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Abstract— Aperture field integration method (AFIM) is proposed and utilized to efficiently
compute the field distributions of infrared (IR)/millimeter wave (MMW) beam splitter including
the MMW near field distribution and IR far field distribution. A single dielectric layer beam
splitter is analyzed by AFIM. Compared to the multilevel fast multipole method (MLFMM),
the memory requirement and CPU time consumption are reduced drastically from 4.6 GB and
2141 seconds to 1.2 MB and 58 seconds, respectively, when the MMW near field distribution is
computed. In order to meet the far field condition a scale factor is proposed to transform the focal
plane into a far field plane, when the IR far field in a focal plane is computed. The IR far field
calculation accuracy is better than 97% compared to the analytical solutions. The simulation
results show that the AFIM as a unified method can be applied to both beam splitters” MMW
near field and IR far field engineering estimation.

1. INTRODUCTION

An IR/MMW dual-mode compound guidance system has both high-precision infrared imaging and
all-weather-working millimeter wave imaging advantages at the same time. IR/MMW beam splitter
is a key component of dual-mode compound guidance system. The beam splitter is tilted by 45°
along the main axis and it transmits MMW signals and reflects IR signals at the same time as
shown in Fig. 1. Its role is to spatially split the IR and MMW compound signal into a reflected IR
signal received by an IR sensor in the vertical direction and a transmitted MMW signal received
by a MMW sensor in the horizontal direction respectively [1].

Many types of beam splitters have been proposed, such as dielectric coated with an array of small
conducting patches [2], holographic optical elements [3], frequency selective surface [4], conducting
inductive meshes with periodic rectangle units [1] micro-mirror array [5], multilayered dielectric
plate [6] and so forth.

No matter which kind of beam splitter is inserted in the dual-mode compound guidance system,
the insertion of a beam splitter will affect the uniformity of the MMW field. Simultaneously, the
insertion also affects the IR imaging quality. Moreover, the detecting and tracking precision will
be limited by the distortion of the filed received by MMW and IR sensors [5-7]. Therefore, it is
necessary to build a theoretical model to analyze the MMW and IR field distribution. Generally,
the calculation of electrical field in a MMW sensor aperture is a near field diffraction problem.
However the calculation of optical field focused on an IR focal plane array through an IR lens is
a far field diffraction problem. Nevertheless, both IR and MMW are electromagnetic wave and
they can be described by Maxwell-Equations. So the MMW near field and IR far field problem
can be solved by a unified method derived from integral formulation of Maxwell-Equations. Thus,
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Figure 1: Working principle of beam splitter.
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aperture field integration method (AFIM) is proposed to analyze both MMW near field and IR far
field of beam splitters in this paper.

In Section 2 the basic theory and formulations about AFIM are introduced. In Section 3,
the method is investigated through the calculation of a circular single layer beam splitter. The
calculation results of MMW field are described and compared with MLFMM. The calculation
results of IR field are also described and compared with the analytical solution. In the last section
a brief conclusion is made.

2. METHODS AND FORMULATIONS

In order to obtain the diffracted field, the beam splitter is simplified to a 2D aperture as shown
in Fig. 2. According to the equivalence principle, the field produced by the beam splitter current
could be obtained by computing the field of the aperture equivalent source [8,9]. In this way, the
analysis of the beam splitter can be converted to the analysis of the aperture.
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Figure 2: Principle of AFIM.

Assume that the aperture is tilted by an angle of 6 along the main axis as shown in Fig. 2. The
incident wave can be assumed as plane wave. The aperture field can be expressed as [1]

Ea(z1,y0) = Eoexp|—j (koo tan 0)] (1)

where, kg is the wave number, Eo is the amplitude vector of polarized electrical field. According
to the equivalence principle, the equivalent magnetic current is expressed as [9]

Jm=—%x E, (2)

The electrical vector potential is
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The field at an arbitrary observation point P is [9]
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where R is the distance between the source point Q and field point P, which can be expressed as [1]

R = \/(.r—:L‘o)Q-i- (y—yo)2+ (Zo —xgtan9)2 (5)

where, zg is the distance between the aperture and the observation plane. The integration is over
the aperture region 2.

The near field and far field can be obtained by computing the Eq. (4). However, the far field
distribution in a focal plane can’t be obtained by directly solving the Eq. (4) because of the phase
transformation by a lens with focal length of f. In order to calculate the far field distribution in a
focal plane, a scale factor 7 is introduced to transform the focal plane to a far field plane. n should
meet the far field condition [10]:

22
n < N3 (6)
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where, 7 is the circumcircle radius of the aperture region 2.
So the far field in a focal plane can be expressed as

E (@', y) = —1// [R' X (E X EA” (1 + jkoR') LkOR/d:L‘ dy (7)
far\L An 0 0 R3 14Yo

where, R' = nf, 2’ =na, y' = ny.

3. NUMERICAL EXAMPLE AND VALIDATION
3.1. Beam Splitter Example

In order to validate our computation method, a single layer circular beam splitter with IR film is
analyzed. It is made of lossless material with relative dielectric constant of 3.8. Its thickness is
2mm. The radius r of the beam splitter is 50 mm. The surface is coated with IR film proposed
in [6]. The beam splitter is 45° tilted angles placed relative to the electrical axis of the MMW
sensor. The distance between the MMW sensor and the beam splitter is 50 mm. It is designed
for the MMW with 35 GHz frequency. The observation plane of the MMW sensor is assumed to
be a square region with an edge length of 70 mm. The working center wavelength of IR is 4 um.
The focal length of IR sensor objective lens is 120 mm. The observation plane of the IR sensor is
assumed to be a square region with an edge length of 100 um.

3.2. MMW Near Field Validation

In order to validate the MMW near field computation ability of AFIM, the calculation results
are compared with the results obtained by MLFMM, because MLFMM is considered to be a high
precision computation [5,7]. The computations made by AFIM and MLFMM are carried out on
the same computer equipped with two 2.50 GHz Intel®) Xeon®) CPUs (12 cores) and 128 GB
memories. Both of the MLFMM and AFIM codes support parallel computation.

In both of the computations the observation plane is discretized equally to 81 divisions along
z-axis and y-axis. In MLFMM computation the edge of the triangle mesh is A/8. So the mesh
number and mesh edges are up to 43232 and 64848, respectively. As comparison, the edge of the
mesh is A\/22 in AFIM computation, which brought to a mesh number of 65536. The computational
efficiency comparison with two methods is shown in Table 1. MLFMM consumes 4.6 GB memories
and more than 30 minutes. However, AFIM uses only several MB memories and less than 1 minute,
even though the mesh size in AFIM is less than that in MLFMM. The comparison indicates that
AFIM is much more efficient than MLFMM.

Table 1: Comparison of computational efficiency.

Method  Mesh size Unknown field point Memory Time
MLFMM A/8 81 x 81 4.6GB  2141s
AFIM /22 81 x 81 1.2MB 58s

In order to comparison, the amplitude and phase in observation plane are normalized by the
value at (x = Omm, y = Omm). Figs. 3(a) and (b) are the amplitude distribution of MMW near
field computed by AFIM and MLFMM, respectively. The maximum and minimum amplitudes
computed by AFIM are 4.06 dB and —14.68 dB respectively as shown in Fig. 3(a). The maximum
and minimum amplitudes computed by MLFMM are 2.94 dB and —12.56 dB respectively as shown
in Fig. 3(b). However, the distributions of the amplitude obtained by the two methods match
well. The maximum and minimum phases computed by AFIM are 43.68° and —61.87° as shown
in Fig. 4(a). The maximum and minimum phases computed by MLFMM are 29° and —98.5° as
shown in Fig. 4(b). Similarly, the patterns of the phase obtained by the two methods also match
well. Compared with MLFMM, errors are introduced. One of reasons is that the beam splitter
is equivalent to an aperture, and the detailed structure of the beam splitter is not considered in
AFIM. However, compared to the commonly used MLFMM the memory requirement and CPU
time consumption are reduced drastically. So AFIM can be used as an efficiency engineering
approximation method.
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Figure 3: Amplitude distribution of MMW near field in observation plane computed by (a) AFIM; (b)
MLFMM.
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Figure 4: Phase distribution of MMW near field in observation plane computed by (a) AFIM; (b) MLFMM.

3.3. IR Far Field Validation

In order to validate the computation ability of IR far field by using AFIM, the calculation results
are compared with the results obtained by analytical solution [10]. The analytical solution (AS)
can be expressed as

2J1 (a)

E far(z,y) = Cr* cos 0 - (8)
where «, C' can be expressed as
_2mry/(Brcos0)? + 42 )
N ARy
Eq jkoe=ikofo
C=—"—7—— 10
47 RO ( )

where, 31 and Ry can be expressed as

B1 = x+tanfy/R2 — 22 — y?> — Rptan6 (11)
Ry = /22 + 32 + 23 (12)

The focal plane is a square region with edge length of 100 um. It is 512 x 512 meshed. The
aperture is 128 x 128 meshed for AFIM. In order to meet the far field condition, i should be larger
than 1 x 10%, and let = 1 x 10 in this paper. In order to quantitatively compare the results, the
relative error of far field intensity I4pryr computed by AFIM is calculated according to [11]

IMapns = Las||

15|l (13)



518 PIERS Proceedings, Guangzhou, China, August 25-28, 2014

where || || is the 2-norm and I4g is the reference solution computed by AS with mesh number of
512 x 512.

The normalized intensities of the IR far field computed by AFIM and AS are compared in Fig. 5.
The error is only 0.14% as shown in Table 2. The relationship between the error, consumed time
and mesh number of aperture is also listed in Table 2. The CPU time decreases drastically with
the decrease of the mesh number. And the error increases with the decrease of mesh number. The
right results can’t be obtained when the mesh number of aperture is 8 x 8. To keep an error lower
than 3%, the mesh number more than 16 x 16 is required by AFIM.

Table 2: Error and CPU time versus mesh number of aperture.

Mesh number Error CPU time
128 x 128 0.14% 612.00s

64 x 64 0.51% 162.08 s

32 x 32 1.35% 74.44 s

16 x 16 2.30% 21.56s
8x8 288.92% 8.34s
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Figure 5: Normalized intensity distribution at focal plane computed by (a) AFIM; (b) AS.

The zero-order diffraction primary maximum widths along z-axis and y-axis acquired by AFIM
are 16.56 um and 11.86 um, respectively. If § = 0°, the zero-order diffraction primary maximum
diameter can be computed by 0.61\f/r = 11.71 pm. The simulation results show that the zero-
order diffraction primary maximum width is stretched along x-axis while it remains unchanged
along y-axis. The tilted angle will lead to increase the diffraction limit. Thus the resolution of the
IR sensor will be decreased. It must be noted that the AFIM can also be used to analyze beam
splitters with complex aperture shapes without analytical solution of far field.

4. CONCLUSIONS

According to equivalent principle, a unified method AFIM is proposed to compute field distribution
of IR/MMW beam splitter including the MMW near field distribution and IR far field distribution
For a single layer beam combiner, the patterns of the MMW amplitude and phase obtained by the
MLFMM and AFIM match well. An appreciable speedup on the order of 40 is achieved. In order
to meet the far field condition, the scale factor is proposed and it should be larger than 1 x 10* in
the numerical example. The calculation accuracy is better than 97% for IR far field computation
when the mesh number of the equivalent aperture is more than 16 x 16. The simulation results
show that the AFIM can be used as an efficiency engineering approximation method in the design,
analysis, and optimization of beam splitter.
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