auger recombination, exciton formation and
electronphonon scattering are modeled by quantum-kinetic Boltzmann type equation.
We apply our theoretical approach to investigate ripple formation and graphitization in laser
irradiated silicon [1] and diamond [2] crystals.
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Formation and Properties of 3D Metamaterial Composites
Fabricated Using Nanometer Scale Laser Lithography

S. M. Prokes1, F. K. Perkins1, O. J. Glembocki1, and T. Larrabee2
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2NRC post doctoral Fellow, USA

Abstract— Metamaterials are engineered composite materials containing subwavelength ar-
rangements, which often exhibit properties not available in nature or traditional synthetic ma-
terials. The field of metamaterials has brought about novel designs, since researchers have been
able to overcome the constraints associated with conventional materials and explore entirely new
concepts with a much larger range of material parameters available through structured media.
The key aspect of these materials is that they are artificially engineered, and although some of
these structures can be formed by the use of appropriate deposition or growth techniques, most
must be formed by patterning. To design a metamaterial in the terahertz or longer wavelengths,
the patterning does not require much effort, since current optical lithography or pattern transfer
techniques suffice. For metamaterials designed for the visible or near IR wavelengths, however, the
patterning is much more of a challenge. To achieve this, techniques such as e-beam lithography
are used, but it is slow, extremely difficult and can only produce 2D structures. An alternative
technique to produce 2D and 3D structures involves laser fabrication using the Nanoscribe 3D
laser lithography system. This is a direct laser writing technique which can form arbitrary 3D
nanostructures and is based on multi-photon polymerization. The laser light is tightly focused in
an ultra short pulse, so that the photoresist within the focused area is exposed by multi-photon
absorption.
We are creating 2D and 3D metamaterials via this technique using a Nanoscribe proprietary
acrylic-based negative-tone resist, and subsequently conformally coating them using Atomic Layer
Deposition of oxides and Ag. The resolution of our Nanoscribe system is 80 nm, measured by
writing a 2D grating structure. We also recently developed a novel plasmonic material, based on
Plasma Enhanced Atomic Layer Deposition (PEALD) of Ag [1], which results in strong plasmonic
properties of flat Ag films. We have modeled the ALD-Ag film using FDTD and FEM full wave E-
M simulations, representing the film as a ring shaped air gap in Ag. The results show a very strong
confinement of optical fields in the air gaps with an enhancement > 10x. When PEALD Ag is
combined with an active plasmonic material, such as dielectric core nanowires, the additional field
enhancement over the plasmonic material can be > 100x. This behavior is due to these air gaps,
which are an inherent property of the PEALD growth of Ag. This unusual plasmonic behavior
is very similar to what would be expected in hybrid spoof plasmonics and suggests that PEALD
Ag is a metamaterial. Thus, we are now able to form a composite metamaterial by conformally
coating an engineered 3D structure fabricated by laser lithography with a 2D naturally forming
Ag metamaterial deposited by PEALD. An SEM image of such a 3D composite and its SERS
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Figure 1: (a) 3D composite “wood pile” structure formed in photoresist/ALD Ag and (b) SERS of BZT
showing 30x enhancement.
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response are shown above. Note that the SERS is 30x stronger than the ALD Ag background.
We will discuss the optical properties of these novel composite structures and their potential for
dual resonant metamaterials.
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Two-temperature Heat Conductivity of Gold

Yu. V. Petrov1, N. A. Inogamov1, and K. P. Migdal2
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Abstract— Data on thermal conductivity in states with hot electrons are necessary for the
simulations of ultrashort laser pulse-metal interaction. We develop a new analytical approach
describing a coefficient of heat conductivity within a broad range of two-temperature phase
diagram including the melting curve. This is a region in the three dimensional space defined
by electron temperature, ion temperature, and density. Coefficient of thermal conductivity is
an order of magnitude larger than the room temperature value of this coefficient if electrons are
hot — electron temperature is one — few eV. This large increase in the heat conductance is due
to a sharp increase of a heat capacity of carriers (electrons) when they are significantly heated
because electrons partially lose their degeneracy. The developed model is based on a solutions
of the kinetic equations. The model also is based on experimental data and on calculations of
the electronic spectrum. Electronic spectrum was calculated using the density functional theory
(DFT). The model works well also at low electron and ion temperatures. This is significant since
for applications it is necessary to describe the cooling process of molten metal down to melting
temperature and below the melting temperature.
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Mode Analysis and Far Field Characteristics of Metallic Coated
Circular Subwavelength Laser
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Abstract— Semiconductor nanolasers with subwavelength sizes are greatly demanded for their
potential applications in photonic integrated circuits, optical interconnection, data storage and
imaging [1–4]. Here we demonstrate an aluminum/silica coated InAlGaAs/InP circular subwave-
length laser, which is bonded on a silicon wafer using a benzocyclobutene (BCB) layer. Room
temperature lasing operation is observed for the nanolaser with the semiconductor core height of
800 nm and the radius of 740 nm. Resonant modes in the subwavelength laser are analyzed by 3D
finite-difference time-domain (FDTD) simulation, and the simulated spectrum agrees well with
the observed lasing spectrum. Meanwhile, the far-filed characteristics of the resonant modes in
the subwavelength laser are also investigated by 3D FDTD method.
Figure 1(a) shows the schematic figure of our fabricated subwavelength laser, which consists of a
circular cross-section semiconductor core coated by silica/aluminum on the bottom and sidewall.
Eight pairs of compressively strained InAlGaAs multiple quantum wells (MQWs) are used as the
gain material of the laser. The height and radius of the semiconductor core are about 800 nm
and 740 nm, respectively. The fabricated laser was tested at room temperature by a micro-
photoluminescence setup with a pumping source of a 976 nm pulsed laser. A 40× objective lens
was used to focus the pump laser beam on the laser sample and collect the emitting light of the
laser at the same time. Fig. 1(b) shows the typical above-threshold spectrum of the fabricated
laser. As shown in Fig. 1(b), a lasing mode with peak wavelength of 1436 nm and some other
resonant modes of the laser were observed. The mode spectrum of the fabricated laser was
simulated by 3D FDTD technique and compared with the observed spectrum. In addition, the
far-field characteristics of the resonant modes in the laser were also investigated by 3D FDTD
technique. Fig. 1(c) shows the calculated far-field pattern of the mode TE1,4,1 (the three indices
represent the azimuthal, the radial, and the longitudinal mode numbers) in the laser.

(a) (b) (c)

Figure 1: (a) Scheme of the fabricated subwavelength laser. A circular semiconductor core is coated by
silica/aluminium layers, and then bonded on a silicon substrate by using a BCB layer. (b) Measured lasing
spectrum of the fabricated laser at room temperature. (c) Calculated far-field pattern of the mode TE1,4,1

in the laser.

We demonstrated a metallic confined InAlGaAs/InP circular subwavelength laser. Single lasing
mode with peak wavelength of 1436 nm and linewidth of 1 nm was observed. The mode spectrum
of the laser and the far-field patterns of the resonant modes were investigated by 3D FDTD
method.
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Calculations Concerning the Variable Size of Protons and Other
Nuclei

Konstantin Meyl
Faculty of Computer and Electrical Engineering

First Transfer Center of Scalar Wave Technology (1.TZS)
Furtwangen University, Germany

Abstract— 30 years ago already, the then nuclear research center in Karlsruhe publicized
experimentally determined dimensions and shapes of various nuclei. Apart from the obvious
spherical shape, cylindrical and elliptical nuclei had also been found. Such experimental results
have to be compared with calculations. Not only the number of p+ and n◦ involved, but also spin,
direction of rotation, and nuclear cohesion through magnetic moment need to fit together. The
mathematical basis can already be found in the work from 1755 by the founder of the modern
field theory, Prof. Roger Joseph Boscovich. According to his assumption is calculated, as an
example, that the radius of a particle is dependent on the field and, ultimately, on the mass of
all particles involved in the measurement. Thus the radius of the proton is reduced by muons
about 5% in contrast to electrons. The factor, widely confirmed by recent measurements, is
calculated. This should also apply to other atoms measured by the help of muons, when for this
purpose the corresponding particle mass is influencing the calculation. At the end of the paper
mathematically justified predictions are given.
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Dissipative Magnetorotational Instability: Wavelength Asymptotic
Saturation

F. E. M. Silveira
Centro de Ciências Naturais e Humanas, Universidade Federal do ABC, Santo André, Brazil

Abstract— When a plasma, which rotates differentially about a fixed center, is subjected
to a magnetic field, perpendicular to the plane of rotation of the fluid, the coupling of the
current with the field (the Lorentz force density) may be disruptive if the angular velocity of
the gas decreases with the increase of the radial coordinate. This phenomenon is commonly
referred to as the magnetorotational instability (MRI). For a perfectly conducting, inviscid plasma
(ideal approximation), the problem can be treated analytically. Such an approach is particularly
useful for the description of the dynamical evolution of accretion disks, astrophysical structures
consisting of ionized gases which rotate about compact objects (black holes, neutron stars). In this
case, the flow is assumed to exhibit a Keplerian profile, thereby leading to a dispersion relation
which is biquadratic in the growth rate of the MRI. However, the associated instability condition
implies the perturbative wavelength increases with the increase of the radial coordinate [1]. This
means that, as the radial coordinate decreases, the perturbative frequency increases with no
limit. Recently, there has been some progress towards an analytical formulation of the MRI by
including dissipative effects for the rotating plasma [2, 3]. In this work, by introducing both finite
resistivity and viscosity for a Keplerian accretion disk, it is found that the growth rate of the
instability may satisfy a quadratic equation and become suppressed by a term which depends
on the magnetic Prandtl number. It is also shown that, when resistive effects dominate, the
perturbative wavelength saturates asymptotically to a minimum value which does not depend on
the radial coordinate.
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The Efficiency of a Hydrogen Circuit in a Smart Grid
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Abstract— The paper describes the connection of a hydrogen circuit to a 24V experimental
smart grid. The principle of the proposed design consists in improving the stability of the current
grid and enabling maximum exploitation of the electric energy produced by renewable sources
(micro-hydropower plant, photovoltaics, and wind power plants). In this respect, the authors
present a very important module to save the energy and show an efficiency calculation of the
hydrogen circuit.
Our hydrogen circuit consists of an electrolyzer (hydrogen generator) with a purifier; the second
part is a hydrogen storage, in our case the storage presents a metal hydride canister with a valve
system to switch between a charge operation and consumption, and the third one is a fuel cell.
A hydrogen generator is based on an innovative alkaline membrane technology and produces
100 sl of hydrogen per hour. The generator produces hydrogen on demand from water, directly
compressed, dry and pure using a patented electrolytic process. It contains 5 l water tank.
OvonicTM Solid Hydrogen Storage Canisters are used to store pure gaseous hydrogen in a solid
form and under a low pressure level. The stored hydrogen can be used by a fuel cell system or
by other hydrogen consuming systems.
Fuel cells with a polymer electrolyte membrane are characterized by a high current density, which
allows the construction of a low weight and small dimensions. The solid electrolyte membrane
simplifies sealing in a chemical process, reduces corrosion and increases the life of the cell.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1915

Advanced Methods of UHF EM Diagnostic of Discharge Activity in
High Voltage Transformers Dielectric
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Abstract— The reliable and economical production and distribution of electrical energy and
safety impacts of these processes are crucial aspects of sustainable development in industry and
generally the human society. The energy production and distribution chain comprises of various
blocks with specific functions and the safety and reliability of each of the blocks are under intensive
monitoring. The key component of the chain is the block transformer in the power plant. It is
carrying high electrical power under very high voltage conditions. Therefore, the condition of
its oil dielectric is carefully watched in order to prevent the development of partial discharges
(PD). PD in oil represents an electrical discharge activity at the microscopic nonhomogeneities —
e.g., released microbubbles of dissolved gasses. The oil degeneration due to PD activity rapidly
deteriorates its insulating properties which can lead to subsequent intensive arc and catastrophic
transformer failure.
Various methods have been developed over time. Currently the most advancing is the ultra-high
frequency (UHF) method which is based on the real-time detection of electromagnetic radiation
generated by PD. Moreover, this approach allows also the time-difference-of-arrival (TDOA)
localization of PD source. We have previously reported the development of PD diagnostic system
based on the UHF method, including TDOA localization and we have presented results of real
field measurement on the nuclear power plant’s transformers. Despite of the common view
of the UHF method, which assumes excellent sensitivity due to transformer’s vessel shielding
properties against outer interference, we have noted low-level signal detection difficulties. They
are caused by the influence of discharge activity in the encapsulated feeding lines which connect
the transformers with turbo-generator system. We have developed a new method for weak PD
signal detection which utilizes discrimination of disturbed signal acquisitions. The method was
verified by field measurement of very weak injected artificial pulse signal. The results indicate
that the sensitivity down to tens picocoulombs can be achieved.
In the proposed article we would like to report the results obtained be the new detection method
application. The steps of procedure of method application will be described also. Further ad-
vances of the method represents the discharge radiated signal filtration with the goal of separation
of the frequency band which are typical for rapid PD and the suppression of frequency bands
occupied by components of different electrical discharge types. This advancement further en-
hances the sensitivity and reliability of the UHF method with discrimination of disturbed signal
acquisitions approach.
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Numerical Model and Analysis of a Graphene Periodic Structure

P. Drexler, P. Fiala, D. Nešpor, M. Steinbauer, T. Kř́ıž, and M. Friedl
FEEC BUT, UTEE, Technická 12, Brno 616 00, Czech Republic

Abstract— The aim of this paper is to present the particulars of new research in special
numerical models of structures used for nanoapplications. These models can be advantageously
used in the evaluation of electromagnetic parameters, thus helping researchers and designers to
solve problems related to nanoelements and nanotechnology. The first numerical model of large
peridodic structure is designed to test electromagnetic wave propagation in a graphene composite
structure. According to the interpretation of the results, the basic design will be prepared for
experimental fabrication of the functional sample. There are the results of a numerical analysis
of simple nano-electric line.
Introduction: It is obvious from the research presented in papers [1, 3] that the periodic struc-
ture of graphene should exhibit certain interesting electrical and electromagnetic properties re-
garding the propagation of an electromagnetic wave. Thus, new horizons could be opened for
the use of graphene in electrical engineering (EMG) and electronics. The referenced articles
nevertheless do not provide a clear conclusion that would facilitate prospective application of pe-
riodic structures with extreme properties in the field of electromagnetic wave propagation; these
structures can be based on either natural or artificial materials.
The authors of this paper have developed the idea to set up a simple numerical model and to
propose an experiment suitable for the related verification. Fig. 1 shows the known concepts of
carbon nanostructures [2, 3] and layered polymer. The numerical model enables us to evaluate
the propagation of an electromagnetic wave along the surface consisting of a periodic structure
(such as graphene or metamaterial) and the surrounding dielectric environment The aim of the
model is to evaluate the components of both the EMG wave and the power flux density in the
time domain; thus, based on our knowledge of today’s manufacturing technologies, it would be
easily possible to define the applicability of the periodic structure for specific purposes in electrical
engineering and electronics. Examples of periodic structure arrangements can be found in several
studies, for instance in the referenced paper [2], Fig. 1.

Π, f=0.1Hz−100 GHz

Figure 1: Geometrical structure of the numerical analysis of surface wave propagation.
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Magnetic Field Shaping with Quasi-Periodic Resonators
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Abstract— Metamaterials are composite structures which have electrical and magnetic pa-
rameters (permittivity and permeability) which don’t exist in the nature. Metamaterials are
composed of small segments. For example, they compose of long parallel conductors or planar
coils. In fact, metamaterials aren’t homogenous. But if we use an electromagnetic wave with
wavelength much larger than the size of metamaterial segment, we can consider the metamaterial
as homogenous. Generally, metamaterials with negative parameters represent the media which
has negative value effective permittivity εef or permeability µef . These materials are known since
1960s but only theoretically.
It is possible to manipulate electromagnetic field by means of dielectric materials. Electromag-
netic field will be affected due to values of dielectric constant εr and permeability µr. Viktor
Veselago has defined theoretically the usage of material with negative parameters (metamaterial)
as an electromagnetic lens. If we put metamaterial between transceiver and receiver, we can see
an increase in detected energy. It appears that the metamaterial behaves like an electromagnetic
lens.
Negative permeability can increase magnetic coil range. It means that metamaterial with negative
permeability behave as an electromagnetic lens. Negative effective permeability can be created
by Split Ring Resonators (SRR). The resonator is constructed as a concentric metal ring with
interspaces. These rings are deposited as regular matrix on dielectric substrate. For better
homogenous of magnetic the field it is possible to designed Kvasi-Periodic Resonators (KPR).
KPR are composed from SSR. The subject of this work is design and measuring of KPR.
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Control of Breath Simulator
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Abstract— The paper discusses the control of a specific LUNG simulator. This model was
created for education and it is used for the simulation of required respiration wave. These
simulations may be used on either rubber substitute lung or real lungs. The simulator can
simulate breathing during various diseases or detect different lung properties (e.g., stiffness,
puncture).
The simulator consists of several parts. They are piston, lung and box, where is connection for
lung. The whole process in simulator was described by equations and created a simulation model
in Matlab for the suitable design of controller. In this model are taken into account various
distractions such as leak of box.
Control of simulator is programmed in LabVIEW and implemented in the real-time platform
CompactRio. The simulator program has several modes. User can choose one mode and set
parameters of this mode. They are the generating of required speed and feedback control. The
CompactRio is used for reading the sensor values and control the pump and the piston movement.
The values which are read from input can be divided into two parts: safety sensors and sensors
for control. Values from the pressure sensor and the limit motion sensor are safety sensors and
values of flow sensors are used to control. These values are processed in the CompactRio and
the he PWS signal is sent to output for the control of bellow speed. Safety sensors are used for
switching the vacuum pump and checking of the bellow position. The result is a simulator that
realizes the required course of respiration curve.
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Future Ultra-low Latency Flexible and Programmable All-optical
Interconnect Architectures for High-capacity Datacentre

Networking

Emilio Hugues-Salas
University of Bristol, UK

Abstract— Increasing number of Internet applications are migrating to the Cloud. In addi-
tion, High-Performance Computing (HPC) applications, big data storage/processing along with
multi-tenancy, impose new requirements that challenge current data centre networks (DCN) in-
frastructure with warehouse-scale datacentres (DCs) being deployed in order to support these DC
new services. To overcome these challenges, optical-based components are foreseen as promising
DC technologies since such devices inherently offer high-bandwidth, low-latency and flexible intra-
DCN interconnections. In this invited talk, recent research progress on datacentre interconnect
architectures is reviewed in terms of the advanced optical fibres and components used, beyond the
state-of-the-art all-optical equipment, programmable flexible high-speed electronics and various
multiplexing techniques for datacentre connectivity. On one hand, spatial-division-multiplexing
(SDM) transmission is proposed to provide a large quantity of optical links between top-of-
the-racks (ToRs) and the function programmable cluster switch. Multicore or multi-element
fibres (MEFs) are SDM fibre alternatives to achieve these functionalities. On the other hand,
Hollow-Core Photonic Band-Gap Fiber (HC-PBGF) is suggested as another kind of intercon-
nection fibre link to offer significant propagation delay reduction. With regards to equipment,
the use of high-port count fibre switches and reconfigurable spectrum selective switches provide
important flexibility and adaptability to the DCN architecture to combat the unpredictable DCN
applications and services. With respect to DCN interfaces for chip-level access, high-speed elec-
tronics based on field-programmable gate arrays (FPGAs) ameliorate the bottleneck whenever
optical-to-electronic (O/E) conversion occurs. Finally, different multiplexing techniques, such
as Time Division Multiplexing (TDM) and Wavelength Division Multiplexing (WDM), together
with SDM, are discussed as ways to achieve high scalability and connectivity amongst systems
and subsystems of the DCN as well as in between DCNs.
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Golomb Ruler Sequences Optimization for FWM Crosstalk
Reduction: Multi-population Hybrid Flower Pollination

Algorithm
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Abstract— The adverse nonlinear effects degrade the performance of optical wave length di-
vision multiplexing (WDM) systems. One of the performance degradation effects is four wave
mixing (FWM) crosstalk, a serious problem for WDM systems and can be reduced by unequal
channel spacing [1]. Here, we present an unequal channel allocation scheme based on the op-
timal Golomb ruler (OGR) sequences [2]. It allows the reduction of FWM crosstalk signals
preserving the effectiveness of optical channel bandwidth. Recently, the Golomb ruler, a class
of non-deterministic polynomial (NP)-complete problems, has been solved by multi-objective,
nature-inspired based optimization algorithm [3].
An improved version of Multi-Objective Flower Pollination Algorithm (MOFPA) [4] is proposed
to solve the OGR sequences. The modified algorithm called MHMOFPA divides the entire popu-
lation into several sub-populations/multi-populations at each iteration. All the sub-populations
exchange the best solutions by applying the differential mutation strategy. This enhances the
ability of original MOFPA algorithm and attains the balance between exploration and exploita-
tion abilities in the search space preserving the solutions diversity in the population.
The proposed algorithms are executed 20 times until optimal sequences are found. The experi-
mental results demonstrate better and efficient generation of OGRs in a reasonable computational
time compared to its original forms. Figures 1(a) and (b) show the reduction in the ruler length
computation time and total channel bandwidth occupied, respectively.

(a) (b)

Figure 1: The proposed algorithm demonstrates the significant reduction in (a) ruler length and (b) total
channel bandwidth in comparison to the existing algorithms.
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Abstract— The radio-over-fiber technology has attracted considerable attention in the last
two decades since it enables the distribution of microwaves over long distances through optical
fibers. The simplest scheme to superimpose microwaves on optical carriers is direct or external
modulation of semiconductor lasers. However, due to their low modulation efficiency, especially
at high frequencies, low optical modulation depth is typically generated. This leads to low mi-
crowave power after photodetection at a remote base station and therefore limits the distance
of microwave radiation. The most straightforward approach to enhance the microwave power
is to increase the optical power received by the photodetector, which however may induce un-
necessary fiber nonlinearity and may also result in severe detector damage. To overcome these
problems, a variety of different approaches based on, for example, optical filtering, fiber Bragg
grating, and Brillouin scattering have been proposed for microwave power amplification under a
fixed optical power received by the photodetector through improving the modulation depth of a
microwave-modulated optical signal. These approaches rely on considerable power suppression
of the optical carrier and therefore require optical amplifiers to compensate for the optical power
loss. In this study, the stable locking dynamics of semiconductor lasers are applied to achieve
modulation depth enhancement through sideband enhancement, instead of carrier suppression,
without significant power dissipation. Under proper continuous-wave optical injection, while the
optical oscillation of a semiconductor laser is stably frequency-locked to the injection, the lower
sideband of its relaxation resonance becomes resonantly enhanced due to the red-shift of the
cavity resonance. By taking advantage of such a resonant enhancement characteristic, the modu-
lation depth of a microwave-modulated optical signal can be considerably enhanced by sending it
into the laser under the same operating conditions. As a result, the power of the photodetected
microwave is amplified by more than 17 dB under the same received optical power. Accordingly,
the sensitivity of the phtodetection is significantly improved by more than 8 dB. The phase qual-
ity, such as linewidth and phase noise, of the microwave is preserved after amplification. The
amplification system can operate for microwave frequency ranging from less than 12 GHz to more
than 60 GHz by properly controlling the operating conditions or by choosing proper lasers.
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Abstract— Long reach-passive optical networks (LR-PON) are being proposed as a means
of enabling ubiquitous fiber-to-the-home (FTTH) by massive sharing of network resources and
therefore reducing per customer costs to affordable levels. To be ubiquitous the solutions must
be suitable for sparse rural areas and also must cater for very high capacity links (∼100-Gb/s)
for large business customers. The difficulty for conventional PON designs in sparse rural areas
is connecting a sufficient number of customers to the PON system in order to get adequate
sharing of the physical infrastructure and therefore achieve a low cost per customer. A further
problem is the longer distances between splitter nodes and customers, which requires longer cable
lengths with higher fiber count which also increases cost per customer. Also the size of small
rural communities can be much less than the total LR-PON split which would mean that the
conventional “lollipop” design, with long feeder and large split within a relatively small fiber reach
< 10 km, can be underutilized which directly increases the cost per customer. In this paper, we
consider the use of “chained” cable and amplifier solutions to improve LR-PON utilization in
rural areas. The amplifier nodes for a single LR-PON are presented in a chain configuration with
4 fibers required between the amplifier nodes for each LR-PON chain, while only 2 fibers are
required from the primary and secondary metro-nodes to the closest respective amplifier nodes.
This solution shares one optical line terminal (OLT) working and one protection OLT for all the
amplifier nodes in the chain, it maintains full wavelength availability at all amplifier nodes and
also works for single wavelength entry solutions. We analyze the chain solutions at 100-Gb/s
point-to-point transmission using dual polarization-quaternary phase shift-keying (DP-QPSK)
modulation. The numerical analysis shows that with appropriate finite impulse response (FIR)
filter designs, 100-Gb/s transmission can be achieved with at least 512 way split and up to 160 km
total distance which is sufficient for many of the optical paths in a practical situation (e.g., private
circuits across large metropolitan area) for a point-to-point link from one LR-PON to another
LR-PON through the optical switch at the metro nodes and across a core light path through the
core network without regeneration.
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Abstract— Photonic microwave generation using optically injected semiconductor lasers at
period-one dynamics has attracted great research attention owing to its promising broadband
frequency tunability and all-optical approach. However, due to the intrinsic laser noise, the
3 dB linewidth of such generated microwaves is typically of the order of megahertz, which is
disadvantageous for many application purposes. Therefore, several linewidth reduction schemes
have been proposed, including direct modulation, optoelectronic feedback, and optical feedback.
The last scheme is particularly attractive since no electrical microwave source is necessary, making
the scheme all-optical and therefore bypassing severe electronic limitation and parasitics for high
frequency microwave generation. In this study, research work is conducted to study how the
microwave linewidth varies as a function of the feedback level and time, which shall provide
important guidelines in operating the system for better linewidth reduction. If the feedback level
is high except for extremely short feedback delay times, the optical feedback can actually suppress
the period-one dynamics and excite other more complex dynamics. However, within the range
of the period-one dynamics, the optical feedback can stabilize the period-one dynamics in such
a manner that significant reduction of microwave linewidth and phase noise is achieved, up to
more than two orders of magnitude. A high feedback level and/or a long feedback delay time are
generally preferred for such microwave stabilization. However, considerably enhanced microwave
linewidth and phase noise happen periodically at certain feedback delay times, which is strongly
related to the behavior of locking between the period-one microwave oscillation and the feedback
loop modes. The extent of these enhancements reduces if the feedback level is high.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 1925

IMDD Formats for High-speed Data Center Interconnect
Applications up to 80 km

H. Griesser1, A. Dochhan2, N. Eiselt2, J. L. Wei2, and J.-P. Elbers1

1ADVA Optical Networking SE, Campus Martinsried
Fraunhoferstraße 9a, Martinsried, Munich 82152, Germany

2ADVA Optical Networking SE, Märzenquelle 1-3, Meiningen, Germany

Abstract— Services like cloud storage, video streaming, and on-demand computing moves big
data centers into the focal point of the internet. A large part of internet traffic is just between
data centers and not to the end user. Regionally close data centers with massive interconnections
form a single distributed data center, driving the need for many cheap 100 GbE and 400 GbE
connections over a single fiber up to 80 km distance. This application is not covered by the
IEEE P802.3bs 400 GbE Task Force which defines objectives for multimode fiber (MMF) and for
single mode fiber (SMF) including 500m, 2 km and 10 km length of SMF.
While coherent DP-16QAM with two wavelengths could be used to transport 400 GbE over 80 km
such a solution most likely will not meet the stringent requirements on cost, power and footprint
for these short distances. DP-64QAM on a single wavelength would be more appealing, but
currently the performance is dominated by the low resolution of the converters and the limited
bandwidth of the electrical components. Therefore, intensity-modulated and directly-detected
(IMDD) formats might be an interesting alternative to potential coherent solutions. In the
paper we present an overview on interesting modulation formats currently considered for WDM
transport of 400 GbE signals over metro distances promising lower costs compared to long-haul
implementations. DP-64QAM with coherent reception is compared to the IMDD formats PAM4
and DMT, with regard to reach, form factor, and energy consumption. Although an IMDD
format most probably requires eight wavelengths for the application under consideration it might
benefit significantly from the ecosystem and the economy of scale of the 400 GbE client interface.
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Abstract— Coherent optical orthogonal frequency-division multiplexing (CO-OFDM) is a
high spectral-efficient modulation technique able to virtually eliminate inter-symbol interfer-
ence caused by chromatic dispersion and polarization-mode dispersion. One major drawback
of CO-OFDM that remains unsolved is its vulnerability to nonlinear fiber effects due to its
high peak-to-average power ratio. Several digital signal processing (DSP) techniques have been
investigated for the compensation of fiber nonlinearities, such as the traditional digital back prop-
agation (DBP), nonlinear pre- and post-compensation and nonlinear equalizers (NLEs) based on
the inverse Volterra-series transfer function (IVSTF). The main disadvantage of DBP is the ex-
tensive use of the fast Fourier transform, which results in high DSP computational load. Pre- and
post-compensation algorithms are complex to implement and present a marginal performance en-
hancement (< 0.5 dB in Q-factor). IVSTF-based equalization has been considered as an effective
method for combating fiber nonlinearities. Alternatively, nonlinearities can be mitigated using
nonlinear decision classifiers such as artificial neural networks (ANNs) based on a multilayer per-
ceptron (MLP). MLP-ANNs form a complex map with nonlinear decision boundaries between
its input and output spaces, which helps in inverting the effects of nonlinear distortions. ANNs
have shown promising results in wireless communications applications to reduce the effect of the
nonlinear distortion of amplifiers in OFDM signals. In this paper, a novel reduced-complexity
ANN-NLE for 16QAM CO-OFDM is analyzed. The capability of the proposed approach to com-
pensate the fiber nonlinearities is numerically demonstrated for up to 100-Gb/s and over 1000 km
and compared to the benchmark IVSTF-NLE. Results show that in terms of Q-factor, for 100-
Gb/s at 1000 km of transmission, ANN-NLE outperforms linear equalization and IVSTF-NLE by
3.2 dB and 1 dB, respectively. Additionally, it is shown that both ANN and IVSTF NLEs offer
∼50% reduced computational complexity compared to the single-step/span DBP.
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for Gain Management and Noise Suppression

Hamed Baghban and Amir Hashemloo
School of Engineering-Emerging Technologies
University of Tabriz, Tabriz 51666-14761, Iran

Abstract— The saturation behavior of a quantum-dot semiconductor optical amplifier (QD-
SOA) is governed by a complex combination of ground state and excited state replenishment
in saturation condition. Also, due to inhomogeneously broadened gain of a QD-SOA, various
spectral regions are coupled via the common quantum dot (QD) reservoir, i.e., wetting layer, and
the barrier layer. Hence, a frequency domain model has been developed to effectively exhibit
the saturation properties of a QD-SOA in this article. Based on performed experimental tests,
and also, developed model we exploit gain dynamic, gain saturation characteristics and noise
suppression capability at different SOA operation conditions. The effect of an external beam
on different characteristics of QD-SOAs has been investigated experimentally when the applied
beam is in the gain or transparency region of the amplifiers. Also, based on different external
beam power levels, the performance of the discussed method is characterized in terms of signal-
to-noise ratio at the input of the QD-SOA, and output quality factor, which directly quantifies
the level of intensity noise. A comprehensive comparison is performed between the quality factor
of noisy input bit stream and the output data which contains the pattern effect at higher bit
rates. Finally, noise suppression specification of the device at different bias currents is discussed.
Figure 1 (left panel) illustrates the experimental setup utilized for gain characteristics measure-
ment at the presence of the external holding beam (HB). Also, the noise suppression features at
different bit rates in terms of the input and the output Q-factors along with the Q-factor-bit rate
competition have been presented in the middle and right panel of Figure 1.

Figure 1: Experimental setup used for investigation of the effect of an external beam on QD-SOA gain and
noise features as well as the noise characteristics obtained from the developed model.
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Parameters Identification of Controlled Systems with Electrical
Drives Using Genetic Algorithms

P. Brandstetter, J. Hajovsky, and M. Kuchar
Department of Electronics, VSB-Technical University of Ostrava, Czech Republic

Abstract— There are a lot of new approaches and principles which are based on a relatively
new scientific discipline which is called soft computing. The main feature of soft computing is a
departure from traditional modelling based on Boolean logic, analytical models, sharp classifica-
tion and deterministic search. Among the main representative of soft computing we can include
fuzzy logic, neural networks and genetic algorithms. Genetic algorithms solve optimization prob-
lems in different fields of the industry. In the field of electrical drives, the genetic algorithms
can be used to identify the parameters of the controlled system, optimization of the controller
parameters settings and optimization of the parameters adjustment of adaptive controllers.

The electrical controlled drives usually work with controlled systems that contain one or two large
time constants and several small time constants, whose influence is replaced by approximately
sum time constant. The large time constants is then compensated by a serial correction using
a controller, while the sum time constant remains uncompensated. The quality of the control is
assessed according to the response of the control loop to step change of input variable.

In the paper, there is used the genetic algorithm to identify the unknown time constants of the
controlled system with electrical drive from the step response characteristics.

The most important part of the genetic algorithm is the fitness function — An equation describing
searched problem. The first population is generated randomly from specified range of values.
According to the results of the individual in the fitness function for each individual is assigned
a fitness value that reflects how strong this individual is. The strongest individuals continue in
the algorithm and the weaker die.

Next is applied operations of mutation and crossover of most powerful individuals. During the
crossing parents remain and the population grows by the new offspring resulting from accidental
crossing of chromosomes randomly selected individuals — parents. The newly formed individual
may be stronger than parents or weaker and dies in the next generation. The next step is
the implementation of a mutation. This creates new individuals by mutation of individuals
randomly selected from the population. In the developed algorithm is mutation implemented by
multiplication chromosomes and random value close to one. In the next step of the algorithm
are randomly generated new individuals. If not to create new random individuals, the space
would be poorly scanned and the algorithm would get stuck in a local extreme of fitness function.
Add new randomly generated individuals ensures a random search of the entire area, allowing
the algorithm to jump out of the field of local extreme. The population was thus extended by
new individuals resulting from the crossing and mutation of new individuals, but also randomly
generated individuals. The whole population progresses to the next generation, where the process
is repeated again — determining of fitness values — selection — crossover — mutation — the
emergence of new randomly generated individuals. This process is repeated continuously till not
reached the desired number of generations or until the individual is sufficiently mature — high
enough fitness value.

The measured points and the function which describe the controlled system are loaded to the
application. Chromosomes of the individual are function parameters and function values are
calculated in measured points. Differences between measured and calculated values are calculated
and summed. Total sum of the deviations then indicates how the individual is strong. The
lower sum of differences means that the individual is stronger. The aim therefore is to find the
parameters of the function to function as close as possible to the measurement points.

Summation of differences has the consequence that in this case the behaviour of the function
exactly intersects some points and some points are disproportionately away. Sum of differences
is the lowest in this case. Even during the fitting function all points can provide the sum of
squared differences. The sum of squared deviations is smaller number than the large square of
one difference.

The sum of the differences is exactly interleaves the most points and ignores points outside the
course of function. The sum of the deviations quadrates create graphs of functions uniformly
interleaved all points.
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All measurements generally are flawed and because of this error sometimes it is not possible
to achieve sufficient results by substituting into the equation, or by inserting of the measured
points in to the system of equations and solve the equation parameters. In case of an inaccurate
measurement should be measured points evenly interspersed by curve.



1932 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Model of Voltage Source Inverter for Estimation Methods with
Observers

P. Brandstetter, J. Hajovsky, O. Petrtyl, and R. Sulak
Department of Electronics, VSB — Technical University of Ostrava, Czech Republic

Abstract— AC motors are often preferred choice in variable-speed drive applications. For high
performance, it is possible to use vector control or direct torque control of the AC motor. The
pulse-width modulation (PWM) inverters are most commonly applied in such AC drives. The
PWM voltage source inverter, based upon IGBTs, has gained a dominant position in the AC
drives market due to its ease of application, good power factor and potential to provide good
dynamic performance.
At present, the importance of the so-called sensorless control of AC drives is growing. More
common sensorless methods are methods working with the mathematical model of machines.
Mathematical models of the AC motor that are used in sensorless control methods with different
types of observers and estimators require knowledge of stator currents and voltages.
The essence of the model based methods is the use of a particular algorithm for calculation of the
speed and rotor position from known or measured variables such as stator currents and voltages.
The values of stator currents and voltages can be obtained by direct measurement using current
and voltage sensors at the terminals of the AC motor.
For the measurement of the phase stator currents, the situation is simpler because we can measure
directly the value that we need. The stator voltage generated by the PWM voltage inverter causes
a ripple of the phase currents. For the control, there is not necessary to know the current waveform
during switching period. It is necessary to determine the mean value of the stator currents per
PWM period, not per period of the stator current. The mean value can be easily obtained using
the PWM module synchronization with the AD converter. The stator currents should be scanned
at the same time. From the viewpoint of the current control, there is appropriate to measure
stator currents just before entry into the current control loop algorithm. Then we have actual
data at disposal.
The stator voltages can be estimated direct or indirect. The direct measurement requires high
quality voltage sensors. At indirect method, there is used simpler voltage sensor that is connected
to DC link. This voltage sensor measures DC voltage with a low frequency voltage ripple. The
stator voltages are calculated using the DC link voltage and actual switching combination of the
voltage source inverter. It is known that the voltage source inverter represents generally non-
linear system. A relationship between the control voltage and the output supply voltage of the
voltage source inverter is not linear. The non-linearities are caused mainly by the dead-time and
real properties of the power switching devices, for example a voltage drop on the power switching
device. By neglecting these non-linearities, it is obvious that the calculated stator voltages are
not correct at indirect method. However, the observers need correct terminal voltage of the AC
motor.
The mathematical model of the machine and the entire control structure of the AC drive neglect
non-linearities, or replace these non-linearities by linearized dynamic members. Then the observer
or estimator which is composed of these blocks will be linear. When we use the distorted stator
voltage at the input of the linear observer, we will not obtain on its outputs correct estimated
values of quantities. After closing feedback control loops, behaviour of the AC drive can be very
unstable. The easiest way is the mentioned non-linear effects to compensate.
The paper deals with the possibility of the compensation non-linear effects such as dead-time
and the voltage drop on a power switching device.
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Model of Power Electronics Used for Electric Vehicles Contactless
Charging

M. Koš́ık, R. Fajtl, K. Buhr, and J. Lettl
Department of Electric Drives and Traction, Faculty of Electrical Engineering

Czech Technical University in Prague, Technická 2, 166 27 Prague 6, Czech Republic

Abstract— This paper deals with modeling of adverse effects of Contactless power transfer
(CPT) system to its surroundings and supply AC line. The CPT system is used for electric
vehicle charging.
The first chapter of the article mentions basic equations which describe parameters of CPT.
The CPT transformer is the main component of CPT and most of the equations describes its
operation principle.
To increase CPT transmission efficiency, CPT has to operate at high frequency. But high op-
erational frequency means also high value of reactance power. The second chapter of the paper
lists four basic electric circuits used to compensate reactance power and thus increase the CPT
transmission efficiency. This part also expands the CPT basic equations of compensation in-
fluence and adds equations for calculation of transfer efficiency, optimal operational frequency,
compensation capacitor values, etc..
The third chapter of the article describes power electronics used in CPT for creating desired
waveforms of current and voltage. Power electronics must meet specific requirements given by
operation at frequencies about 100 kHz and with transferred active power in order of kW.
In the fourth chapter is described CPT model used for electric vehicle charging. Main focus of the
model is to simulate power electronics operation. The CPT power electronics has to be able to
transform waveform of electric energy distributed by AC line to high frequency waveform which is
transferred by CPT transformer and then to waveform needed for electric vehicle batteries charg-
ing. Simulation shows current and voltage waveforms at every CPT component. This chapter
also discuss how CPT affects AC line and other electric devices in CPT surroundings. Without
magnetic core CPT transformer has low no-load losses (magnetization losses occurs only in coil
conductors). As shown in simulation, due to low no-load losses the high current values are taken
by CPT during device turn-on process. This phenomenon causes increased electromagnetic noise
during device turn-on. The simulation shall be used for outlining of increased noise elimination
method.
In conclusion, this article reminds basic principles of contactless power transfer used for electric
vehicles charging. The main part of the paper focuses on simulation of power electronics, its
operational functions and CPT operation effects on AC line.
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Elimination of Undesirable Transients in Direct Torque Control of
Induction Motor

P. Brandstetter, M. Kuchar, and J. Hajovsky, and T. Verner
Department of Electronics, VSB — Technical University of Ostrava, Czech Republic

Abstract— For a direct torque control (DTC) of induction motors, several methods were de-
veloped in the past. Among the oldest known, Depenbrock’s method (D-DTC) and Takahashi?s
method (T-DTC) are included. In an effort to improve or simplify these methods of the direct
torque control, there was also developed several other methods, for example modified Takahashi?s
method (M-DTC), a twelve-sector method (TS-DTC), a method with direct calculation of the
voltage vector (DVC-DTC). In some applications, it is advantageous to achieve a constant switch-
ing frequency of a voltage inverter which basic principles of the direct torque control do not allow.
For these applications, a pulse-width modular has to be integrated into the control structure of
the direct torque control (PWM-DTC).
In case of the direct torque control, undesirable transients can easily occur in the process of the
induction motor excitation and torque reversation. To eliminate or to reduce the undesirable
transients, different ways are utilized. In the paper, there are some methods for the elimination
of these undesirable transients described and experimentally verified on a laboratory stand with
the induction motor drive.
An induction motor start by simply running the DTC algorithm is problematic. In general we can
say that all described DTC methods allow the start of the induction motor. This start process
is not in any way optimal.
The DTC algorithms require a special subroutine for the motor excitation. By running DTC
methods without the special subroutine for the induction motor excitation, it is possible to
describe two different transients during the motor excitation:
In the case of D-DTC and M-DTC, there is a linear increase of a stator flux in the direction
of the switched active voltage vector. The time constant of the stator flux increase is greater
than the time constant of the stator current. Therefore, when the stator flux modulus becomes
its reference value, the stator current reaches already relatively large value. This transient is
prohibited and may lead to a reaction of the voltage inverter protection, or even it can damage
it. The methods T-DTC, TS-DTC, DVC-DTC and PWM-DTC have a helical increase of the
stator flux. This is also accompanied by an unacceptable increase of the stator currents, but the
maximum value is smaller than in the previous case.
The best way that ensures the reliable excitation of the induction motor and limits the stator
currents is an application of the pulse-width modulation. The motor start is practically performed
so that the subroutine is executed before starting the DTC algorithm that switches between the
selected active voltage vector and one of the zero vectors. The average value of the stator current
during the induction motor excitation can be set by selecting the switching ratio of the active
and zero voltage vectors.
A direction change of the motor rotation is achieved by changing the sign of the desired torque.
The induction motor speed begins to decrease with the steepness according to the desired torque
and then the induction motor is running in the opposite direction. Some mentioned DTC methods
are able to perform this reversation without any undesirable transient, for example T-DTC, M-
DTC, TS-DTC and PWM-DTC. This means that there are not the over currents even a torque
overshoot. Their switching table (or algorithm for the calculation of the voltage vector in the
case of PWM-DTC) is not depend on the direction of the induction motor rotation, i.e., these
methods are able to maintain the motor torque at the desired value even when the rotation
direction disagrees with the sign of the desired torque.
For methods with the switching table (or algorithm for the calculation of the voltage vector in
the case of DVC-DTC), which depend on the direction of the motor rotation, it is necessary to
use a special reversal subroutine. If the sign change of the desired torque and the replacement of
the switching table are at the same time, then an uncontrolled torque overshoot occurs during
the torque reversation. This overshoot increases with the speed value at the reversation time.
Therefore it is necessary to insert to these DTC methods the subroutine that ensures the correct
time course of the motor torque during the torque reversation.
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Compensation of Disturbed Load Currents Using Active Power
Filter and Generalized Non-active Power Theory

Jǐŕı Lettl1, Petr Šimek2, and Viktor Valouch1

1Department of Electric Drives and Traction
Faculty of Electrical Engineering, CTU Prague, Czech Republic

2Institute of Thermomechanics, Academy of Sciences of the Czech Republic Prague, Czech Republic

Abstract— Today, the compensation of subharmonic, non-periodic, and stochastic distur-
bances in the electric power systems has emerged as a very serious problem to be solved. Diversity
of the features of these disturbances makes their compensation quite difficult. The compensation
devices based on power electronics converters must work in the real time, so the time domain
approach to control algorithms for the compensation of non-periodic disturbances seems to be
promising.
The original Fryze’s theory of the non-active current may be extended using a general averaging
time interval TC that can be chosen either one-half fundamental cycle, one full fundamental cycle
T , that is the same as that in Fryze’s theory, or multiple fundamental cycles, depending on the
character of the load current, compensation objectives and the energy storage capacity of a power
electronics-based compensator.
If the current i(t) is the current of an unbalanced load, which may contain, in general, harmonic
and also non-periodic or stochastic components, and the active current ia (t) is the demanded
source current, then in(t) = i(t) − ia(t) is the non-active current that should be injected by a
parallel compensator connected to the PCC (Point of Common Coupling).
By choosing TC → 0, the GNP (Generalized Non-active Power) theory gives the same results as
those obtained by using the well-known IRP (Instantaneous Reactive Power) theory. If TC →∞,
the non-active component in the non-periodic load current is completely eliminated, so the source
current is only active.
A principal and analysis of usage of this GNP theory for the parallel compensation of periodic
and non-periodic disturbances is presented in the paper. A non-linear unbalanced load generating
periodic as well as non-periodic stochastic currents connected to an unsymmetrical non-sinusoidal
voltage source is considered.
The impact of the value of TC on the magnitude rate ILa/IL for different frequencies has been
studied in the frequency domain (ILa is a residuum of the load current magnitude IL remaining in
the active current after applying GNP strategy). It was found that especially the interharmonic
current components above 100 Hz are sufficiently suppressed for TC = (5− 10)T . As for subhar-
monics, the lower their frequency is, the higher the value of TC should be used for a sufficient
compensation. On the other hand, the compensation dynamics in case of transient processes is
becoming worse for TC increasing.
The effectiveness of the generalized non-active power theory to mitigate non-periodic current dis-
turbances is demonstrated by simulations in the time domain on an example of a reactive, unbal-
anced load current with several harmonic and interharmonic components, additionally modulated
either by the subharmonic component or the white noise signal.
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Combined Magnetic Bearing

J. Vitner, J. Pavelka, and J. Lettl
Department of Electric Drives and Traction, Faculty of Electrical Engineering

Czech Technical University in Prague, Technicka 2, 166 27 Prague 6, Czech Republic

Abstract— Magnetic bearings are becoming more and more the object of interests to design-
ers and producers of rotating machines. Their advantages, as ability to work in vacuum, in
weightlessness, in chemical aggressive environment and alike, are demonstrable. Next advantage
is the possibility to change their stiffness and damping and thereby to change the rotating system
oscillation frequency.
From technical point of view magnetic bearings can be divided into passive bearings and active
bearings. Passive magnetic bearings exploit repelling resp. attracting permanent magnets to
create a force between their stator and rotor. It is known that it is not possible to obtain a
stable equilibrium by using passive magnetic bearings only and therefore at least one direction
has to be stabilized by means of a mechanical bearing or an active magnetic bearing. Passive
magnetic bearings operate without consummation of electric energy but low stiffness and low
damping are their disadvantages. Active magnetic bearings exploit attractive force of magnetic
flux in an air gap between their stator and rotor. This force, that can be controlled by the stator
winding exciting current, has only attractive character and therefore two electromagnets located
on opposite sides must be used for one axis. The resulting force is determined as difference of
the both forces.
The paper deals with sorting active magnetic bearings according to their principle of function.
Their abilities, advantages and disadvantages, as well as functional principles are discussed.
Further the detailed design, development and rotor stabilization process of the combined magnetic
bearing placed in the laboratory of the Department of Electric Drives and Traction FEE CTU
in Prague are demonstrated. During the development applied mathematical proposal of the
combined magnetic bearing, calculation of the magnetic circuit parameters, as well as calculation
of the 3-phase winding and determination of the force effects of the passive and active magnetic
field are explained. Last part of the paper deals with control methods of the active magnetic field,
the task of them is to stabilize the rotor. Measurement results of behaviour of the stabilization
process and of the individual control components are presented, too.

Figure 1: Stator of the realized combined magnetic bearing.
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Induction Motor Drive Predictive Control Method Analysis and
Comparison with Fundamental Direct Torque Control Method

J. Lettl and P. Karlovsky
Department of Electric Drives and Traction, Faculty of Electrical Engineering

Czech Technical University in Prague, Technicka 2, 166 27 Prague 6, Czech Republic

Abstract— Thanks to their simplicity, low price and high reliability, induction motor drives are
one of the most common in many applications nowadays. Many ways of their control strategies
have been developed since launching of mass production of the modern semiconductor devices
of high power at high switching frequency. These methods include not only standard frequency
control but also modern techniques of field oriented control or direct torque control.
The fundamental direct torque control method of induction motor drive, using two hysteresis
controllers to maintain the asked stator flux amplitude and generated torque values, is simple
and efficient, however, in some applications relatively high torque ripple can be seen as its dis-
advantage. That is why various modifications of the method, such as direct torque control with
space vector modulation, multilevel inverter application or some forms of predictive algorithms
have been performed reduce the torque ripple.
The paper presents suggested predictive direct torque control method of induction motor drive
based on predicting the most suitable inverter output voltage vector for the next control step.
The prediction calculation is proceeding from torque and stator flux reference values, motor pa-
rameters, and actual values estimated from voltage and current measurements. In the paper
theoretical analysis of the method is performed, mathematical description of the system is cre-
ated and the functionality of the proposed control algorithm is verified both by simulation in
MatLab/Simulink environment and by measurement on the real induction motor drive. Com-
parison of the designed predictive control method with the fundamental direct torque control
method developed by Takahashi is presented, too.

Figure 1: Block diagram of the proposed predictive direct torque control method.
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Electric Vehicle Control Based on GPS and GSM Path Parameters

T. Haubert, P. Mindl, Z. Čeřovský, P. Mňuk, and J. Lettl
Department of Electric Drives and Traction, Faculty of Electrical Engineering

Czech Technical University in Prague, Technicka 2, 166 27 Prague 6, Czech Republic

Abstract— Minimizing of energy consumption is important task which is solved at all vehicles.
In the case of electric vehicles (EV), energy stored on board in chemical accumulators must be
used very effectively. For this purposes mathematical model of EV and real journey data used
for energy consumption calculation must be used. On the basis of journey regime optimization
lower energy consumption will be achieved.
Optimal journey regime is calculated by means of known road data, obtained by means of GPS
and GSM navigation system. From the road horizontal and vertical data basic route elements are
calculated. Basic route elements are compared with needed torque, generated by driver’s pedal.
All this information is processed, optimized, and needed mechanical torque is transmitted to the
control unit of electric drive.
For model implementation the dSPACE DS1103 has been employed. The DS1103 dSPACE plat-
form is used as a simulator of the electric vehicle in laboratory and it is used for HIL (Hardware
In the Loop) tests. The DS1103 device is covered in the AutoBox with Ethernet communica-
tion interface and Autoboot option enabling usage of Compact Flash card. The complete EV
mathematical model is loaded in DS1103 device.
For laboratory verification special testing bench has been built. Testing bench consists of per-
manent magnet synchronous motor, power inverter and power sources. The load is substituted
by the dynamometer. Both machines are controlled by master controller. Hardware structure of
the laboratory stand is depicted below.
In the first step of journey simulation, the required torque of EV drive in the single path elements
has been calculated. Real path data obtained within the journey were generated by means of
GPS and GSM mobil-phone and stored in the memory.
Stored data were used as EV simulation model input data. Then values ofr needed driving
torque, actual power and consumed energy are calculated. With respect to the obtained results
optimized path elements strategy calculation has been developed.

Figure 1: Hardware structure of the laboratory stand.
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Railway Traction Vehicle Longitudinal Velocity Estimation by
Kalman Filter

P. Pichlik, O. Zoubek, J. Zdenek, and J. Lettl
Department of Electric Drives and Traction, Faculty of Electrical Engineering

Czech Technical University in Prague, Technicka 2, 166 27 Prague 6, Czech Republic

Abstract— Important task of railway traction vehicles is to achieve maximal tractive effort in
any conditions. For this purpose the vehicles have slip controllers. Some types of the controllers
need the vehicle longitudinal velocity as input. The vehicle longitudinal velocity is typically de-
rived from the wheel velocity or measured by Doppler radar in modern vehicles. It is difficult to
measure the vehicle longitudinal velocity directly because the vehicle longitudinal velocity could
not be directly determined from the wheel velocity. Wheel velocity is higher than vehicle longi-
tudinal velocity when the wheel is driven because of the slip phenomenon. In the case of braking
the wheel the wheel velocity is lower than vehicle velocity because of the skid phenomenon. In
some cases the vehicle has some non-driven wheels that enable to measure the vehicle longitu-
dinal velocity, but the measurement has higher level of noise. In any case the wheel velocity is
influenced by vehicle dynamic motion that can change the measured actual velocity accuracy.
Railway traction vehicle wheel velocity is measured by incremental encoders that are mounted
on wheelsets or on motor shaft. The locomotives with DC motors have the incremental en-
coders mounted on wheelsets. Locomotives with induction motors have the incremental encoders
mounted on induction motor shaft. The encoder position was chosen due to the vector control
of the traction induction motor. The used incremental encoders are typically of magnetic types
with low number of pulses per revolution to be robust and reliable. The encoders are exposed
to high mechanical stress and electromagnetic interference that have influence to the velocity
measurement accuracy.
When the longitudinal velocity is determined from driven wheel velocity the actual longitudinal
velocity cannot be calculated because the driven wheel velocity is higher than the longitudinal ve-
locity. Therefore only approximate velocity could be determined. This is why methods for vehicle
longitudinal velocity determination have to be designed. Methods are typically based on evalu-
ation of the slowest wheelset velocity. The paper proposes railway traction vehicle longitudinal
velocity estimation based on Kalman filter. The filter contains the vehicle model in state-space
form and enables to estimate the velocity and an adhesion force that is difficult measurable value
and that is needed for the slip controller, too. The proposed method has been verified using the
actual data gathered from actual vehicle with a heavy train. The paper presents results obtained
by processing this actual data with designed Kalman filter.
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Analysis of the Electromagnetic Field of Electric Machines Based on
Object-oriented Design Principles

V. Pliugin1, L. Shilkova1, J. Lettl2, K. Buhr2, and R. Fajtl2

1Department of Electric Machines, Faculty of Power Engineering
National Technical University “Kharkiv Polytechnic Institute”, Frunze 2, Kharkiv 61002, Ukraine

2Department of Electric Drives and Traction, Faculty of Electrical Engineering
Czech Technical University in Prague, Technicka 2, 166 27 Prague 6, Czech Republic

Abstract— Object-oriented design — an approach to solve problems using models based on the
concepts of the real world. Fundamental element is an object that combines the data structure
with its behaviour.
One-sided approach to the problem of study and research of electric machines, characterized by
a great variety of species and structural-functional classes, led to corresponding negative conse-
quences. As in fact was permanently closed a way of using structural and systemic approaches
to their study and setting goals of higher level of its generalization.
Regarding the numerous objects of Electromechanics, the problem is most clearly manifested
in the way of explaining the principles of their structural construction, which determines the
diversity of spatial forms of electrical machines, so that they can be considered as a basis for the
development of generalized structural models. The present level of ideas in this area is based
on the idea of forming a single improvement framework that would get all the other varieties of
structures of electric machines using certain group of transformations.
Considering the theory of object-oriented design, assumes a basic (abstract or virtual) class
of generalized electric machine, where its descendants are well-known types of electrical machines.
By inheritance or added clipped of some characteristics that can lead to the synthesis of the
specific model of the electric machine.
Maxwell’s equations underlying the description of the processes occurring in electric machines
can be formulated for all types of electrical machines with arbitrary geometric design.
In presented paper problem of finding common principles of synthesis of electromagnetic field
models for the main types of electrical machines is solved. The main objective is to create
field models of electric machines by inheritance of their characters from the original Maxwell’s
equations.
This will show the application of the object-oriented design principles in modelling of electric
machines and its inextricable link with the basic principles of the theory of the electromagnetic
field. An inverse problem — the synthesis of electric machines electromagnetic field equations
using object-oriented design is solved, too.
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Locomotive Wheel Speed Measurement under Wheel Slip
Conditions

O. Zoubek, P. Pichlik, J. Zděnek, and J. Lettl
Department of Electric Drives and Traction, Faculty of Electrical Engineering

Czech Technical University in Prague, Technická 2, 166 27 Prague 6, Czech Republic

Abstract— Wheel speed of heavy freight train locomotive under non-ideal traction conditions
was measured with very high resolution and fine precision. Many authors published papers in this
area over a past century, but only recent advance in information technology enabled measurement
in such extent and resolution at the same time.
Most modern locomotives have the speed sensor coupled with the traction motor. Unlike many
other authors doing research in area of wheel-slip, in the presented case the wheel speed was
measured directly on the wheel, not indirectly on the traction motor. This approach made it
possible to observe the wheel speed directly, without the requirement to implement motor —
wheel model, which can carry inaccuracies.
Thanks to an independent method of determining train speed using sensitive GPS receiver, wheel
slip speeds were identified accurately regardless of synchronous slip phenomenon.
Despite the adhesion theory, three types of operation mode were identified: stable traction with
negligible slip without oscillations, semi-stable traction with evident slip and oscillations and
prominent wheel slip. As the wheel speed was measured directly on the wheel, much larger
oscillations than ever published were revealed. The source of the oscillations is discussed in the
paper.
A simple MatLab model of rotational masses was constructed and tuned to match the measure-
ments. Eigenvalues and eigenvectors of the model are discussed, too. The model of rotational
masses is completed with adhesion model to perform simulation. The simulation results are
presented and compared to the results of measurement.
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Ionosphere Response to Stratospheric Circulation in
High-midlatitudes

Boris G. Shpynev1, Vladimir I. Kurkin1, Konstantin G. Ratovsky1,
Marina A. Chernigovskaya1, Anastasiya Yu. Belinskaya2, Svetlana A. Grigorieva3,

Alexander E. Stepanov4, Vasily V. Bychkov5, Valery A. Panchenko6,
Nina A. Korenkova7, and Vladimir S. Leschenko7

1Institute of Solar-Terrestrial Physics SB RAS, Irkutsk, Russia
2Altay-Sayan Department, Geophysical Survey SB RAS, Novosibirsk, Russia

3Institute of Geophysics UB RAS, Yekaterinburg, Russia
4Institute of Cosmophysical Research and Aeronomy SB RAS, Yakutsk, Russia
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6Pushkov Institute of Terrestrial Magnetizm Ionosphere and Radio Wave Propagation, Moscow, Russia

7West Department of Pushkov Institute of Terrestrial Magnetism
Ionosphere and Radio wave Propagation RAS, Kaliningrad, Russia

Abstract— In the study we investigate the impact of polar neutral atmosphere dynamics on
the high-midlatitude ionosphere during sudden stratospheric warming (SSW) events. For this
purpose the reanalysis data from ECMWF Era Interim and data from high-midlatitude chain of
Russian ionosonde stations are used. The results show that the ionospheric response to the SSW
events at high-midlatitudes depends on the position of the ionosonde stations relatively to the
stratospheric circulation pattern. Two well pronounced effects were found in the study. First
effect, observed in January 2009, is a negative effect in the critical frequency (foF2) and a positive
effect in F2 layer maximum (hmF2) above the border of stratospheric cyclone and anticyclone with
northward flow direction. During six days the ionosphere had sharply inhomogeneous longitudinal
structure when ionosondes, displaced on ∼ 20 degrees longitude, showed differences ∼ 1MHz in
foF2 and more than 50 km in hmF2. Second feature, which was clearly observed in January 2013,
implied a positive effect in foF2 (up to ∼ 2.5 MHz) and a negative effect in hmF2 (∼ 10 km)
above the centre of stratospheric cyclone. We suppose that for the first case the effect is caused
by upward transport of molecular gas to the lower thermosphere above the region of interaction
between two stratospheric jet-streams. In the second case we suggest effect is due to a pull-
down forcing of molecular species above the low pressure zone inside the stratospheric cyclone.
Changing of O+/N2 ratio in the lower thermosphere produced changing of O+ recombination
rate and corresponding variations of ionosphere parameters.
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The Possibility for Full Profile Incoherent Scatter Data Processing
on the Base of the Simplex-processor Algorithm

Boris G. Shpynev, Gely A. Zherebtsov, Alexander L. Voronov, and Denis S. Khabituev
Institute of Solar Terrestrial Physics, SB RAS

Irkutsk p/o box 291, Lermontov st., 126a, 664033, Russia

Abstract— The experimental data of Irkutsk Incoherent Scatter Radar (IISR) pose the non
linear inverse problem where the ionospheric parameters (such as electron density, electron and ion
temperature, as well as drift velocity and ion composition) can be derived from the experimental
autocorrelation functions or energy spectrums. Due to the presence of non linear core in integro-
differential equation of IISR data processing this problem can be solved only by the least-square
fitting or by statistical methods such as Monte-Carlo algorithms. In our recent research we suggest
a new method for solving of multi-dimensional inverse problem for processes that are continuous
in time and which have a pre-history of solutions. The typical IISR measurements have as
a result the set of lag-products (or spectrums) which can be used for derivation of ionospheric
parameters from the solution of a repeatable nonlinear inverse problem respectively to lag-product
properties. When this problem is solving for full profiles of parameter, such as attitude profiles of
electron density, electron and ion temperatures etc., we have a multidimensional problem which
requires from 2N to N2 calculations of objective function per dimension. This requires large
computational resources and can be realized practically only on super computers.
In the present study we suggest a new approach to IISR data processing on the base of recently
developed algorithm which solves the nonlinear inverse problem in the special projection space
where any motion between the projection space noodles can be done along the multi-dimensional
simplex grid. This kind of gradient conjugate algorithm has no a significant limitations on
problem dimension, it require only (N +1) calculations of objective function per dimension and it
can be realized on any usual personal computer systems. The method called simplex-processor is
realized on IISR for simultaneous fitting of few tens of spline coefficients that gives approximations
for all parameters profiles mentioned above. The simplex-processor method can be implemented
to variety of linear and nonlinear inverse problems in many experimental geophysical applications.
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Analysis of Speed and Acceleration of GPS/GLONASS Phase in the
Polar Ionosphere

V. V. Demyanov1, Yu. V. Yasyukevich2, and T. V. Kashkina1

1Irkutsk State Railway University, Irkutsk, Russia
2Institute of Solar-Terrestrial Physics, Irkutsk, Russia

Abstract— Currently polar ionosphere is of great interest. This is connected with creation of
global model of ionospheric storms and providing stable navigation in polar region. Currently
dual- and multi-frequency GNSS phase measurements have been utilized widely and these mea-
surements combination yields us current TEC-values along all SV’s line-of-sights in view. One of
the main parameters is stability of phase measurements and their noise level.
We carry out the GNSS signal monitoring campaign under the polar ionosphere condition (in
Taimyr cape, Russia) in 2013. JAVAD Delta-G3T receiver was used. We observed amount of
the rapid and sharp phase acceleration variations. The absolute value of these variations were
as much as 30–40% up to 2–2.5 times higher in comparison the background level for both GPS
and GLONASS signals. In some cases we found a strong positive correlation between the phase
acceleration variations and TEC variations in the variation frequency band of 0.08–1 Hz. It is well
known that this frequency band relates to the 1-st Fresnel zone sized ionospheric irregularities.
On the other hand we found some cases when there was no an obvious correlation between
the 0.08–1 Hz TEC-variations and the phase acceleration variations. In these cases the phase
acceleration variations could be inspired by the SV’s reference oscillator frequency drift.
In order to separate all the observed phase acceleration variations according to they physical
origin we arranged a new measurement campaign of both GPS and GLONASS signals in Norilsk
(69◦N, 88◦E) and Irkutsk (52◦N, 104◦E). Additionally we used Moscow (55◦N, 37◦E) data. This
report is devoted to discussion of the main results of the campaign data treatment.
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2Irkutsk State University, Irkutsk, Russia
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Abstract— Along with precision positioning and timing applications, Global Navigation Satel-
lite Systems (GNSS) are widely used nowadays for remote sensing of ionosphere in equatorial,
mid-latitude and arctic regions. While estimating absolute total electron content (TEC) using
the combination of dual frequency code and phase measurements, a satellite and receiver depen-
dent systematic error occurs. This error is associated with differential code biases (DCB) — the
different, frequency dependent processing times of L1 and L2 signals in radio frequency paths,
both for satellites and receivers. For example, a 1-ns DCB causes a ∼ 3 TECU error in TEC
estimation. Due to these DCBs, TEC, in some cases, can obtain even non-physical negative
values.
We analyze DCBs dynamics and errors in TEC estimations associated with satellites and receivers
DCBs for 2000–2014. For such estimates, we used the CODE laboratory data [ftp://ftp.unibe.ch/
aiub/CODE/] as well as the results of our own technique of DCB estimation based on single sta-
tion data. The systematic variability of the TEC estimation errors associated with DCBs accord-
ing to our results is about ∼ 1 TECU/year for GPS and three times greater (∼ 3 TECU/year)
for the GLONASS satellites. There are significant variations in TEC errors for GLONASS with
amplitude up to ∼ 5 TECU compared to rather small variations for GPS.
Systematic DCBs change both for GLONASS and GPS frequency channels is observed signifi-
cantly varying depending on the receiving station. For GLONASS and GPS frequency channels,
seasonal variations in estimated TEC errors (up to ∼ 20 TECU) associated with DCBs are ob-
served. We show that such strong variations could be associated with variations in the receiver
environment, especially meteoparameters, such as temperature and humidity.
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Variations of O+/H+ Transition Height over East Siberia from
Joint Analysis of Irkutsk Incoherent Scatter Data and GPS Total

Electron Content

Denis S. Khabituev and Boris G. Shpynev
Institute of Solar-Terrestrial Physics SB RAS, Irkutsk, Russia

Abstract— In the study we compare data on O+/H+ transition height (TH) derived on the
base of Irkutsk Incoherent Scatter Radar (IISR) data and GPS Total Electron Content (TEC)
with other topside ionosphere models. IISR-GPS technique of TH derivation based on the cal-
culating of difference between TEC and ionospheric electron content derived from IISR Faraday
rotation measurements. IISR and TEC data are assimilated in topside ionosphere model based
on the modified Chapmen layer with assumption of different scale height for each ion components.
Also, the model uses special transition scale height which describes the exponential changing of
O+ and H+ ions concentrations.
According to this model we calculate the dynamics of O+/H+ transition height for Eastern
Siberia region and compare our results with theoretical models and actual empirical models de-
veloped on the base of topside sounding ionosphere data. The comparison shows that practically
all topside models have no satisfied agreement between each other especially for daytime condi-
tions. Theoretical models usually overestimate O+/H+ transition height. IISR-GPS technique
well agrees with topside sounding data models, but there are sufficiently differences between our
results and theoretical models. Direct IISR measurements of transition height that available
only below ∼ 700 km show that in night time IISR-GPS technique gives more realistic results
then theoretical models. We suppose that TH overestimating in theoretical models results from
incorrect account for meridional neutral wind effects and plasma flux between ionosphere and
plasmasphere. In turn, the underestimation of daytime TH in IISR-GPS technique can be result
of assumption that plasmasphere scale height is constant in altitude range above TH and below
GPS satellites orbit.
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The Study of the Ionospheric Dynamics during Strong Sudden
Stratospheric Warmings in the Russia’s Arctic Region

A. S. Polyakova, M. A. Chernigovskaya, and A. A. Mylnikova
Institute of Solar-Terrestrial Physics of Siberian Branch of the Russian Academy of Sciences

Irkutsk, Russia

Abstract— A sudden stratospheric warming (SSW) is a global phenomenon occurring in the
winter stratosphere and covering a large area of hemisphere up to the polar latitudes. As a
result of this phenomenon an essential breaking of the circumpolar vortex, determining largely
the behavior of the lower and middle neutral polar atmosphere in winter, is occurred. Because
the state of the high-latitude ionosphere during the winter period is partly determined by neutral
processes, it is natural to expect that such global phenomenon as SSW may have an impact on
it.
The behavior of the ionosphere in the Russia’s Arctic region during periods of strong sudden
stratospheric warmings was investigated using the data of the international network of phase
dual-frequency GPS receivers, global ionospheric maps (GIM) of the total electron content (TEC)
and vertical sounding data. Eight events of major stratospheric warmings that occurred in the
Northern hemisphere in the last decade were considered. For identifying the possible response of
the high-latitude ionosphere on SSW events the analysis of the total electron content and F2-layer
critical frequency deviation from background level was done. Spatial and temporal distributions
of the amplitude of diurnal variations of TEC were also studied. It is revealed that diurnal
dynamics of high-latitude ionosphere at the points located near the SSW zone during periods of
a warming differs significantly from regular. It is also identified that the events of strong SSW
are usually accompanied by a decrease of the amplitude of diurnal variations of TEC during
the SSW development stage and by an increase of the amplitude, which may be observed up to
∼ 75◦N latitude after the SSW peak.
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Abstract— This study deals with ionospheric disturbances caused by the wave-like processes in
the lower and middle atmosphere. The ionospheric data were obtained from continuous measure-
ments made at the vertical sounding ionosondes in the high-latitude region of Eastern Siberia,
Russia, in 2008–2010. We studied the seasonal variations of the high-frequency part of the F2
peak density variability caused by traveling ionospheric disturbances associated with gravity
waves (GWs) propagation from the lower and middle atmosphere. The ionospheric disturbances
referred to deviations of the maximum electron density NmF2 from the median values, i.e.,
deviation of the observed value from a regular behavior.
We identified periods of large-scale wave-like motions in the stratosphere between November and
February 2008–2010 based on the ECMWF ERA-Interim reanalysis data. These wave motions
were associated with the jet streams at heights of the stratosphere, localized mainly at latitudes
50–80 ◦N. The waves propagated eastward, generally in latitudinal direction; however, sometimes
meridional direction of the wave propagation was observed. It was shown these wave-like dis-
turbances propagate upward from the stratosphere to the mesosphere, with the increase in the
amplitude. Propagating up to the atmosphere the waves cause changes in the structure and inter-
nal dynamics of the lower thermosphere and ionosphere as travelling atmospheric and ionospheric
disturbances.
A noticeable increase in the GWs activity was found at heights of F2 layer during the periods of
stratospheric wave activity over analyzed region. Satellite temperature measurements MLS Aura
confirmed the existence of variations in parameters of the stratosphere and mesosphere, which
accompanied by increases in wave disturbances of the F2 layer.
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Simulation of HF Ground Backscatter Measured by the
Ekaterinburg SuperDARN Radar. Comparison with Observations

A. V. Oinats, K. A. Kutelev, and V. I. Kurkin
Institute of Solar-Terrestrial Physics SB RAS, Russia

Abstract— The Ekaterinburg SuperDARN radar (Ekb; 56.4N, 58.5E) operates in the high
frequency band (HF) and can measures the echoes from the ranges of about 180 km to 3500 km.
The Ekb antenna system represents a phased array which allows to form a narrow radiation
pattern (azimuthal width of ∼ 3.24◦), called “beam”, in the 16th azimuthal directions. The
width of the radar field-of-view is about 50◦. Radar scans sequentially all 16 beams in the
standard operation mode. Duration of the whole scan is about 2 min. There are two types
of the echoes in radar data: ionospheric scatter and ground backscatter. Ionospheric scatter
is typically irregular, because it is caused by HF wave scattering by geomagnetic field-aligned
plasma inhomogeneities of decameter scale. Ground backscatter is caused by HF wave scattering
by ground surface roughness. Due to ground backscatter is mostly determined by regular change
(diurnal and seasonal) of the ionosphere, its behavior is more predictable.
In the paper we study diurnal-seasonal pattern of the ground backscatter characteristics such
as minimum slant range, corresponding elevation angle and skip distance. Also we study a
behavior of true reflection height, slant range and ground distance to the ionospheric reflection
region. Taking into account the Ekb technical parameters, simulation of the mentioned ground
backscatter characteristics is carried out in the framework of waveguide approach as well as
using ray tracing technique. Global international reference ionosphere model (IRI) is used as a
propagation media. We compare simulation results obtained using different calculation techniques
with observational Ekb data recorded during 2013–2014. Current study could be used for further
correct interpretation of the Ekb data, and also it might be useful for improvement of IRI model
predictions.



1952 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

Correction of the Ekaterinburg SuperDARN Data Mapping Using
Ionospheric Vertical Sounding

A. V. Oinats, K. A. Kutelev, O. I. Berngardt, and V. I. Kurkin
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Abstract— One of the effective tools to investigate the ionosphere dynamics are SuperDARN
radars which operate in the high frequency band of 8–20 MHz. High temporal resolution and
wide azimuthal field-of-view of SuperDARN radar allow us to perform effective monitoring of the
ionosphere in large spatial region. However HF waves, propagating in the Earth’s ionosphere,
are strongly affected by refraction. Excluding the refraction leads to significant errors in the
SuperDARN data mapping. The errors could reach the magnitude of tens or even hundreds
kilometers with regard to the true reflection position. Such accuracy is insufficient for ionospheric
dynamics investigations at the present level especially at high-latitudes (auroral and subauroral)
where ionosphere is characterized by high degree of variability in both time and space.
In the current paper we study possibilities for the Ekaterinburg SuperDARN (Ekb; 56.4N, 58.5E)
data mapping improvement in both quiet and disturbed geomagnetic conditions. To take into
account refraction, we apply the simulation of the HF wave propagation using the techniques
based on waveguide approach as well as ray tracing. Global international reference ionosphere
model (IRI) is used as a propagation media. In order to overcome IRI shortcomings of high-
latitude ionosphere representation, we adjust IRI prediction using ionospheric vertical sounding
data recorded by a number of high- and mid-latitude stations (Arti, Norilsk, Amderma, Salekhard,
Dikson). Different IRI adjustment and Ekb SuperDARN mapping techniques are compared and
discussed.
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Space Weather Variations and Corpuscular Ionization
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Abstract— The ionospheric manifestations of space weather in the northwest Russia and Alaska
are analyzed from the ionospheric images reconstructed by the satellite radio tomography (RT).
The methods of ionospheric radio tomography based on the low-orbiting navigational satellite
systems (LORT) are capable of reconstructing the two-dimensional (2D) distributions of electron
density in the vertical plane (height-latitude) above the chain of ground receivers in a wide
spatial sector covering a few thousand km. The ionospheric snapshots provided by LORT show
the structure of the ionospheric plasma distribution in the studied spatial sector over an interval
of 10–15 min. LORT spatial resolution is 20–30 km horizontally and 30–40 km along the vertical.
The geomagnetic storms belong to the most striking phenomena impacting the space weather.
A series of the complex ionospheric patterns resulting from various space weather factors were
revealed by the RT methods during the geomagnetic storms. We discuss the series of RT images
for strongly disturbed geomagnetic conditions during the 23rd and 24th solar cycles. The RT
reconstructions demonstrate a number of the features both inherent in all or most of the consid-
ered events and specific to the local spatiotemporal conditions. The first group includes complex
patterns of the ionospheric plasma distributions with numerous extrema, rapid rearrangement
of the ionospheric structure, variations in the position and shape of the main ionization trough,
wave and wavelike disturbances, increased ionization in the night-time ionosphere compared to
the quiet periods, etc.. The second group comprises rapidly emerging and dissipating isolated
irregularities with different shapes and spatiotemporal scales, the ionospheric manifestations of
particle precipitation, etc..
We present and discuss the examples of qualitative comparison between the RT cross sections
of the ionosphere and the data on the ionizing particle fluxes measured by the DMSP satellites.
Based on the comparison of the RT data with DMSP observations, we analyze the effects of
corpuscular ionization of the ionosphere. During the periods of the strong geomagnetic storms,
the spatial scales of the fluxes of corpuscular injections widely vary from a few to ten degrees
along the latitude. The RT images for these periods demonstrate highly structured ionization
patterns with numerous extrema and wavelike structures on the scales ranging from a few tens
to a few hundred km. Our studies show that the spatial structure of the additional corpuscular
ionization, which is observed in the RT ionospheric cross sections, qualitatively agrees with the
latitudinal distributions of the fluxes of precipitating particles.
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Arctic Ionosphere Imaging and GNSS Tomography
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Abstract— For better understanding the nature and mechanisms of the physical processes that
occur in the Arctic atmosphere and ionosphere it is vital to have the adequate experimental input
for the research. Global Navigation Satellite Systems (GNSS) can be used as one of the sources of
these data, whose processing and analysis enables the structure and dynamics of the ionosphere
to be explored by different methods including the ionospheric radio tomography. At present,
GNSS include the first-generation and second-generation satellite systems. The low-orbiting (LO)
Transit and Parus systems belong to the first-generation GNSS. The second-generation systems
comprise high-orbiting (HO) satellite constellations such as GPS and GLONASS systems, which
are currently in operation; the European Galileo system, which is currently under development;
the Chinese BeiDou, and Japanese QZSS satellite systems. The GNSS space segments together
with the corresponding ground-based receiving networks make it possible to carry out sounding
of the ionosphere along a system of the intersecting fan-shaped ray families and to apply radio
tomographic (RT) approaches.
We show and discuss a series of the examples of RT reconstructions to illustrate a variety of the
ionospheric patterns observed in different latitudes. For reconstructing these images, we applied
the methods of the low-orbiting (LO) and high-orbiting (HO) RT. By combining the advantages of
these approaches (the high spatial resolution of LORT together with the extensive spatial coverage
and rather high time resolution of HORT), we identified and studied the structure and dynamics
of the equatorial anomaly, ionospheric troughs, blobs, fingerlike irregularities and spotty plasma
distributions with numerous local enhancements and depletions, patches, wavelike structures,
travelling ionospheric disturbances (TIDs), ionospheric displays of the manmade impacts such
as rocket launches, explosions, and artificial modifications of the ionosphere by high-power high-
frequency radiation or, etc. We analyze the spatiotemporal ionospheric responses in relation
to solar activity, natural geophysical impacts (e.g., earthquakes), and seasonal conditions. We
present the examples of comparing the RT images with the measurements by the ionosondes.
Emphasis in our presentation is placed on discussing the results of the ionospheric radio to-
mography above the Arctic. These RT images illustrate various structures, events, and processes
associated with the convection and other phenomena. We observed the characteristic ring-shaped
irregularities encircling the North Pole, the tongues of ionization, antisunward drift of the ion-
ization patches from the dayside to the night-side ionosphere, etc..
Recently, the input data for the ionospheric studies were expanded by the widely used 2D global
ionospheric maps (GIMs) of the total electron content (TEC), which are generated from the IGS
data with a thin sheet approximation. We present and discuss the results of comparison between
GIMs and RT reconstructions.
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Abstract—
Introduction: Normal mature red blood cells (RBCs) are shaped as biconcave oblate discs.
These shapes can be deformed by several inherited disorders, e.g., spherical, crescent, oval, or
any other abnormal shapes [1]. Therefore these deviations are sensitive remarks for various
blood disorders and diseases, e.g., malaria and anemia, . . . etc. [2]. For this reason, finding such
shape deviations is an important research issue and has been studied considerably. In this paper
analysis of the modified cluster T -matrix method, as introduced in a previous work [3], is used
to calculate the angular scattering intensity of a cluster consists of healthy and abnormal cells
illuminated with a focused Gaussian beam. This angular scattering can give good identification
of the abnormal cells in the cluster. The technique combines the cluster T -matrix method with
the plane wave spectrum method to model the incident beam. We think that this technique is a
powerful one to define the diseased RBCs for more accurate diagnostics purposes.
Analysis and Results: Here the technique is applied to real life applications such as clusters
of normal and abnormal RBCs. The computed angular scattering of a cluster composed from
different cells as shown in Fig. 1(b) is compared with those of a cluster of normal biconcave
RBCs shown in Fig. 1(a). Each biconcave particle is of size parameter x = 10, refractive index
m = 1.4 and deformation parameter ξ = 0.2. Each abnormal cell presented in Fig. 1(b) (crescent
shape) is formulated by a coated spherical cell of an offset core l = 0.3 µm, coating parameter
R = ac/as = 0.7 (where ac and as are the radius of the core and the shell respectively) and
refractive indices for the shell and the core are ms = 1.4, mc = 1.0 respectively. The size
parameter of the cell is x = 2πas/λ = 10. Both clusters of the normal and abnormal cells are
illuminated with a Gaussian beam of wavelength λ = 0.6328 µm and waist w0 = 2 µm. The
computed angular scattering is illustrated in Fig. 2 for different cases of clusters.
The first case is for the cluster consisting of five normal biconcave cells. Then the cells are
replaced in steps by abnormal cells. The second case is for a cluster consists of four normal
(biconcave) cells and one abnormal cell at the edge of the cluster, and so on to sixth case is

 
 
 
 
 
 
 
 (a) (b)

Figure 1: A cluster of different cells centered at the
origin of a Cartesian coordinate system (x, y, z).
The cells are illuminated with a focused beam of
a spot size w0, and propagating in the z-direction.
The considered clusters consist of (a) a linear chain
of five identical biconcave cells, (b) a linear chain
of four identical abnormal cells, and one centered
biconcave cell.
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Figure 2: Angular scattering intensities as a func-
tion of the angle θ measured from the +z-axis for
a cluster consists of a linear chain of (a): Case 1,
five biconcave cells as illustrated in Fig. 1(a) (blue
curve). Case 2, one abnormal cell in one side beside
four biconcave cells (green curve). Case 3, two ab-
normal cells in one side beside three biconcave parti-
cles (red curve). Case 4, three abnormal cells in one
side beside two biconcave cells (aqua curve). Case 5,
two abnormal cells in both side of a centered bicon-
cave cell as illustrated in Fig. 1(b) (purple curve).
Case 6, five abnormal cells (yellow curve).
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for a cluster of five abnormal cells. The results in Fig. 2 illustrate that the angular scattering
intensity of a cluster contains more than 50% of abnormal cells (for example cases 5 and 6)
deviate from the intensity distributions of the cluster contains normal cells (case 1). As the
number of abnormal cells increases in the cluster of the sample compared with the normal RBCs
the angular scattering distributions get more deviation from those of the sample of normal cells
and the ripples get smaller. For the cluster of five abnormal cells, the angular scattering intensity
has greater front scattering amplitudes compared with those for a cluster of normal RBCs as
shown in Fig. 2 (yellow curve).
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Abstract—
Introduction: Traveling wave (TW) MRI holds both promise and challenges to tackling B1

field inhomogeneity at ultra-high MRI fields [1], which are well above the clinically relevant field
strength. At conventional clinical field strength (< 4 T), TW concept is not easily applied due
to the relatively small bore diameter to wavelength ratio (< 0.5). A few earlier demonstrations
at 3T includedthe use of coaxial [2], metal plates [3] waveguides, and high dielectric inserts in
quasi-static regime [4]. Here, we demonstrate an emergence of TW regime in a large cylindrical
phantom at 3T using a simple loop-coil as transmit-receive probe. Using this approach, we
generated MR images of a phantom with a large field of view (FOV) and with an SNR comparable
to traditional near-field approach. Compared to quasi-static regime, we demonstrate that there
is no longitudinal decay of B1 field over the maximum achievable FOV as limited by the linearity
of the gradient coil. The TW concept at clinical fields offers the potential to adapt far-field ideas
into clinical applications such as larger FOV imaging, accessing deep region of interest, and mode
manipulations via multi-channel TW excitations for B1 field shaping and homogeneity.
Methods and Materials: Our experimental setup consists of unmodified bore based on a
standard unmodified GEMR750 (Waukesha, Wisconsin) 3T scanner with an RF shield that serves
asa waveguide (D = 64 cm), a cylindrical acrylic tube filled with distilled water (D = 20 cm,
L = 1 m), and a 15 cm-diameter Tx/Rx loop-coil as a probe for mode coupling into/from the
guide system (Fig. 1). Such a partially filled cylindrical waveguide allows propagating hybrid EH
modes inside a dielectric phantom, or pure axially symmetric TE (TM) modes [5]. In addition to
a simple loop coil, we used a modified circular polarized (CP) probe that consists of two loop-coils
(D = 15 cm) placed orthogonal to each other so that each B1 field is also orthogonal to B0 [6].
The loop-coils are mounted on an acrylic frame to ensure that they remain orthogonal, hence
ensuring that they are completely decoupled with isolation between the loops to measured as
−18 dB. The loops are driven in quadrature using a quadrature hybrid splitter, which divides the
transmit signal and recombines the MR signal, connected to the inputs of the coils. A balun is
present at each coil input to minimize currents flowing on the cable shields. We obtained images
of the phantom placed at is ocenter with a single loop-coil or quadrature coils placed 5 cm from
the edge of the phantom and 55 cm away from isocenter. Data were acquired using a GRE pulse
sequence, TR/TE = 100/6.8 ms, bandwidth = 15.6 kHz, FOV = 48 cm, 5mm slice, skip 1.5mm,
256×256, nex = 8, 7 slices, with a total imaging time of 3 : 28 min; an dB1 MAP pulse sequence:
25 slices, TR/TE = 46/13.2, bandwidth = 15.6 kHz, FOV = 48 cm, 10 mm slice, skip 10 mm,
128 × 128, nex = 1, with scan time of 5 : 05 min; GE-EPI sequence: TR = 2 s, TE = 30ms,
bandwidth = 250 kHz, FOV = 30 cm, 10 mm slice, skip 10, 64×64, 8 nex, 0 : 16 min. To confirm
the concept and predict the observed mode and B1 field profile we carried out simulations using
FEM eigenmode simulator (COMSOL Multiphysics, Burlington, MA).

Figure 1: Experimental setup with two possible orientations of single coil, or quadrature coils.
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Results and Discussions: Figure 2 shows the experimental and simulation results for our MRI
experiment with a cylindrical phantom. For the MRI experiment, we utilized various probe setup
geometries: single loop oriented in sagittal, coronal, and tilted by ∼ 20◦ to coronal planes, as
well as quadrature coil setup, in order to study how the B1 field orientation affects the efficiency
of RF coupling and the mode inside the cylinder. All the setups produced the same single axially
symmetrical mode (TM01) showed in Fig. 2(a) with its distinct feature of a null in the center,
contrary to the regularly observed central brightening effects in dielectrics at high fields. The
highest SNR of 220 corresponds to the single loop oriented at an angle of approximately 20 degrees
to coronal plane and located 5 cm away from the edge of the phantom. All the axially symmetric
loop-coil configurations including CP quad-coil, which could be thought as magnetic dipoles, are
generally effective for TE mode excitation and less effective for the observed TM mode. The
other feature of the observed field pattern is non-decaying propagation of the field along z-axis
over the full FOV (48 cm), indicating TW regime. While the persistence of a single,but not the
lowest,mode is somewhat surprising from the electrodynamics point of view, the clinical scanner
setup is distinctive from the typical screened dielectric waveguides with variety of modes, where
the metal screen is adjacent to the dielectrics. In our case, the relatively small diameter dielectric
(20 cm) is less coupled to the metal screen, and the pure dielectric waveguide has larger effect on
the modes. The B1 field map shows (Fig. 2(b)) the mode structure with the center null pattern.
Our 3D eigenmode simulations (Fig. 2(c)) producea B1 field that supports the experimental
results. The vector map of the field corresponds to TM01 mode with a small decaying constant
of α = 1.7 × 10−4 that is inherent to complex hybrid modes inside high dielectric materials [5].
We also show that our TW concept is capable of generating relatively high quality images with
other clinical sequences such as GE-EPI as shown in Fig. 3.

(a) (b) (c)

Figure 2: Images of TM01 mode in cylindrical phantom (FOV = 48 cm): (a) experimental MRI; (b) experi-
mental B1 field map; (c) simulations of B1 field, axial — top row, sagittal — bottom row (arb units).

Figure 3: EPI axial TW-MRI image of cylindrical phantom.

Conclusion: We have demonstrated MR imaging with TW concept using an unmodified clinical
3T MRI scanner as an under-moded RF waveguide. The MRI images of a large cylinder are
comparable to the ones obtained with TW imaging at ultra-high field strength (7T) [1] and with
an SNR comparable to conventional near field coils. Our demonstration of TW in a dielectric
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waveguide applicable to aclinical field strength (3T) may result in a more robust large FOV
imaging acquired in relatively less time in a clinical setting, as well as new applications in deep
tissue imaging of hard to access areas. The presented analysis is relevant to understanding
high field artifacts in human torso observed with similar scanning conditions. Future directions
include designing probes and guide structures for high efficiency excitation of TW in the bore,
mode propagation in human body, and RF field profile control with meta-materials or artificial
dielectrics.
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Waveguide Hyperthermia Applicator with Circular Polarisation
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Abstract—
Introduction: In this contribution we present a circular waveguide applicator with circularly
polarized wave at its aperture. In our previous contributions, where we studied UWB antenna
and its application to microwave hyperthermia [1], we observed polarization of dielectric on
the interface between spherical phantom of tumour and phantom of human breast in numerical
simulations. This phenomenon causes hotpots on the interface while the temperature inside of the
tumour does not even reach the therapeutic level. Using of a circularly polarized hyperthermia
applicator could at least partially solve this issue.
Materials and Methods: Circular waveguide was virtually filled by distilled water and de-
signed to work perfectly on frequency 434 MHz [2]. In order to get circularly polarized wave
at the aperture, polarization plate was inserted into it [3]. Waveguide hyperthermia applicator
was facing to the water bolus (εrel = 80, σ = 0 S/m) of thickness of 2 cm followed by human
breast phantom with average dielectric parameters (εrel = 10, σ = 0.8 S/m). Moreover, there is
also spherical phantom of tumour (εrel = 49, σ = 0.79 S/m) with radius of 1 cm placed 0.5 cm
under the breast phantom surface. This configuration can be seen in Fig. 1. Numerical simula-
tions of electromagnetic field were performed in SEMCAD X 14.8.6 Aletsch (Schmid & Partner
Engineering AG, Zurich).

Figure 1: The applicator and configuration
of numerical model.

(a) (b) 

Figure 2: SAR [W/kg] in the cross section of the tumour
phantom. (a) Without polarizer, (b) with polarizer.

Results: Specific absorption rate (SAR) in the cross section of the tumour is depicted in Fig. 2.
There is a comparison between the SAR obtained by applicator with the polarizer and without the
polarizer. Circularly polarized field helped to cover the tumour by SAR from all directions. On
the other hand, the effective penetration depth decreased and the ability of focusing microwave
power by using a multi-antenna array is also limited with this kind of hyperthermia applicator.
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Abstract— The purpose of this contribution is to study the risk of unwanted hotspots around
metallic implants in head and neck area of the new waveguide applicator system and thereby to
increase the safety for patients with metallic implants. Metallic implants may interact with the
EM field. The reaction rate depends on the implants dimensions [1]. The next objective is to
find solution how to reduce hotspots around metallic implants.

Applicator System: We developed a new applicator system intended for microwave hyperther-
mia in head and neck area (see Figure 1). The applicator system is constructed from four equal
waveguide applicators. They are water filled waveguide applicators with strip line horn aperture.
The suitable working frequency for this type of applications is 434 MHz. By amplitude and phase
combination of each applicator we are able to steer the field and cover the most of treated tissue.

Methods: Metal implants like wires, titan screws or stents are often considered as contraindica-
tion for microwave hyperthermia. We choose three different metal implants, which are commonly
used in surgery.

• Stent in esophagus or in carotid artery;
• Screws in cervical vertebras;
• Cochlear implant.

In the numerical model the considered metal implants in different positions were inserted. An
example model is shown in the Figure 2. For numerical simulations SEMCAD X Aletch 14.8 and
human model part of the SEMCAD X models database [2]. For our purposes the human model
Ella from Virtual Family 1.2 was utilized. All dielectric and thermal parameters of the model
were taken from IT’IS foundation materials database [3]. For comparison and evaluation specific
absorption rate [W/kg] and temperature [◦C] analysis in human body are used.

Conclusion: In this contribution a study and reduced solution proposal of potential hot spots
around metal implants of new type applicator system are performed.

Figure 1: Applicators position. Figure 2: Example of used metallic implant (srews
in cervical vertebras).
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Abstract— Power focusing in non homogeneous media is a canonical problem relevant in many
applications such as hyperthermia [1] and targeted drug delivery [2]. In these cases, the overall
intensity of the electric field has to be focused in a given target point while possibly keeping the
field intensity as low as possible elsewhere.
In this communication, we report about two different strategies we have developed to tackle the
problem of focusing transverse electric vector fields, when the primary sources, fed by monochro-
matic signals, surround the 2D region under test. These approaches apply to generic vector
fields so that they can be easily extended to tackling the electromagnetic focusing problem in 3D
scenarios.
One of the developed focusing method relies on the well known Time Reversal (TR). TR is a
spatial/temporal re-focusing technique, which was originally developed to focus ultrasonic (scalar)
fields [3] and recently extended to electromagnetic (vector) fields [4, 5]. An overlooked aspect of
electromagnetic TR is the influence of test source polarization, used during the sensing phase,
on the overall focusing performance. The common choice of a linearly polarized test source
(along the x or y axes) is, indeed, equivalent to focusing just one component of the field and,
hence, it affects the focusing performances as the other component does not cooperate to the field
focusing phenomenon. Therefore, using a suitable elliptically polarized test source is advisable
as it corresponds to a proper combination of the two field components and can produce a better
focused field. In this respect, we have developed a simple, general and efficient procedure aimed at
optimizing the selection of the test source polarization according to the application requirements.
Although the above method outperforms the more usual TR version, it still cannot guarantee
that the field intensity is below assigned (application induced) bounds in the regions outside
the target area. To this end, we have developed an extension to vector fields of the focusing
technique applied to scalar fields, presented in [6, 7]. It is interesting to note that the method
can be interpreted as a (constrained) optimization of the field polarization in the target point.
More details on the two methods and some comparisons will be shown at the conference.
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Abstract— In the experiments presented the effects of transmitting information derived from
the growth hormone gibberellic acid (GA) to peas over a distance of some meters have been
measured. Transmission of the biochemical characteristics of GA was achieved through a carrier
wave of approximately 6.78MHz running along a copper wire comparable to a strip line from
the gibberellic acid as the source of information to the exposed peas, which reacted by a sta-
tistically significant enhanced root growth. The measured averages of the germinating pea root
lengths were compared to control values, i.e., values corresponding to untreated peas. While
continuous GA transmission resulted in an average increase of root length by approximately 50–
60%, a singular burst of 15 minutes could increase roots’ length by an additional 42%, raising
the increase relative to the control group by as much as 125% in total. Both values could be
established with very high statistical significance. In a third experimental setup, the peas were
treated instead of a GA-signal, with an apoptotic signal produced in two different ways: with a
pulse carrying the information of peas (a) either stored anaerobically (48–100 hours) or (b) peas
macerized and therefore decomparmented. The almost total inhibition of root growth showed,
again with high statistical significance, that an information transmission must have occurred
remotely. The molecule hypothesized should be cytochrome c, released by the stress occurring
during the apoptotical process. Some hypotheses in technical as well as in biological respect are
being discussed.
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Novel Microwave Applicators Inspired by Metamaterials for
Hyperthermia Treatment of Cancer

D. Vrba and J. Vrba, Jr.
Faculty of Biomedical Engineering, Czech Technical University in Prague, Czech Republic

Abstract— In this paper, three novel microwave applicator prototypes based on zero-order
mode resonators are proposed for use in hyperthermia treatment of cancer. The ability of all
three applicators to homogenously irradiate muscle tissue-equivalent phantoms is demonstrated
with results of numerical simulations, and relative performance of the applicators is compared.
Based on previous research [1], it can be stated that metamaterial (MTM) Zeroth-Order mode
resonators (ZOR) can provide improved thermotherapy for cancer in several ways, by improving
the homogeneity of electromagnetic (EM) power absorption, the depth of EM wave penetration,
and offering the possibility of either homogeneous treatment of very large areas or conversely
focusing EM power into well-defined small areas [2].
New capabilities include, among others, the creation of electrically small applicators that can
work without water filling. This could facilitate the delivery of microwave hyperthermia treat-
ment simultaneous with 3D monitoring of temperature distribution in the patient with Magnetic
Resonance (MR) thermal imaging.
Another advantage of MTM technology is that this phenomenon enables the creation of a special
kind of resonator whose physical length is completely independent of the classical resonance
condition (wavelength). This allows us to design the applicator with dimensions matching the
clinical need and as a result of the spatial arrangement of MTM resonators we are able to radiate
an almost perfect electromagnetic plane wave into the treated area. This improvement in wave
propagation produces the advantage of optimizing homogeneity of power deposition within the
target tissue region resulting in an improved temperature distribution throughout the treated
area.
All three applicators are designed for use at 434 MHz and have similar working principle. Thanks
to the excitation of zero-order mode, vectors of surface current density in all inductive parts
of the proposed applicators show approximately the same magnitude and phase. The radiated
contributions from the all inductive parts of the applicator are in good superposition as they exit
the front aperture of the applicator and combine in phase in tissue. This allows the Huygens
principle to be applied to describe the resulting EM field distribution in tissue.
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Phased Arrays Pre-treatment Evaluation in Antitumoral
Hyperthermia
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Abstract— There is general consensus that quality of hyperthermia treatment is a key factor
for clinical effectiveness. A correlation between clinical outcome and thermal dose parameters
has been shown. The optimal treatment is defined by efficient tumor heating without patient
discomfort by hot spots. To improve hyperthermia treatment quality, optimization of SAR or
temperature distribution in the tumor by hyperthermia treatment planning (HTP) is considered
before or during treatment. HTP procedures start with tissue map acquisition, then various
heating modalities are explored and compared by solving the appropriate electromagnetic (or
ultrasound) problem, depending on the equipment in use. Finally the temperature distribution
is found for treatment pre-evaluation. However, due to the more complex thermal characterization
of vascularised tissues and organs, temperature increase modeling is generally omitted and the
optimum problem is formulated in terms of SAR. As the robustness of electromagnetic solvers
has increased importantly over recent years, the presently available systems provide excellent
opportunities to perform SAR characterization as a start point for SAR optimization. Radiating
systems that are currently used to heat deep seated tumors include phased arrays of elementary
radiators (dipole, waveguide or microstrip antennas) for which SAR-optimization based HTP is
pursued by amplitude and phase setting.
Objective functions have been proposed for SAR optimization according to various quality indi-
cators. They include maximum absolute SAR and SAR homogeneity in the target both to be
optimized as well as hot spots to be minimized. The power deposited in the tumor as a fraction
of the generators power and of that delivered to the patients body are further indicators. For
given array, patient and lesion to be heated, evaluating whether or not the array is able to heat
the lesion in accordance with prescribed quality indicators is a somehow different problem a so-
lution of which logically precedes HTP. Only in case of positive answer the search for optimal
feed settings will be meaningful. The purpose of this paper is to propose means to exploit in
this pre-evaluation. Since the electromagnetic solvers decompose the whole body exposed to
radiation (both tumor and healthy tissues) into elementary cells, it is natural to treat each cell
as a target and to evaluate the maximum SAR deliverable by the array to that cell. At this stage
it is sufficient to know that a feed setting exists that is able to deliver such a maximum SAR to
that cell. Repeating this for all cells of the body provides maps of heatability that can be used to
investigate maximum SAR and SAR uniformity, if the cells belong to a tumor, or to delineate hot
spots. Since power deposition is limited by the largest available power from amplifiers referred
to as nominal power, the latter will be included in the optimization problem.
The paper is organized as follows. Two optimization methods with the constraint on amplifier
nominal power are presented. Quality parameters related to systemic heating, tumor heating
uniformity and hot spot are introduced. Then a voxel-based numerical analysis is performed
for 8 dipoles on two rings, positioned around a head/neck volume within a distilled-water bolus

Figure 1: Array of 8 dipoles on 2 rings around a head/neck phantom.
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(Fig. 1). Then an extended target, i.e., a 60 ml sphere in central position (oropharynx), is
considered. Amplitude and phase settings that are obtained by optimizations are compared on
the basis of the maximal absolute power delivered to the target and the other quality parameters
that have been previously defined.
Some generators are kept off during a treatment due to unavailability or maintenance of amplifiers
or even to awareness that a subset of the available radiators suffices to heat a target. In conclusion,
heatability will be discussed in presence of such array thinning.
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Abstract— The goal of hyperthermia cancer treatment is to raise the temperature of the tar-
geted tissue area. Thus, temperature can be maintained above 43◦C for up to one hour. To
evaluate the expositions of microwave radiation from thermo-therapeutical microwave applica-
tors, we need to know the dielectric properties of the tissues. This can be performed using
measure of the complex permittivity of the tissues in the desired area of the treatment. For
this purpose, we constructed a sensor based on the coaxial transmission line for measuring the
complex permittivity. Measurement method on an open-ended coaxial line is based on the real-
ity that the reflection coefficient of an open-ended coaxial line depends on dielectric parameters
of material which is attached to the coaxial line. For calculation of biological tissue dielectric
parameters from the measured reflection coefficient, it is necessary to use an equivalent circuit
of an open-ended coaxial line. The values of elements in the equivalent circuit depend on the
dielectric properties of the material attached to the end of coaxial line.
To determine the values of elements in an equivalent circuit, we use calibration by means of ma-
terial with known dielectric properties. Open-ended coaxial probe has a capability of broadband
measurements and simple sample preparation. Also, its nondestructive nature and capability
for in-vivo measurements provide open-ended coaxial probes with a significant advantage over
other techniques for biological applications. There have been many techniques to correlate the
measured input admittance to the complex permittivity of the sample material, which resulted
in significant improvement in the extraction process. Accurate measurements of the complex
permittivity of biological tissues gain great importance in both basic and applied research.
The performance of this system was evaluated by measuring of the deionized water. The measured
data were compared with the value calculated by Debye’s model. The relative errors between
the measurement and the calculation were less than ±4%. The reliability of this method was
confirmed by the measurement of deionized water in wide frequency range.
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Feasibility Study of Microwave Interstitial Applicator Array for
Treatment Pancreatic Cancer
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Abstract— The aim of this paper is to check a possibility of usage of interstitial helix applicators
for a treatment pancreatic cancer by microwave hyperthermia. The typical characteristics of
pancreatic cancer are little chance for a complete cure, high mortality and in the majority cases a
tumor is considered inoperable due to local spread or presence of metastatic disease. The finding
a new possible alternatives to a classical approach is highly important. Thus, this work is focused
on the simulation of the hyperthermia treatment.

The simulation for three different frequencies 434, 915 and 2450 MHz were performed in the
simulation program of electromagnetic field SEMCAD X [1]. As the applicators were considered
interstitial, the first requirement for helix applicators design was made them thin as much as
possible. For the later possible realization thin enough coaxial cable was chosen. Simultaneously
the coaxial should be sufficiently “thin” to allow wind the turns of helix antenna on the dielectric
coaxial cable without necessity to use a special winding technique.

A diameter of helix was clearly established by the choice of coaxial cable. For the individual
frequencies only a length of helix and number of turns were changed. The second step, after
selecting the suitable coaxial cable was the impedance matching of helix applicator for the afore-
mentioned frequencies. First, the only one helix was placed in a simple homogeneous phantom
with dielectric parameters of pancreatic tissue. The checked characteristic was the impedance
matching respectively SWR (Standing Wave Ratio). For achieving the best SWR the length
of helix and number of turns were changed gradually for single frequencies. It means, every
frequency had its helix with specific dimensions after the optimization.

In the next step were done the simulations of SAR (Specific Absorption Rate), already by us-
ing the matrix of helix for frequency 434, 915 and 2450 MHz. The first SAR simulations were
performed in a simple homogeneous phantom with dielectric parameters of the pancreas as well
as by detecting the SWR. After obtaining satisfactory results for so called simple homogeneous
model, another simulation of SAR was done for anatomical model. For simulation procedure
was used “High-Resolution Human Models for Simulations: Virtual Population” which, together
with the dielectric parameters, comes from the pages IT’IS Foundation [2]. In our case it is a
virtual family member “Duke” — 34 year old man. For the simulations were considered only
bodies in the immediate vicinity of the pancreas, as the proposal for frequencies assumed location
4 applicators around the pancreas. Using SAR values allows us to calculate very precisely extent
of the exposure of biological tissue. By different frequencies respectively the lengths of helixes it
was possible to affect approximately the size of the area and its volume, which would achieve the
highest temperatures respectively the greatest heat.

Figure 1: An anatomical model with the highlighted
pancreas (violet) and the applicators.

Figure 2: Detail of placing the helix applicators
around the pancreas.
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A Microstrip Line with Additional Capacitive and Inductive Effects
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Abstract— Microstrip line depicted in Fig. 1 is one of representative transmission lines, and
its characteristic impedance (Zo) is proportional to the ratio of the equivalent inductance (L)
to capacitance (C) per unit length with the mathematical expression of (Zo =

√
L/C). If a

perturbation structure is added to the normal microstrip line, the additional parasitic inductance
and capacitance arise and make the characteristic impedance change from the normal value. The
changed characteristic impedance depends on the property of the added perturbation structure, so
Zo would increases or decreases depending whether the perturbation is an inductive or capacitive
structure, respectively. Fig. 2 shows SIAD (substrate integrated artificial dielectric) structure
proposed by Coulombe et al. in 2007. This structure has a lot of metalized via-holes through
the second dielectric substrate. One of major effects of SIAD falls on the increased equivalent
capacitance. The realizable limitation of the characteristic impedance goes down further to the
lower side if SIAD is added. This means when a specified characteristic impedance of microstrip
line is required after SIAD has been combined, the line width maybe much thinner than normal
one, so sometimes it is necessary to compensate the line width. Fig. 3 is a defected microstrip
structure (DMS), which has the additional equivalent inductance per unit length. If a DMS
pattern is inserted alone on the microstrip line, characteristic impedance increases. It means
one need to enlarge the line width to keep the same specific characteristic impedance. When
SIAD and DMS structures are combined to a normal microstrip line as illustrated in Fig. 4, the
characteristic impedance and line width are preserved similarly to the normal ones while the
advantages of adding perturbation structure such as the increased slow-wave effect and enlarged
electrical length. These advantages are fruitful in reducing the physical length of a fixed specific
electrical length. Fig. 5 shows dimensions of DMS as example in this work. One can compare
the physical lengths of four microstrip lines for the same frequency (1 GHz) and fixed electrical
length (λ/4) in Table 1.

Figure 1. Figure 2. Figure 3.

Figure 4. Figure 5. Table 1.
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Abstract— We propose a new and advanced design method of RFID tag antennas. The
proposed approach is very simple and differentiated from conventional design ways that mostly
need highly complicated geometry of tags in order to obtain good impedance matching between
RFID chips and the tags.
In our method, we exploit distinctive phase behaviors of reflected waves from versatile artificial
magnetic conductors (AMC). As is well known, one of the most attractive characteristics of the
AMC is its readily controllable response of reflection phase. As a matter of fact, we can obtain
any required phase values between +180◦ and −180◦ by changing dimensions of the AMC, which
can be directly integrated into our tag design.
According to target applications, we categorize our design approaches into three types; low-profile
tags, tags for long reading distances, and those for dual frequency bands.
For the low-profile applications, we install the tag with a RFID chip right on the AMC that is used
as a ground plane. Therefore, the low-profile tag is inherently platform tolerant, which means
the tag is directly attachable on the various target objects including metal and high-dielectrics
with almost no degradation in its performance.
The other two tags are built in metallic cavities with an AMC ground, in which we use cou-
pling effect among the tag, the cavity, and the AMC ground plane so that we can acquire good
impedance matching. Consequently, we can avoid figurational complexity of tags. In addition,
for the dual-band application, we use two symmetric phase values with respect to the zero phase,
at which there is no difference from +180◦ or −180◦, respectively.
All the tags show relatively good agreement between prediction and experiment, which proves
that our proposal is practically useful in the design of RFID tag antennas.
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Abstract— Recently, due to the rapid development of wireless communication systems, there
are growing demands for filters with good performance of filtering. Moreover, in order to track the
operating frequency, frequency-tunable filters are often used for the multiband communication
systems, wide-band radar systems, and measuring instruments. Compared with the conventional
filters, tunable filters are more functional. Moreover, the same hardware can be utilized for
various bands.
Bandstop filters can easily suppress spurious responses and distinguish weak signals from the
interference. Moreover, with the tunable bandstop filter, the requirement for high selectivity of
the bandpass filter can be diminished. Therefore, the tunable bandstop filters have gained a lot of
attention. Because the channel bandwidth is usually fixed even with varying carrier frequencies,
the constant absolute bandwidth is crucial for the filter design. The bandstop filters with multi-
staged T-shaped cell have been studied. It is found that the more the LC resonator pairs there
are, the wider the stopband bandwidth there is. However, when tuning the central frequency, a
constant absolute bandwidth cannot be sustained with the T-shaped structure adopted for the
bandstop filter. On the contrary, a wide and constant absolute bandwidth is obtained in this
paper because the π-shaped circuit is employed for the design of the bandstop filter. This tunable
filter is composed of two varactor-tuned resonators, shunted at input/output ports separately,
and one quarter-wavelength transmission line connecting two varactor-tuned resonators. These
two varactor-tuned resonators are arranged symmetrically, and realized by a varactor and an
inductor with series connection. Moreover, the varactor is introduced to control the central
frequency within the stopband. Significantly, we provide easy methods to increase the absolute
bandwidth of the stopband by enlarging impedance of the transmission line section and adopting
larger values of the ripple in this study. Moreover, the higher the order of the bandstop filter is,
the sharper the roll-off stopband will be.
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Abstract— Existing tunable antenna designs are complex and many of them use a large number
of switching elements. Even the less complicated ones still require external DC bias lines to control
the employed RF switches or varactors. The design of these bias lines is a daunting task since
their presence affect the antenna properties.
In this work, a simple design of a tunable filter antenna is presented. The design uses a single
varactor and does not require any external DC bias lines. The design is based on a basic ultra-
wide-band antenna with a microstrip line feed, a partial ground plane, and a rectangular patch
with rounded corners. A rectangular ring slot is etched in the ground plane beneath the feed
line. One varactor is mounted over the ring slot, transforming it into a single-ring complementary
split-ring resonator (CSRR). In this configuration, the CSRR causes a tunable band notch whose
frequency depends on the varactor’s capacitance value. A narrow cut is then made to the feed
line, which acts as a capacitor and transforms the band stop caused by the CSRR into a band
pass. A shorting is made, through the substrate, to connect the section of the feed before the cut
and the inside of the CSRR in the ground plane. This shorting serves to improve the band-pass
behavior and to relay the DC voltage to the CSRR’s varactor. A DC voltage is applied at the
antenna’s feed, mixed with the RF input using a DC bias tee. Due to the shorting, the inside
of the CSRR is at this same DC voltage level, putting the varactor between two different DC
voltage regions. The capacitance value of the varactor is thus controlled by changing the DC
voltage at the bias tee input. The cut in the feed prevents the DC current from flowing into the
patch.
A prototype antenna is fabricated and tested. Its geometry is shown in Fig. 1 and the measured
reflection coefficient is given in Fig. 2 for several reverse DC voltage values. Clear frequency
tunability is achieved, in this case over a 1 GHz band. The antenna has good gain values and
omnidirectional patterns. The detailed configuration and results will be presented in the full
paper.

(a) (c)(b)

Figure 1: (a) Prototype photo top view, (b) bottom view, (c) measured S11.
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The Golden Spiral Antenna

Bhaskar Harsha, G. S. Kartikeya, Praveenkumar Patil Kedar, and Gowda N. G. Monish
Antenna Research Laboratory, BMS Institute of Technology, India

Abstract— In this paper the possibility of a golden spiral antenna which is derived from the
Fibonacci series is applied to a patch antenna and is investigated. It was found that for the
substrate dimensions of 14.4 cm × 8.9 cm (144 being the 11th successive number of the Fibonacci
series) 13 resonating bands in the range of 1GHz to 8 GHz without the application of the EBG
structure was found. The return loss graph for six different iterations of different substrate
dimensions based on the successive numbers of the Fibonacci series is investigated. For the
substrate dimensions of 14.4 cm × 8.9 cm mentioned above, Electromagnetic Band Gap (EBG)
structures are positioned in the ground plane of the golden spiral antenna. Slotted EBG structures
are used to enhance the gain at a particular frequency. As a consequence of this it was found
that gain of the Golden Spiral antenna from 1.09 GHz to 2.5 GHz and 6.0535 to 6.25 GHz was
increased by the addition of the EBG structures. A peak gain of 15 db and 9.2 db was found at
1.98GHz and 6.18 GHz respectively.
Antenna Design:

Figure 1: The radiating surface of the golden spiral
antenna. The black coloring is the metal surface.

Figure 2: The ground plane of the golden spiral
antenna. The black coloring is the metal surface.

Figure 3: The gain vs frequency from 1GHz to
8GHz.

Figure 4: The S11 curve from 1GHz to 8 GHz.
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Abstract— Electromagnetic Band-Gap (EBG) Structure is an area of study in which re-
searchers are growing interested and are investigating. Loading EBG to antennas imparts, to
the antennas, many properties including surface wave suppression, band rejection or increased
gain. But there has not been much research on fractals loaded as EBG. The amalgamation of
these two areas of research is yet to be explored. Implementation of Sierpinski Gasket Frac-
tals as Electromagnetic Band-Gap (EBG) Structures on a multiband planar patch antenna, for
WLAN/WiMAX applications, is investigated in this paper. An L Slot Patch Antenna is selected
as the test antenna for the fractals to be loaded as EBG. This antenna has a FR4 epoxy substrate
of thickness 1.6 mm with a dielectric constant 4.4 and loss tangent of 0.02. The overall dimension
of the patch antenna is 35 mm × 30 mm × 1.6mm. Fig. 1 shows the top and bottom view of
the antenna along with the point of excitation represented by X in the figure. Initially, the gain
of the patch antenna over the frequency range of 2 GHz to 5GHz is measured for reference and
comparison. Before introducing the EBG structures, the gain of the patch antenna is measured
to be 2.38 dB. Later, different iterations of the fractals are loaded as EBG onto the antenna in
different configurations. The results obtained, with and without EBG structures, are compared
and studied. A peak gain of 2.51 dB is obtained after introducing the fractal structures in the
antenna, in one of the various proposed designs which is shown in Fig. 2. The results obtained
are depicted in Fig. 3. Thus, this paper illustrates a novel approach of Sierpinski Gasket Fractals
to be loaded as EBG.

           

    
(a) Top View

                                
(b) Bottom View

Figure 1: L1 = 19 mm, L2 = 10 mm, L3 = 15 mm, L4 = L8 = L11 = 14 mm, L5 = L7 = 1.5 mm,
L6 = 1 mm, L9 = 6 mm, L10 = 7 mm.

Antenna Design:

Fractals loaded as EBG around the patch: Fractals were arranged around the patch on the bottom
plane of the substrate. Parametric analysis is done and the side length of the fractals is varied
from 3 mm to 4.5 mm, the gap between the fractals is varied from 7mm to 11 mm and the
orientation of the fractals is changed from 0◦ to 180◦. The design is shown in Fig. 2.

Figure 2: Fractals loaded, around the patch, on the bottom of the antenna.
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Results and Discussion:

Fractals loaded as EBG around the patch: The third iteration of the fractal structures are analyzed
in this design. After the parametric analysis, it is found that the peak gain of the third iteration
fractal loaded design is 2.51 dB.

Figure 3: Gain (dB) vs. Frequency graph of third iteration fractals loaded as EBG around the patch
compared with the antenna without EBG.
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Improvement in Planar Array Antenna Performance by Using
Center-fed Coaxial-to-SIW Transition and UC-EBG Structure for

60GHz Wireless Communication

Ehsan Ghahramani, Ramazan Ali Sadeghzadeh,
Mahmood Karami, and Behzad Boroomandisorkhabi

Faculty of Electrical and Computer Engineering, K. N. Toosi University of Technology, Tehran, Iran

Abstract— Microstrip patch antennas (MPA) are widely used in modern communication sys-
tems, because of low profile, conformability to planar or curved surface, low cost and light weight.
Therefore, they are a good candidates for low cost Microstrip millimeter wave (MMW) appli-
cations. But these antennas have low efficiency and low gain because of having small size and
high conductive losses. To overcome this problem, the waveguide resonance slot antennas are
employed. These antennas have high gain, high cross-polarization and low side lobe levels. But
there are some disadvantages with these antennas. Heavy weight and high price are two of these
disadvantages. By using substrate integrated waveguide (SIW), these problems can be solved.
In this paper, the performance of a conventional two-layer 2 × 2 SIW-fed MMW MPA array is
improved using new center-fed coaxial-to-SIW transition and UC-EBG structure. In recent years,
Electromagnetic band-gap structures have become more interesting because of having desirable
properties. Suppressing undesired surface waves on the antenna, increasing the antenna gain
and reducing mutual coupling between antenna radiation elements are some of these properties.
In this paper, first, process of substrate integrated waveguide (SIW) transition line designing
is discussed and then a novel coaxial to SIW transition structure introduced since employing
microstrip line for feeding millimeter wave antenna in commercial use is not appropriate because
of internal losses. Finally, the gain and side lobe level of proposed antenna are improved by using
surface wave suppression properties of EBG structure in antenna. If antenna center frequency
has been in the UC-EBG band-gap areas, mutual coupling, antenna gain and side lob level will be
improved effectively. Presented antenna model is offering good impedance bandwidth (900 MHz)
and boresight Gain (> 11.7 dB). The proposed configuration is simulated using CST Microwave
Studio.
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S-band Proximity Coupled Patch Antenna Based on TiN/Ag
Multilayer Material

M. Yarlequé1, R. Cerna1, J. L. Ampuero2, A. Talledo2, and K. Paucar3
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Abstract— One of the challenges in the development of antennas is their resistance to the
environment and corrosion, which is extreme on shore or cost region due to humidity and corrosion
agent such as chlorine and sulphides. On the other hand, there is a trend and increase use of
planar antennas due to their low profile, integration capability and size for high frequency and
wideband applications. The conventional structures for these antennas consist of a dielectric
substrate and two separate conducting layers. The latter are implemented with copper and a
resin protection cover. However, this structure is not always convenient to endure the stringent
conditions of a costal city. For this purpose, it is well known that Titanium nitride (TiN) has
important properties as high hardness and high corrosion resistance. Nevertheless, its electrical
resistance is high and not convenient for antenna use. Due to this, a multilayer material consists
of TiN and silver was grown on Alumina substrate by using DC magnetron sputtering, resulting
in a conductive material with corrosion-resistance properties.
In this paper, a first antenna design with this TiN/Ag multilayer material is demonstrated. Since
the patterning of this material by photolithography is not simple, neither it cannot be soldered
to coaxial connectors nor bonding wires easily, a proximity electromagnetic coupling method is
employed for this design. To this purpose Keysight EMPro program was used for the simulation
of this antenna, which structure is shown in Fig. 1. This antenna comprises an Alumina substrate
(with the grown TiN/Ag layers) on top of a baquelite substrate, where the microstrip feeding line
is patterned. This antenna was measured showing a central frequency of 3.3GHz with 100 MHz
of bandwidth, and a gain of 5.6 dBi.

Figure 1: Proximity coupled patch antenna, model and measurements.
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Analysis of High Gain Dual Beam Pentagonal Patch Antenna Array

R. Anand1, Jesmi Alphonsa Jose1, and Sreedevi K. Menon2
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Abstract— In this paper, a high gain pentagonal patch antenna array with dual beam is
presented. The pentagonal geometry is inspired from a rectangle patch antenna and a triangle
patch antenna. The architecture of the antenna resembles an irregular pentagon comprised of a
triangle placed on top of a rectangle. FEM is used to analyze the antenna design.
We used the characteristics of an inset feed rectangular patch antenna and an inset feed triangular
patch antenna, with resonant frequency at 2.45GHz, as a reference. The reference antennas had
a directional radiation pattern with a gain of 6.88 dBi and 5.33 dBi, respectively. The geometry of
the single element pentagonal antenna was designed by placing the triangle on top of a rectangle
shape. The pentagonal antenna gave good reflection and radiation characteristics with a 2 : 1
VSWR bandwidth of 8.1% at resonant frequency. As we combined the geometry of a rectangle and
a triangle for the pentagonal design, the single pentagon patch antenna radiated two directional
beams with a peak gain of 6.1 dBi at resonant frequency. In the entire operating bandwidth,
the gain was better than 5.8 dBi with HPBW of 40◦/30◦ (for the two directional beams) in the
azimuth plane and 70◦ in the elevation plane. Even though the pentagon patch had slightly less
gain than the rectangular patch, it had an additional advantage since it radiated in two directions.
The proposed pentagonal antenna architecture can be used in applications where there is a need
to produce a dual beam without the need of any additional circuits for switching.
To enhance the gain of the pentagonal patch, we designed a 2 × 1 linear array with pentagonal
elements. The spacing between the array elements and the feeding mechanism were optimized
to achieve maximum gain. The array elements were spaced at a distance of 0.5λ. The pentagon
array was fed by a 50 Ω impedance line. The line was split into two 100Ω impedance lines for
each of the elements of the pentagon. The 2 × 1 linear pentagon array produced dual beams
with a peak gain of 9.27 dBi. In comparison, the rectangle 2 × 1 linear array and the triangle
2× 1 linear array produced a single beam with a peak gain of 9.86 dBi and 7.03 dBi, respectively
Thus, the 2× 1 linear pentagon array with dual beams achieved a similar gain as the 2× 1 linear
rectangular array with a single beam.
We further enhanced the gain of the antenna system by constructing a 4×1 linear pentagon array,
which produced a dual beam with a gain of 10 dBi The gain of the antenna was similar when
compared to a 4 × 1 single beam rectangle array and a 4 × 1 single beam triangle array, whose
gains were 11.24 dBi and 8.39 dBi, respectively. The simulated results obtained for the pentagonal
antennas were validated by the network analyzer. Therefore, the proposed pentagonal antennas
with dual beams can be applied in areas such as object detection, RF ablation, MIMO among
others.
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Bandpass Filters with Mixed Hairpin and Patch Resonators

Yi Wang, Eugene Ogbodo, and Predrag Rapajic
Department of Electronic, Electrical and Computer Engineering

University of Greenwich, Kent, ME4 4TB, UK

Abstract— Conventional planar bandpass filters are usually formed of coupled-resonators of the
same type for the ease of modelling and implementation. Increasingly more sophisticated filters
composed of a mixture of different types of resonators are proposed for various purposes. Some
are intended to use non-uniform Q-factors across the resonators to better control the passband
flatness in lossy filters [1]. Others use specific resonators for dual purpose such as in the case of
integrated filter antennas, where the resonant antenna element serves as the radiator as well as
one resonant pole in a filter [2, 3]. The antenna element there is usually of a completely different
structure and characteristics from the other resonators.
This work explores the combination of single-mode and dual-mode resonators. A mixture of two
hairpins and one patch resonator are used to produce a three-pole filter with one transmission zero.
The three resonators are in-line coupled without any cascaded quadruplet or triplet structures.
The patch is used for its dual modes. One is coupled to the hairpins forming the transmission
path, whereas the other orthogonal mode generates the transmission zero. Such a configuration
is simple but significantly increases the selectivity of the filter. The metred corner and the size
of the patch are the main parameters used to optimise the coupling between the modes and to
adjust the position of the transmission zero.
As shown in Figure 1, a 2.5 GHz filter with a bandwidth of 8% and a transmission zero at 2.4 GHz
is designed. A return loss of 16 dB is achieved. The substrate has a dielectric constant of 11.2, a
loss tangent of 0.0023 and a thickness of 1.27mm. To minimise the radiation loss and preserve
the high Q-factor of the patch, the filter is housed in a metal box. Such a filter configuration
with mixed types of resonators has the flexibility and potential in implementing other novel and
multiple-functional components and circuits. This will be discussed in more details in the full
paper.

Figure 1: Comparison between a conventional hairpin filter and a mixed hairpin-patch-resonator filter of the
same order.
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Effect of Complementary Split-ring Resonators on Beam Scanning
in the CRLH-leaky Wave Antennas Based on Split-ring

Resonators and Slotline

Saeid Mohammadpour Jaghargh, Pejman Rezaei, and Javad Soleiman Meiguni
Faculty of Electrical and Computer Engineering, Semnan University, Semnan, Iran

Abstract— In this paper, a new leaky wave antenna (LWA) based on complementary split-
ring resonators (CSRRs) and slot line are proposed. Effects of CSRRs on beam scanning in a
composite right/left handed (CRLH) LWA based on split-ring resonators (SRRs) are investigated.
Actually, the effects of these structures on the scan angles have been compared. The commercial
Ansoft HFSS software is adopted for the simulations. The proposed LWA is analyzed in S and
C band frequency, and the results reveal that the CSRR improves the gain in backward leaky
wave radiation. The CSRR-LWA just scans the negative angles. Furthermore, the simulation
results demonstrate the potential of the SRR-LWA to radiate from backward to forward scanning
angles. As a result this miniaturized CSRR-LWA main beam can scan the space for C-band from
−115 to −170 degree in phi = 0 (deg) plane. In the other word, the CSRR-LWA only scans in the
negative ranges of theta, but SRR-LWA scans the space from +94◦ to +156◦ in positive ranges
and −133◦ to −177◦ in negative ranges of theta.
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The Near-field Radiative Heat Transfer for Doped Si-Ge
Multi-layered Metamaterials Supporting Surface Plasmon

Polaritons
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Abstract— The near-field radiative heat transfer between doped silicon (Si)-germanium (Ge)
multi-layered metamaterials is studied by fluctuation electrodynamics. By considering the con-
tribution of surface plasmon polaritons (SPPs) supported by doped Si layer in the infrared, we
have investigated the spectral heat transfer coefficient, the energy transmission factor and the
total heat transfer coefficient versus separation distance between the doped-Si multilayered meta-
material with a filling factor of 0.4, where the doped Si layer is 40 nm and the Ge layer is 60 nm.
Results show that the heat transfer coefficient between doped Si-Ge multi-layered metamaterials
is attributed to the surface plasmon polaritons (SPPs) excited at the interface of the doped-Si
and vacuum, the Bloch modes supported by the multi-layered structure and the intrinsic loss of
the doped-Si. On the other hand, the contribution of SPPs can be obviously suppressed when
choosing Ge as the topmost layer, and the energy transmission factor is comparable with the
calculated results using the parameter obtained by effective medium theory. Moreover, the total
heat transfer coefficient between the multi-layered structures is weaker than that of bulk doped-
Si when the separation distance is smaller than 100 nm, but strong in large separation distance.
This is due to the fact that the contribution of Bloch mode is restricted at large distance by the
strong intrinsic loss of the dope-Si. Whereas the heat transfer coefficient between multi-layered
structures composed of material with low loss, such as silicon carbide (SiC), is stronger than that
of bulk medium. This study should facilitate the application of nanostructures in more efficient
noncontact thermal management, near-field thermophotovoltaics and thermal imaging.
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Contribution of Non-local Effects to the Casimir Forces

Y. Francescato and V. Giannini
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Abstract— Dispersion forces, that is Casimir and Van der Waals forces, impregnate our ev-
eryday life through physical processes as common as cohesion, friction and attraction. Yet their
origin is deeply rooted in quantum mechanics and can be solved for only the most simple geome-
tries. In the late 1940s, Casimir together with Polder predicted the attraction phenomenon taking
place between two conducting plates, known as Casimir forces. Since the extension of the theory
by Lifshitz in 1956 to the case of dissipative materials, the study of these effects has resulted in
a large body of literature arising from both experimental and theoretical investigations [1].
Here we show that in addition to dissipation and dispersion [1, 2], a full description of the Casimir
forces must take into account the effect of non-locality, or in other words the dependency of a
medium response to the wavevector of the field. Indeed, we demonstrate that the Casimir forces
arising from this representation is in stark contrast to the usual-local-optical properties assigned
generally to materials. This is illustrated in Fig. 1 where the integrand of the Casimir force [3]
is compared between the local and non-local cases. As one can see, the modes contributing to
the force are largely unequivalent at high k-vectors. We will discuss typical cases where non-
locality plays a crucial role in dispersion forces and draw conclusion on its observation in realistic
epxeriments.

(a) (b)

Figure 1: Force spectrum for two graphene sheets separated by 1 nm in the (a) local and (b) non-local
picture.
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Abstract— One of the central open problems in nanoscience is the study of the heat transport
in nanoscale devices, which has remained largely unexplored due to experimental challenges. In
this context, a key issue is the understanding of the heat transfer via thermal radiation between
systems separated by nanometer-size gaps. In this extreme regime, the electromagnetic near-field
is expected to give rise to a dramatic enhancement of the radiative heat transfer, something that
has only be quantitatively verified for gaps on the order of 20–30 nm [1]. In this work, we present
a combined experimental and theoretical study of the radiative heat transfer in the extreme near-
field regime (gaps of 1–10 nm). From the experimental side, we performed systematic studies using
AFM-based scanning probes with integrated nanoscale thermocouples [2], which were coated with
dielectrics (SiO2 or SiNx). Our experiments of heat transport between the scanning probes and
a flat substrate coated with dielectrics, performed in an ultra-high vacuum environment, confirm
that heat transport is dramatically enhanced in the near-field. To understand our experimental
results, we investigated these near-field enhancements within the framework of the theory of
fluctuational electrodynamics [3]. To be precise, we performed extensive numerical simulations
making use of a combination of a fluctuating-surface-current formulation of radiative heat transfer
with the boundary element method [4, 5]. Such a combination allows us describing realistic
geometries for our tip-sample setups. Our theoretical results are in good agreement with the
measured heat flows between both dielectric and metallic surfaces, which establishes the validity
of fluctuational electrodynamics in modeling near-field heat transport all the way to nanometer-
size separations.

(a) (b)

Figure 1: (a) Schematic diagram of the experimental setup. The AFM probes incorporate a thermocouple,
made by a spherical Au/Cr junction with a diameter of 200 nm. (b) Numerical simulation of the spatially
resolved heat transfer between a tip and a plate made of silica and separated by a distance of 1 nm. The
radius of the tip is 225 nm. The color scale is logarithmic, showing the radiative heat transfer enhancement
in the extreme near-field.
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Abstract— In this talk, I plan to show how Casimir interactions can be used as successful tools
to probe quantum effects beyond the domain of quantum electrodynamics.
The first part of the talk concerns the field of Casimir forces subject to an external driving,
through a model at the interface between quantum optics and general relativity.
The Unruh effect predicts that a single relativistically accelerated detector associates to quantum
vacuum fluctuations a thermal power spectrum. Although many single-particle physics studies
confirm this scenario, I will explicitly show that, when a couple of uniformly accelerated atoms
is considered, also non-thermal effects can manifest and they can be highlighted through the
Casimir-Polder interaction among the two particles [1].
The second part of the talk deals with the domain of ultra-cold gases, and I will show how the
Casimir force felt by an impurity moving in a Bose-Einstein condensate, can exhibit different
scaling behaviours with distance, depending on the velocity of the impurity itself.
I will, in particular, discuss a concrete experimental implementation of this setup, where novel
physics of potential impact for optical measurements of Casimir forces can be highlighted [2].
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Casimir-Polder Interaction between Rydberg Atoms and a Photonic
Crystal Fibre
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Abstract— The Casimir-Polder (CP) force is an electromagnetic dispersion interaction between
an atom and a neutral surface without permanent dipoles. This force arises from quantum
mechanical (and thermal) fluctuations of the electromagnetic field. The CP interaction can
become very strong for a Rydberg atom, which by definition has a large principal quantum
number n. As the size of its wavefunction increases as ∝ n2, so does its transition dipole
moment. The CP interactions thus affect the spectra of the atoms in the presence of macroscopic
geometries. Hence, these interactions are of interest for proposals to build atomic lattice clocks
in hollow-core fibres. Another example of a potential application is the development of single
photon sources using Rydberg atoms in microcells. Both of these applications require a detailed
understanding of the atomic structure near macroscopic surfaces.
Here we theoretically study the CP potential between cesium atoms in a Rydberg state and a
hollow core photonic crystal fibre made of silica. Our analysis includes the following effects:
1) that of the Rydberg states of the atoms, 2) that of the material properties of the fibre (for
example α-, β-quartz or amorphous silica), 3) that of its dimensionality (i.e., its shape and size),
and 4) that of temperature. This system is typically out of thermal equilibrium because of the
highly excited state of the atoms. This gives rise to an additional narrowband contribution to
the Casimir-Polder potential, which can hence become considerably larger than in the case of
thermal equilibrium.



Session 4A10
Resonators, Filters, Transmission Lines

Simultaneous Approximation Method of Attenuation and Group Delay Characteristics for Coupled Res-
onators Filter

Toshiki Matsubara, Toshikazu Sekine, Yasuhiro Takahashi, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1994

A Compact Band Pass Filter with Wide Stop-band in LGA Package by Low-temperature Co-fired Ceramic

Li Ju Chen, Ken-Huang Lin, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1996

Heuristic Circuit Transformation Based on Left-handed Filter and Right-handed Filter

Kosei Tanii, Koji Wada, Takanobu Ohno, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1997

A Compact Tunable Dual-band Bandpass Filter Using Varactor-loaded Step-impedance Resonators

Xiang Zhang, Chang Chen, Mingkang Li, Lingyun Zhou, Bin Liu, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1998

Concentric Open End Rings Resonator Filter

Mahmood Karami, Ramezan Ali Sadeghzadeh, Mahdi Oliaei, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2000

Conductor Loss Evaluation of Thin Microstrip Line with Various Copper Roughnesses
Ryosuke Suga, Tatsuya Suzuki, Tomoki Uwano, Yasumasa Akatsuka, Kazuhiko Ishii, Os-

amu Hashimoto, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2001

Composite Right-/left-handed Transmission Line Stub Resonator with Improved Out-of-band Rejection
Characteristics

Kengo Saito, Shinichi Tanaka, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2002

Effect of Bending on RF Performance of Ink-jet Printed Microstrip Line on Flexible Substrate

Yeonsu Lee, Sung-Min Sim, Kwon-Yong Shin, Sang-Ho Lee, Jung-Mu Kim, . . . . . . . . . . . . . . . . . . . . . . . 2003

Fabrication of Silver Ink-jet Printed Microstrip Line on Polyimide Substrate

Sung-Min Sim, Yeonsu Lee, Kwon-Yong Shin, Sang-Ho Lee, Jung-Mu Kim, . . . . . . . . . . . . . . . . . . . . . . . 2004

Coupled Line Power Divider with Multiple-pole Negative Group Delay Characteristics

Girdhari Chaudhary, Seungho Jeong, Phirun Kim, Yongchae Jeong, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2005

An Estimation Method for 2-port S-parameters Using Cable or Jig with Leakage Couplings

Shinji Ohno, Toshikazu Sekine, Yasuhiro Takahashi, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2006

1993



1994 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015
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Abstract— In the pulse transmission system, both the attenuation and the group delay char-
acteristic can be given as a specification in the filter. However, synthesis method of simultaneous
characteristic approximation for these properties is still unresolved. It is derived by formulating
the optimization problem. In this paper, Vector Fitting [1] can be applied to the approximation
of characteristics of the minimum phase filter is considered. We have obtained these simultaneous
characteristics approximatation by adding the complex transmission zeros to the filter with real
transmission zeros. Advantages of our method is that the number of resonators is not increased,
since the complex transmission zeros can be obtained by couplings of resonators. Effectiveness
of our method is confirmed by numerical examples. As a result, we conclude that the Vector
Fitting can be applied to approximation of the filter characteristics.

Using polynomial f(ω′); g(ω′) and h(ω′) of the normarized actual frequency ω′, S matrix of
lossless reciprocal circuit is expressed by the following expression.

S =
[

S11(ω′) S11(ω′)
S21(ω′) S22(ω′)

]
=

1
g(ω′)

[
h(ω′) f(ω′)
f(ω′) f(ω′)

f∗(ω′)h
∗(ω′)

]
,

g(ω′)g∗(ω′) = h(ω′)h∗(ω′) + f(ω′)f∗(ω′)

(1)

where, g∗(ω′) = g(ω′) and leading coefficient of f(ω′) is one. When the equivalent circuit of
filter include the imaginary resistances (frequency independent reactances), g(ω′) is a Hurwitz
polynomial in a broad sense. Following two functions |S21(ω′)|2 and normarized group delay
τn(ω′) are applied to the Vecter Fitting.

|S21(ω′)| =
Ng∑

i=1

(
c′i + jc′′i

ω′ − (a′i + ja′′i )
+

c′i − jc′′i
ω′ − (a′i − ja′′i )

)
,

τ(ω′) =
j

2

Ng∑

i=1

(
1

ω′ − (a′i − ja′′i )
− 1

ω′ − (a′i + ja′′i )

) (2)

We note that the poles of both expressions are common. First, we derived initial values of S-
parameters from filter design methods [2, 3]. Next, improveed poles and residues are obtained by
using Vector Fitting. Figure 1 shows that the results of numerical example of rational function
approximation. There are good approximations of Chebyshev type both attenuation and group
delay.
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Figure 1: Numerical example, (a) attenuation, (b) attenuation of passband, (c) group delay of passband.
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A Compact Band Pass Filter with Wide Stop-band in LGA Package
by Low-temperature Co-fired Ceramic
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Abstract— A compact band pass filter with wide stop-band in LGA (Land Gird Array) package
was proposed in this paper. The proposed filter was designed to operate at 5.15 GHz–5.85GHz for
802.11ac applications and implemented in low-temperature co-fired ceramic (LTCC) substrate.
The proposed schematic introduces transmission zeros at the lower band to reject the unwanted
frequency and provides wide stop-band at high side with 30 dB rejection level. The proposed
circuit is composed of three coupled line (TL1 ∼ TL2), three capacitors (C12/C23/C13), two
capacitor to ground (C10/C20/C30), four small inductor (L1/L2/L10/L20) and two shunt open
stub-lines (TL1/TL2).
This filter was realized in multilayer structure with LGA package which only need smaller foot-
print on print circuit board. All the components of filter were embedded into the LTCC multi-
layer substrate with a relative constant of 33, loss tangent of 0.001. The each foil had a thickness
of 23 µm and the used conductor was silver with 10 µm thickness at each layer. The minimum line
width and space between the lines were 100µm and 150µm, respectively. The inductor elements
and coupling line can be implemented by via and it can make the filter to have compact size.
The 3D design for the proposed filter is to arrange the shielding ground on the top layer and it
avoids the performance of filter to be effected by external environment, especially on SiP module
application due to height limitation. The 3D structure of proposed filter was shown in Fig. 1.

Input 

Output 

GND 

GND 

Figure 1: The 3D construction in HFSS.

Figure 2: The simulation and measurement result.

The overall size of band pass filter are 1.6 mm (L)× 0.8mm (W )× 0.6 mm (H) which has small
size. The simulated response was shown in Fig. 2. The simulation insertion losses at 5.15 GHz and
5.85GHz are 1.1 dB and 1.2 dB, respectively. The rejection band with 30 dB attenuation covers
from 9.5 GHz to 18GHz to have good ability to filter out the harmonic noise. The proposed filter
also has good attenuation at 500 MHz–4 GHz to reject the unwanted frequency band at low side.
Finally, simulated and measured results are presented in Fig. 2 as well.
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Heuristic Circuit Transformation Based on Left-handed Filter and
Right-handed Filter
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Abstract— Passive filters such as bandpass filter (BPF) or bandstop filter (BSF) are funda-
mental components for wireless communication equipment, and planar filters are preferred since
they can easily be fabricated at low cost and suited to the various frequency channels. Mean-
while, composite right/left-handed (CRLH) circuits based on the metamaterial technology have
recently been researched [1, 2]. Metamaterials are man-made artificial structures that show un-
natural electromagnetic phenomena by negative permeability and permittivity, which means that
the phase velocity is negative but the group velocity is positive.
In this study, we firstly present a compact BPF on a printed circuit board (PCB) assuming the
use of the microstrip line structure. Duroid 6010 (relative permittivity: εr = 3.6, loss tangent:
tan δ = 0.0023, thickness of the substrate: h = 0.635mm, thickness of the conductor: t = 18 µm)
is considered for the dielectric substrate. The BPF is composed of a coupled line and transmission
lines with inductive elements, and it produces a dual-mode resonance and transmission zeros.
Their conditions are easily solved by using the even-/odd-mode analysis. Since the conditions
can be provided as the left-handed (LH) operation, the BSF can also be composed by using
the transformation from LH transmission line to right-handed (RH) transmission line. The
interdigital coupled line is changed to two open-circuited stubs in order to reduce the series
capacitance and the inductive element is eliminated in order to remove the shunt inductance. As
a result, the BPF shown in Fig. 1(a) is transformed to the BSF shown in Fig. 1(b).
Both types of filters can be realized in the almost same and very compact size at the same
frequency range of 2–3 GHz. Their performances are confirmed by the electromagnetic simulation
and measurement.

(a) (b)

Figure 1: Circuit patterns of the filters: (a) LH-BPF, (b) RH-BSF.
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A Compact Tunable Dual-band Bandpass Filter Using
Varactor-loaded Step-impedance Resonators
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Abstract— This paper presents a novel design of a compact tunable dual-band bandpass filter
(BPF) using varactor-loaded step-impedance resonators (SIRs). The proposed varactor-loaded
SIR is shown in Fig. 1(a). Since the structure is symmetrical, the even- and odd-mode analysis
method can be applied to obtain the resonant frequencies. By theoretical analysis, the odd-mode
resonant frequency fully depends on the capacitance of the varactor diode connected at the ends
of the resonator and the even-mode resonant frequency depends on the capacitances of all the
three varactor diodes. This characteristic of the proposed resonator can be utilized to design
a tunable dual-band BPF with two controllable passbands. Compared to uniform impedance
resonator (UIR), the SIR has more excellent performance such as compact size, and adjustable
harmonic resonance frequency etc.. The harmonic resonance frequency of SIR is determined by
the length of SIR and the ratio of the two characteristic impedances. By choosing proper ratio
of the two characteristic impedances, the length of SIR can be shorter than UIR while keeping
the resonance frequency constant. So the proposed filter using varactor-loaded SIRs shown in
Fig. 1(b) can be compact.
A tunable dual-band BPF using varactor-loaded SIRs is designed, simulated and measured, as
shown in Fig. 1(c). The ratio of the two characteristic impedances of SIR is 0.6. Fig. 2 shows
the simulation and measurement results. The designed first tuning passband is from 0.72 GHz
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Figure 1: (a) Basic structure of the proposed resonator. (b) Schematic of the proposed tunable dual-band
filter. (c) Photograph of fabricated tunable dual-band filter.
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Figure 2: Simulation and measurement results. (a) S11-magnitude. (b) S21-magnitude.
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to 1.06 GHz, and the designed second tuning passband is from 1.45GHz to 2 GHz. The first
passband center frequency tunable range measured is from 0.73 GHz to 1.07GHz and the second
passband center frequency tunable range measured is from 1.4 GHz to 1.9 GHz. The designed
second passband center frequency is higher than the measured results because of the capacitance
error and fabrication error. The whole size of the tunable dual-band filter using SIRs decrease
22% compared to the tunable dual-band filter using UIRs in [1].
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Concentric Open End Rings Resonator Filter
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Abstract— In this paper, a single open ring resonator (ORR) filter with three resonants within
its equivalent circuit has been investigated. This filter has a good response at ISM band from
3.13GHz to 5.56 GHz. According to this filter, a concentric double open end ring resonator
filter with an ultra wide band (UWB) behavior has been approached. The frequency response of
this one is very appropriate up to 15 GHz. The loop of the filter constitutes both periodic self
and mutual inductive-capacitive property between two rings which provides many resonants in
these frequencies. The interconnections between these tanks are an important factor of its UWB
behavior and they have overlap on each other impressively.
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Conductor Loss Evaluation of Thin Microstrip Line with Various
Copper Roughnesses
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Abstract— The surfaces of the copper foils on a dielectric substrate are generally rougnened to
obtain a sufficient adhesion strength as depicted in Figure 1, and the lower effective conductivity
due to the roughness brings characteristic degradations of microwave and millimeter-wave circuits.
This paper presents an experimental study on an impact of conductor surface roughness on thin
microstrip line (MSL). Three types of copper foils were used for the fabricated 50 Ohm MSLs
using a same dielectric substrate with thickness of 100 µm and the roughness of the foils are
listed in Table 1. Ra is a evaluation figure of the surface roughness. The dielectric constants and
dielectric loss tangents of the substrates are the same as 2.17 and 1.53×10−3 at 17GHz. Figure 2
shows the measured attenuation constants of the fabricated MSLs with various surface roughness
of the copper foils. The loss with the non roughened foil was measured to be less than half the loss
of the MSL using the standard roughened foil. The dielectric losses of three MSLs are the same
shown as simulated dielecric loss in the figure, and the difference between measured ones are due
to the difference of the effective conductivities of the foils. The effective relative conductivities
of the foils were estimated from the measured attenuation constants. Figure 3 indicates the
estimated relative conductivities. Here, the conductivity is relative to the conductivity of copper
(5.8×107 S/m). The non roughened foil has the at effective conductivity around 1 up to 50 GHz.
However, the effective conductivity of the other foils decrease drastically with the frequency
increase, because their skin depths move toward the surface roughness.

Roughning treatmentDielectric substrate

Copper foils

Figure 1: Surface roughness of copper foil on dielec-
tric substrate.

Roughness Ra [µm]
Non 0.09
Low 0.39

Standard 0.53

Table 1: Measured surface roughness Ra of copper
foils.

Figure 2: Measured attenuation constants of MSLs
with various surface roughness of copper foils.

Figure 3: Estimated effective relative conductivities
of copper foils.
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Composite Right-/left-handed Transmission Line Stub Resonator
with Improved Out-of-band Rejection Characteristics

K. Saito and S. Tanaka
Shibaura Institute of Technology, Japan

Abstract— Previously, we reported composite right-/left-handed (CRLH) transmission line
stub resonators that are compact and can enhance the unloaded-Q beyond the limit of microstrip
line resonator [1]. The mechanism of the enhanced unloaded-Q (Qu = ω/2avg) can be explained
by the near zero group velocity (vg ≈ 0) of the CRLH TL used as stub line, which is realized
by engineering the dispersion of the CRLH TL in the left-handed (LH) region. The novel BPF
type resonator, however, suffered from spurious responses at both sides of the center resonant
frequency, limiting the applicability of the resonator. In this work, we present an alternative type
of CRLH stub resonator with improved out-of-band rejection characteristics.
Figure 1 compares the circuit schematics and the |S21| frequency responses for the CRLH stub
resonators of two different types. The basic idea of the present type of the resonator is to place the
shunt inductors in the unit-cells before the series capacitors (looking from the main signal line),
whereas they were placed the other way around in the conventional type [1]. This modification
affects the order of the transmission zeros (TZs) and reflection zeros (RZs) that appear in the
LH frequency region. Figure 2 shows how the out-of-band rejection can be improved using the
parameters such as C2 and L1. Since the resonant modes in the LH frequency region can be
controlled easily by tuning the reactive components of the unit cells, RZ+ can be pushed away
from RZ− which is the center frequency of the resonator. One design challenge of the proposed
resonator is to achieve very low inductance for L1, which is necessary to increase loaded-Q as
well improve overall rejection level. To accomplish this, we used two or more short-ended stubs
connected in parallel, as shown in Figure 3.
The proposed CRLH stub resonator, with compact size, enhanced unloaded-Q and good out-
of-band rejection characteristics, should prove useful for microwave planar circuit such as low
phase-noise oscillators.

(a) Previous work [1] (b) This work

Figure 1: Comparison of the two types of CRLH
stub resonators.

Figure 2: Design optimiza-
tion to improve the out-of-
band rejection.

Figure 3: Picture of the
fabricated 2-GHz CRLH
stub resonator.
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Effect of Bending on RF Performance of Ink-jet Printed Microstrip
Line on Flexible Substrate
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Abstract— Ink-jet printing techniques are good alternative to conventional photolithography
for the fabrication of electronic devices [1]. This printing technology is mostly applied to flexible
electronics devices. The most common substrate for flexible electronics devices is polyimide due
to its outstanding electrical properties, good mechanical strength [2]. Effect of bending on RF
performance of ink-jet printed device should be investigated because of the flexible electronics
devices are operated in the bending state. In this paper, microstrip line was fabricated on 200µm
thick polyimide substrate by ink-jet printing method. Length, height and width of fabricated
microstrip line is 14.2 cm, 3 µm and 500 µm, respectively. To measure the RF performance of
the fabricated microstrip line with SMA connector (0.8 T) using network analyzer, copper-plated
600 µm thick FR-4 substrates are attached to both ends of the fabricated microstrip line. RF
performance of the fabricated microstrip line is simulated using EM simulator and measured
at the bending states using VNA (Agilent technology, E5061B). Insertion loss of the fabricated
microstrip line is measured according to the varied end-to-end distance from 14.2 cm to 10 cm
at intervals of 1 cm. Measured insertion loss is 6.26 dB @ 14.2 cm, 6.23 dB @ 13 cm, 6.20 dB @
12 cm, 6.13 dB @ 11 cm, 6.10 dB @ 10 cm, respectively at 1 GHz. Return loss is measured to over
10 dB in the frequency range 300 kHz to 3 GHz.

Figure 1: Photograph of microstrip line. Figure 2: Insertion loss of microstrip line.
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Fabrication of Silver Ink-jet Printed Microstrip Line on Polyimide
Substrate
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Abstract— The flexible electronics device called next generation electronic devices is actively
studied in recent years [1]. The flexible electronics device is fabricated by printed electronics
technology such as Roll-to-Roll printing, ink-jet and screen printing. Most of all, ink-jet printing
has advantages such as no waste of ink, non-contact patterning and simple fabrication process [2].
In this paper, microstrip line was fabricated on the FC (fluorocarbon) coated PI (polyimide)
substrate (thickness 200 µm) by ink-jet printing method. In order to remove solvent in conductive
ink, the fabricated microstrip line is sintered by the heated nitrogen gas-beam. Length, height and
width of fabricated microstrip line is 30 mm, 3 µm and 500 µm. To measure the RF performance of
the fabricated microstrip line with SMA connector (0.8 T) using network analyzer, copper-plated
FR-4 substrate (thickness 600 µm) is attached to PI substrate. RF performance of the fabricated
microstrip line is simulated using HFSS (High Frequency Structural Simulator) EM simulator
and measured using VNA (Agilent technology, E5061B). Transmission loss of the fabricated
microstrip line is measured to be−0.55 dB/cm@1 GHz, −0.76 dB/cm@2GHz, −1 dB/cm@3 GHz,
respectively. Return loss is measured to over 15 dB, where the length of the silver signal line is
30mm.

(a) (b)

Figure 1: (a) Schematic view of microstrip line. (b) Insertion loss of fabricated microstrip line.
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Coupled Line Power Divider with Multiple-pole Negative Group
Delay Characteristics
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Chonbuk National University, Republic of Korea

Abstract— Power dividers are essential blocks in microwave and millimeter systems and have
been applied for power combining and splitting in various applications such as antenna feeding
networks, high power amplifiers (PAs), linearization of PAs, mixers, test setups, and measurement
circuits. The conventional power dividers provide the positive group delay. Moreover, the group
delay matching between different paths is essential in various circuits and systems such as supply
modulated PAs and feedforward linearization technique. For these circuits and systems, the
power divider with negative group delay (NGD) characteristics will be beneficial to compensate
positive group delay. Therefore, two-way power NGD divider is proposed in this paper. The
schematic of the proposed NGD power divider is shown in Fig. 1, which consists of serial coupled
line and shunt connected short-circuited coupled lines with open-circuited isolation port. The
center frequencies of shunt coupled lines are slightly different in order to get wideband multiple-
pole NGD characteristics. For experimental validation, the NGD power divider with equal-power
dividing ratio operating at center frequency of 2.14 GHz was designed, fabricated, and measured.
From the measurements, the transmission parameters are determined as S21 = −9.01 dB and
S31 = −8.96 dB at f0 = 2.15GHz, which is shown in Fig. 2. Similarly, the measured group delay
between different paths are determined as τ21 = −0.338±0.07 ns and τ31 = −0.341±0.09 ns over
bandwidth of 170MHz, which is shown in Fig. 3. The measured amplitude and phase differences
between the two output ports are shown in Fig. 4. It can be seen that the maximum amplitude
imbalance of ±0.6 dB and the phase imbalance of ±2.2◦ are observed over the 10 dB return loss
bandwidth.

Figure 1.
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An Estimation Method for 2-port S-parameters Using Cable or Jig
with Leakage Couplings
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Abstract— An estimation method for S-parameters of 2-port circuit by using cable or jig with
leakage couplings is presented. In our method, two ports of 4-port cable or jig are terminated with
2-port circuit or known loads. And the S-parameters between remaining two ports are measured.
Advantages of our method is that the S-parameters of 2-port circuit are to be estimated only
by solving the linear least squares problem. Our method can be applied to determine the S-
parameters of the circuit with a difficult port to connect the probe of the instrument as the IC
package and to determine the S-parameters of the circuit ground is not common.
Some estimation methods for the S-parameters of the multi port circuit having the port which
cannot connect the probe of the measuring instrument to directly are considered [1, 2]. The
reason why we cannot connect probes to directly are two mainly. The first reason is in the case
of a circuit having the ports which are hard to connect a measuring instrument like IC tips in the
package. The other reason is in the case of a circuit having the ports without common ground.
In this case, some circuit properties are change if we connect the probes of measuring instrument
with common ground.
A models of reciprocal 4-port cable or jig is shown in Figs. 1(a), (b) which has 2 ports that are
hard to access with measurement probes. Figs. 1(c), (d) are examples of Figs. 1(a), (b). Port
1 and port 2 can be connected by measuring probes directory, and port 3 and port 4 cannot be
connected directory. Using incident wave aa; au and reflection wave ba; bu, T matrix T of this
4-port is expressed as

[
aa

ba

]
=

[
T1 T2

T3 T4

] [
bu

au

]
,

(
ba = ŜCaa, au = SCbu

)
or

(
ba = ŜLaa, au = SLbu

)
(1)

SC is the estimated S-matrix of the unknown 2-port circuit and ŜC is the measured S-matrix.
Here, the known loads SL are connected instead of 2-port circuit in Fig. 1(b). So, the following
estimation equation is derived from Eq. (1).

SC = −
(
T4 − ŜCT2

)−1 (
T3 − ŜCT1

)
, T3 + T4SL − ŜLT1 − ŜLT2SL = 0 (2)

Equation (2) is solved by the least squares method. As a result T-parameters of the 4-port
and unknown S-parameters of the 2-port are found. The validity of the method is shown in the
numerical and measured examples.
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Figure 1: S-parameters measurement system with jig. (a) Non-leakage couplings. (b) Leakage couplings.
(c) Coupled transmission line with 2-port circuit. (d) Coupled transmission line with known loads.
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Spheres and Circles with Radial Anisotropy: Unexpected Scattering
Properties

A. Sihvola1, H. Kettunen2, and H. Wallén1
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2Department of Mathematics and Statistics, University of Helsinki, Finland

Abstract— Even if the first studies on radially anisotropic (RA) spheres appeared decades
ago [1], it seems that their peculiar properties have only lately attracted the particular atten-
tion they deserve. Cloaking properties of scatterers can be substantially boosted by resorting to
anisotropy compared with layered isotropic structures [2, 3]. In addition, the astonishing phe-
nomenon of anomalous absorption in spheres with indefinite (hyperbolic) radial anisotropy has
been analyzed carefully only very recently [4].
In this presentation, we will focus on certain particular characteristics of scattering efficiencies
of radially anisotropic spheres and circular cylinders. There are surprising qualitative differences
of the scattering behavior in three and two dimensions, which will be paid special attention, e.g.,
existence of cloaking and resonating conditions in the hyperbolic regime for 3D case which does
not take place for the 2D constellation. This means that for three-dimensional RA spheres, the
scatterer can become (in the quasistatic limit) invisible even if there is a strong variation in the
internal field pattern. Likewise, there are two types of internal field distributions that appear
along with a plasmon resonance behavior.
Furthermore, the non-Rayleigh character of small-particle scattering that has been observed for
plasmonic scatterers [5, 6] will be given attention. Ordinary Rayleigh scattering follows the fourth-
power (third-power) dependence on the size parameter of the particle for spheres (circles). The
deviations of this this quartic (cubic) dependence will be studied systematically and extended
into all cloaking and resonant singularity cases for radially anisotropic scatterers in two and three
dimensions.
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Abstract— The range of short millimeter waves (SMMW) remains highly attractive for a
number of important practical applications, such as security and nondestructive material quality
inspection, due to its opportunity to combine the options of relativity high penetrability through
atmosphere and different non-metallic objects versus terahertz, infrared and optical radiation,
as well as attainability of spatial resolution of the order of several millimeters acceptable for
imagining of concealed targets.
Among different methods for detecting SMMW, we may highlight a method of bolometric sensing
using ultra thin metamaterial films. Such films, typically configured as a single layer metasurface
laying over a grounded dielectric slab, are capable of resonantly absorbing the incoming electro-
magnetic waves with 100% efficiency and have the thickness d much smaller than the resonant
wavelength λ. Minimization of d is essential for decreasing the absorber’s heat capacity and,
therefore, for achieving high sensitivity and low response time of the bolometric detector.
According to fundamental limitations, the condition d/λ ¿ 1 inevitably leads to narrowing the
absorption bandwidth that is used to be considered as a key drawback of the metamaterial
absorbers. On the contrary, in our work this condition is turned to the advantage and is ex-
ploited to implement high-performance multi-channel SMMW bolometers with high spectral and
polarization discrimination. Such detectors are demanded in spectro-polarimetric imaging and
measurements schemes with broad-band SMMW sources. Also, such detectors are well suitable
for sensing applications with active illumination from a monochromatic SMMW oscillator.
In our contribution we summarize the results of extensive investigations focused on develop-
ing metamaterial-based SMMW bolometric detectors operating in the frequency range of 0.09–
0.4THz. In the first part of this work, the multiparametric electromagnetic analysis and optimiza-
tion of the absorbers’ design is presented and the route to maximize the λ/d ratio at the minimal
absorption bandwidth and high out-of-band spectral purity is discussed. In the second part, we
demonstrate the results of experimental testing for high-performance metamaterial absorbers,
whose λ/d ratios reach the value of 200 at the relative bandwidth of around several percent.
These absorbers are integrated with bolometric sensors implemented in different schemes, in-
cluding SMMW-to-IR conversion and pyro-electric detection, and the operational characteristics
for each scheme are analyzed.
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Left-handed Transmission Lines Equivalent Circuit Model Based on
ABCD Matrices
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Abstract— Simultaneous negative permittivity and permeability media was first considered by
Veselago in the late 1960s. In these media, the sign reversal for both permittivity and permeability
results in a negative refractive index, referred to as metamaterial. Since then, these concepts have
been used in microwaves for numerous applications due to the unusual properties that exhibit
such as inverted Snell’s law, Doppler shift, and Cherenkov radiation, in addition to unusual
focusing properties. From the theoretical point of view, metamaterials have been described with
an equivalent circuit model formed by a capacitor C and a RLC resonator, and in shunt with
an inductor L. This description with lumped elements only works in the nearby of resonant
frequency. In this work, it is proposed a metamaterial theoretical description using transmission
matrices, instead of lumped elements. This study provides two key advantages compared to
lumped elements analysis. First, it allows wide frequency range description and establishes clear
relations between physical dimensions and the metamaterial transmission characteristics. On the
other hand, it provides the possibility to obtain analytically a wide frequency spectrum range
provides useful information about the resonances modes and enables the particle studies as can
be obtained analytically parameters as group delay or group velocity. In the study and design
of metamaterial particles, the direct association of physical dimensions implies the possibility to
control design parameters. To verify the theoretical predictions, has been designed a metamaterial
structure that has been analytically studied, it has been calculated its ABCD matrix, fabricated
and measured, showing a good agreement between measured and analytical results.
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Unusual Percolation Threshold of Electromagnetic Waves
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Abstract— We demonstrate an unusual percolation threshold of electromagnetic waves in
index-near-zero media embedded with random inclusions. Such a critical behavior is induced
by the long-range connectivity of the “non-conducting” component instead of the “conducting”
component. Therefore, such a percolation threshold shows a very different nature from previous
percolation like fluids in porous media or conductivity of metal-dielectric composites. It is induced
by the vector wave nature of electromagnetic waves.
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Chiral Localized Plasmon Resonances Leading to Extreme Optical
Chirality
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Abstract— We present an analysis of FDTD simulations of light transmission trough arrays
of chiral nanoholes in metal. We report that extreme optical activity and circular dichroism are
related with excitation of chiral localized plasmon resonances.
Chirality is a point of great interest in physics, chemistry and biology. Due to the fact that chiral
nanostructures can interact with biomolecules and organic objects, chirality on the nanoscale is
potentially very useful for biosensing and pharmacy [1]. Subwavelength arrays of chiral holes
(Fig. 1(a)) exhibit extremely strong optical activity (OA) and circular dichroism (CD) [2]. The-
oretical analysis in terms of the causality principle shows that OA and CD obey generalized
Kramers-Kronig relations, but the nature of the phenomenon still remains unrevealed [3]. An-
other question is why structures with very similar shapes of the nanoholes yield qualitatively
different spectral characteristics of OA and CD.
To answer these questions and clarify the effect of the shape of holes we performed simulations for
different types of conical and chiral holes. We developed a data processing pipeline consisting of
the correction and averaging of the raw atomic force microscopy (AFM) data, creation of the unit
cell 3D-model and subsequent FDTD simulations. The results of simulations (Fig. 1(b)) show a
good agreement with experimental frequency dependence of OA and CD and strong electric field
localization at the output of the chiral nanohole at the peak of CD (Fig. 1(c)). On the other
hand, the field distribution far from the peak of CD is significantly different (Fig. 1(d)). Thus,
we conclude that the chiral localized plasmon resonance is responsible for the extreme values of
OA and CD in such structures.

(a)
(b)

(c)

(d)

Figure 1: (a) SEM image of a fragment of the chiral nanoholes array milled in a 380 nm thick silver foil;
(b) calculated values of OA and CD for a hole shape obtained by reconstructing and averaging AFM scans
data; distribution of electric field absolute value inside the chiral nanohole: (c) at the peak of CD and (d) far
from the peak of CD.
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Abstract— Magneto-optical effects have become the subject of active research due to the pos-
sibility of ultrafast and effective control of light properties such as polarization and intensity.
Recently it has been demonstrated that these effects can be enhanced in specially tailored nanos-
tructures, in particular, in plasmonic structures [1]. The giant values of magneto-optical effects
lead to huge variety of applications such as optical telecommunication devices or highly sensitive
magnetic field sensors. With the goal of the latter application here we study those effects that
are related to the in-plane magnetization in magneto-plasmonic crystals and find the conditions
for achievement of their high values.
The structures under considerations are one-dimensional plasmonic crystals consisting of a noble-
metallic grating and a smooth magnetic dielectric film. Four magneto-optical effects take place
in such configuration.
Firstly, the transverse Kerr effect (the TMOKE) is present. It allows direct visualization of
magnetization component parallel to the grating slits. The light should be TM polarized and
the incidence should be oblique. At the excitation of the structure’s TM modes the TMOKE is
resonantly enhanced. The value of the TMOKE can be several percent that is by three orders
higher than for the smooth film without plasmon covering [2].
Secondly, there is the longitudinal Kerr effect (the LMOKE). It is resonantly enhanced at the
excitation of modes of any type. The most favorable condition for the LMOKE enhancement is
the intersection of dispersion curves for TE and TM modes. The values of the effect are about
several degrees that is 10 times higher than for the non-plasmonic structure.
The most important feature of the considered structure is the emergence of the effect of the
third kind, that is the longitudinal intensity effect (the LMPIE) [3]. This effect is prohibited in
smooth magnetic media. The effect is of resonant nature because it is related to the excitation of
the structure’s eigenmodes. The LMPIE takes place even at the normal incidence. Usually this
effect is quadratic in magnetization. It was found both theoretically and experimentally that this
effect can be as high as several tens of percent. The highest value of the LMPIE happens at the
simultaneous excitation of both TE and TM modes. This effect is likely to be the most effective
way of visualization of longitudinal magnetization.
Finally, the whole class of the phase effects can be considered. Optical resonances that are
sensitive to magnetization lead to changes in phases of reflected and transmitted light. These
changes can be observed in any magnetization configuration and they are either even or odd in
magnetization depending on the light incidence configuration. The magnetization-induced phase
change in longitudinal configuration can achieve 7 degrees while for the transversal configuration
it is weaker.
The described effects provide efficient modulation of transmitted and reflected light intensity,
polarization and phase.
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Abstract— This contribution is focused on the investigation of the enhanced optical transmis-
sion (EOT) phenomenon through both 1-D and 2-D sub-wavelength periodic arrays perforated in
metallic films. In order to gain the basic physical insight into the transmission mechanisms and to
reveal the basic resonant processes in interaction of a plane wave with 1-D array of sub-wavelength
slits, we have derived two approximate analytical models. Two relevant simplifications were in-
corporated within the derivation procedure of the first model — (i) surface-impedance boundary
conditions were imposed on the metallic boundaries, except on the vertical walls of the slits which
are treated as a perfectly conducting metal, and (ii) only the fundamental eigenmode is assumed
inside the slits. As for the second model, in order to highlight the surface plasmon-polariton
(SPP) excitation based on the scattering of the plane wave or the slit mode into the SPP, a
combined model comprising the SPP as an explicit bound mode was further derived.
Using the rigorous numerical modelling, the total transmitted energy maps of various 1-D array
of slits are calculated as a function of both the structure geometrical and wave parameters, and,
there, the dispersion curves of the existing modes are clearly identified together with the cut-off
frequencies of the respective modes and the positions of resonances in these maps [1]. Apart from
the cavity resonances of the fundamental slit-guided mode (CM), playing a significant role, the
SPP bound modes and CM-SPP hybrid modes are also analysed in the case of 1-D structures.
For the case of 2-D structures, map of modes possessing the lowest attenuation constant inside the
hole is calculated, and, furthermore, plasmon-polariton modes of the metallic film are identified.
Finally, the prediction capabilities of the approximate models were put under comparison with
the rigorously computed data.
Additionally, the attention is also devoted to the much disputed question about the role of SPP
and the Rayleigh anomaly (RA) [2, 3]. It is found that the RA does not play such crucial role in
contrast to the SPPs that drastically alter the dispersion relations of the Fabry-Perot conditions of
the CMs inside the slit, and which mutual interaction subsequently results in the Fano resonances
with the pronounced maxima and minima in the spectra — the grating Wood’s anomalies. A
formalism for describing such Fano resonances is subsequently proposed.
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Abstract— In the low frequency limit (i.e., when operating wavelength is very large compared
to the feature-size and periodicity), the field of spoof surface plasmon (SSP) is characterized by
a single evanescent order and the corresponding dispersion relation is described by an expression
analogous to the dispersion relation of surface plamon polaritons (SPP). However, in the high-
frequency limit, the analogy between SSP and SPP breaks down [1, 2]. As the feature-size becomes
comparable to the wavelength, the low frequency dispersion relation starts deviating from the
dispersion calculated numerically [3].
In this paper, we show that diffraction from the subwavelength features at the surface of a perfect
electric conductor (PEC) plays a very important role in determining the near-field characteristics
and dispersion of spoof surface plasmon (SSP) in the high-frequency limit. Since the holes on the
PEC surface are of subwavelength dimension, the diffracted field from these features would be
evanescent in the direction perpendicular to the interface (z-direction). Also, the scattered field
will have maximum intensity near to the holes and decay rapidly as the distance along the plane
of the interface increases. The decay length (α) and the spatial frequencies (fx, fy) of the surface
wave are related by: α2 + k2 = 4π2(f2

x + f2
y ). Here, k is the wavenumber in the dielectric above

the interface. This leaves us with two choices: either α would have a unique value (if this is the
case, the near-filed would be exactly analogous to SPP and the propagation would be isotropic
since, (f2

x + f2
y ) would be constant at a fixed frequency) or, α would have multiple values for a

fixed frequency (in this case, the near field would be described by multiple evanescent orders in
contrast to a single evanescent order for SPP and low-frequency SSP. Also, the propagation would
be anisotropic). However, the boundary conditions suggest that the transition of the field across
the interface should be smooth if there is no change in the dielectric constant below and above the
interface. For single exponential decay, the transition of the field profile across the interface would
not be smooth. However, superposition of multiple evanescent orders can make the transition
smooth (for example, this phenomenon is found in fluorescence from a bulk material, where
stretched exponential decay is used to describe the emission decay curves). In addition, the
aperture of the hole occupies most part of the unit cell and constitutes a considerable fraction
of the operating wavelength. So, in the high frequency limit, one expects the field profile of SSP
to be described by superposition of multiple evanescent orders. We have determined the decay
constants of these evanescent orders using angular spectrum representation and have verified
the multi-exponential nature of the field profile against data obtained from full vectorial 3-D
finite difference time domain (FDTD) simulation. In essence, we have shown that enforcement
of the boundary conditions makes the propagation of SSP inherently anisotropic. Anisotropy
of SSP propagation is very important in realization of several applications like self-collimation,
beam-splitting etc..
In order to further understand the properties of SSP in the high frequency limit, we note that the
scattered field from each of the holes can interact with its neighboring holes in a manner analogous
to the electron orbitals of different atoms in a crystal. We show that a tight binding model which
takes into account next nearest neighbor interactions leads to a closed form expression for the SSP
dispersion relation and an analytic prediction for the self-collimation frequency with reasonable
accuracy. We also give numerical results in support of our theoretical expressions.
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Abstract— Here we report the design of a top metal silicon (Si) hybrid dielectric-loaded plas-
monic waveguide (TM-SiHDLW) and a compact, high performance TM-SiHDLW-based opti-
cal disk resonator. For the TM-SiHDLW, a propagation length of 0.35 mm and a mode area
of ∼ 0.029 µm2 were demonstrated by numerical simulation analysis based on finite element
method. The waveguide adopted a top metal stripe structure for easier process integration with
conventional micro fabrications and a thick (200 nm) metal stripe was found to yield optimal
performance due to reduced Ohmic loss in conductor around the stripe edge/corner. Moreover,
a relatively thick (150 nm) dielectric spacer between the Si ridge and the metal stripe was em-
ployed to achieve both long propagation length and good field confinement. Based on the same
consideration, a waveguide width of 200 nm was chosen so that the mode area could be still
less than 0.030 µm2. The effect of a thin silicon nitride (SiNx) layer covering the waveguide for
minimizing uncertainties on optical properties of TM-SiHDLW resulting from high density of
dangling bonds on Si surface, has also been investigated. For a SiNx layer thickness less than
10 nm, no significant degradation on the performance of the TM-SiHDLW was found, as revealed
by simulation analysis.The disk resonator based on TM-SiHDLW employs a metal enclosure to
significantly reduce the radiation loss while minimizing the overall size of the resonator. From
the simulation results, a quality factor up to 2000, more than twice the results in previous stud-
ies, can be obtained with an acceptable resonator dimension. Therefore, the TM-SiHDLW is a
particularly promising candidate for compact plasmonic devices in photonic integrated circuits.
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Plasmonic Optical Tweezers Based on Random Metallic
Nano-islands

Zhiwen Kang, Jiajie Chen, Haixi Zhang, and Ho-Pui Ho
Department of Electronic Engineering
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Abstract— We report a highly versatile optical trapping device substrate based on random
metallic nano-islands deposited on glass surface. The plasmonic absorption peak of the nano-
islands, which is within the visible and near-infrared region, can be tuned by controlling their
size and separation using a low temperature anneal process. Optical trapping of polystyrene
beads suspended in an aqueous medium at low power density of ∼102 W/cm2 has been recorded.
This value is at least 3 orders of magnitudes lower than the threshold power density required by
conventional optical tweezers. We have analyzed the force components acting on the beads, which
are associated with optical gradient under plasmonic enhancement, convection of fluid above the
laser-heated spot and thermophoretic effects caused by the temperature gradient in the hot
zone. Our results suggest that thermophoresis plays a significant role in the observed trapping
phenomenon. Its dependence on the ion concentration of the aqueous medium is discussed.
Optical trapping on the cleaved end of a single-mode optical fiber that has been coated with
nano-islands is also possible. The device can be used for trapping life cells such as E. Coli.
Further incorporation of the nano-island substrate to a microfluidic system readily leads to the
demonstration of practical optofluidic applications including guided flow control, light-activated
valves and fluidic mixing based on plasmonic local heating in the nano-islands. The reported work
provides a simple platform for on-chip optical manipulation of nano- and micro-sized objects, and
may offer a wide range of application possibilities in physical and life sciences.
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UV Plasmonic Performance of Ga, Mg and Al. Influence of Growing
Oxide Shell

D. Ortiz, J. M. Sanz, J. M. Saiz, F. Gonzalez, and F. Moreno
Group of Optics, Department of Applied Physics, University of Cantabria, Spain

Abstract— Resonant response of nanoparticles as a reaction to external electromagnetic fields
make them attractive for a wide range of applications, such as real-time sensors, surface enhanced
Raman spectroscopy (SERS), light energy guiding, nanosensing or electromagnetically induced
transparency, among others [1]. The demands to detect, recognize, and/or destroy biological
toxins, to enhance biological imaging, and to characterize semiconductor devices at the nanometer
scale has increased the interest in UV plasmonics [2–4]. Previous studies have shown the good
plasmonic performance of various metals as Aluminum, Gallium and Magnesium in the UV part
of the spectrum [5]. However, taking into account that oxides naturally form on most of the
metals, it is important to understand the effect of oxidation on their plasmonic response [6, 7].
In this research, the effect of the growing oxide shell on the plasmonic performance is numerically
analyzed using the Discrete Dipole Approximation (DDA) method [8]. To perform the calcula-
tions, a hemispherical nanoparticle, radius of 40 nm, located on a dielectric substrate (sapphire,
n = 1.78), is considered to mimic typical experimental conditions [9]. The nanoparticle consists
of a core/shell metal/native oxide structure, in which the core radius changes from 20 to 38 nm.
The system has been excited by a monochromatic, linearly polarized plane wave at normal inci-
dence. For each of the metals considered, the spectral dependence of the following two parameters
has been calculated and analyzed: 1) the absorption efficiency of the particle system, and 2) the
intensity of the electric field enhancement averaged over the surface.
From the results, it can be concluded that the addition of an oxide shell on the nanoparticle surface
produces a decrease of both the amplitude of the electric field and the absorption efficiency for all
cases. Besides, the resonance could be either red or blue shifted depending on the material and
the thickness of the shell. These results may help explaining the behavior of metals nanoparticles.
They also show the importance of controlling the oxide contamination and open a way to tune
resonances in nano-antenna design.
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Effective Medium Theory for Metamaterials beyond the
Long-wavelength Limit
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Physics Department, Fudan University, Shanghai 200433, China

Abstract— Metamaterials are electromagnetic composites constructed by subwavelength-sized
microstructures, and thus can exhibit tailored effective permittivity ε and permeability µ. Meta-
materials have attracted much attention recently due to their strong abilities to manipulate
electromagnetic waves, leading to many fascinating physical effects unattainable in naturally ex-
isting materials. In this research field, effective-medium theory (EMT) plays a crucial role since it
serves as a bridge to link theories, which are frequently conducted on model hypothetical systems,
and experiments which are always performed on realistic metamaterial systems with complex mi-
crostructures. Therefore, a good EMT, which can better guide people to design appropriate
metamaterials to realize the predicted phenomena, is always highly desired. In the past years,
many versions of EMTs were successfully developed, but many of them suffer different limitations
in different aspects [1].
Here, we proposed a new version of EMT, which is particularly suitable for determining the
effective parameters of a periodic structure involving dispersive metallic structures. Based on
the mode-expansion theory under a single-mode approximation, we can derive the analytical
expressions for the reflection/transmission coefficients at the interface between air and the target
metamaterial. Mapping such a complex structure to a homogeneous system, we then obtain the
effective-medium parameters of the metamaterial by requesting the two systems to exhibit the
same reflection/transmission coefficients. We first employ our EMT to study the effective-medium
properties a multilayered structure (Fig. 1(a)) composed by two different slabs with arbitrary
constitutional and geometrical parameters [2]. Our EMT not only recovers those previously
derived formulas valid only at certain limiting conditions [3, 4], but works well far beyond these
limitations to nearly cover the whole parameter spaces as long as the subwavelength condition
is satisfied. Finite-difference-time-domain (FDTD) simulations and microwave experiments are
performed on realistic structures to justify our theory. We next generalize our theory to a more
complex situation which consists of a two-dimensional periodic array of metallic structures with
arbitrary cross sections (Fig. 1(b)). More applications of our theory will be described in the
conference [5, 6].

(b)

(c)

(a)

Figure 1: Meta-materials under study and their effective medium models.
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Ultrathin Metasurfaces with Ultrahigh Cross-polarization
Conversion Efficiency
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Abstract— Recent years have witnessed a great surge of interest in metasurfaces providing
phase-discontinuities, which find novel applications in flat lenses, spin-orbit manipulation, wave-
front engineering, holography, etc.. Compared to conventional lenses or imaging devices, metasur-
faces provide an alternative approach to wave manipulation, thickness reduction, pixel refinement,
and transverse resolution. However, ultrathin metasurfaces operating in transmission face the
challenge of extremely low efficiency, as only a few percent of the total power of incident light
gets processed by the metasurface, preventing the widespread use of these devices. Here, we
experimentally demonstrate two types of ultrathin metasurface with manipulation efficiency one
order higher than previous works in visible and microwave frequencies.
On one hand, without sacrificing the ultrathin flatness (with finite — yet small — thickness),
we proposed a complementary bilayer metasurface operating at visible range by incorporating
stacking a V-shaped metasurface atop its Babinet inverted version with a gap of 70 nm in between,
which demonstrated a remarkably high conversion efficiency of 29% and extinction ratio of 12.7 dB
simultaneously within a broadband. For the first time, positive extinction ratio is achieved,
indicating an anomalous light dominated transmission.
On the other hand, based on Pancharatnam-Berry phase elements, we design and verify a planar
ultrathin metalens (∼ λ/1000 in thickness) demonstrating anomalous cross-polarization trans-
mission efficiency reaching ∼ 24.7% in our proof-of-concept experiment, which is almost at the
theoretically predicted upper limit 25% for ultrathin metasurfaces. By controlling the handed-
ness of the incident wave, in fact, converging and diverging functions are interchangeable using
the same flat lens. Our finding presents a significant leap for the transmission type metasurface,
beneficial to put metasurface into practical application.
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New Applications for Zero-index Metamaterials

Yangyang Fu, Aichen Chen, Yadong Xu, and Huanyang Chen
College of Physics, Optoelectronics and Energy, Soochow University, Suzhou 215006, China

Abstract— In this talk, we will firstly introduce an interesting property of epsilon-near-zero
(ENZ) metamaterials — The Goos-Hanchen effect. After that we will show that electromagnetic
wave transmission could be manipulated in a zero-index-metamaterials (ZIM) waveguide struc-
ture which consists of a narrow dielectric slit. Finally, we will design a light emitter based on
another interesting property of ZIM.

Figure 1: The schematic plot for the Goos-Hanchen effect in ENZ metamaterials.
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Effective Surface Conductivity and Absorption Enhancement of
Graphene Meta-surface

Yuancheng Fan and Fuli Zhang
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Abstract— A kind of single-layer metamaterials, namely meta-surface [1, 2], has drawn enor-
mous attention in recent years for various possibilities to manipulate light with ultra-thin struc-
tured surfaces. Plasmonic resonance of graphene micro/nano-structure is promising for atomically
thin and tunable meta-surface [3–5]. We employed a recently proposed sheet retrieval method [6],
which is quite suitable for the two-dimensional materials, to get the effective surface conductiv-
ity of graphene meta-surface [5]. The effective surface conductivity is helpful in understanding
the optical response of graphene meta-surface, we will present our recent studies on graphene
meta-surface based tunable absorption enhancements [7–9].
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Nonclassical Light Propagation through Atmospheric Turbulence

Jeffrey H. Shapiro
Research Laboratory of Electronics, Massachusetts Institute of Technology

Cambridge, MA 02139-4307, USA

Abstract— Free-space optical (FSO) communication, by which is meant line-of-sight laser
communication of classical information through the earth’s atmosphere, has received enormous
attention, starting from soon after the invention of the laser. It is long been understood that
reliable, high data-rate (say Gbps) FSO communications will be precluded by the presence of
clouds or fog in the line of sight, limiting such links to operation in clear weather conditions, in
which the principal propagation impairments — at wavelengths outside of atmospheric absorption
lines — are those due to refractive-index turbulence. The extended Huygens-Fresnel principle
— augmented to include atmospheric extinction loss — provides a powerful tool for analyzing
and optimizing FSO optical communication in clear-weather conditions. Because turbulence is
non-depolarizing, and has sub-psec multipath spread plus msec or longer coherence times, the
extended Huygens-Fresnel principle takes the following form

EL(ρ′, t) =
∫

A0

dρE0(ρ, t− L/c)h(ρ′, ρ), for ρ′ ∈ AL. (1)

Here, E0(ρ, t) and EL(ρ′, t) are the scalar complex envelopes of the
√

W/m2sec-units laser fields
for the transmitted and received light, respectively, as functions of the transverse coordinate
vectors ρ = (x, y) and ρ′ = (x′, y′) in the transmitter’s exit pupil (A0 in the z = 0 plane) and
the receiver’s entrance pupil (AL in the z = L plane) and time t. Equation (1) assumes that the
transmitted field’s bandwidth is less than the atmosphere’s coherence bandwidth (reciprocal of its
multipath spread), and that this field’s time duration is shorter than the atmosphere’s coherence
time. As a result, the temporal behavior of the extended Huygens-Fresnel principle is reduced
to the line-of-sight time delay, L/c, where c is light speed. More importantly, Equation (1) is a
spatial-superposition integral — a consequence of propagation through turbulence being a linear,
albeit stochastic, process — whose Green’s function is often written as

h(ρ′, ρ) = e−αL/2 eikL+ik|ρ′−ρ|2/2L

iλL
eχ(ρ′,ρ)+iφ(ρ′,ρ). (2)

From left to right, the terms on the right-hand side represent: atmospheric extinction loss with
path-average extinction coefficient α; paraxial propagation through vacuum at the laser’s center
wavelength λ (center wave-number k = 2π/λ); and the turbulence-induced logamplitude [χ(ρ′, ρ)]
and phase [φ(ρ′, ρ)] fluctuations imposed on the field received at ρ′ ∈ AL from a point-source
emission from ρ ∈ A0 during the coherence time in question. Within the weak-perturbation
regime, complete statistics for the turbulence fluctuations have been developed from the Rytov
approximation. For many purposes, however, the mutual coherence function of the exp[χ(ρ′, ρ)+
iφ(ρ′, ρ)] suffices, and this function is known — from the local method of smooth perturbations
or the small-angle approximation to the linear transport equation — well into the regime of
saturated scintillation.
With the rise of interest in quantum information processing, the use of nonclassical light beams,
e.g., photonnumber states, squeezed states, and entangled states, for transmission of classical
and/or quantum information over atmospheric paths has likewise garnered increasing attention.
In this paper we will start from the quantum form of the Huygens-Fresnel principle for propagation
through vacuum [1, 2] and develop the corresponding quantum form of the extended Huygens-
Fresnel principle. We will also present some illustrative results obtained therefrom.
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High Harmonic Generation in the Undulators for Free Electron
Lasers

K. Zhukovsky
Department of Theoretical Physics, Physical Faculty

M. V. Lomonosov Moscow State University, Moscow 119992, Russia

Abstract— Undulator radiation (UR) was discovered by Motz in the middle of the 20th century.
It represents a form of a synchrotron radiation (SR) and is due to the photon emission by
accelerated relativistic electrons, executing oscillatory trajectories in a periodic magnetic field.
Free electron lasers (FEL) require UR sources with special properties, calibrated for the user’s
needs. In particular, high UR harmonics are used to advance towards X-ray range. Modern UR
designs include precision made many period undulators with, sometimes, double period magnetic
field. High quality of the UR harmonic is of paramount importance. UR line is unavoidably
subjected to broadening, originated from various sources, such as the electron energy spread, the
beam divergency, the transport losses and the non-periodic magnetic components. Analytical
expressions for the UR spectrum and for the intensity are obtained in the case of high-energy
electrons with account for major sources of the spectral line broadening. The compensation
of the divergency by the constant magnetic component is demonstrated in the analytical form.
High harmonic generation is studied with account for all relevant sources of homogeneous and
inhomogeneous broadening. In long undulators with N > 150 and k > 1, instead of the expected
gain for the high harmonics a significant line broadening may occur, being a negative factor
for high gain SASE FEL. The X-FEL source electron beam with E = 17.5GeV (γ = 35000),
the energy spread

√
σe = 10−4 and the initial deflection θ0 = 2 · 10−3 mrad is considered. The

shapes and the normalized intensities of the generated UR harmonics are shown. Good usability
of wide range of the harmonics with the small deviation |∆νn=9| ≈ 3 of the frequencies from
the ideal spectrum is confirmed. The radiation of a FEL with a double frequency undulator is
evaluated with account for losses. Even for a highly monoenergetic beam with

√
σe = 10−4 and

with the divergency γψmax = 0.1 we obtain for a SASE FEL a significant reduction of the high
harmonic saturated power, almost down to the level of the FEL performance with a common
planar undulator. When the third harmonic is suppressed by the field H2 of the proper sign, the
fifth harmonic dominates, but its intensity decreases by one order due to the homogeneous and
the inhomogeneous losses, as compared with the evaluations for an ideal undulator.
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Coherent Synchrotron Radiation and Self Amplified Spontaneous
Emission Free Electron Lasers (SASE-FEL)

K. Zhukovsky
Department of Theoretical Physics, Physical Faculty

M. V. Lomonosov Moscow State University, Moscow 119992, Russia

Abstract— New type of X-ray radiation source — X-ray free-electron laser (XFEL) should give
the potential of providing the sub-picosecond pulse length of a conventional laser at the X-ray
wavelength of a synchrotron radiation source.
In FEL electrons enter the undulator with initially random phases, so that mostly incoherent
undulator radiation (UR) is emitted at the resonant UR wavelength. Because the electrons
interact collectively with the radiation they emit, small coherent fluctuations in the radiation
field grow and simultaneously begin to bunch the electrons at the resonant wavelength. This
collective process continues until the electrons are strongly bunched at the end of the undulator,
where the process saturates and the electrons begin to de-bunch.
In between undulators and SASE FEL oscillators are positioned. They employ mirrors, which
limit the high frequency range — common mirrors do not reflect well < 100 µm but allow easy
mode locking mechanism. Inside the gain bandwidth, longitudinal modes of the laser will con-
structively periodically interfere with each other when in phase, producing an intense burst of
light. Only phase-matched wavelengths will constructively interfere and form the modes of the
radiation field to create a comb of equally spaced modes in the output frequency spectrum. Mode
locking modifies the temporal envelope of the output field from a continuous wave to a series of
short, periodically spaced pulses.
Laser macropulse of microsecond duration consist of a train of short micropulses, which are
picoseconds in length. Used for ultrafast spectroscopy and femto-chemistry. The macropulses
repeat at a repetition ratio limited by the accelerator usually 10–100 of Hz. The micropulse
repetition rate can be from several MHz to even THz. Electrons move some slower than photons
and as the wave in the undulator travels over a distance λ/2 in a time λ/(2c), the electron travels
over a smaller distance λu/(2c), so that wave slip on half undulator period becomes λu/2.
Why is it more difficult to build free-electron lasers for X-rays than for larger wavelengths? For
small wavelengths we need high-energy electrons, but high electron energy also increases the gain
length LG ∼ γ. We must keep the gain length short, as required for an X-FEL. The undulator
field H0 and period λu must be maximized, but λu must remain short for short wavelength
λ∼λu/γ2. The electron beam current i must be high and its transverse cross section σ small.
However, the γ-factor cannot be freely decreased if we want to obtain X-ray wavelengths. In
the X-ray there are almost no good mirrors to form an oscillator cavity. The FEL functions as
a single-pass amplifier, generating peak powers of the order of 1010 W in pulses, lasting tens of
femtoseconds.
The high-gain FEL interaction is a positive feedback process — the electrons emit radiation, which
affects their position (phase) and thus causes them to emit with greater coherence. SASE FEL
process arises from noise. First waves emitted by the electrons trigger formation of microbunches.
Contrary to non-micro-bunched electrons (c), the emission in micro-bunches of electrons (d),
separated from each other by one wavelength, is correlated! This causes an exponential intensity
increase with the distance that continues until saturation is reached. If an initial coherent laser
seed wave is superimposed over the random electron phase, this seed is amplified along the
undulator and yields bunching at seed wavelength until saturation. In this regime, the energy
oscillates between the wave and the electrons rather than continuing to increase exponentially
for the wave.
High gain harmonic generation (HGHG) schemes exploit Seed laser + harmonic generation section
+ amplifier. The first, short undulator is tuned to the frequency of the coherent seed laser whose
interaction with the electron beam introduces a small longitudinal energy modulation. The
magnetic dispersion section converts this energy modulation into a density modulation. The
second undulator, called the radiator, is tuned to the n-th harmonic of the seed frequency. When
the modulated electron beam passes the radiator, the radiation produced by the n-th harmonic
component is amplified to saturation pulses with < 20 fs duration.
To make pulses shorter a SASE FEL design with chicane mode-locking is introduced. The
magnetic chicanes give an extra slippage of the radiation with respect to the electron bunch.
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Only those radiation wavelengths that have an integer number fit into the relative — radiation
to electron bunch — slippage in one module will remain phase-matched to constructively interfere
over many modules. Such constructively interfering wavelengths form the modes of the radiation
field to create a comb of equally spaced modes in the output frequency spectrum.
Alternatively, self-seed FEL scheme forms short pulses. Its advantage: independent of any exter-
nal radiation source (which must be very stable, precisely matched to the electron beam in space
and time). Same frequency in two undulators! First undulator, a short SASE FEL, operates
in the linear gain regime, produces radiation pulses with the characteristic features of SASE at
a power level approximately three orders of magnitude below saturation. The electron beam is
then sent through a magnetic chicane, which destroys the density modulation introduced in the
first undulator and delays the electron beam by the same amount as the radiation pulse. The
radiation pulse is spectrally filtered by a narrow-band grating monochromator, which stretches
the pulse and provides a coherence length longer than the electron bunch length. This radiation
is the seed for the second undulator, which amplifies it to saturation. The output radiation
exhibits a narrow spectral line with only a small background of spontaneous radiation. Spectral
brightness increases in this way by almost two orders of magnitude!
Main factors degrading the FEL emission are electron energy spread, angular divergence, trans-
verse electron beam size, diffraction of the wave. As the electrons transfer energy to the wave,
their own energy decreases. The wave emission is not the same from all electrons, so that different
electrons have different energies, with an increasing energy spread. At a certain point, the energy
spread is so large that there is no gain anymore.
Much before the electrons loose a substantial portion of their energy they slow down by emitting
electro-magnetic energy, change their phase with respect to the wave and start taking energy
rather than giving it!
Future developments of X-FELs include improved temporal coherence of X-ray SASE and the de-
velopment of relatively high-reflectivity diamond crystal mirrors in the X-ray regime makes them
feasible. Reducing X-ray pulse durations to the attosecond regime will provide spatiotemporal
resolution of atomic processes below 100 as.
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Abstract— Light beams with controllable parameters are widely used in science and industry.
Beams with non-uniform distribution of intensity, phase and polarization are used in laser tweez-
ers, for microscopic objects manipulation, objects non-destructive testing, surface treatment,
laser welding and drilling, studying the surface properties and the new materials creation.
Here we show how it is possible to generate a light beam in a form of spiral with the controllable
pitch, length and radius. Beams with wavefront dislocations have a spiral phase distribution
in the direction of propagation. The maximum intensity of the interference pattern of a Gauss
beam and a co-propagating beam with a wavefront dislocation forms a spiral curve in the space.
Selecting the appropriate parameters of the light beams it is possible to obtain the desired
intensity distribution in the direction of propagation.
In order to calculate the intensity distribution of the interference pattern the scalar wave equation
was solved using MATLAB software. The beam waists of the beams under consideration were
supposed to be coincident.
The numerical simulations have shown that the spiral pitch decreases with the Bessel beam of the
first order divergence increasing, the stable length of the spiral decreases with the Gauss beam
divergence decreasing.
We present a method of generation of beams with the spiral intensity distribution in the direction
of propagation. The pitch of spiral distribution is determined by the numerical aperture of the
Bessel beam and the stable length of the spiral distribution is determined by the numerical
aperture of the Gauss beam. The proposed method was tested experimentally.
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Abstract— The report devoted to analysis of the properties of structured laser radiation (SLR)
produced from Gaussian beam passing through a refractive (ROE) or diffraction (DOE) optical el-
ements and its applications in the modern method of optically inhomogeneous media investigation
— laser refractography [1]. Fig. 1 shows example of schematic diagram of laser refractographic
setup. SLR passes through transparent optically inhomogeneous medium with temperature strat-
ification (4), recorded by digital camera 6, processed by personal computer 7 and then we can
obtain characterization of optically inhomogeneous medium (temperature graph 8).

Figure 1: Schematic diagram of the experimental setup: 1 — laser, 2 — DOE, 3 — scanning system, 4 —
medium under study, 5 — diffuse screen, 6 — CCD camera, 7 — PC, 8 — refractogram processing.

The setup uses semiconductor laser 1 emitting radiation in the red or the green wavelength
region. The radiation power amounts to 5–25 mW. The laser beam passes through DOE 2 that
transforms the initial narrow laser beam into a structured laser radiation differing in shape,
for example, plane, conical, or cross-shaped laser beams. To position these beams with respect
to the object under study, use is made of scanning system 3 that allows these beams to be
moved in two orthogonal planes. Temperature and concentration boundary layers in the vicinity
of heated or cooled bodies, as well as diffusion layers, are investigated in glass cell 4. Two-
dimensional refractograms are observed on diffuse screen 5 from the cell and recorded with digital
camera 6 whose output is entered into personal computer 7. The computer processing of the
refractograms by means of a special program yields information 8 about the parameters of the
near-wall and boundary layers. The bottom row of images in the above Figure 1 illustrates the
stages of transformation of the narrow laser beam into structured radiation and then into a 2D
refractogram.
The experimental technique for studying various boundary temperature layers near heated or
cooled bodies was described in detail in the monograph [1].
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Abstract— The need for lasers with dimensions as small as possible leaves little space for the
gain material, which can push the lasing threshold to extremely high levels. In order to overcome
this, light must interact with the gain material as long as possible. This can be achieved when
the group velocity is very low and the fact that photonic crystals offer this feature at their band
edges makes them an excellent candidate.
Based on this idea, we investigate the lasing threshold in microstructured systems containing a
four level gain medium and show how it can be modified as a result of the interplay between the
group velocity and interface reflectivity of the lasing mode. To this end, we establish a simple
theoretical model that decomposes the contributions of these features to the Q factor. In order
to demonstrate them in realistic structures we choose a 2D PC of a finite amount of layers.
The Maxwell equations are coupled with the semi-classical 4-level rate equations and are self-
consistently solved under a finite-difference time-domain (FDTD) scheme [1]. Our simulations
show that operation near the band edge can lead to strong reduction of the lasing threshold with
respect to a uniform gain slab of the same dimensions, in spite of the lower gain density, even
for as few as 10 layers [2]. Moreover, with a slight structural modification, the PC is surprisingly
demonstrated to exhibit lower lasing threshold at steeper band edges. Our self-consistent FDTD
calculations are explained in a straightforward manner by the theoretical model, which may also
predict other counter-intuitive behaviors, such as lower lasing threshold inside a band, rather
than the band edge.

(a) (b)

Figure 1: (a) Schematic of the 2DPC consisting of 10 layers (top) and the respective slab of uniform gain
and same length (bottom). The red areas denote the host dielectric which is homogeneously embedded with
the four-level gain material. Both systems are infinite in the yz plane and confined in the x direction, along
which the emitted wave propagates. (b) Lasing power in log scale of the 2DPC (open squares) and gain slab
(filled squares) as depicted in Figure 1(a) for different pump rates. Both systems operate at the frequency
which corresponds to the bottom of the 2nd band of the 2DPC. The lasing threshold of the photonic crystal
is 1 order of magnitude lower than that of the gain slab.

REFERENCES

1. Fang, A., T. Koschny, and C. M. Soukoulis, J. Opt., Vol. 12, 024013, 2010.
2. Droulias, S., C. Fietz, P. Zhang, T. Koschny, and C. M. Soukoulis, Opt. Expr., Vol. 22, 19242,

2014.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 2033

Investigation of Kinetic Processes of a Diode-pumped Alkali Laser

Guofei An, You Wang, Juhong Han, He Cai, Wei Zhang, Liangping Xue,
Hongyuan Wang, Zhigang Jiang, Jie Zhou, and Ming Gao

Southwest Institute of Technical Physics, Chengdu, Sichuan 610041, China

Abstract— A diode-pumped alkali laser (DPAL) provides the significant promise for high-
powered performances. For a high-powered DPAL, both the absorption and the lasing distribution
crucially affect the output physical features. In this report, a mathematical model is introduced
for examining the kinetic processes of the gas-state media by using a segmental approach. The
energy transmission inside the oscillator has been theoretically analyzed for construction of a
reciprocating regime which is based on the self-consistency principle. Basically, the conclusion
can be extended to any end-pumped laser configurations.
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Abstract— Frequency conversion efficiency of IR laser radiation in nonlinear-optical crys-
tals extremely depends on both absorption and scattering properties of the crystal. Recently,
piezoelectric resonance laser calorimetry was introduced for the precise measurement of optical
absorption coefficients of crystals [1].
In present paper novel method is proposed for measurement of scattered radiation power of
nonlinear-optical crystals. Like piezoelectric resonance laser calorimetry it is based on the con-
cept of equivalent temperature of crystal heated by laser radiation [2]. Equivalent temperature of
nonlinear-optical crystal is determined directly by measuring frequency shift of the temperature
calibrated piezoelectric resonance. Piezoelectric resonance can be observed when the external
electric field frequency corresponds to one of the crystal internal vibration mode frequencies.
At first approximation piezoelectric resonances frequencies linearly dependent on temperature
during uniform heating of the crystal Rfi(T ) = Rfi(T0) + Kprt

i (T − T0). It was demonstrated
that thermodynamic temperature of the crystal, nonuniformly heated by laser radiation of P
power, can be replaced by its equivalent temperature: Θeq(P ) = T0 + (Rfi(P )−Rfi(T0))/Kprt

i ,
where T0 is crystal temperature at zero power. Power of radiation scattered by nonlinear-optical
crystal, can be determined by measuring equivalent temperatures of two additional resonators
that are made of the identical crystal material and are placed at fixed equal distances from the
main nonlinear-optical crystal that interacts with laser radiation. Difference between two addi-
tional resonators is that first one is transparent to the scattered radiation and the second one
is absolutely opaque (“black body”) and completely absorbs radiation in wide spectral range.
Temperature change of additional resonators is primarily conditioned by the ambient air heating.
Still additional heating of the second resonator is caused by absorption of both scattered radia-
tion and thermal radiation of the main crystal. In the experiment KTiOPO4 (KTP) crystal with
dimensions 3 × 3 × 30mm3 was used as the main crystal and additional resonators were made
of thin (0, 2 × 3 × 30mm3) LiNbO3 crystals. Transmission of 7W laser radiation at 1064 nm
wavelength through KTP of resulted in 1K difference between equivalent temperatures of non-
transparent and transparent LiNbO3 crystals. Theoretical estimation gives several mW of total
power scattered in KTP that corresponds to the 0.1% scattering coefficient. It should be noted
that KTP optical absorption coefficient has the same order.
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Abstract— In the last years, research on new materials and technologies together with es-
tablished modal coupling theories has featured the construction of directional couplers, power
dividers, polarizers and isolators [1]. Most of these devices are based on the control of the
electrical field properties, as the propagation modes, polarization and others. In this work, we
investigate the impact of ferromagnetic composite nano-inclusion in the coupling of multilayered
optical waveguides structure based on alternating InGaAsP and InP layers, operating at 1550 nm.
The complex refractive index of the mixture (the host and inclusion materials) is obtained from
iron experimental optical properties data and Maxwell Garnett models [2]. The beating length
and power transfer within the multilayer structure are determined by the use of the nonorthogo-
nal Coupled Mode Theory [3, 4] for an identical and a non-identical cases. In the identical case,
the guiding layers are incrusted identically with the same filling factors in the structure and oth-
erwise in the non-identical case. The motivation is to use nano-inclusions to improve the coupler
efficiency increasing the modal confinement, and decreasing the beating length. This effect occurs
because increasing the concentration of these nano-inclusions enhances the difference between the
refractive index in the waveguide layers. On the other hand, ferromagnetic composite adds loss
to the system, creating a trade-off between decreasing beating length and output power. Overall,
for the identical case, the beating length decreases with the increase of the nano-particles filling
factor, for the cladding thickness ranging from 0.3 µm up to 1 µm. The reduction rate is more
sensitive to the filling factor for a cladding thickness greater than 0.6 µm. For a filling factor
of 0.2%, the beating length reduces from 107.2 µm to 34.5 µm, a 70% reduction with respect to
the lossless case, for a cladding thickness of about 0.8 µm. The total power decreases with the
enhancement of the filling factor values and cladding thickness. For a 0.2% filling factor, losses
in the structure vary from 3 dB up to 8dB for the cladding thickness ranging from 0.3µm up to
1 µm. For the non-identical case, the structure beating length reduces with the nano-inclusion
filling factor. For a 0.2% filling factor, the beating length reduces from 107.2µm to 60 µm, about
56% of reduction with respect to the lossless case for a cladding thickness of 0.8 µm. The struc-
ture total losses reduce substantially when compared to the identical case, reaching a maximum
of 2 dB loss for a 0.2% filling factor. The total loss reduction in the non-identical case strongly
depends on cladding thickness. As the cladding thickness increases, the coupling waveguide
slightly decouples, and light remains mainly in the lossless waveguide, reducing the overall loss.
We demonstrate that suitably controlling the nano-inclusion filling factor and cladding thickness,
particularly for the fundamental TE modes, a more efficient multilayer coupling structure, with
reduced beating length and reasonably losses can be designed.
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Abstract— Temperature sensor based on the FBG inscribed radiation-resistant specialty op-
tical fiber under γ-ray irradiation was demonstrated. The measured temperature sensitivity at
dose-rate of 35.33 Gy/min from 30◦C to 100◦C was about 7.2 pm/◦C.
Recently, we have developed a radiation-resistant germano-silicate fiber with two inner cladding
layers of a pure silica buffer and a boron-doped silica, to enhance photosensitivity for inscribing
FBG in the fiber core without decreasing the radiation resistance [1]. We demonstrate a novel
temperature sensor based on the FBG inscribed radiation-resistant fiber within a temperature
range from 30◦C to 100◦C under γ-ray irradiation with a 60Co γ-ray (MSD Nordion, pencil
type/C-188 sealed) at dose-rate of 35.33 Gy/min (total dose of 10,458 Gy). A 10mm length of
FBG was inscribed onto the 200 mm fiber by using a phase mask (QPS Photronics Inc.) with
a KrF excimer laser at 248 nm. The temperature dependent Bragg reflection wavelength of the
FBG was measured under γ-ray irradiation by using the optical spectrum analyzer (OSA, Ando
AQ 6317B) together with the white light source (WLS, Ando AQ 4305) operating around 1310 nm
as an input light source.
The peak power of the Bragg reflection band at 1310.09 nm and the full width at half maximum
(FWHM) bandwidth of the fabricated FBG were about 15.62 dB and 0.24 nm, respectively. With
the increase of temperature from 30◦C to 100 ◦C under the γ-ray irradiation from 0 to 6,642 Gy for
188 minutes, the power and the wavelength of the Bragg reflection peak were found to decrease
to 15.28 dB and shift toward longer wavelength of 1310.81 nm, respectively. But the FWHM
bandwidth remained practically unchanged during the γ-ray irradiation, regardless temperature.
The measured temperature sensitivity of the fabricated FBG at dose-rate of 35.33 Gy/min was
about 7.2 pm/◦C.
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Abstract— Formation of point defects in optical fibers by intense ionizing radiation causes
radiation-induced attenuation (RIA) that can seriously degrade the capabilities of most fiber-
based devices such as fiber lasers, high-speed communication systems, nonlinear optical devices,
and fiber sensors, etc.. Radiation-hardening against the RIA is therefore indispensable for the
fiber-based applications in radiation-harsh environments.
By modifying the fiber geometry or glass composition, one can simply obtain desirable optical
properties. Photonic crystal fiber (PCF) has a cladding region comprised of arrays of air holes that
run along the fiber length surrounding the central core. Investigations concerning the radiation
response of the PCF have been performed to evaluate the feasibility of the PCF based applications
in radiation-harsh environments, which seems to be promising due their radiation resistance [1].
In this study, we have fabricated a PCF with fluorine (F) doped silica glass core which is known
to be the most radiation resistant composition under steady-state gamma-ray irradiation condi-
tions [2]. The PCF was fabricated by the stack-and-draw technique using fused silica capillary
tubes and a F-doped silica glass rod with F concentration of ∼ 1, 000 ppm (Shin-Etsu Quartz
Products Co., Ltd.). The core size, the hole diameter, and the pitch of the PCF were around
1.9 µm, 1.2 µm, and 2.4 µm, respectively. A 1 meter length of the PCF was intermittently pre-
irradiated by gamma-ray from 60Co source. The RIA characteristics of the PCF was investigated
under different irradiation conditions (dose rates, accumulated dose, and irradiation interval).
After the pre-irradiation, the RIA level at 1310 nm of the fiber was found to greatly decrease and
became rapidly saturated. The measured rapid and large extent recovery of the RIA after the
end of the irradiation was thought to be worthy of notice.
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Abstract— Microbubble has stimulated broad attention for the highly-efficient contrast agents
in biomedicine and drug delivery, and microfluidic control. There is still a challenge to gener-
ate different kinds of microbubbles by numerous techniques including flow-focusing devices and
ultrasound-induced cavitation. The complex focused laser controlled systems can produce for
microbubbles based on photothermal effect, but has large loss. In view of cost and operability,
assembling photothermal materials onto microwire exhibiting strong evanescent field should be
more desirable to produce microbubbles. Herein, we present a representative photothermal de-
vice by depositing graphene oxide (GO) onto a microwire. Excited by the near-infrared light,
GO-deposition can act as a heater for creating a variety of microbubbles. Three kinds of mi-
crobubble were successfully generated by the GO-heater. Firstly, when the GO-microheater was
immersed in N,N-dimethylformamide (DMF) and superheat limit of the liquid was reached, a
lot of spherical microbubbles with diameters from tens to hundreds of micrometers were gener-
ated directly on the microheater based on nucleate boiling. Secondly, when the GO-microheater
was located at the DMF/air interface and its neighboring microwire was immersed in GO-DMF
suspension, ellipsoid microbubbles were indirectly generated on the smooth microwire based on
heterogeneous nucleation and continuously grew in the thermal gradient field governed by GO-
microheater. Finally, massive cavitating microbubbles can be generated near a GO microcavity
and ejected away at the high excitation power. This technique has prospective applications in
microfluidics, optofluidic control, and other biochip techniques.
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Abstract— Optical sensing technique has been studied and developed for decades, where fiber
Bragg grating (FBG) based optical sensing systems are one of the most attractive research top-
ics. Due to the light weight, electromagnetic interference immunity, and high sensing accuracy
properties, optical sensing system with FBG sensors have been applied to various sensing envi-
ronments, not only large-scale infrastructures but also industrial equipment and personal wearing
devices. However, due to the weak structure nature of fibers, FBG as well as their connection
fibers usually suffer from environmental and human damages. Many conventional optical sensing
systems will be partially or totally out of work even one link/node failure occurs.
To enhance the system survivability, we have proposed a FBG sensing system with a novel mesh
network topology in our previous works. In the design of our proposed FBG based optical sensing
system, each sensor set integrates multiple FBG segments referred to different Bragg wavelengths.
The wavelength arrangement not only follows an interleaved manner among the designed four
sensor sets, but also corresponds to the applied arrayed waveguide grating (AWG) channels. With
such design, the sensing resolution can be optimized based on different sensing environments by
manipulating the FBG segment combination in each sensor set. Furthermore, almost all sensor
sets can act as the light-paths while they are not the sensing target during the sensing procedure
period, which greatly enhances the sensing network survivability.
Based on our previous achievement, in this paper ready for PIERS submission, we introduce
software-defined network (SDN) technique to our sensing system. Also, although SDN technique
is recently popular in wireless sensing networks, to authors’ best knowledge, this is the first
time that SDN technique is employed in an optical sensing system. The manual operation is
basically out of the network control procedure, which is exactly one of the design principles of
SDN technique. To further reduce the system controlling complexity, we design a multiple-region
sensing network with multiple SDN controllers. With the interconnection specification of SDN
controllers, this multiple sensing-region can be effectively realized, where the most noteworthy
features are listed below.

• The power and the round-trip time of sensing signal are reduced. The whole sensing network
is reorganized as multiple smaller regions, where each of them is supervised by a SDN
controller. Since the distance between central office and every FBG sensor set decreases,
the power and the round-trip time of sensing signal are thus largely reduced.

• The complexity of the remote node controlling is relieved. The remote node controlling
has been used to be a complicated issue. With the employment of multiple-region sensing
network as well as SDN controlling, the quantity of supervising remote node is reduced, and
therefore the controlling complexity is relieved.

• The survivability of sensing network is further strengthened. While a link/node failure
occurs, its SDN controller will inform this network state to other controllers. Therefore,
all the SDN controllers in the sensing network may take over the alternative sensing paths
recalculated by Dijkstra’s algorithm. The network survivability is consequently increased.

• The flexibility of sensing network configuration is enlarged. To upscale the sensing network
has become an easy work with the design of sensing network building blocks. Moreover,
when the sensing network is upscaling, the controlling complexity can be remained at the
same level as that of a small sensing region.

In this paper, the demonstrations are arranged for two steps, the experimental step and the
simulation step. In experimental step, we build a 2-by-2 single SDN-controlled central office
including a fiber ring laser based transmitter and an AWG based receiver. The link failures can
be easily located with the analysis of received sensing signal power by the SDN controller. Two
alternative light-paths are then calculated by SDN controller after failures are reported. In the
simulation step, we build the multiple central office sensing systems with various network scales.
The relationship between link failures and system survivability is verified. As a result, in the
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sensing system with a 6-by-6 network scale, the results indicate that the sensing system is still
survived for up to seven link failures.
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Direct Writing of Fiber Bragg Gratings through Polyimide Coating
by Femtosecond Laser Pulses at the Wavelength of 1026 nm
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Abstract— Experimental results are presented on direct point-by-point writing of the first-
and the second-order fiber Bragg gratings through polyimide protective coating by femtosec-
ond laser pulses at the wavelength of 1026 nm. Writing was carried out in specialty optical
fibers: high-temperature tolerant Fibercore SM1500(9/125)P and pure-silica core hydrogen tol-
erant SM1500SC(9/125)P.
Introduction: Fiber Bragg gratings (FBG) are widely used optical components in different ar-
eas: from spectral filtering in lasers to sensing applications. The main advantages of femtosecond
laser writing in comparison with conventional UV modification of refractive index consist in pos-
sibility to modify non-photosensitive fibers through plastic coating and to obtain gratings with
higher resistance to thermal decay. We present the results of direct point-by-point FBGs writing
in specialty polyimidecoated fibers by high-energy femtosecond laser pulses.
Experiment: The first- and the second-order FBGs were inscribed using direct point-by-point
writing technique in high-temperature tolerant Fibercore SM1500(9/125)P fiber (Fig. 1) and
pure-silica core hydrogen tolerant SM1500SC(9/125)P fiber, through 10µm polyimide protective
coating in both cases. The results of the FBGs testing at high temperatures (up to 350◦C)
showed that for a given exposure time (6 hours) there is no degradation of grating strength
which is typical for FBGs written by the UV radiation. At the same time, after temperature
exposure, the protective polyimide coating of the fibers remained undamaged, which gives an
advantage over acrylate coating which is resistant only for temperatures up to 150◦C.

Fiber: Fibercore
SM1500(9/125)P

FBG:

L = 3.5 mm

 = 528 nm

 = 1530.23 nm

 = 0.49 nm

R = 97 %

Figure 1: Transmittance and re ectance spectra of the first-order FBG written in polyimide coated fiber
using point-by-point technique.

Conclusion: The FBGs written in specialty fibers by point-by-point direct writing technique
through protective polyimide coating may serve as robust in-fiber laser mirrors and tempera-
ture/strain sensors.



2044 Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015

A Novel Demodulation Scheme for Fiber Sensor Based on Chaotic
Fiber Laser
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Abstract— Fiber Bragg grating (FBG) is attracting considerable interest in sensing elements.
A novel demodulation system for a concatenation of identical FBGs based on tunable fiber chaotic
laser is proposed. The chaotic fiber laser is the ultra-long ring cavity structure. The tunable
fiber grating (TFBG) in the cavity as a narrow-band filter has the tuning range from 1540.26 nm
to 1571.86 nm. A sensor network consists of five identical weak fiber gratings separated by a
short length of single mode fiber. The chaotic correlation that can allow every Bragg grating of
the sensor addressed simultaneously. The correlation peaks of the cross-correlation between the
reflected light from FBG sensor and reference light from chaotic fiber laser has been studied for
the demodulation of FBG sensors network in strain measurement. Simulation and experimental
results on the capability of strain measurement are presented and discussed. The cross-correlation
peaks depend on the voltage strength between the reference chaos and reflected signals from
the identical weak fiber Bragg grating sensor. The experimental observations confirm that the
demodulation results are in excellent agreement with the acquired by the theoretical analysis.
This method is not only simple and low cost, but also achieves the multi-point synchronous
measurement.
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A Relativistic Self-consistent Model for Studying Enhancement of
Child-Langmuir Limit Due to Counter-streaming Ions
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2Department of Electrical and Computer Engineering
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Abstract— A maximum electron current transmitted through a planar diode gap is limited by
space charge of electrons dwelling across the gap region, the so called Child-Langmuir (CL) law.
By introducing a counter-streaming ion flow to neutralize the electron charge density, the CL
limit can be dramatically raised, so electron current transmission gets enhanced. In this work,
we have developed a relativistic self-consistent model for studying the enhancement of maximum
transmission by a counter-streaming ion current. The maximum enhancement is found when
the ion effect is saturated, as shown analytically. The solutions in non-relativistic, intermediate,
and ultra-relativistic regimes are obtained and verified with 1-D particle-in-cell simulations. This
self-consistent model is general and can also serve as a comparison for verification of simulation
codes, as well as extension to higher dimensions.
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Octuplet of Direction Indicators with Distinct Spatio-temporal
Symmetries

Jiri Hlinka
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Abstract— Physical quantities defined by a magnitude and an oriented axis in 3D space are
often represented by three-component Euclidean vectors. Frequently, axial and polar vectors are
distinguished, depending on whether they do flip their sense or not, respectively, upon the action
of the spatial inversion (parity symmetry operator). For classification of temporal processes
or the properties of magnetically ordered materials, the action of the time-inversion operator
(1′) can be used. For example, magnetization M and magnetic field vector H are “time-odd
axial” vectors, the electric polarization P or electric field E are “time-even polar” vectors. At
the same time, other quantities like velocity or toroidal moment are “time-odd polar” vectors.
The two inversion operations generate an Abelian (commutative) group of 4 elements with 4
one-dimensional irreducible representations; the symmetry operations this group allow to classify
these vectors into 4 categories [1–4].
We emphasize [1] that there are another four types of directional quantities, which are also
defined by a magnitude, an axis and a geometrical sign, and which are also often associated with
the three-component Euclidean vectors, but which show a different spatiotemporal symmetry
than the above mentioned examples. These extra families can be exemplified as follows: two
kinds of chiral “bidirectors” (associated with the so-called true and false chirality, resp.) and
two achiral “bidirectors”, transforming as the nematic liquid crystal order parameter and as the
antiferromagnetic order parameter of the hematite crystal α-Fe2O3, respectively [1].
The aim of this contribution is to discuss applications of this concept and the notation proposal
to the properties of magnetoelectric crystals and to the electromagnetic phenomena related to
them.
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Full Graphitization of Amorphous Carbon by Microwave Heating
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Abstract— Metallic properties (high electric and thermal conductivities) and nonmetallic prop-
erties (high thermal resistance, inertness, and lubricity) of graphite make it as an essential mate-
rial for refractories, automobiles, lithium-ion batteries, fuel cells, solar cells, nuclear reactors, and
graphene production. Owing to the limited reserve of natural graphite and the ever-increasing
demand in energy applications, graphite has been designated as a “supply risk material” by
the British Geological Survey. (Graphite is ranked 9th in terms of supply risk, higher than the
platinum group elements). Synthetic graphite can fill the gap between supply and demand, but
there has been not much research on the process of making synthetic graphite. The common
manufacturing process used to synthesize graphite, known as Acheson process, relies on thermal
heating of amorphous carbon to 3000◦C. (Typical processing time is 2 weeks). Although the
energy requirements are enormous, the Acheson process remains the major industrial process
since its invention in the 1960s. Therefore, a novel and energy-efficient graphitization process is
highly desirable.
Here, we report a novel method of graphitization using microwave heating with catalyst. Al-
though microwave heating has been reported previously, full graphitization of amorphous carbon
powders is achieved for the first time by adding catalyst precursors to the amorphous carbon pow-
ders. Interlayer spacing and IG/ID ratio of amorphous carbon powders became almost identical
to those of the reference graphite powders after microwave heating in 5 minutes.
Present work implies that microwave graphitization can be an alternative process for synthetic
graphite production. Furthermore, it can also be applied to the production of other graphitic
materials like highly crystalline graphene or carbon nanotubes and their derivatives.
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Determination of the Parameters of Composites with Magnetic
Particles from the Study of the Spectra of Ferromagnetic

Resonance in the Microwave Frequency Range

V. A. Zhuravlev, V. A. Meshcheryakov, and E. P. Lilenko
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Abstract— Active exploration of the microwave frequency range sharpened the need for mag-
netic materials absorbing electromagnetic radiation. Such materials are required to reduce harm-
ful influence on biological objects, to provide electromagnetic compatibility of units and blocks
of high-frequency devices, to build anechoic chambers and to protect information. Composite
radar absorbing coating (RAC) which consists of a matrix of high-molecular polymer compounds
and filler particles of ferromagnetic or ferrimagnetic materials are widely used. Such materials
are most effectively used as electromagnetic waves absorbers located on the metal surfaces.
It is necessary to know the material parameters of the filler particles of the composite material for
targeted development and production of RAC in a given frequency range and level of reflectance
in the operating band. These parameters are the values of the magnetocrystalline anisotropy
fields (Hai), the gyromagnetic ratio (γ) and saturation magnetization (M0).
The study of the spectra of ferromagnetic resonance (FMR) in the microwave frequency range
is one of the few methods to determine the required material parameters such inhomogeneous
and macroscopically isotropic materials, including materials with nanosized and nanostructured
particles.
The development and testing based on the study of FMR methods of determining the character-
istics of the anisotropic powder and composite materials is the aim of this work.
To do this, we calculated the permeability tensor of the composite material containing randomly
oriented particles uniaxial magnetic material. We proposed based on the analysis of FMR spectra
in the microwave frequency range two-stage method of determining the anisotropic characteristics
of such composite materials.
In the first stage the frequency dependences of the maxima and the derivatives of the resonance
curves are analyzed. It gives us the estimation for the gyromagnetic ratio γ and anisotropy fields
Hai. In the second stage by a detailed comparison the shape of experimental and theoretical
resonance curves we obtain more accurate values of the anisotropy field.
The paper presents the results of applying this method to determine the anisotropic character-
istics of polycrystalline samples of hexaferrites and composite materials containing nano-sized
ferrimagnetic particles.
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Abstract— Currently, due to the increasing background microwaves the development of radar
absorbing materials (RAM) for various purposes are particularly relevant. RAM are used to
solve problems of electromagnetic compatibility of radio electronic devices, protection of biolog-
ical objects from electromagnetic radiation, as well as to reduce the radar signature objects of
military and civil purposes. The materials that combine several useful consumer properties are
of particular interest.
The unique combination of properties that do not have any of the known heat insulator has foam
glass material. This material is environmentally safe and has a low thermal conductivity and
density with relatively high strength. The purpose of this work — study microwave transmission
and reflection coefficients in the frequency range 26–260GHz of foam glass, modified by titanium
concentrates and the establishment of the possibility of its use as a radar absorbing material.
We studied the radar absorption and mechanical properties of foamed glass, made from industrial
cullet glass tube with the addition of ilmenite concentrate. Concentrate composition in wt.% was
follow: TiO2 — 61.85; Fe203 — 27.90; Si02 — 2.00; A1203 — 2.00; Cao — 0.15; MgO — 0.40.
Additive concentration was varied from 0.5 to 1.5 wt.%. Previously, we have found that with
small additions of ilmenite concentrate the foam glass becomes more durable. Adding to of the
foaming mixture the ilmenite concentrate in an amount of 0.5wt.% increases the compressive
strength of the foam glass twice.
Measuring the transmission and reflection coefficients produced by the “free space methods” on
the vector network analyzer Agilent Technologies E8363B in the frequency range of 26–36 GHz
and terahertz spectrometer type STD-21 in the frequency range 60–260 GHz.
For study of the electromagnetic response we used flat samples 30 × 30mm2. Thickness of the
samples was 2.2–2.4 cm. The measurements showed that the microwave reflection coefficients for
all of the samples are small. This is due to the microwave properties of material and diffuse
scattering from surface of foamed glass.
The experiments showed that small additions of ilmenite concentrate to foam glass can not only
improve the mechanical properties of material, but also to expand the scope of its application.
Material is actively cooperating with electromagnetic radiation and can be used as an absorber
to create: protective shields that reduce the harmful effects of microwaves on biological objects,
anechoic chambers and rooms with low levels of electromagnetic fields.
Maximum radar-absorbing properties have a foam glass samples with addition of ilmenite con-
centrate with a particle size of 3 microns and amount of 0.5 wt.%. The value of the transmis-
sion coefficient at a frequency 26 GHz was about −10.5 dB/cm and −15.2 dB/cm at a frequency
260GHz.
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Significantly Improved Absorption Properties at Microwave Bands
for Multi-layer Hexaferrite Thick Film Composites
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Abstract— With the developments of electronic, telecommunication and radar technologies,
the absorption and shielding of electromagnetic (EM) radiation has attracted much attention.
When EM waves are irradiated into magnetic materials, a natural resonance (ferromagnetic
resonance without an applied magnetic field) occurs, thus achieving the attenuation of EM waves.
The absorption EM materials generally consist of magnetic fillers and silicone, as known the
EM composites. The fillers play an important role in determining the absorption properties of
composites. In this work, three hexaferrite fillers, namely often used particles, flakes and thick
films, are prepared and their absorption properties are compared. It is found that composites filled
with the thick films have excellent high-frequency magnetic properties and absorption properties,
as compared to other two fillers.
First, for often used magnetic fillers, such as hexaferrite or carbonyl iron particles, the permeabil-
ity is rather small; real and imaginary permeability are only about 3–4 and 1–2, respectively, for
composites with volume concentration of 50%. For the hexaferrite film composites, the real and
imaginary permeability significantly increase to 7 and 4.3, respectively. The increase is attributed
to an in-plane arrangement of the films in composites.
More important, due to significantly enhanced permeability and almost the same permittivity, the
hexaferrite film composites show excellent EM absorption properties: the thickness is only 3 mm,
absorption bands cover from 2.1 to 14.5 GHz for return loss RL < −10 dB, and the percentage
bandwidth is 150%, which achieves 3/4 of theoretically maximum bandwidth 200%.
Final, the mechanism of enhanced broad bandwidth is discussed. EM absorption comes from
two different mechanisms: quarter-wavelength resonator and magnetic resonance. The former
is determined by the ratio of permeability to permittivity and the latter is associated with the
magnetic loss. For the film composites, two absorptions with RL < −10 dB can exist on the same
thickness, thus significantly expanding the absorption bandwidth.
In conclusion, the hexaferrite film composites are potential candidates for use as EM absorption
materials with small thickness, low return loss and broad bandwidth at microwave S, C, X and
Ku bands.
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Low-frequency Electromagnetic Bands in Metallic Lattices
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UMR CNRS/Université Paris-Sud, Orsay 91405, France

Abstract— We present a complete study on the low-frequency electromagnetic band struc-
tures in various metallic lattices in air background, using both numerical and tight-binding ap-
proaches. The band structures and evolutions are comparatively investigated with respect to local
resonances and their variations following the sizes, shapes and the symmetries of the structure
unities. We show that the lowest-frequency bands are formed by s-like resonance modes sustained
by the local structure unities, of which the contributions vary following structure modulations,
and, under certain conditions, the second bands (above the first band gaps) are formed by p-like
modes sustained by the same structure unities. The s and p bands can both be described in
the frame work of a tight-binding model, allowing band structure analyses in terms of relations
between local resonance modes and their mutual correlations. This work demonstrates that the
origin of the low-frequency electromagnetic bands and gaps in general metallic structures can be
explicitly analyzed from the perspective of local structure arrangements, that determine both the
local resonance conditions and their mutual coupling. The plasma gaps and the first band gaps
arise naturally from specific local structure patterns.
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Heat Transfer between Anisotropic Nanoparticles
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Abstract— We study radiative (near field) heat transfer between objects in vacuum at dif-
ferent temperatures. By use of classical scattering theory [1], we derive closed expressions for
this transfer for objects of arbitrary shape and material, from which general properties of the
transfer can be analyzed. We present several examples including spheres, cylinders and ellipsoidal
particles [2], thereby demonstrating the size and shape dependence of radiative heat transfer.
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Abstract— The report is concerned with optical properties of magnetic nanocolloids (ferroflu-
ids), i.e., materials of a special type which are solutions of magnetic particles suspended in
a carrier fluid. These materials exhibit specific physical properties [1]. Ferrofluids have been
studied since the 1960s but still remain an important research object because new physical phe-
nomena are constantly revealed in them. Ferrofluids find different applications, for example,
they are considered to be promising for biomedical purposes [2]. Of considerable interest are
also optical devices in which ferrofluids are used as active elements. Their operation is based on
the magneto-optic effects which have pronounced specific features in nanocolloidal solutions of
magnetic particles. There are optoelectronic devices in which the interaction of light with the
material occurs at large lengths. These are fiber-optic systems with a ferrofluid-filled microstruc-
ture [3–5]. It can be expected that under certain conditions nonlinear properties of ferrofluids will
manifest themselves in them, which is important from not only practical but also fundamental
point of view.
We studied optical nonlinearity in kerosene and water solutions of magnetite (Fe3O4) prepared by
using the technology which gives nanoparticles with an average size of about 10 nm. To provide
an optical transparency, the samples were diluted from the initial concentration (several percent)
to 0.2 Vol. % of the solid phase content.
The experimental technique was chosen to be z-scanning [6] involving displacement of the material
studied along a focused laser beam. The setup included a compact electromagnet which produced
a magnetic field of 0–500 Oe applied to the sample. It was perpendicular to the light beam.
The light polarization could be either parallel or perpendicular to the field. The electromagnet
could move together with the sample along the beam, thus passing through the region with the
maximum optical energy concentration. As a radiation source, a Nd:YAG-laser was used (the
second harmonic, λ = 532 nm).
As the experiment showed, at high optical power levels the ferrofluids exhibited a strong non-
linearity detected from the dependences typical of the z-scanning technique [6]. It was found
that the magnetic field exerted a strong influence on the nonlinear characteristics, which can be
attributed to formation of agglomerates of nanoparticles in the fluid. The effects related to the
light scattering which depended on the field and radiation power were also observed.
Possible mechanisms of the observed phenomena one of which is thermal diffusion of nanoparticles
in the field gradient created by the focused laser radiation are discussed.
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Effects of Target Reflectivity on the Reflected Laser Pulse for Range
Estimation

Sing Yee Chua1, Xin Wang1, Ningqun Guo1,
Ching Seong Tan2, and Tong Yuen Chai3

1School of Engineering, Monash University Malaysia
Jalan Lagoon Selatan, Bandar Sunway, Selangor 47500, Malaysia

2Faculty of Engineering, Multimedia University
Jalan Multimedia, Cyberjaya, Selangor 63000, Malaysia

3Universiti Tunku Abdul Rahman, Setapak, Kuala Lumpur 53300, Malaysia

Abstract— The development of laser ranging technology benefits remote sensing, machine
vision and three-dimensional (3D) imaging. Accuracy of these systems strongly relies on the
characteristics of laser and detector response. In this paper, reected laser pulse profile is in-
vestigated and analysed based on different target reflectivity. Results show that reflected laser
pulse appears to deviate from ideal Gaussian model that is commonly assumed. The reflected
laser pulse demonstrates asymmetric Gaussian-shape temporal associates with a time delay. It
is observed that target reflectivity that is influenced by the material types and roughness has
direct impact to the sensitivity of detection and intensity variations but does not change the
distribution characteristic. These show direct connection to deviation in range estimation and
should be further evaluated for correction to improve the accuracy in a range gated system.
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From Markovian Jump Processes to Ionospheric Waves Disturbances

R. Talhi
CNRS/LPC2E and University of Tours
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Abstract— The objective of this paper is to provide an overview of Markovian Jump Processes
(with continuous time and discrete state space) applied to the modelling of some ionospheric
wave disturbances. Markovian Jump Processes (MJPs) are fundamental stochastic processes
that are used to model some unpredictable observable phenomena related to disordered and
inhomogeneous environments, and can be readily implemented in numerical algorithms. Hence,
these stochastic processes play an important role in many fields of science and technology, ranging
from computational finance (in credit risk modelling [1]), and wireless communication networks
(in random traffic performance [2]), to physics (in electron transport inside disordered organic
semiconductors [3]), chemistry and biology (in stochastic kinetic models [4]), among others. MJPs
aim to aid our understanding of the previous unpredictable phenomena by providing a consistent
probabilistic framework to predict their future behaviour.

More precisely, the main purpose of this work is to focus on this probabilistic technique applied
to study the asymptotic behaviour of some wave disturbances propagating in a typical random
medium such as the ionosphere which is characterized by spatial and temporal chaotic fluctua-
tions, and therefore unknown in detail, ill-defined, and poorly understood. In this context, the
basic methodology is as follows: the radiative transfer theory, which governs the propagation
and scattering of electromagnetic waves in the general case of random media, is used. More
specifically, the radiative transfer equation, which describes the electromagnetic wave-energy
propagation, under its vector (or matrix) form including energies and polarization parameters
(in Stokes representation), is considered. This equation which has no analytical solution, is solved
by means of numerical methods or simulation based techniques. One has to consider the energy
propagation at a certain time (t), at a certain position (X), in a certain angular direction (K),
and with a certain polarization (P ), where K(t) and P (t) jump at scattering times, while X(t)
is continuous in space. Hence, the previous equation admits a probabilistic interpretation repre-
sented by a Markovian Jump Process (or stochastic process with minimal memory, i.e., given the
present state of the process, the future is independent of the past states) for the position X(t),
direction K(t), and polarization P (t) of each photon (in quantum representation) undergoing
scattering by random ionospheric inhomogeneities. In the simulation of MJPs trajectories, it is
important to notice that steps are considered independent and identically distributed; moreover,
the computation of any next scattering time is done according to the Poisson (or exponential)
distribution. Then, we consider the forward Kolmogorov equation associated with the previous
MJP (i.e., equation of the time-evolution of the MJP probability density function), that we solve
numerically by a Monte-Carlo estimation procedure (based on the large numbers law, and on the
central limit theorem). Finally, we get an approximate solution of the vector RTE, by averaging
over the first order moments of the previous discrete probability densities with respect to the
polarization parameters matrix.

Our methodology is illustrated with some applications to attempt to analyse the impact of
turbulence strength and electron density fluctuations on radio-waves scattering in HF-frequency
band (∼5 to 20 MHz). To this end, we assumed a typical ionospheric parameters, turbulence
spectrum (power law form), and electron density profile (Chapman profile). Then, we focused
firstly on the prediction of the 3D-angular power distribution and the rate of polarization of HF-
waves altered by multiple scattering, and secondly on the important role of the 3D-anisotropic
irregularities encountered in many scattering problems. Obtained results, which seem rather
good when compared to published ones, will be presented and discussed.

As concerns the above mentioned methodology, we have to point out some open questions or
subjects of controversy [5, 6]. Since we use the wave-particle duality, are stochastic processes
related to quantum mechanics? Furthermore, is a Markov process equivalent to a quantum
process? In other words, how to formulate a Markov process (with its crucial Markov property)
into the framework of quantum mechanics?
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Spatio-temporal Visual Saliency for Adaptive Weather Sensing
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Abstract— In this paper we address the problem of performing adaptive weather sensing
with a phased array radar by exploiting information-theory-based methods with the goal of
adaptively defining scanning strategies for weather observations. Through their unique beam
agility, phased array radars can instantaneously change the pointing direction and acquisition
parameters of the scanning beam. This capability can be exploited to dynamically and adaptively
define scanning strategies that achieve an optimum compromise between update time, spatial
sampling and sampling, and data quality, which can potentially lead to improved warnings and
forecasts. Using information theoretic methods, scanning strategies can be tailored so that the
information extracted from the atmosphere is maximized. The distinguishing attribute of the
information measures is that they provide a single metric able to automatically capture the
complex tradeoffs involved in the design of scanning strategies for weather observation. In this
paper we present an algorithm that tailors the scanning strategies for different regions based on
their information content. We demonstrate the advantages of this algorithm over conventional
scanning by mimicking phased array observations using high temporal and spatial resolution data
collected with the University of Oklahoma Advanced Radar Research Center’s PX-1000 radar.
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Abstract— The Weather Surveillance Radar — 1988 Doppler (WSR-88D) of the United States
is presently the operational radar system for forecasters to monitor the weather. While the radar
network has been upgraded to provide polarimetric and Super-Resolution (0.5 degree) coverage
out to 300 km, there are many regions, particularly in the Rocky Mountains, that the WSR-
88D radars do not provide sufficient coverage due to the complexity of terrain and planetary
curvature of the Earth. Forecasters often rely on the scans from high elevations to infer what
is happening near the surface. Under circumstances where no other means are available, the
upper scans are the only source of measurements. In order to produce qualitative precipitation
estimate (QPE), however, these upper scans do not provide the critical measurements needed for
numerical models to produce accurate predictions. The Mineral County of the State of Colorado
is one of the many regions within the Rocky Mountains that suffers poor radar coverage due to the
surrounding mountain ridges, which are in the line-of-sight of the closest three WSR-88D radars,
blocking radar beams from reaching this area. The limitations impede the ability of forecasters
and local emergency managers to make accurate predictions and issuing weather warnings. In
Fall 2014, a transportable polarimetric X-band radar was deployed at the Lobo Overlook of the
Mineral County for a 45-day experimental campaign to assess the value of a permanent radar
setup in this area. Large systems like the WSR-88D radars are costly, a compact radar, such
as the PX-1000, however, costs tremendously less and could be sufficient for short-range (60 km)
weather surveillance. This was the case for the Mineral County and several counties adjacent to
it. The experiment was successfully conducted and several case studies have shown added values
of deploying a polarimetric radar in this area, supplementing the current radar coverage of the
WSR-88D network. Three selected cases are provided in this presentation for illustration.
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Abstract— Stealth technology has brought up a revolution in the field of electronic counter
measure and has exposed the ineffectiveness of the mono-static radars. The stealth aircrafts
diffract and/or scatter very low power electromagnetic radiations owning to its special geometry
and highly absorbent material. However, if an electromagnetic wave is incident at ‘good’ angles,
stealth aircraft though low observable cannot be called as invisible. In this paper, the results
of the extensive simulations on a model stealth aircraft have been presented. Simulations are
performed on an aircraft model to prove the effectiveness of the proposed model. By energizing
the aircraft at ‘good’ angle(s) of incidence, significant scattering can be observed over a range of
aspect angles. Thereafter, a multi-static approach is proposed making a polygon arrangement of
radar transceivers in order to guarantee the detection of a stealth aircraft.

Figure 1: RCS vs. frequency for various angle of incidence and reflection.

Figure 2: Our proposed solution of using 4 radar transceivers arranged in a polygon.

The bi-static and multi-static radar must use data in fusion in the process of information collec-
tion. The concealment feature of bi-static radar is not complete as the transmitter station is still
electromagnetically exposed and can be easily attacked. Our configuration overcomes the nega-
tive effects of such a situation since there are four radars working with each other. Our proposed
configuration can be used for low frequency radar since the radars are acting as transceivers for
each other and by using correlation and proper filtering, clutters can be avoided and at the same
time our proposed system can easily be upgraded with any desirable feature like changing of
polarity, operating frequency or miscellaneous features.
From the observations we saw that there was a maximum positive RCS for greater range of
frequencies at the shadowed side of stealth aircraft, so if there is a receiver there, it can make
use of these scatterings to detect the target threat.
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Ultra Short and High Voltage Pulse Shaping for Atom Probe
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Abstract— Improvement of atom probe tomography technique requires the use of high voltage
rectangular pulses on a sample inside an ultra-high vacuum chamber. In this paper, a design for
ultra-short (∼ps) rise time and less than one nanosecond rectangular pulses, based on a photo-
conductive switch, is described. The performances of the device are compared to theoretical
predictions.
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An Amplitude Based on Vital Sign Monitoring Using Impulse-radio
UWB Radar
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Abstract— In this paper, a method for vital signs which are breathing rate and heart beat
rate using impulse radio UWB radar is proposed. The method of calculating breathing and heart
beat based on an amplitude variation of received short pulse signal. When an impulse UWB
radar is measure the vital signs, rates are usually measured by a movement of peak position of
received signal. To obtain high accuracy frequency, a receiver requires a high speed sampling
rate. The fast sampling rate has problems of cost and a large size of H/W. The suggested method
is unnecessary the high speed sampling rate receiver. It is used a variation of an amplitude of
cross correlation of each received signal. The fourier transform of the variation is represented
vital signs. In addition, an uneven sampling rate is used. The rates are estimated by least square
spectral method instead of the fourier transform. In spite of low sampling rate, these methods
have a better signal to noise ratio than method for detecting movement of peaks.
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Analysis of Micro-Doppler Characteristics of Human Activity Using
Hilbert-Huang Transform Analysis
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Abstract— Various parts of the human body have different movements when a person is per-
forming different physical activities, thereby resulting in unique micro-Doppler signatures. The
conventional time-frequency analyses of human activity (usually including the short time Fourier
transform (STFT), Wigner-Ville distribution (WVD), and wavelet analysis) are not adaptive to
nonlinear and nonstationary signals. If one can decompose the noisy human Doppler information
and extract only the human-induced Doppler from it, the identification of various human activi-
ties becomes easier. We have applied the Hilbert-Huang transform (HHT) technique to analyze
micro-Doppler signals arising from human activities, since this approach is adaptive to such non-
linear and nonstationary signals. The Hilbert-Huang Transform (HHT) is a novel signal analysis
technique based on the combination of the empirical mode decomposition (EMD) and the Hilbert
spectral analysis approaches. This method implements the ‘empirical mode decomposition’ us-
ing which a dataset can be decomposed into a finite and often small number of ‘intrinsic mode
functions’ that possess well-behaved Hilbert transforms. Since this decomposition is adaptive, it
is very efficient. The decomposition is based on the local characteristic time scale of the data
and is applicable to both nonlinear and nonstationary processes. The EMD identifies intrinsic
oscillatory modes by their characteristic time scales in the data empirically. It separates the in-
trinsic mode functions (IMFs) from the original signal one by one, until the residue is monotonic.
The original signal is thus decomposed into a finite and a small number of IMFs, where an IMF
is any function with the same number of extrema and zero crossings, with symmetric envelopes.
This method was applied to radar data resulting from human activities. The HHT based signal
processing can effectively improve pattern recognition and reject unwanted uncorrelated noise.
The Hilbert Transform presents results in the form of an energy-frequency-time distribution,
designated as the Hilbert spectrum, which can provide sharp identifications of embedded struc-
tures. In the HHT approach, the IMFs based on local signal properties define an instantaneous
frequency. The introduction of the instantaneous frequencies for complicated datasets eliminates
the need for spurious harmonics to represent nonlinear and nonstationary signals. This method
when applied to radar data resulting from human activities shows significant differences in the
IMF spectrum for various human activities, which can be used for activity classification and
recognition using radar micro-Doppler.
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Measurements and Analysis of the Doppler Signatures of Rotating
Targets by the Hilbert Huang Transform

Mickael Bruno1, Alessio Balleri1, and Clayton Stewart2

1Centre for Electronic Warfare, Cranfield University, Defence Academy of the UK, UK
2Department of Electronic and Electrical Engineering, University College London, London, UK

Abstract— Radar echoes from moving targets present a shift in frequency due to the well-
known Doppler effect. Typical radar targets are often composed of several moving components
which, with their own micro motions, induce a frequency modulation around the principal Doppler
shift. These modulations are called the target micro-Doppler signature and contain specific
information on the target that can be used for target classification.
In recent years, micro-Doppler signatures for target classification have attracted considerable
research interest and they have been used to classify many different types of targets, including
cars, tracked vehicles, humans and animals. Considerable research efforts have been dedicated to
characterising the micro-Doppler signatures of rotating target components in order to allow and
improve classification of aircraft, helicopters, UAVs and to study the clutter returns from wind
turbines.
A significant proportion of the previous work on classification of rotating targets by micro-Doppler
is based on the use of time-frequency methods, such as the Short Time Fourier Transform (STFT),
which impose a trade-off between time and frequency resolution; the longer the dwell time the
better the frequency resolution and the poorer the time resolution and vice versa.
The Empirical Mode Decomposition (EMD) is a recent method which has been developed to
decompose signals into a series of functions, called Intrinsic Mode Functions (IMFs), which admit
a regular Hilbert transform. The EMD, together with the Hilbert Huang Transform (HUT) is
a method for the analysis of nonlinear and non-stationary time series and may potentially offer
significant advantages for the task of target classification as it does not suffer from the trade-off
between frequency and time resolution.
Very little work has been published in the literature on the EMD and the HUT for target clas-
sification by micro-Doppler. Most of the previous work on micro-Doppler of rotating targets
based on the EMD has been carried out on simulated data and there is very little in the litera-
ture presenting experimental results. Previous algorithms have largely been tested on noise-free
simulations and often, when experimental data was used, very little information on the radar
parameters and the target echo signal characteristics was provided. This has made it difficult to
draw conclusions on the performance of this technique and its robustness against the radar car-
rier frequency and the data Signal to Noise Ratio. To the best of our knowledge, in the existing
literature, there have been very little attempts, if any, to carry out a thorough analysis of the
information contained in the IMFs of real rotating targets.
In this paper we measure the signature of a rotating propeller at X-band and we study the
properties of the IMFs of the target and their corresponding HUTs. Results are analysed as a
function of the target aspect angle, the target rotation speed and the target number of blades.
Results show that the it is possible to extract the information on the rotating speed of the
propeller and on the number of blades over a large number of IMFs and at all aspect angles,
including those where the Doppler shift induced by the blades is low.
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Waveform Diversity for Ultra-wideband Ground Penetrating Radar
Imaging

Delphine H. N. Marpaung and Yilong Lu
School of Electrical and Electronic Engineering, Nanyang Technological University

50 Nanyang Avenue, Singapore 639798, Singapore

Abstract— Waveform diversity has been one of the intensive research areas in ultra-wideband
(UWB) wireless systems, including wireless communication systems and radar systems. For
radar applications, waveform diversity may enhance the performance of the narrow-band radar.
In this paper, we explore the potential benefits of waveform diversity for 3-dimensional (3D)
UWB ground penetrating radar (GPR) imaging. One of the important issues in the 3D GPR
imaging is the interpretation of objects that present in the GPR data/images. Therefore, our
focus is on utilizing the waveform diversity for better detection and characterization of an object
in GPR imaging.
We propose a novel waveform diversity approach for 3D UWB GPR imaging, where a set of
a few UWB waveforms are used for transmitting and collecting respective echo data/images,
sequentially. In this paper, we use the first 4 orders of Hermitian waveforms, which are widely
used in the waveform diversity in UWB communications. We perform simulation to generate GPR
echo data on the following target shape: sphere, plate, and corner re ector, and the following
target electromagnetic properties: dielectric, normal conductor, and good conductor.
We then process the simulation data from each waveform independently and extract several
features that can be used to distinguish the shape and the material of the target. These features
are then utilized to derive the colour assignment of the target. Such colour provides better
representation on the shape and the electromagnetic properties of the target.
The result shows that the waveform diversity can be used for distinguishing the shape and the
material of the target. These properties are very useful for better detection and interpretation
of objects in 3-dimensional ultra-wideband ground penetrating radar imaging.
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On the Coneigenvalue Decomposition of Sinclair Matrices
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Abstract— The Sinclair matrix is a 2×2 matrix which can be used to describe the polarimetric
backscattering of radar targets. By decomposing this matrix into the so-called Huynen-Euler
parameters various scattering mechanisms occuring at the target can be identified [1]. One of
these mechanisms is the single reflection, which is typically caused by flat or slightly bended
surfaces. A second mechanism is the double reflection which usually occurs between two surfaces
which are oriented orthogonal to each other. A third mechanism is dipole scattering, which can
be caused by wire-like structures. The Huynen-Euler parameters allow to distinguish between
these scattering events and provide even more information like the orientation of the target.
Since the aforementioned mechanisms not only influence the polarization of the scattered wave
but also indicate at which angles and frequencies the radar cross-section (RCS) of a target
increases, this set of parameters is of special interest for radar cross-section analysis. Therefore
this decomposition is used in some recent publications about the measurement and analysis of
RCS signatures and radar images [2, 3].
Unfortunately one of the Huynen-Euler parameters causes problems: There are conflicting opin-
ions regarding the question if the skip angle ν which allows the distinction between single and
double reflections can be determined from the Sinclair matrix. The extraction of the Huynen-
Euler parameters requires a coneigenvalue decomposition of the Sinclair matrix S which can be
described with [5]

Sx∗ = λx. (1)

For coneigenvalues it can be shown that if λ is a valid coneigenvalue of a matrix S, then all
λejθ, θ ∈ R are also valid coneigenvalues [5]. On the first sight this indeterminacy prevents that
the skip angle can be determined properly and led Lüneburg to the following conclusion:

“The phase indeterminacy of the coneigenvalue is an essential feature of the anti-
linear time-reversal operation in backscattering. Its interpretation and significance for
target characterization and classification purposes (Huynen’s skip angle) is at present
not fully understood.” [4].

In contrast to this a technique was developed by Baird which allows to extract Huynen’s skip
angle from the Sinclair matrix [3]. To the knowledge of the authors this discrepancy is still an
unresolved problem.
To resolve the aforementioned contradiction a physical interpretation of the coneigenvalues of
the Sinclair matrix will be given in this paper. Moreover, the connection between coneigenvalues
and coneigenvectors will be explained. Finally an alternative approach for the calculation of
the Huynen-Euler parameters from a Sinclair matrix will be presented. The explanations and
approaches discussed in this paper therefore contribute to the effort of placing radar polarimetry
on a solid mathematical foundation.
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3D Polarimetric Imaging of Complicated Surfaces
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Abstract— Approximately ninety percent of all radiation naturally emitted by humans lies
in the long-wavelength infrared (LWIR) part of the electromagnetic spectrum. This emitted
radiation is partially polarized by the human skin [1] and thus, it contains information about
the surface normal. In this presentation, we will demonstrate how the polarization state of
the emitted radiation can be used to obtain a three-dimensional (3D) image reconstruction of
a human face [2]. This technique only requires a single view of the subject and is completely
passive. This is an important advantage as it is usually difficult to have precise control over
illumination sources.
To construct the 3D image, we first record the Stokes parameters of the emitted radiation with
a polarimetric camera equipped with a Stirling-cooled mercury cadmium telluride focal-plane
array of 640× 480 pixels. The camera uses a Fourier modulation technique to obtain the Stokes
parameters on a pixel-by-pixel basis. By combining these pixel-by-pixel Stokes parameters with
Fresnel relations, we obtain the orientation of the surface normal at each pixel. These surface
normals are not unique as the Stokes parameters are invariant under a rotation of π radians.
This ambiguity is resolved by introducing an additional constraint that requires surface normals
on the occluding boundary to point away from the subject’s head. This constraint is enough
to resolve the surface normal ambiguity for almost all pixels in the image and thus, we finally
obtain unambiguous surface normal for each pixel. Lastly, by integrating these surface normals
we obtain a 3D facial image as shown in figure below.
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Current Control of the Matrix Converter Fed Induction Motor Drive

J. Lettl, J. Bauer, and S. Fligl
Faculty of Electrical Engineering, Department of Electric Drives and Traction

Czech Technical University in Prague, Czech Republic

Abstract— The area of the controlled AC drives is very wide and most of them are based
on the induction motors (IM) fed by frequency converters. Compared to the indirect frequency
converter consisting of input rectifier, DC link and output inverter, matrix converter lacks need
of bulky passive accumulation element and that is why it shows several advantages. Because
the output voltage is produced by the means of direct switching of the proper input voltage to
the output terminals the dynamics of the output voltage control is higher and also the output
frequency can be changed very fast. Concurrently the main disadvantage of the converter is the
limitation of the output voltage amplitude, provided that the sinusoidal currents on the input
are demanded.
Advantages of the induction machine as the electro-mechanical converter in modern drive can’t
be questioned, however its control is more complicated and requires control algorithms based on
separate control of the flux and torque. Field oriented control strategies are well known for this
purpose. The input voltage is used as a controlled quantity. However, current feeding of the IM
is also possible.
Problem of current source inverters (CSI) is that compared to voltage source inverters (VSI), CSI
has to be designed for exact motor. That is why also methods how to replace CSI by VSI with
current control were developed. The inverter then requires closed loop control with feedback
directly from output AC currents. The currents have to have therefore wide bandwidth from
nearly zero frequency up to carrier frequency. Usually two current sensors are enough, because
without connected neutral point the third IM current has to add to zero. Moreover, this solution
avoids zero sequence component errors. The output of the converter then differs from the CSI
output. Its waveform follows a shape of the reference current with a superimposed PWM ripple.
Form this point of view such current controller has several differences:

- it requires reference signals in actual time domain,
- the harmonic content can be reduced with PWM frequencyincrease,
- current controllers have to operate with AC signals instead of DC ones,
- the precision is higher because the controllers havenot to work in dynamic operation,
- the higher accuracy of the field orientation is reached.

In this paper a method of realization of rotor flux oriented control of the induction machine fed by
matrix converter with current control is described. Simulation results are compared with results
of measurement on the realised prototype of the matrix converter drive.
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Physical Meaning of an Induction Machine Dynamic Model

S. Fligl, J. Bauer, and J. Lettl
Czech Technical University in Prague, Czech Republic

Abstract— The presented paper summarizes the approaches to dynamic description of an
induction machine and presents them from the view point of the modern theory of dynamic
systems. Great impact has the selection of the particular state variables. It decides about the
mutual dependency of calculated values. Despite of the fact that it is still a correct description of
the same system, it influences the design of control structures. Only the matrix form underlines
clearly the particular differences.
The dynamic model of an induction machine is well known, but still it covers its secrets. De-
pending on the author, a different decision are made, what state variables will be used. However,
this happens often without any justification, just according the trained technical experience or
feeling. Thus, let us investigate here, how the set of equation changes in accordance with the
selected particular set of variables.
Since the T-shaped model as well as the Gamma–shaped model is designed to describe the same
physical object, we can find many similarities. However, the gamma shaped two phase model
simplifies significantly the description and thus will be used throughout this article. The selection
of the state variables can be defined as a combination, i.e., in particular selecting two members
from a grouping of four (stator and rotor current, stator and rotor flux), such that the order of
selection does not matter. The number of 4!/(2! × (4-2)!) combinations is existing. From these
six combinations, only three enable to decouple one half of the model from the supplying system
and thus realize a truly hierarchical control system. This results also into significantly different
time constants. This paper presents all necessary derivations for any particular equitation and
provides guidance what variable set to use based on the target application.
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Control Strategy of Grid Connected Converter under Unbalanced
Conditions

Jǐŕı Lettl1, Martin Bejvl2, and Viktor Valouch1

1Department of Electric Drives and Traction, Faculty of Electrical Engineering
CTU, Prague, Czech Republic

2Institute of Thermomechanics, Academy of Sciences of the Czech Republic
Prague, Czech Republic

Abstract— In ideal situation, the three-phase grid voltage is harmonic, phase to phase shifted
by 120◦; voltage and current are in phase. The track of the space vector of the three-phase
voltage transformed to αβ coordinates has a form of the circle.
In real situation, the three-phase grid voltage is distorted by high-order harmonics and by a neg-
ative sequence component, producing ripples in the voltage on the capacitors in the intermediate
circuit and in active and reactive power, too. The three-phase AC current is disturbed as well.
Thus, there is a demand to develop such a control strategy of the converter that can cope with grid
voltage disturbances, among them high-order harmonics and the negative sequence component
mainly belong.
The object of the work is an analysis of the control of the positive and negative sequence of the
AC current of the converter in order to eliminate reactive power, high-order harmonics of the
grid current and ripples of the voltage in the DC intermediate circuit.
Both sequences of the grid current are controlled separately and simultaneously. The positive
sequence of the current is controlled in the positive coordinates, which looks like DC control. The
negative sequence of the current is controlled in the negative coordinates, which looks like DC
control, too. Both the controls are realized by separate PI controllers working simultaneously.
A lot of effort has been made to analyse and compare many published control schemes that aspire
to compensate the input voltage unbalance reliably. A new simple dual current control algorithm
was developed and tested in the MatLab/Simulink environment and verified by measurement in
laboratory with good results.
The developed method of the reference converter current calculation for the dual current controller
is based on the measured and control variables and does need neither the solution of the set of
nonlinear equations nor using previous patterns of the calculated reference current. To avoid
a solution of a system of non-linear equations we can respect the losses produced in the line
inductor by modifying the value that is produced as the output of the DC voltage controller.
The losses calculated iteratively from the currents in the previous instant provide us with such a
correcting term that may be added to the output of the voltage controller.
Different grid voltage conditions were considered, including the positive symmetrical component,
negative symmetrical component, harmonic as well as the subharmonic signals with low frequen-
cies.
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Windowing Effect on Electromagnetic Interference and Efficiency at
Using Pulse Width Modulation Techniques

T. Lelek, V. Lenoch, J. Lettl, O. Sadilek, V. Schejbal, and P. Sykora
Department of Electrical and Electronic Engineering and Signaling in Transport

Jan Perner Transport Faculty, University of Pardubice, Czech Republic

Abstract— In power semiconductor voltage converters, semiconductor elements are used mainly
in switching mode because of decreasing power losses. Pulse-frequency and pulse-width modu-
lation are two basic operation modes mainly used today. In both of them switching voltage
with very sharp edges causes higher harmonic frequencies as a result. Traction drives of high
power nowadays typically contain induction motors or permanent magnet synchronous motors
fed by voltage inverters nowadays. Because it is not possible to use another operation mode of
semiconductor elements it is necessary to be engaged in research of those devices in terms of
electromagnetic compatibility and from the point of view of decreasing electronic distortion.
It is well known that windowing is one of the earliest techniques for designing the finite-impulse
response (FIR) filters. The filter coefficients can be obtained in closed form without the need
to solve complex optimization problems as in some other sophisticated FIR design techniques.
Therefore, the design time is very short and the technique remains to be an attractive tool for
FIR filter design.
For a rectangular window, the maximum sidelobe amplitude is equal to approximately −13 dB
relative to the maximum value, i.e., the sharp transition in the ideal response is converted into
a gradual transition. To reduce the oscillations, i.e., higher harmonics, other window functions
having spectra exhibiting smaller sidelobes should be used. The sidelobes of the rectangular
window represent the high-frequency components and due to the sharp transitions from one to
zero are placed at the edges of the window. Therefore, the amplitudes of these sidelobes can be
reduced by replacing the sharp transitions by more gradual ones.
The design of various low-pass FIR filters has been done using several windows. The rectangu-
lar (with −13 dB sidelobes), Bartlett (with −25 dB), Hanning (with −31 dB), Hamming (with
−41 dB) and Blackman (with −57 dB) windows have been used. This allows decreasing the
electromagnetic interference substantially.
In the paper, the pulse-width modulation (PWM) techniques are analysed and electromagnetic
interferences and efficiencies are examined using numerical simulation.
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Analysis of Multi-resonant Circuitin Overloading States

J. Koscelnik, B. Dobrucky, M. Frivaldsky, and M. Prazenica
Faculty of Electrical Engineering, Department of Mechatronics and Electronics

University of Zilina, Univerzitna 1, Zilina 010 26, Slovakia

Abstract— The paper deals with the analysis of multi-resonant circuit during overload states.
Investigated topology is multi-resonant non-isolated LCL2C2 converter. The main focus is given
on its transient properties and ability to withstand short circuit. Simulation analysis was verified
by experimental measurements.
Standard categorization of resonant tanks is series or parallel combinations. The proposed
LC2L2C2 belongs to the category of non-isolated multi-resonant converters. Resonant circuit
is composed of two serial LC branches between which, two parallel LC filters are connected.
The shape of output voltage has to be pure sinusoidal waveform, due to fact, that L-C filters at the
output are tuned on first order harmonic. Switching frequency is equal to resonant frequency of R-
L components. Regulation of magnitudes can be done using pulse frequency modulation (PFM)
or asymmetric pulse width modulation control (APWM). Simple modification of main circuit
with the implementation of high frequency transformer forms the isolated version of LCL2C2
converter. In this way, due to transformer ratio, a higher regulation range of output voltage can
be achieved.
Nevertheless, the determination of proper operation area is necessary in order to investigate how
to achieve suitable operation regions. Based on input impedance frequency characteristic, it is
possible to choose two load-invariant input impedance operational points for determination of
switching frequency. At this point of input impedance characteristic, its value is not dependent
on the load of the converter.
Based on the computed values of LCL2C2 elements, the gain characteristic of proposed converter
was made using Matlab simulation tool. Dependency of the gain curves on the load change will
be graphically presented. Based on this characteristic it would be possible to determine the
proper operation regions of converter. It is generally know that the optimal value of switching
frequency for nominal operation equals to resonant frequency of LC element. Anyway, it is more
suitable to set the switching frequency in the range from fmin up to fmax under overload (e.g.,
200–800%), or short-circuit operation. In this way it won’t be able to overcome nominal value
of the input current and/or output voltage, respectively. Of course, it can be combined with the
asymmetrical control of input voltage of the inverter.
The short circuit occurs hen the value of output current rises. It causes the saturation of magnetic
elements and changes the induktance values. Therefore, it changes the ratio between switching
and resonant frequency. These has also effect on the output voltage gain. These phenomena can
be considered by the method of self-regulation due to own internal feedback. In case of short
circuit the output current is limited by the converter self-regulation. Also, the regulation causes
the current shape distortion and its THD increases by approximately 3–5%. THD final values are
about 6–9%. All these “negatives” are the tax on self-regulating feedback. Under these conditions,
it is necessary to consider the regulation by asymmetric change of duty-cycle or changing the
ratio of fsw and fres . Also, it is possible to consider over-dimensioned the accumulation elements.
Theoretical aspects, simulation experiments and experimental verification will be given in full
paper.
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Mutual Inductance of Two Helical Coils — Theory, Calculation,
Verification

Michal Frivaldsky, Pavol Spanik, Marek Piri, and Viliam Jaros
Department of Mechatronics and Electronics, Faculty of Electrical Engineering

University of Zilina, Slovak Republic

Abstract— One of the important parameter for wireless power transmission is the mutual
inductance that tells us about how much is the electromagnetic coupling between two cylindrical
coils strong, when an air is positioned between them, and when are without coaxial and angular
deflection.
Proposed paper will deal about the verification of calculation processes of a mutual inductance
between two helical coils. Nowadays, there are many procedures how to compute mutual in-
ductance between two coils. The main approach of proposed paper is exact specification of the
formula, which may be used for the determination of the mutual inductance.
The first step before mathematical calculation is verified, the development of source code in Mat-
lab was done. This code shall serve for computation of self-inductance, and mutual inductances.
The code is divided into three parts. First part is part, where we define main parameters of both
coils, e.g., radius or height of coil. Main parameters of coils can be taken over from existing system
for wireless energy transfer. Second part is calculation of self-inductance. At first, the program
calculates module the elliptic integrals and then next subsystem calculates self-inductance. Third
part is similar as second, but this part is for calculation of the mutual inductance of two wire
coils.
As was already mentioned, the main parameters of the coils can be taken over from existing
system for wireless energy transfer. The transmitting and receiving coils were designed with
helical geometry. For the investigation of mutual inductance between transmitter and receiver,
it was necessary to measure input current of transmitting coil ILp and voltage on the load UZ .
This is due to fact, that mutual inductance cannot be measured directly.
Next figure shows final comparison between computation and measurement of mutual inductance.
Proposed paper will also describe the theoretical procedure that is necessary for computation
of mutual inductances as well as for design of computation algorithm. The extension of this
algorithm will be further done in order to investigate voltages and currents of transmitting and
receiving coil. For this purpose, determination of parasitic components of wireless power transfer
system is very important.

Figure 1: Graphical interpretation of the measured and calculated mutual inductance in dependency on
distance between transmitter and reciever.
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Application of Meta-materials in the Ports of Conveyor Belt
Microwave Heating Systems

A. V. Brovko
Yuri Gagarin State Technical University of Saratov, Russia

Abstract— Meta-materials can be considered as a promising resource of improvement of the
existing technologies, as well as a key element of novel technologies due to unusual interaction with
electromagnetic waves. In particular, negative values of effective permittivity and/or permeability
of these materials allow obtaining such technically interesting electromagnetic effects as negative
refraction, band gaps, magneto-electric coupling, etc..
In this paper meta-materials are investigated with the purpose of improvement of existing
conveyor-belt microwave heating systems. One of the actual tasks for these systems is con-
struction of input/output ports for the conveyor belt, which do not allow electromagnetic energy
to escape from the microwave processing volume. Existing methods do not provide attenuation
of microwave energy in the case of large aperture of the ports, or suffers from arcing effect due
to high power of microwaves. To this end the idea of application of meta-materials at the ports
arises.
Results of numerical analysis show possibility of construction of meta-material walls of waveg-
uide ports with cross section up to 200×500mm, which significantly reduce leakage of microwave
energy from conveyor-belt heating chamber. Meta-material considered in this paper consists of
printed circuit boards with metallization as a set of split-ring resonators. Estimation of effec-
tive permittivity and permeability of the meta-material was performed by FDTD analysis of
the microstructure following Nicolson-Ross-Wier approach. Numerical results show that both
effective permittivity and permeability may have negative values at the frequency 2.45 GHz, and
these values provide negative (left-handed) refraction, which can be used for preventing escape
of microwave energy from processing chamber through conveyor belt port.
Reflection of the eigenmodes in meta-material wall waveguide was estimated by FDTD analysis
on macro-level. In this approach the meta-material is considered as continuous media, which
permittivity and permeability are governed by Drude dispersion model. Parameters of the model
provide negative values of the permittivity and permeability on the frequency 2.45 GHz.
Numerical estimation of the performance is presents in this paper, and aspects of practical im-
plementation are discussed.
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Detection of Wood Decay by Microwaves

H. Dobš́ıček Trefná, Y. Yu, T. McKelvey, and M. Persson
Chalmers University of Technology, Sweden

Abstract—
Introduction: In Sweden, approximately 20% of harvestable trees are affected by rot. Fur-
thermore, there are many trees with hidden damage caused by eg. mooses or machines. During
harvesting, this leads to the downgrading of wood from sawlog to pulpwood. Today, the first
three meters of damaged log are directly graded as pulpwood, while the rest is subjected to a
new inspection. This leads to unnecessary waste, which is roughly valued at 600 million/year. In
this paper we present a microwave system which can quickly differentiate the rotten timber from
the healthy.
Methods and Results: Our method is based on analysis of the differences in behaviour of
electromagnetic signals propagating through healthy and damaged wood. We developed a mea-
surement system consists of a circular antenna array and two-port vector network analyser inte-
grated with computer controlled switch matrix module. The whole system can be mounted on
the harvester head in the way the log is placed approximately in the center of antenna array. The
signals that are transmitted through the cross-section of the log are then analysed by a so-called
subspace distance based classification algorithm. We have performed proof of concept testing
the prototype system on freshly-cut healthy and decayed trees. In total 16 wooden logs were
measured of which 10 were healthy and 6 contained white rot fungi.
The detector identifed 82% of rotten and healthy samples. The success rate increased above 90%
for subgroup of samples with smaller diameter which contained clearly defined rot.
Conclusion: We demonstrated the capability of the designed system to detect decayed wood.
Due to the relative simplicity and size of microwave based system accompained with the high
acquisition speed make them a potent candidates to be transfered to industrial environment.
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Abstract— A proposed inductive gas discharge tube (IGDT) including two electrodes and one
hollow insulator ring is studied. The insulating ring of a GDT has spinal metal outside with
inductive characteristics. In comparison to the conventional design, the proposed IGDT can
provide early triggering capability during fast IEMI introduced and results a smaller residual
surge current.
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Numerical Simulation of Droplet Motion Induced by High Power
Electromagnetic Field: Estimation of Errors Induced by Using

Phase Field and Level Set Methods

J. Vrba, Jr. and D. Vrba
Faculty of Biomedical Engineering, Czech Technical University in Prague, Czech Republic

Abstract— Phase Field and Level Set methods are often used for tracking interface between two
immiscible liquids in Computational Fluid Dynamics (CFD). There were several works dealing
with simulations of emulsion coalescence using electric field (electrocoalescence) of Water in Oil
emulsions using coupled electric and fluid dynamic simulations employing these two methods.
The methods use a transition region of the Phase Field and Level Set function on the interface
between the two phases (Level Set function is depicted in Fig. 2). In this region all material
properties change smoothly between the values of material properties of the two phases. This
artificial layer of the smoothly changing dielectric properties changes electric field distribution
and correspondingly the dielectrophoretic force density which governs the droplet motions. Since
the thickness of this transition region decreases with increasing mesh density the problem is
dependent on the mesh density used in the simulation. In this paper, influence of the mesh
density as well as of the distance between droplets on accuracy of the dielectrophoretic force
density is investigated. For this purpose two 2D axial symmetric models (depicted in Fig. 1) which
track the both phases of the emulsion in time domain was done using in COMSOL Multiphysics
implemented Phase Field and Level Set methods. Parallel to this model a simple electrostatic
(single-physic) 2D axial symmetric model, without considering the LS and PF methods was
created and the dielectrophoretic forces are computed with it. The results of the three models
are compared and the error is evaluated and discussed.

Figure 1: Two droplets placed in a homogeneous time-harmonic electric foeld ~E0. Parameters s, r, R and h
stands for the distance between the droplets, radus of the droplets, radius and height of the computational
domain, respectively. The oscillation direction of the electric field ~E0 is parallel to the connection line
between the droplet centers.

t = 0 .00 ms t = 0 .10 ms t = 1 .00 ms t = 2 .20 ms t = 2 .30 ms
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t = 2 .40 ms t = 2 .44 ms t = 2 .46 ms t = 2 .48 ms t = 2 .50 ms

Figure 2: Droplets’ positions at different time instances for the case of W/O emulsions predicted with the
2D axially symmetric numerical model.
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Visualization of Exposure in Industrial and Medical Applications
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Abstract—
Background: As the importance of usage of microwave technologies in many applications (e.g.,
industrial, medical, biological, scientific etc.) is rising it is necessary to develop simple to use,
reproducible and exact methods of evaluation of microwave primary (i.e., thermal) effects on
various materials. In medical application we aim not to hurt the patient and we try to enhance
efficiency of the treatment to minimize the adverse impact on the healthy tissue. On the other
hand in industrial use we need the processing to be economical and energy efficient.
It is very difficult to monitor effects of electromagnetic field on exposed material in real time
but it can be crucial for deeper understanding of processes that take place during procedures us-
ing microwave energy (i.e., microwave processing of various materials, microwave thermotherapy,
microwave heating and drying etc.). Using conventional methods of evaluation of temperature,
volume and other properties usually effects the distribution of electromagnetic field and inter-
feres with it. It is possible to stop the process at any time and evaluate effects of this partial
exposure but it is not very sophisticated approach and for example temperature measurements
will be affected by this methodology as well. In this paper we are aiming to put contactless
and noninvasive methods of measurement of temperature and volume into practical use and we
propose methodology and present design of microwave system for visualization.
Methods: Design of the applicator used in the visualization system had to be altered from
standard design approach used in conventional applications (i.e., microwave drying, hyperthermia
applications etc.). We aimed to design open resonator type applicator which could be used safely
and would allow sufficient insight for the visualization equipment.
In this paper we chose to visualize microwave processing of cornstarch beads and evaluate obtained
results by processing several separate frames of produced film. Standard camera (i.e., recording
in visible part of spectrum) and infrared camera served as the visualization equipment.
For processing of obtained images (from the film) we used Matlab and we were able to determine
how volume of layer of cornstarch beads and its average surface temperature are changing. We
propose that this method is suitable for many other applications (i.e., evaluation of applicators
for medical procedures etc.).
Results: Results of the visualization of the microwave processing and results of evaluation of
various single frames in Matlab are presented. We propose that we developed suitable and
simple to use method for evaluation of processes in microwave applications. In this paper we
also designed microwave system for visualization which enables homogenous exposure of various
materials to electromagnetic field.
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Demonstration of Multi-beam Microwave Heating Based on the
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Abstract— Multi-beam microwave heating based on the wave confinement of hexagonal pho-
tonic crystal multilayered cavity is reported. The proposed hexagonal cavity is formed by alter-
native layers of alumina (Al2O3) and air with the thickness of 0.3a and 0.7a respectively, where
‘a’ is the lattice constant. The 17 layer cavity is normally excited with six microwave beams
with the peak strength of 1000V/m. The center of the cavity is loaded with a low loss dielectric
and electromagnetic thermal co-simulations are carried out to study the heat transfer due to
multi-beam confinement. It is found that characteristic modes of the proposed cavity show the
temperature raising rate of 0.77◦C/s, 190.26◦C/s and 29.52◦C/s at 13.855 GHz, 14.54164 GHz,
and 14.78175 GHz respectively. This feature is highly useful for arriving the higher temperatures
and the creation of plasmas. Particularly, it is anticipated that the proper scaling of the pro-
posed cavity at laser length-scales provide an excellent source of laser beam heating in industrial
welding and green photonic solutions.
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Design and Implementation of a Reliable Wireless Real-time Home
Automation System Based on Arduino Uno Single-board

Microcontroller
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Abstract— Recently, man’s work and life are increasingly tight with the rapid growth in
communications and information technology. The informationized society has changed human
being’s way of life as well as challenged the traditional residence. Followed by the rapid economic
expansion, living standard keeps raising up day by day that people have a higher requirement
for dwelling functions. The intellectualized society brings diversified information where safe,
economic, comfortable and convenient life has become the ideal for every modern family.
This paper presents design and implementation concepts for a wireless real-time home automation
system based on Arduino microcontroller as central controllers. The proposed system has two
operational modes. The first one is denoted as a cellular telephone mode in which the user can
monitor and control the home appliances from anywhere over the world using the cellular phone
through Wi-Fi communication technology. The second one is referred to a self-automated mode
that makes the controllers to be capable of monitoring and controlling different appliances in
the home automatically in response to the signals comes from the related sensors. To support
the usefulness of the proposed technique, a hardware implementation with Matlab-GUI for the
proposed system is carried out and the reliability of the system is introduced. The proposed
system is shown to be a simple, cost effective and flexible that making it a suitable and a good
candidate for the smart home future.
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Abstract— The key to reliable and fast mobile digital data connections is signal to noise +
interference ratio (SINR). The degree of signal cross-correlation between the serving and inter-
fering signal(s) has a significant impact on SINR. Shadowing (slow fading) cross-correlation must
be quantified in order to properly calculate SINR. For significant shadowing cross-correlation to
occur, the LOS requirement is essential, and as macro mobile networks have almost exclusively
Non-Line of Sight (NLOS) coverage, the impact of signal cross-correlation is low. However, as
distances between small cells in indoor networks are much smaller, the LOS requirement is mostly
satisfied in those types of networks. While many authors have investigated shadow fading for
indoor networks, very few have reported results for sports venues, such as stadiums, in which
sector handover can become critical and where handover mismanagement could lead to excessive
network resource usage.
In systems that relay in a tight power control like CDMA2000 and WCDMA, shadowing auto-
correlation and de-correlation distance are important as they allow a good estimate of mobile
transmit power fluctuation around its mean value. While there are numerous studies that mea-
sure shadowing autocorrelation and calculate shadowing correlation distance in macro networks,
there are very few such studies done for in-building networks.
As mobile data consumption has been dramatically increased, various national spectrum govern-
ing bodies started to look into ways to allocate more spectrum bands to mobile networks outside
those frequencies. An example is the Federal Communications Commission (FCC), the US Spec-
trum governing body, which proposed a new Citizen Broadband Radio Service in the 3.5 GHz
band, specifically to allow small cells deployment on shared basis with incumbent federal and
non-federal users of the band. While the rulemaking has not been made yet, the proposal is a part
of greater strategy to free up 500 MHz of spectrum for commercial use by 2020. Therefore, it is
of interest to investigate cross correlation and auto-correlation properties of stadium networks at
frequencies near 3.5 GHz. Likewise, 3.5GHz spectrum is authorized for mobile use in European
countries, and Japan plans to make the 3400–3600 MHz band available for mobile broadband.
This paper presents radio measurement results that were conducted at a university sports/event
center at 3.2 GHz. Radio measurements undertaken at this frequency show that signals from
two base stations have correlation in the 0.04–0.43 range for small angles (below 30◦), showing
a positive correlation coefficient, in agreement with our previous work. De-correlation distances
are in the range of 1.2 to 14.4 meters, which are strongly dependent on the presence of metallic
structures in the vicinity of the tested antennas as well as on the antenna height. Autocorrelation
shows an exponentially decay behavior, as previously reported. These measurements were used
to establish suitable auto and cross correlation models and de-correlation distances at the venue
at the frequency that is reasonably close to the proposed Citizen Broadband Radio Service band.
From these findings, recommendations for modelling auto-correlation and cross-correlation in
sporting venues at these frequencies could be made, which then can be used to extend out study
to similar venues at higher and lower frequencies.
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Hidden Markov Models Based Channel Status Prediction for
Cognitive Radio Networks

Wojciech Bednarczyk and Piotr Gajewski
Faculty of Electronics, Military University of Technology

Gen. S. Kaliskiego 2 Str., Warsaw 00-908, Poland

Abstract— Cognitive radio (CR) networks can be designed to manage the radio spectrum
more efficiently by utilizing of temporarily not used channels in primary users’ licensed frequency
bands. Here, the spectrum utilization can be improved significantly by spectrum sharing between
primary and secondary users (who are not being served by the primary system). In this paper,
we propose to use so called Hidden Markov Models (HMM) to predict the spectrum occupancy
of sharing radio bands.
The proposed technique can dynamically select different licensed bands for secondary user with
significantly less interference from and to the licensed users. This can be solved by predicting of
the time duration of primary users non-active state in selected band. Using the HMM to build
the channel prediction algorithm, for dynamic spectrum allocation in cognitive radio networks,
the CR can utilize them more efficiently because it should leaving the currently occupied band,
before the primary user starts of his transmission in that band.
In this paper, we discuss the theoretical aspects of statistical modeling by HMM and show how
HMM can be applied to dynamic spectrum management. At the beginning, we will shortly
describe the theory of HMM using simple examples. Then we will focus our attention on the
three fundamental problems for HMM design. Firstly we show the evaluation of the probability of
an observations sequence by using a specific HMM. The second question will be discussed is how
to determine a best sequence of model states. And finally the adjustment of model parameters so
as to best account for the observed signal will be discussed. We will show that once these three
fundamental problems are solved, the HMM can be applied to dynamic spectrum management
in cognitive radio networks. The details of simulation will be described. The results obtained
using HMM are very promising and they show that HMM offer a new paradigm for predicting
channel behavior in cognitive radio.
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Abstract— Clustering is a promising approach for building hierarchies and simplifying the
routing process in mobile Ad-hoc network environments. The main objective of clustering is to
identify suitable node representatives, i.e., Cluster Heads (CHs), to store routing and topology
information and maximize clusters stability. Traditional clustering algorithms suggest CH elec-
tion exclusively based on node IDs or location information and involve frequent broadcasting of
control packets, even when network topology remains unchanged.
Several heuristics have been proposed to address Ad-hoc networks clustering problem. One of the
most popular ones is Lowest-ID (LID), wherein each node is assigned a unique ID. Periodically,
nodes broadcast their IDs through a Hello control message, within a period time Hello period.
The lowest-ID node in a neighborhood is then elected as the CH; nodes which can hear two or
more CHs become gateways.
The main asset of LID method is its implementation simplicity. It is also quick clustering method,
as it only takes two Hello periods to decide upon cluster structure and also provides a more stable
cluster formation.
We proposed a modified clustering algorithm, the Lowest Node ID (LNID). This algorithm has
the following crucial features:

• a state machine with semi-stable states,
• ability to change the state during work,
• additional control messages (as development of original OMNET messages),
• MAC address as ID of nodes,
• stabilizing procedures

It is well known that energy used by a system has a special importance not only from energy
consumption point of view (especially in battery supplied devices) but from interference level
introduced by the system which has essential impact on a capacity of system and its ability to
simultaneous working among others wireless links.
Efficiency of LNID algorithm in practical constraints were assessed in dependence on special
network stabilizing algorithms from point of view:

• Time of clusterization process,
• Energy used by the network in clusterization process,
• Clusterization correctness,
• Structure stability of clusterized network.

Simulations will be done for static network assuming Free Space Path Loss propagation model
with chosen reliability of information delivery in a radio link.
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Abstract— This paper describes a numerical simulation of multipath interferences caused by
buildings for aircraft landing system. Focusing on the LOC (Localizer) among ILS (Instrument
Landing System), we discuss on the effect of multipath interferences. The LOC consists of carrier
and sideband signals. The landing aircraft move along the ILS course whose signal phase variable
becomes almost zero. However, the reflected and diffracted waves from buildings cannot be ig-
nored because unexpected waves result in disturbances of the normal landing course. Therefore,
we need to simulate electromagnetic field in advance in order to prevent the signal errors, espe-
cially for the relocation of building and LOC. In this paper, we numerically compute multipath
interferences caused by buildings. In the numerical simulation, we use the DRTM (Discrete Ray
Tracing Method) which were proposed by Prof. Uchida. The DRTM based on the ray tracing
method is able to reduce ray searching time. We compute ray distribution between a source and
a receiver by using a simple airport model, and we analyze electromagnetic field and the current
of electricity at the receiver side. We discuss the multipath interferences in airport. We show
that the DRTM is one of suitable numerical technique for aircraft landing system.
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Abstract— Wireless sensor networks (WSN) can be used to monitor critical infrastructure such
as bridges. WSNs often consist of small sensor nodes which have only limited power supply and
are installed at places that are hard to reach [1]. But, due to the goal of long term monitoring,
which usually is in the range of more than ten years, long lifetimes of WSNs should be realized [2].
Therefore, energy consumption of WSNs needs to be minimized for example by using low-power
wake-up receivers. They reside in a low-power stand-by state until they receive a wake-up signal.
After receiving this signal, or a trigger from a sensor, they wake-up to full functionality [2, 3].
With the development of wake-up receivers, a paradigm shift can be observed in wireless sensor
networks communication protocols [4]. Now, communication and as such, sending of messages is
only necessary if a sensor node has data available that needs to be sent or if the sensor node was
asked to send data. In other words, idle listening and sending of synchronization messages is no
longer required.
But low-power wake-up receivers introduce also new challenges as their sensitivity is much lower
than the sensitivity of communication radios, as depicted in Figure 1 where nodes A and B are
in wake-up range of the Sender and nodes C, D and E are also in communication range. Due to
this, several wake-up messages may be necessary to reach a sensor node that is in communication
range but not in wake-up range. Another challenge is that sending of a wake-up message may be
as expensive as sending of a communication message [4].
The low-power wake-up sensor node presented by [3] uses the AS3932 low-power wake-up receiver
that listens permanently to a 125 kHz signal that is modulated on an 868 MHz carrier frequency
and demodulated by the use of a rectifier and a low-pass filter. Changing between communication
and low-power wake-up listening is realized with the antenna switch (ADG918).
In this paper we present a wake-up node, which is based on the node presented by [3]. Figure 2
shows the modified design that uses antenna diversity in the wake-up path. Due to this, the node
shows an improved wake-up range in free-space propagation and improved wake-up probability
in a multipath propagation environment. We show that no additional active parts are needed,
which would increase power consumption. The general design and its performance are tested by
using simulations. A test setup is used to verify the simulation results and to show the behavior
of the new design.

Figure 1: The nodes A and B which are in wake-up
range of the Sender. Nodes C, D and E are also in
communication range of the Sender.

Figure 2: Schematic of a sensor node using antenna
diversity in the wake-up path to improve wake-up
range or wake-up probability.
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Abstract— In this paper we study the performance of an interference aware iterative block
decision feedback equalizer (IBDFE) for the uplink of LTE-Advanced with single carrier (SC)
transmissions. The receiver makes use of the correlation between the interference in the receiving
antennas and minimizes the mean squared error (MMSE) of the detected symbols. Link level
simulation results show that the proposed receiver clearly outperforms the conventional IBDFE
and the linear interference rejection combining (IRC) detector. System level simulation results
show that the use of the new iterative receiver achieves additional throughput gains. However,
the gains obtained depend on the schedulers employed and on the number of receiving antennas.
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Abstract— Mobile communication systems must support multiple users achieving at same
time privacy of users contents. Security common solutions are based on encrypted algorithms
from higher layers, such as private and public encrypted keys. Other possibility is to implement
physical layer security schemes. One advantage of physical layer security relies on their ability
to be combined with other security schemes from higher layers.
MIMO (Multiple-input multiple-output) systems can increase throughput in modern wireless
networks and reduce interference. Other advantage of MIMO systems is the reduction of the
transmitted power. On the other hand, to achieve high spectral efficiency multilevel modulations
with high peak-to-average power ratios should be used, which may affect efficiency of power am-
plification. This problem can be avoided with a transmission scheme, where the constellations are
decomposed on several uncorrelated BPSK (Bi Phase Shift Keying), QPSK (Quadri Phase Shift
Keying) or OQPSK (Offset QPSK) components, being each component amplified and transmit-
ted independently by an antenna. Combination losses are also avoided since the several signal
components are combined at channel level. On the other hand due to the broadcast nature of
MIMO systems, security is another critical issue in such systems. However, the constellation
shaping on the desired direction introduced by these new transmitters means that we have direc-
tivity at the transmitted constellation that can be employed to assure security at physical layer.
Privacy is achieved since each user must know the set of coefficients associated to each BPSK
component as well as the array configuration, otherwise receives useless data. Therefore, the
inherent security lies on the constellation directivity, i.e., the direction in which the constellation
is optimized, which can be improved by changes on coefficients’ phases or using constellations
that are decomposed with a higher number of BPSK components. The several cases analyzed
here show effectiveness of the proposed approach to implement a security scheme at physical
layer level.
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Abstract— Wireless communication and channel modeling for implantable biomedical devices
have received more attention in recent years for diagnosis and therapy. Mutual communication
between the implantable medical devices and the ex-vivo devices is commonly performed in the
medical implant communications service (MICS) band (402–405 MHz) as it represents reasonable
signal propagation characteristics in human body [1]. MICS has wide range of applications such as
stimulatory devices including pacemakers and implantable cardioverter/defibrillator. It is crucial
to analyze the signal attenuation in the lossy human tissues and the propagation around the
human body. Experimental measurements used to confirm the validity of the simulation results
done using human body models are usually performed inside phantoms. Phantoms are relatively
easy to be analyzed and implemented; however, real time in vivo measurements of implantable
devices are essential to verify the performance in a real environment that has many and different
tissue layers. These multitissues have different electrical properties such as conductivity and
signal attenuation depending on the used frequency as well as age, size, sex, etc.. A comparison
between a single equivalent layer of a body model and a three layer structure was presented
showing the advantages and limitations of each one [2]. Numerical electromagnetic analysis was
applied to model in/on body radio propagation channels which clarified the importance of digital
phantom accuracy [3].
In this study, numerical versus experimental analysis of implantable antennas for biomedical
telemetry in the MICS is presented. In addition to simulation studies, measurements are per-
formed on adult cadaver. For both simulation and measurement studies, an antenna is placed at
different organs inside the body (keeping in view the most promising implantable applications)
i.e., heart, stomach and intestine. The ex-vivo antenna is initially placed on the surface of body
and then at 5 different locations outside the body with spacing of 20mm upto 100 mm with steps
of 20 mm from the surface of body. In addition different depths of implant antenna is considered
as well. Path loss is calculated for all scenarios and compared with the simulation results. A
reasonably good agreement is obtained among the simulation and measurement results. The
study enables better understanding of losses inside the body for different organs, which will help
in developing better implantable devices.
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Abstract— The main idea behind body-centric wireless communications is to connect multiple
devices that are located on the human body. In this context, several research topics have covered
the study of body-centric communications especially with the scope of personal area networks and
body-area networks. Indeed, the urgent need for wireless personal communication systems (PCS)
is a normal result of the highly-increasing demand for technological advances required to satisfy
humans’ rapid-paced life-style changes. Many innovative PCS have been proposed, particularly
in the area of body-worn devices. These body-worn devices initiated the concept of body-centric
communication systems (BCCS) offering a huge number of applications in healthcare systems.
Both narrow-band and wide-band frequencies can be used for body centric wireless communica-
tions. However, ultra-wideband (UWB) is a promising wireless communications technology that
is characterized by low energy and large bandwidth and can be used for short-range, high-data-
rate communications. UWBs low-power requirements makes it an ideal candidate for BCCS [1].
Moreover, the use of such higher frequencies reduces the propagation of waves into the human
body. As the demand for higher data rate increases, new techniques that aim at achieving these
data rates are evolving. Among the most popular is the combination of the UWB technology with
multiple-input-multiple-output (MIMO) systems, i.e., multiple-antennas-based transceivers [2].
In this submission, we study the performance of ultra-wideband body-centric wireless networks
(BCWN). In this context, we evaluate the capacity of UWB MIMO on-body channels. In order to
study the effect of on-body antenna positions, we consider four different transmit-receive antenna
location scenarios where the transmit antenna is fixed on the Waist and the receive antenna is
placed in different positions. More specifically, the four considered scenarios are the Chest-
Waist, Wrist-Waist, Ankle-Waist, and the Back-Waist settings as shown in Figure 1. Based on
field-measurements, the obtained results reflect the impact of different antenna positions on the
performance of on-body networks. For each of these scenarios, we evaluate the channel capacities
depending on the amount of channel state information (CSI) available to the transmitter. More
specifically, we evaluate the equal-power capacity and the water-filling capacity for the cases
where no CSI and full CSI is available to the transmitter. We also provide a mathematical
framework for the computation of the capacity of UWB MIMO systems.

Figure 1: MIMO antenna positions.

REFERENCES

1. Hall, P. S. and Y. Hao, Antennas and Propagation for Body-centric Wireless Communications,
2nd Edition, Artech House, Norwood, MA, USA, 2012.

2. Kaiser, T. and F. Zheng, Ultra Wideband Systems with MIMO, 1st Edition, John Wiley &
Sons, New York, 2010.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 2097

Measurements and Simulations of Electric Fields Emitted from LTE
Femtocells inside a Building Office

Hsing-Yi Chen and Shu-Huan Wen
Department of Communications Engineering, Yuan Ze University

135, Yuan-Tung Road, Nei-Li, Chung-Li, Taoyuan Shian 32003, Taiwan

Abstract— In the near future, long term evolution (LTE) femtocells will play a key role in
enterprise and metro deployment areas for indoor wireless communications. With the increasing
use of indoor wireless networks, there is a challenge to provide a better coverage, higher cell
capacity, and higher data rates for mobile applications in the initial design and planning. There-
fore, EM field distribution and variability of LTE femtocells in indoor-environments should be
well studied in order to ensure an adequate coverage and good performance for indoor wireless
communications. In this study, the FDTD method was used to calculate electric fields emitted
from a LTE femtocell placed at the left-hand-side of an empty office at frequencies of 700, 860,
1990, and 2600MHz. The validity of the simulation results of the electric fields is further checked
by measurement data. After validating the accuracy of the FDTD method, the FDTD method
was used to calculate electric field distributions inside the office, with and without the presence
of 20 people and furniture for the LTE femtocell placed near the center of a horizontal plane
with a distance of 1.0 m from the upper slab and transmitting a power of 10 dBm. Simulated
electric fields at most of the locations on the horizontal plane with a height of 1.0 m above the
bottom slab for the office with and without the presence of 20 people and furniture are found
in the range of −10 to −30 dBV/m which means a good signal will be picked up in the office.
The maximum power density emitted from the LTE femtocell is 1.326× 10−4 W/m2 which is far
below the ANSI/IEEE safety standard of 4.6–17.3 W/m2 for public exposure at frequencies of
700–2600MHz.
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Meshing Noise in Parametric Analysis of Passive Components with
3D FEM

A. Lamecki, L. Balewski, and M. Mrozowski
Faculty of Electronics, Telecommunications and Informatics

Gdansk University of Technology, Poland

Abstract— Design of passive components for modern RF and microwave systems requires
the application of high accuracy software for electromagnetic simulation. Amongst a variety of
numerical techniques that can be utilized to compute device’s response, the finite element method
(FEM) has emerged as an industry standard due to flexibility to handle complex, arbitrary shaped
3D devices.
A typical design cycle uses some kind of an iterative tuning method (based on optimization)
which requires a device to be simulated multiple times in order to fit the response to required
design specifications. During the tuning procedure, the design parameters are modified at each
step and the simulation of the updated design is performed. This procedure is repeated until
the specification is met. In the case of a FEM solver, the geometry of a modelled structure
is represented in a discretized form as a mesh (usually tetrahedral or quadrilateral). At each
tuning iteration the mesh is generated and built from scratch. As it will be shown in this
submission, the major difficulty with such design procedure is the lack of continuity of design
response vs. the change of design parameters (geometric variables). This effect can be observed
in the simulated device’s response as a meshing noise and it is most disadvantageous when
optimization is performed and may ultimately prevent convergence.
In order to reduce the influence of the meshing noise on the convergence of the tuning procedure,
a different strategy has to be applied in order to eliminate remeshing at every tuning step. This
can be achieved by the application of mesh deformation techniques, as proposed in in [1]. It
can be proven that such strategy allows for the elimination of the remeshing noise from the
parametric sweep. Preliminary results of application of mesh deformation techniques obtained
within InventSim — a novel 3D FEM Simulation and Optimization Framework [2, 3] confirm the
advantages of the proposed approach.
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280GHz Signal Sensor Design Using Subharmoinc Mixing in 40 nm
CMOS Technology

Tzu-Chao Yan1, Chun-Hsing Li2, and Chien-Nan Kuo1

1National Chiao-Tung University, Hsinchu 30010, Taiwan
2Natioanl Central University, Jhongli, Taiwan

Abstract— THz imaging sensing has become an emerging wireless application beyond commu-
nications in the past few years, especially for CMOS technology [1]. An imaging detector makes
use of the plasma wave theory and operates in the frequency range higher than the cutoff fre-
quency in FET devices [2]. The construction of an image relies on raster scanning of the received
power from each pixel. Consequently, power detection is a fast method to obtain a 2D image. It
would be more valuable to construct a 3D image, which requires phase detection. To carry out
phase detection, frequency mixing turns out to be a simple way. The detected signal phase is
determined and referred to a local reference signal (LO).
In this summary, we present the circuit design forsignal phase detection at 280 GHz, using sub-
harmoinc frequency mixing based on the plasma wave theory [2]. Previous works of frequency
mixing typically apply a Schottky mixer as in [3]. In [4], the theory and circuit configuration using
FETs are discussed in details. Nevertheless the LO signal is combined with the RF signal in the
free space as one single input before the antenna. In this work, an on-chip LO is generated. The
LO signal frequency is chosen in a half of the RF signal frequency around 140 GHz. An external
signal at 23.3 GHz is input to generate the LO signal through an on-chip frequency multiplier
chain. The single-ended input passes through bonding wires with careful design to minimize the
insertion loss. The multiplier chain includes a frequency tripler, an amplifier, and a frequency
doubler. It still requires some other passive components, such as March and balun and Wilkison
divider circuits designed using transmission lines, to obtain quadrature RF signals. MOSFETs
perform frequency down conversion with LO and RF at the gate and source port, respectively.
The output IF signal frequency is set around 10 MHz. It is necessary to add an IF amplifier of
57 dB gain to boost up the level for measurement. The simulated result shows that the output
voltage of 117 mV is obtained, given the received RF power of −60 dBm. The gain level of the
IF amplifier is so high that dc offset cancellation is required. A feedback network with low-pass
filtering works for the cancellation purpose. According to the IF output of quadrature phases,
we can make post processing to retrieve the RF signal phase.
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On-Wafer Calibration Technique with Fixed Probe Positions for
Production Tests of Radio Frequency Integrated Circuits

Chien-Chang Huang and Wei-Che Lin
Department of Communication Engineering, Yuan Ze University

135, Yuan-Tung Rd., Chung-Li, Taoyuan 32003, Taiwan

Abstract— Scattering parameter (S-parameter) calibration of vector network analyzer is essen-
tial and important for device/circuit measurements in high frequency applications. For produc-
tion tests of radio frequency integrated circuits (RFICs), the on-wafer probes in fixed positions
to fit the dimension of the device-under-test (DUT) is usually preferred, and the associated cali-
bration standards in the same dimension can further save the testing time since the probes need
not to be moved during calibrations and measurements. Though some commercial impedance-
standard substrates (ISSs) have the same probing position for their calibration standards, the
probing position may not meet the DUT dimensions. In this paper, a calibration technique with
three on-chip standards including a transmission line, a series resistor with offset line segment,
and a shunt resistor with offset line segment, in the fixed probing constraint suited for RFIC
production test is presented, where the on-chip standards need not to be characterized in ad-
vance. The self-calibration feature of the proposed technique relaxes the accuracy requirements
of the on-chip standards, and becomes attractive for production test applications. To show the
robustness of the proposed calibration technique, some simulation studies with noise effects are
conducted in GaAs substrates with the on-wafer measurement verifications up to 110 GHz.
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A High-Q Linear CMOS Digitally Controlled Accumulation-mode
Varactor Array for Multiband RF Circuits

Sanggil Kim and Donggu Im
Division of Electronics Engineering

Chonbuk National University, Jollabuk-do 561-756, Korea

Abstract— Electronically tunable capacitors are key elements for tunable and reconfigurable
RF circuits. The most popular tunable capacitor topologies in CMOS are the analog varactor
and digitally controlled switched capacitor array (SCA). The conventional analog varactor shows
a high quality factor (Q-factor) in both the minimum capacitance (Cmin) and the maximum
capacitance (Cmax) states with a wide tuning range, but it has a poor linearity performance due
to the voltage dependent nonlinear capacitance. In case of the digitally controlled SCA, while
it shows a very good linearity, its Q-factor in Cmin state is strongly dependent on the substrate
loss by the parasitic junction capacitances between P -well, deep N -well, and P -substrate and the
parasitic junction resistance. Especially, if the SCA is implemented in a standard digital CMOS
process without deep N -well, it suffers from severe Q-factor degradation in Cmin state at higher
frequencies. In order to overcome the aforementioned drawbacks of the analog varactor and the
digitally controlled SCA, the digitally controlled binary-weighted accumulation-mode varactor
array (AVA) is proposed. Contrast to the conventional analog varactor tuned by continuous
analog voltage, the proposed AVA uses only two states of Cmin and Cmax of the analog varactor
by digitally on/off control. Instead of a zero voltage reference, the negative voltage (−V DD) is
applied to the gate of the analog varactor in Cmin state in order to maximize the tuning range,
power handling capability, and linearity. The total capacitance varies by turning on (+VDD)
or off (−V DD) each branch of the proposed AVA The proposed AVA keeps a high Q-factor in
all states even if it is implemented in a standard digital CMOS process without deep N -well,
while showing comparable linearity performance in comparison with the conventional SCA. In
simulation, the Q-factor at 2.4 GHz is greater than 70 over all states and the tuning range is
about 3.1. The simulated third-order input-referred intercept point (IIP3) at the same frequency
is greater than +35 dBm over all states.
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A V-band Balanced MMIC Power Amplifier

S. Ismail, S. Karimian, and R. Sloan
School of Electrical and Electronic Engineering

The University of Manchester, Manchester, M60 1QD, UK

Abstract— A highly stable V-band balanced power amplifier has been proposed based on
MMIC using the pseudomorphic High Electron Mobility Transistor (pHEMT). The amplifier
consists of two stages with device length of 8 × 25 µm and 2 × 25 µm gate widths. The design
kit of PP10 WIN Semiconductor Corp. has been used. The simulation results show power and
gain levels of 18 dBm and 12.5 dB, respectively, with a tolerance of ±0.8 dB over the broadband
range of 40–80GHz. Microstrip Lange couplers are used as 3 dB quadrature power splitters and
combiners. The amplifier has an acceptable performance with low input and output VSWRs,
high stability, fairly flat gain and constant power over the whole bandwidth; and so it can be
a good candidate for broadband millimetre-wave front end transceivers systems, and also, as
an instrumentation amplifier in measurement systems. The MMIC amplifier is being sent for
fabrication and will be tested when received.
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Optimal Focusing by Means of Convex Programming: A Review

T. Isernia, D. A. M. Iero, and A. F. Morabito
DIIES, University ‘Mediterranea’ of Reggio Calabria, Italy

Abstract— Two decades ago, two different research groups [1–3] showed how the problem of
focusing a field in a given direction subject to arbitrary sidelobe bounds elsewhere, and where
excitations are the unknowns of the problem, can be formulated as a Convex Programming
problem. Later, the same result was re-discovered by Balanis and Bevelacquain [4]. Notably, the
approach in [3] already allowed to take into account near field constraints.
The basic approach has then evolved in a number of different directions, including the case where
you cannot define an array factor [5], the extension to the optimal synthesis of delta patterns [6],
and the exploitation of these results and procedures to the case when both excitations and
locations were to be determined [7].
More recent results include the extension of the basic result to the synthesis of continuous sources
(under given sidelobe constraints) for both cases wherein one wants to maximize directivity, or
to maximize separation amongst the main beam and peak sidelobes [8], as well as the optimal
synthesis of sum-delta reconfigurable beams by means of phase only control [9]. Extension to
spatial (rather than angular) focusing has also been provided in [10]. A very recent further
extension tackles the optimal spatial focusing of the power associated to a vector field [11].
Contribution will briefly discuss basics, relevance (per se as well as for creating reference solutions
for more cumbersome synthesis problems), and possible extensions of the results above.
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F/S Ratio Improvement of Directional Bow-tie Antenna with
Parasitic Elements

K. Kanai1, M. Nagasawa1, R. Suga1, T. Yasuzumi2,
T. Uwano1, O. Hashimoto1, and Y. Hasegawa2

1Aoyama Gakuin University, Japan
2Toshiba Corporation, Japan

Abstract— Electromagnetic interference (EMI) levels of appliances should meet the elec-
tromagnetic compatibility standard. A large wide-band antenna is used for the radiation EMI
measurements. The finding of noise sources is highly important to suppress the radiation EMI
efficiently. Thus a small wide-band directional antenna with high front to side (F/S) ratio is ex-
pected for the measurement. A bow-tie antenna is known as a compact and broadband antenna,
however it has omnidirectional radiation characteristics and its sidelobe levels increase at higher
frequencies due to the higher order modes. In this paper, a directional bow-tie antenna suitable
for specifying the noise sources is proposed.
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Figure 1: Simulated reflection characteristics.
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Figure 1 illustrates (a) conventional and (b) proposed printed bow-tie antenna. A broadband
1 : 4 balun is used for the antennas to obtain 50 Ω input impedance. The target frequency band
is assumed between 300 and 870 MHz considering EMI measurement application and the balun
characteristics. For obtaining the directionality, two backward edges of each half element are
on the straight-line, and two slits are placed on the elements to suppress the sidelobe level
at 870 MHz. The director and reflector are placed to improve F/S ratio in the high and low
frequency.
Figure 2 shows the simulated radiation patterns in the E-plane. The F/S ratio of the proposed
antenna at 300 and 870 MHz is improved to be 11.1 dB and 10.1 dB, respectively. Figure 3 shows
the measured radiation pattern in the E-plane. As the results, the measured results agree well
with the simulated ones.
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Ultra-wideband Butler Matrix Fed MIMO Antennas

F. E. Fakoukakis1, Tz. Empliouk1, Ch. I. Kolitsidas2, G. Ioannopoulos1, and G. A. Kyriacou1

1Department of Electrical and Computer Engineering, Democritus University of Thrace
Xanthi, Greece

2Department of Electromagnetic Engineering, KTH Royal Institute of Technology
Stockholm SE-100 44, Sweden

Abstract— Modern wireless systems, such as communications and Radar, are in the need
for wide operational bandwidths, in order to satisfy the increased demands of their operation.
This characteristic has become even more essential in the latest Long Term Evolution (LTE)
communications systems, where there is the need for high and robust data rate transmission.
Moreover, modern multifunctional phased array Radars demand for wide operational bandwidths,
which they enable different operational modes, such as simultaneous air and weather surveillance.
As a result, significant work is taking place on the design and development of wideband antenna
systems and RF front-ends. A critical part of the research deals with the design of the antenna
array and its feeding network. One of the mostly used wideband antenna elements is the so-called
Vivaldi slot antenna, which can offer an operational bandwidth extending to multiple octaves.
Regarding the feeding networks, various approaches have been followed, mainly focusing on the
design of wideband circuits and subsystems.
In this paper, we make an effort to extend the results of our previous work [1] on the design and
development of ultra-wideband (UWB) antenna array systems for communications and Radar
applications. The emphasis is given on the implementation of a MIMO beamforming scheme
enabling high data rates, interference and noise suppression and suitable for use under different
wireless applications scenarios. Specifically, the proposed system consists of a Vivaldi antenna
array fed by an UWB Butler matrix type network. It could be used in modern multifunctional
Radar systems with analog beamforming, as well as in future LTE communications applications.
The Butler matrix is designed using UWB couplers and phase shifters [2, 3], being able to support
the wideband Vivaldi array operation up to several octaves. The system design is presented, along
with the beamforming procedure and the resulting array radiation patterns. Different MIMO
beamforming scenarios are applied to maximize system performance, with particular emphasis
on a 4×4 and 8×8 configurations. The possibilities of achieving low sidelobe levels and radiation
pattern null steering are investigated, in order to suppress and minimize noise and interference.
Conclusions and some aspects for future work are adduced in the last part of the paper.
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CRLH Waveguide Based Ka-band Beam-steering Leaky-wave
Antenna for Radar Application

Qingshan Yang1, 2, Xiaowen Zhao1, 2, 3, and Yunhua Zhang1, 2

1Key Laboratory of Microwave Remote Sensing, Chinese Academy of Sciences (CAS), China
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Abstract— Beam-steering capability is highly desired for many radars, especially for tracking
radars. Frequency scanning and phase scanning are two general approaches for beam-steering.
Traditional frequency scanning array antennas is hard to achieve continuous beam scanning from
backward to forward directions because of their forward-wave propagation nature. While phased
arrays have been applied widely due to their continuous beam scanning capability from backfire
to endfire, however, the feed networks are often bulky and very complicated. In the past decades,
composite right/left-handed (CRLH) metamaterials have been investigated extensively due to
their unique properties such as backward wave and infinite wavelength propagation, which can
be applied to leaky-wave antennas (LWAs) to realize continuous beam-steering from backfire to
endfire.
In this work, we exploit the CRLH waveguide with double ridge corrugations to realize a Ka-
band LWA with continuous beam-steering capability from backward to forward quadrants. The
CRLH waveguide is composed of a traditional rectangular waveguide with one of its broadwalls
periodically loaded with short-circuited double ridge corrugations [1]. This CRLH structure is
air-filled to avoid dielectric loss. An offset straight long slot is made on the other broadwall of
the rectangular waveguide acting as the radiating aperture to realize a LWA (see Figure 1). The
LWA is composed of 100 CRLH radiating unit cells. Stepped transitions are included in the two
ends of the LWA for connecting the structure to standard WR-28 waveguides.
The continuous beam-steering capability is validated by simulation, which shows that the main-
lobe can scan continuously from −32◦ to +29◦ as the frequency changes from 32.4 GHz to 40 GHz,
and correspondingly the realized gains changes from 15 dBi to 20 dBi. Compared with planar
CRLH LWAs, the waveguide LWA proposed in this work has the advantages of high power ca-
pacity, low loss and consistent high gains and high radiation efficiency, which is very suitable for
actual radar systems.

Figure 1: Configurations of the proposed CRLH waveguide LWA and its unit cell.
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Performance Analysis of Directive UWB Antennas as Reflector
Feeds
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Abstract— In reflector applications, it is desirable to have a single feed that covers the entire
frequency band of operation with a symmetric, directive pattern, dual-linear polarization, and
frequency invariant phase centre and radiation pattern. To obtain a highly directive antenna, the
size of the feed antenna should be enlarged which results with more phase centre movement with
the change in the frequency. Long antenna elements exhibit high phase-center instability, which
is very undesirable characteristic when the antenna is used to illuminate a reflector. A trade-off
is necessary between directivity and phase errors. In order to avoid phase-center instability, short
elements can be used but then higher losses for spillover are obtained.
When a wideband antenna is to be used as a reflector feed, the phase center variation with
frequency introduces an error on the phase of the primary field impinging on the reflector surface.
This is because the antenna phase center will be coincident with the focus only at one particular
frequency and displacement at other frequencies will result as the phase error losses due to axial
defocusing (Fig. 1). Tapered slot antennas are the most utilized antennas in Ultra Wide Band
(UWB) high-performance applications. In this work, performance of the UWB Vivaldi antennas
(exponentially tapered slot antennas) in reflector feed applications is investigated. A long Vivaldi
is designed, manufactured (Fig. 2) and its phase center movement with frequency is measured.
The correspondent phase error loss is estimated. Besides, spilover, amplitude taper and crosspol
losses are calculated.

Figure 1: Phase centre positions of the Vivaldi an-
tenna at high and low frequencies.

Figure 2: Vivaldi antenna in measurement setup.
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Comparative Study on Stability of Total Gain and Input Impedance
of Side Fed Bifilar Helix Antenna for Large Fixed Size Ground

Plane

Muhammad Ahmad, Muhammad Amin, and Asim Ali Khan
COMSATS Institute of Information Technology, Lahore, Pakistan

Abstract— This research presents comparative study of input impedance and total gain of
Side Fed Bifilar Helix Antenna (SFBHA) against the variation in height (in terms of wavelength)
from large fixed size Perfect Electric Conducting ground plane (PEC). The simulations show that
metallic ground plane of size 10λ×10λ approximate the infinite PEC ground plane with reasonable
accuracy. The variations in input impedance and Voltage Standing Wave Ratio (VSWR) are
noticed between the heights of 0.05λ to 0.35λ both in simulations and measurements. Above
the height of 0.35λ, fewer variations are observed that are negligible. Measurement results of
input impedance and VSWR are reasonably matched with simulations. The total gain pattern
of SFBHA remains stable in simulations and measurements as height of SFBHA varies above
PEC. The performance of SFBHA is compared with Horizontal Dipole antenna (HD), Vertical
rectangular Loop antenna (VL) and with another orientation of rectangular loop antenna that
is Horizontal and Perpendicular Loop (H&PL). Comparatively, the electromagnetic performance
of SFBHA is better and affect of the ground plane above 0.35λ on total gain pattern, input
impedance and VSWR is negligible.
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Aperture Coupled Microstrip Antenna with Three Resonants
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Abstract— This paper presents improved aperture coupled microstrip antenna with three
resonants which its bandwidth has been enhanced due to vary the current distributions. There is
a compromise between radiation characteristics and the bandwidth. Radiation patterns indicate
the appropriate propagation pattern of antenna is between 1.3 GHz to 2.3GHz frequency band
which clarifies a bandwidth more than 53%. There is bandwidth enhancement up to this limit
by utilization of multiple radiating elements. The antenna operates in both linear and circular
polarization (1.64 GHz to 1.76 GHz for less than 3 dB Axial Ratio). The simulated results done by
two methods, i.e., Finite Element Method (FEM) and Finite Difference Time Domain (FDTD)
collaborated by two full-wave softwares ANSYS HFSS and CST MWS have good agreements
with the measurement ones.
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Planar Dielectric Lens Antennas as Reflector Feeds
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Abstract— In recent years, high dielectric lens antennas are widely used in millimeter-wave
applications. The most important reason of that is these antennas have high directivity and high
efficiency thanks to the high permittivity materials used as the lens core.
In this application, the focusing problems will be probably faced when planar lens antennas are
used as the feeding of the reflector antennas and solution suggestions are deeply investigated.
The planar lateral wave antenna is selected as the reflector feed [1]. The lateral wave antenna
is unique for ultra wide band applications (1 : 3) with its planar structure. The geometrical
configuration of the antenna is given in Fig. 1(a).
Some problems will be faced when the planar dielectric antenna is used as the reflector feed can
be summarized as follows:

• Phase center of the ultra-wide band antennas is not stable and strongly vary with frequency.
In such a situation, it is almost impossible to place the feeding antenna to the focus of the
reflector in the whole frequency range.

• The far-field radiation pattern of the antenna has different half-power beam width charac-
teristics in E-(±4◦) and H-(±45◦) planes, thus to design a reflector having appropriate f/D
value for both planes is the second problem.

• The phase center of the antenna in E-plane locates at the antenna aperture, while the phase
center in H-plane is located behind the feeding point as sketched in Fig. 1(b). Accordingly,
the antenna is characterized by astigmatism, being the phase center in different points for
the E-and H-planes.

Consequently, the reflector antenna should be designed by considering these details. Such a
design is completed and the radiation pattern given in Fig. 2 is obtained.

(a) (b)

Figure 1: Feeding antenna (a) geometrical structure;
(b) phase centers in both planes.

Figure 2: The radiation pattern of a reflector
fed by planar dielectric lens antenna.
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Design, Simulation, and Fabrication of Low-cost Inkjet Antennas
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Abstract— Inkjet antennas that are fabricated by metal printing on paper or similar substrates
have recently become popular as they are relatively inexpensive, flexible, and environmentally
friendly [1]. In addition to special material printers designed for this purpose [2–4], one can use
silver-based toners in standard inkjet printers to manufacture this type of antennas with reduced
costs. Different types of inkjet antennas, including dipole antennas, meander antennas [1], bowtie
antennas [2], Vivaldi antennas [3], and arrays [4] have been proposed, fabricated, and analyzed
in the literature, while less attention has been paid to more detailed antenna structures [5], even
though inkjet printers can offer quite high resolutions. In this study, we present fractal antennas
with Koch snowflake shapes that are produced by fully exploiting the advantages of the inkjet
printing technology.
As depicted in Figure 1, we print antennas on photograph papers using silver toner in a standard
commercial printer. Before manufacturing, antennas are designed and simulated using a fast
solver based on the multilevel fast multipole algorithm [6]. For a high-quality fabrication, many
factors are considered and optimized, including the printer parameters and style, paper and
toner types, curing duration and temperature, and post processing. As also shown in Figure 1,
measurements are compared with simulation results to confirm the multi-band characteristics of
the produced antennas. The constructed and optimized manufacturing process is efficient and
inexpensive, enabling fast fabrications of the designed antennas with small details.
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Figure 1: A Koch snowflake antenna produced by inkjet printing on a photograph paper and power reflection
coefficient values when the antenna is matched to 50 Ω.

REFERENCES

1. Nikitin, P. V., S. Lam, and K. V. S. Rao, “Low cost silver ink RFID tag antennas,” Proceedings
of IEEE Antennas and Propagation Soc. Int. Symp., 353–356, Washington DC, USA, Jul. 2005.

2. Rida, A., L. Yang, R. Vyas, and M. M. Tentzeris, “Conductive inkjet printed antennas on
flexible low-cost paper-based substrates for RFID and WSN applications,” IEEE Antennas
Propag. Mag., Vol. 51, No. 3, 13–23, Jun. 2009.

3. Cook, B. S. and A. Shamim, “Inkjet printing of novel wideband and high gain antennas on
lowcost paper substrate,” IEEE Trans. Antennas Propag., Vol. 60, No. 9, 4148–4156, Sep. 2012.

4. Subbaraman, H., D. T. Pham, X. Xu, M. Y. Chen, A. Hosseini, X. Lu, and R. T. Chen,
“Inkjet-printed two-dimensional phased-array antenna on a flexible substrate,” IEEE Antennas
Wireless Propag. Lett., Vol. 12, 170–173, 2013.

5. Maza, A. R., B. Cook, G. Jabbour, and A. Shamim, “Paper-based inkjet-printed ultra-
wideband fractal antennas,” Microwaves, Antennas & Propagation, IET, Vol. 6, No. 12, 1366–
1373, Sep. 2012.
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Design of Integrated Triple Band Notched for Ultra-wide Band
Microstrip Antenna
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Abstract— This paper demonstrates the design of integrated triple band notched for ultra-wide
band Microstrip antenna. We used UWB (ultra-wide band) short range systems which require
low power and these are built using inexpensive digital components. Microstrip antenna is used
for implementing UWB systems as it shows good broadband characteristics.
We proposed a compact triple band notched CPW (Co-planar Waveguide) fed MSA (Micro strip
Antenna) for UWB (Ultra-Wide Band) applications.
This band-notched antenna has rejection characteristics at 3.2 GHz (for Wi-MAX band 3.16
to 3.32 GHz), at 5.5 GHz (for WLAN 2 band-5.3 to 5.72 GHz) and at 7.9 GHz (for ITU band
7.72GHz to 8.13 GHz).
First a Primitive antenna is taken. This antenna consists of a beveled rectangular radiating patch
and a CPW (co-planar waveguide) type feed structure. The essence of this design strategy is that
three notching elements are embedded onto the primitive patch antenna to produce band-stop
filtering function at those above mentioned frequencies. Notch elements are meticulously selected
and embedded onto the antenna.



Progress In Electromagnetics Research Symposium Abstracts, Prague, Czech Republic, July 6–9, 2015 2117

Pattern Reconfigurable Antenna Using Non-uniform Serpentine
Flexure Based RF-MEMS Switches
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Abstract— This paper presents the design and analysis of reconfigurable antenna using two
circular microstrip patch antenna array with non-uniform RF-MEMS switches in L and S band. It
consists of a pair of circular patch antenna with CPW on the same side of Si substrate. This recon-
figurable antenna design consists of two RF-MEMS switches, to achieve pattern reconfigurability.
Figure below represents the schematic view of reconfigurable antenna with RF-MEMS switch.
The total width (Wtot) and length (Ltot) of this antenna are 94 mm and 67 mm, respectively. A
CPW feed line with central conductor width W = 4 mm and ground signal gap S = 0.45mm
is used, resulting in a characteristic impedance (Z0) of 50 Ω. Two RF-MEMS switches are used
to electrically connect and disconnect the two circular radiating patches. These switches are
positioned at 6 mm from the circular patch along x axis.
The analysis of reconfigurable antenna using RF-MEMS switch is done using the simulation
performed on Ansys HFSS electromagnetic simulator for the frequency range of 1 to 10 GHz.
The reconfigurability of the antenna is analyzed for L to S band (2 to 4GHz) in terms of return
loss and radiation pattern. The proposed antenna shows the pattern reconfigurability at 2.3 GHz
and 3.4 GHz.

Figure 1: Schematic view of RF-MEMS switch based reconfigurable antenna.
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Compact Band Notched UWB Filter Based on Open-load Stub
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Abstract— In recent years, with the application and development of UWB (Ultra-Wide Band,
UWB) technology in the communication field, the research of UWB filters and antennas has
been one of the hot issues in the field. At present, the typical structure with the notched band
performance is always aimed at the particular narrow-band interference sources, the research of
UWB filters and antenna design which can adjust the number and width of notched stop-band
is not systematic and deep enough. This paper reports on a new compact UWB band pass filter
based on stepped impedance resonator (SIR) and open stub loaded resonator structure. The
main advantage of the proposed filter is that the frequency of the notched band can be tuned
easily in a wide frequency range. According to the odd/even resonant excitation conditions, the
UWB filter characteristics are analyzed. The filter is simulated by 3D EM commercial software
HFSS, The resulting indicates that the presented UWB BPF covers the UWB frequency range.
The simulation results show that the proposed good UWB characteristics and the notch band can
be changed optionally from 5 GHz to 10 GHz. The filters can efficiently enhance the interference
immunity from undesired signals with certain application prospects.
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Metamaterial Inspired Compact Antenna for UWB and GPS
Applications
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K. Ullas, and C. Vindhya

Antenna Research Laboratory, Department of Electronics and Communication
B.M.S. Institute of Technology and Management, Bengaluru, India

Abstract— This paper proposes the design of a miniaturized antenna and is investigated for
UWB and GPS applications. The main challenges faced in the design of UWB antennas are
the miniaturization, improving the efficiency, uniform gain, larger operating range, optimized
radiation pattern and polarization to provide wide coverage. It has been a greater challenge to
accommodate both the UWB and the GPS band for a compact antenna and an effort is made in
this paper such that these drawbacks are overcome.

One such effort to resolve the drawbacks is the implementation of metamaterial structures. Meta-
materials are artificially engineered structures providing electromagnetic properties which are not

Figure 1: The proposed antenna.

Figure 2: S11 graph of the proposed antenna.
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encountered in nature. These materials simultaneously have negative permeability and permit-
tivity which was first theoretically predicted by Veselago.
The proposed antenna consists of a planar circular monopole patch, ultrawideband antenna
which is incorporated along with the GPS (1.5 GHz) band due to addition of four unit cells of
Complimentary Meander-Line (CML) and a T-slot on the patch.
The antenna is designed on a low-cost FR4 substrate having dimensions 37.5×31.5×1.6mm3 and
is excited by a 50Ohms microstrip line of width 1.95 mm using line feed technique and fabricated
on a 1.6-mm thick FR4 substrate. The relative permittivity and loss tangent of the substrate is
4.4 and 0.02 respectively.
The improvement in the performance and reduction of size in the antenna design is due to the
t-slot made on the patch. This T-slot is a metamaterial inspired structure. Meander line cuts
which are meta-structures are implemented in the proposed design such that a new resonant band
is formed at a particular frequency.
The simulated S11 graph has a resonance at 1.5GHz with a bandwidth of 100 MHz and an
ultrawide band with a −10 dB return loss starting from a frequency of 3.7 GHz. It has fractional
bandwidth of > 100% in the UWB spectrum.
It has a uniform gain in the S and C Bands and can be a used for GPS (1.5GHz), WiMAX
(3.45–3.8GHz), WLAN (4.9–5.8 GHz) and other UWB (3.45–10.6 GHz) applications.
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A Low-profile Wideband RFID Tag Antenna Attached to Metallic
Surfaces
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Abstract— The radio frequency identification (RFID) system in the ultra high frequency
(UHF) band from 860MHz to 960 MHz has become more popular in recent years and has been
widely used in the labels of products and services. Compared to the RFID system working in the
frequency band lower than the UHF, the system has several benefits such as the safer security
mechanism, larger data storage, and better stability. Furthermore, it can read several tags simul-
taneously and rapidly, making it become the preferred choice in many applications. There are
usually four important aspects that should be considered in the design of tag antenna, i.e., size,
impedance matching, radiation pattern, and gain. Also, the RFID tags have to be attached to
various materials in practical situations and the cancellation of electric current on the surface of
antenna will significantly worsen the performance of tags if they are attached to metallic objects.
Aiming to the problem, some solutions have been proposed, such as embedding a slotted via-patch
in the middle of the dual layer RFID tag antenna, incorporating an artificial magnetic conductor
(AMC) with a printed meander monopole tag antenna, and applying a proximity-coupled feed
to a radiating patch.
In this work, we propose a different design for the UHF-RFID tag antenna which will be attached
to metallic objects. The meandering technique, capacitive-tip loading structure, and T-matching
network are wisely hybridized to improve the impedance matching of the RFID tag antenna. The
simulated results show that the design can remarkably enhance the performance of tag antenna
in both bandwidth and gain when it is attached to a metal sheet. We will show the details of
design and testing results in the presentation.
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Abstract— The performance of passive UHF RFID tags, commonly available in the market,
is significantly degraded when they are placed near a conducting surface. A possible solution
to overcome this problem is to design tags based on PIFA (Planar Inverted F Antenna) the
performance of which is less sensitive to the presence of objects in its surroundings. This ability
is mainly due to the existence of a ground plane inherent to its structure. In this paper, a PIFA is
utilized in the design of a passive tag that can be used to identify metallic objects with medium to
large dimensions. A new type of antenna feeder is presented with a slot in the radiating element
where the RFID IC is attached. The maximum range of utilization, covering all licensed RFID
UHF bands (860 to 960 MHz), is in excess of 8 m, according to simulations using a MoM based
software, verified by practical measurements. Further results from simulation and measurements
show that the tag can also be used attached to other materials with good performance.
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