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Abstract— In this paper, a fast method for calculating full vectorial reflection and transmission
near-fields of arbitrary finite sized beams through multilayer uniaxial anisotropic media is pro-
posed. The method combines Transfer Matrix method and optical fast-Fourier-transform based
angular spectrum (FFT-AS) method. This calculation method can be used in the radome design
and optical design which including multilayer anisotropic media.

1. INTRODUCTION

Calculation of electromagnetic waves through layered anisotropic media has been a problem encoun-
tered in many cases, such as radome design, optical design and ferromagnetic materials. Existing
research have discussed infinite plane waves through layered anisotropic media, such as the general
transmitting matrix and the Green’s function method [1-3]. However, in case of finite sized beam
or different orientation structured beam through layered anisotropic media, such as laser beam or
antenna radiation limited in size, the calculation of reflection and transmission fields has been a
problem encountered. In this case, a fast calculation method is required, especially for the design
process which including large amount of parameter adjustment. For layered isotropic media, there
is fast calculation method accelerated by plane wave spectrum algorithm [4]. When it comes to lay-
ered anisotropic media, this is usually performed by numerical ways, such as the Finite-Difference
Time-Domain (FDTD) method [5] and the method of moment (MoM) [6], which can be time and
memory consuming.

This paper proposed a method for calculating arbitrary oriented finite beams through layered
uniaxial anisotropic media, as shown in Figure 1. The method combines Transfer Matrix method
and optical fast-Fourier-transform based angular spectrum (FFT-AS) method. It can calculate full
vectorial reflection and transmission near-fields of arbitrary finite sized beams through multilayer
uniaxial anisotropic media within seconds, fully taking advantage of the FF'T process.

There has been discussion on the FFT-AS method before [7], which is briefly illustrated in
Section 2. The angular spectrum method also converts arbitrary oriented finite beams into super-
position of plane waves with different directions. Thus the Transfer Matrix method can be used
to calculate the result of every single plane wave through layered anisotropic media. Finally the
transmitted plane waves and the reflected plane waves can be combined at target plane. With
this method, the result of arbitrary oriented finite beams through layered anisotropic media can be
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Figure 1: Schematic diagram of beam propagation Figure 2: Model for combined method.

through multilayer media.
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obtained accurately within seconds. On this basic, researchers can use this method to deal with
big amount of parameter adjustment, with the complex structure and finite size of the multilayer
anisotropic media involved such as radome design and optical design.

2. COMBINED METHOD OF FFT-AS AND TRANSFER MATRIX METHOD

As shown in Figure 2, the antenna in Figure 1 is replaced by an initial plane containing two
orthogonal tangential field distributions. The FFT-AS method is used to calculate electromagnetic
fields on temporary plane 1. Then the transfer matrix method is used to calculate transmitted
beams on temporary plane 2 and reflected beams on temporary plane 3. Field distributions on
arbitrary positioned target planes of the reflected and transmitted beam can be obtained by using
the FFT-AS method again.

2.1. FFT-AS Method between Parallel and Tilted Planes

The Helmholtz—Kirchhoff and Rayleigh—Somerfield diffraction formulas have been widely used to
analyze the propagation and diffraction of electromagnetic wave in an isotropic medium. As in
most cases the formulas cannot be solved analytically, numerical calculation of the formula has
been introduced, such as the angular spectrum (AS) method accelerated by fast-Fourier-transform
(FFT) [7]. The AS method treats the propagation of electromagnetic fields as a superposition of
plane waves with variety of wave vectors. The initial beam and its propagation are handled in the
spatial-frequency domain. The scalar field distribution U(z,y, z) at distance z can be calculated as
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The propagation of electromagnetic fields can be given as
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where «, [ are the direction cosines of a plane wave, A («, 3, 0) is the angular spectrum of
initial field U (x, y, 0) which can be computed by two-dimensional (2D) Fourier transformation,
A (a, B, z) is the AS of target plane at distance z, and
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is the transfer function of each plane wave.
Introducing the fast-Fourier-transform, the FFT-AS method can be given as

U(xm, Yn, z) = IFFT{FET[U(xm, Yn,0)] - XG(tm, Bn,2)} (4)

where m and n mean the sampling points number of the plane, FFT2 and IFFT2 mean 2D FFT
and 2D IFFT, and -x stands for element-by-element multiplication.

As the wave vector of plane wave is perpendicular to electric field, the angular spectrum of
electric field in z direction can be given as

AE, ks + AE, -k,
k-

AE, = (5)

where AE,, AE, is the angular spectrum of electric field in = direction and y direction calculated
above and kg, ky, k. is the wave vector of plane wave. Thus the full vectorial field can be calculated
by FFT-AS method.

2.2. Multilayer Uniaxial Anisotropic Structure Transfer Matrix
For a multilayer structure, the transfer matrix can be written as [8]
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where d is thickness of each layer, 8 is the propagating angle of each plan wave and 7 is the wave
impedance. The transmission coefficient 7" and reflection coefficient I" are given as

T =1/Mn @
I' = My /My,

As the wave impedance has different forms for TE and TM polarized plane wave, each plane
wave should decompose to the TE and TM polarized plane wave and calculate separately.

gl 0 0
For uniaxial anisotropic media, the permittivity tensor € can be writtenas | 0 €, 0| in the
0 0 ¢ I
principle coordinate system. For TE and TM polarized plane wave, the refractivity is given as
c c
NTE = —F—, NIM = —F———— (9)
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As discussed above, the initial wave is decompose to the TE and TM polarized plane wave, thus
the plane of incidence is required to be parallel to the coordinate plane when using the transfer
matrix method. To obtain this, a coordinate transformation matrix is adopted for each plane wave
individually. The matrix R;; is given as

Ri,j: —singbi,j COS(ﬁZ’J 0

[cosgbi,j sing; ; 0
0 0 1

bij = cos™! (sign(Bi,;)

The AS method decomposes the initial wave to a series of plane wave with different directions
on temporary plane 1. The AS matrices of temporary plane 2 and 3 can be obtained using the
transfer matrix method. Thus the full vectorial fields on any plane can be obtained using the
FFT-AS method.

3. EXAMPLES AND DISCUSSION

To verify the validity of this calculation method, an example is given. The structure of the example
is shown in Figure 3 and the parameters of the structure is given in Table 1.
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Figure 3: Simulation model of Gaussian beam propagation through layered anisotropic media.

Table 1: Structure parameters of Figure 4.

do 0 d, d;
45mm | 20° | 75mm | 150 mm
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Figure 4: Amplitude of reflection and transmission fields on target plane. The first row is anisotropic media
and the second row is isotropic media. The first column is main-polarization of transmitted fields. The
second column is cross-polarization of transmitted fields. The third column is main-polarization of reflected
fields. The forth column is cross-polarization of reflected fields.

Table 2: Multilayer parameters of Figure 4.

€1 | € | Thickness
Layer 1 | 2.8 | 3.5 5 um
Layer 2 | 1 1 15mm
Layer 3 | 2.8 | 3.5 5 um

We assume the layered media be uniaxial anisotropic media such as liquid crystal. Liquid crystals
are dielectric materials with anisotropic characteristics [9]. The permittivity of liquid crystal can
be tuned through an external electric field. The parameters of each media is given in Table 2. The
initial field is the waist of a Gaussian beam at 20 GHz. The waist of the beam is 5\. To compare
the result with isotropic media, we assume the media in layer 1 and layer 3 be an isotropic media
with the permittivity tensor 2.8. The simulation process is fast and costs less than 5 minutes. The
result is shown in Figure 4.

The result implies that the cross-polarization of reflection and refraction fields of the anisotropic
media is different from the isotropic media. The amplitude of cross-polarization of anisotropic media
is higher than isotropic media and the amplitude of main-polarization of anisotropic media is lower
than isotropic media. This is because the anisotropic media has the depolarization characteristic.
This characteristic can be useful in antenna design and microwave devices design.

4. CONCLUSION

A fast way to calculate reflection and refraction fields of infinite beam through multilayer uniaxial
anisotropic media is proposed in this letter. This method combines FFT-AS method and transfer
matrix method and can avoid the time consuming numerical solution, full vectorial near fields of
reflected and transmitted can be calculated within seconds. The method provides a way for large
amount parameters adjustment in design process. An example of layered liquid crystal is given and
implies that the cross-poloarizion difference between anisotropic media and isotropic media.
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