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Abstract—This paper specifies optimization of a low active reflection coefficient (ARC) array element
with a cavity-backed microstrip patch (CBMP) using a genetic algorithm (GA) at wide-band and
2-dimensional (2D) wide angle. Both the GA implemented with a user-defined MATLAB code and a
3-dimensional (3D) full-wave electromagnetic simulator CST MWS are simulated with a real-time direct
link. An optimization method using not a traditional unit cell or a small array but a 15 x 15 finite array
structure is proposed to apply to a large-scale array antenna. The CBMP array antenna to meet a
design goal of a max ARC is optimally designed at equally divided 9 frequencies and 11374 beam angles
for S-band 400 MHz operating frequency bandwidth and beam scan coverage (Az = —60° ~ +60°,
El = —3° ~ +90°). Measurement results show that a prototype and a full-scale array antenna have low
ARC below —8.1dB and —6.9dB, respectively for required wide frequency bandwidth and beam scan
coverage. It is confirmed that the proposed method is a good solution for optimizing a large-scale array
antenna.

1. INTRODUCTION

Recently, radars play an important role in detection, tracking, and identification of small targets in
severe jamming and clutter environments with wide-band and 2D wide beam scan coverage. Therefore,
a low loss active electronically scanned array (AESA) antenna consisting of hundreds or thousands of
array elements is a core hardware technology, and ARC generated at wide-band and wide angle becomes
a key factor for radar performance. A high ARC causes a lot of damage of transmit /receive module and
a considerable gain loss of the AESA antenna. In this regard, a design of a low ARC array element for
an AESA antenna is a critical topic. Currently, researches of an array element suitable for wide-band
and wide angle are carried out restrictively. In [1, 2], low ARC characteristic is discussed for a probe-fed
stacked microstrip patch and a CBMP in a unit cell and a small array for wide-band and 1D beam scan
coverage. These focus on the improvement of ARC at wide band for restrictive beam scan coverage
such as a bore-sight and principle plane. Also some researches are carried out to improve the ARC
by applying various parasitic structures and an electromagnetic band gap (EBG) shape to reduce the
mutual coupling between array elements [3-5]. These additional structures increase spatial constraint
and manufacture complexity of a large-scale array antenna, so optimization of the array element without
additional structures should be carried out for wide-band and 2D wide beam coverage.

Generally, particle swarm optimization (PSO) and genetic algorithm (GA) are most frequently
used in optimization. PSO is recently applied in various types of array antennas for broadband,
reconfigurable and switched-beam applications [6-9] and used in conjunction with CST MWS to design
near-field correcting structures and spatial phase shifters [10, 11]. Also this data-driven optimization is
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implemented to design various types of EM or microwave devices such as couplers, frequency selective
surfaces, artificial magnetic conductors, aperture distribution, and filters [12-17]. However, it is not easy
to find that the data-driven optimization is used to design large-scale array antennas. GA is one of the
efficient and popular optimization algorithms in convergence speed and global optimal solution [18].
A design of the array element using GA almost focuses on side-lobe level (SLL) reduction, beam
broadening, and null steering for adaptive beam forming [19-21]. Also optimization of array elements
such as a slot, a log periodic element, and a microstrip patch is done by using a GA toolbox offered from
HFSS and CST MWS to improve axial ratio, gain, SLL, and ARC [22-24]. Generally, the design to
optimize the array element by using GA toolbox is considerably restricted for multiple frequencies and
beam scan angles. The more frequencies and beam scan angles are, the more impossible optimization
using the GA toolbox is.

This paper handles optimization of a large-scale low ARC CBMP array antenna without additional
structures for wide-band and 2D wide beam scan coverage by using the GA. Both the GA implemented
with a user-defined MATLAB code and a 3-dimensional (3D) full-wave electromagnetic simulator CST
MWS are simulated with a real-time direct link. Optimization for design parameters of a CBMP array
element suitable for large-scale array antennas is carried out to minimize a max ARC, cost function, at
multiple frequencies and beam scan angles.

2. ANTENNA STRUCTURE

2.1. Cavity-Backed Microstrip Patch (CBMP)

Figure 1 shows a 15 x 15 array structure and an array element. The array element consists of a radome,
a cavity-backed microstrip patch (CBMP), and a spacer. A honeycomb in the radome is sandwiched
between two FRP (Fiber glass) plates considering structural robustness and signal loss. A cavity-
backed feed structure is applied to a microstrip patch antenna to implement a wide-band frequency
characteristic. Main design parameters of the CBMP to determine a frequency resonance are patch
size, feed offset, probe radius, and inner cavity size. Especially probe radius and feed offset are sensitive
to the frequency resonance and should be handled carefully. An ARC of a phased array antenna is
important, and a design to reduce both self-reflection and a coupling coefficient between array elements
should be carried out. To maintain flatness for high precision beam accuracy of the array antenna, a
PEI foam is placed between the radome and the CBMP.
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Figure 1. 15 x 15 array structure and array element. Figure 2. Grating lobe diagram.

2.2. 15 X 15 Array Prototype

It is common to manufacture, test, and verify a prototype prior to a full-scale array antenna. Considering
convergence of an ARC for S-band 400 MHz frequency bandwidth and beam scan coverage, the number
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of array elements is selected as 15 x 15 with increase of array elements from 5 x 5 to 21 x 21. Array
element distances in horizontal and vertical directions are 0.51\. and 0.62)\., respectively.

3. OPTIMIZATION

3.1. Grating Lobe Diagram/Active Reflection Coefficient (ARC)

Figure 2 shows a grating lobe diagram of a designed array antenna in spherical coordinate. A maximum
operating frequency, a beam scan coverage, and an antenna tilt angle (30°) are used. The dotted line is
a grating lobe boundary calculated with the array element distance, and the dashed line is a beam scan
boundary. Eq. (1) describes an ARC formula of the m-th array element in a planar array consisting of
M and N elements in horizontal and vertical directions, respectively. The ARC is a function including
frequency (f), theta (#). and phi (¢). Sy, is S-parameter of the m-th array element that is a feeding
element, and xp, n, Tpm, Ypn and yp ., are positions of the m-th and n-th array elements in horizontal
and vertical directions, respectively.

ARC,, anme -27Cr [(@p,n—Tp,m) sin b cos ¢+ (Yp,n —Yp,m ) sin 6 sin @] (1)

3.2. Optimization Process

Figure 3 shows an optimization flowchart devised to design a 15 x 15 CBMP array antenna using GA.
This flowchart includes co-simulation between the GA implemented with a user-defined MATLAB code
and a 3D full-wave EM simulator CST MWS to optimize a low ARC 15 x 15 CBMP array antenna.
The GA handles design parameters of the 15 x 15 CBMP array antenna and carries out cost calculation
for ARC, evaluation, and children generation. CST MWS calculates S-parameters among 225 elements
and receives updated design parameters from the GA. This process is iteratively carried out depending
on a design goal or user’s constraints.
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3.2.1. GA Parameter Setting/Initialization

GA parameters consist of a gene, a chromosome, population, a generation, and a design goal. The
gene is selected as 8 bits that represent enough step from min to max values of design parameters. The
chromosome is selected as 10 that is the number of design parameters as shown in Figure 1. The design
parameters to optimize a 15 x 15 CBMP array antenna are 10 as Hyqq, Hpep, Hpeis Wpat, Lpat, Heavs
Weav, Leav, Dfed, and Rpyro. Considering calculation time of CST MWS, population is selected as 20
chromosomes, and the number of chromosomes to survive after each iteration is 10. The max number of
generations to terminate GA is 120 considering calculation time of each iteration. The design goal allows
ARC below —8dB for operating frequency bandwidth and 2D beam scan coverage. At initialization,
quantized genes, chromosomes, and population are generated as shown in Figure 4. Each chromosome
consists of total 80 bits, and each gene has a value of 256 steps.

3.2.2. Cost Calculation/Evaluation

Figure 5 shows a data link between GA and CST MWS. As shown in Figure 4, a 80-bits chromosome
generated from 10 design parameters is converted into a real value and delivered to CST MWS. S-
parameters, consisting of a self-reflection coefficient and coupling coefficients from 224 adjacent elements,
are calculated through EM analysis for a 15 x 15 CBMP array antenna. A graphic processing unit
(GPU) is used to improve calculation speed for analyzing about 100 million meshes. Calculated 225
S-parameters are delivered to GA and used as input data to calculate cost by using Egs. (1) and (2). As
shown in Figure 5, a cost function includes 9 frequencies and 11374 beam scan angles with 50 MHz and
1 degree equally spaced respectively. Max ARC for 9 frequencies and 11374 beam scan angles becomes
the cost of a corresponding chromosome. Costs of all chromosomes are sorted in ascending order and
evaluated whether a design goal (< —8dB) is satisfied or not. In Eq. (2), conv means coordinate
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Figure 5. Data link between GA and CST MWS.
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conversion.
Cost function = max{ max {ARC,(0,¢,f)}} (2)

feFN (Az,El)—
conv(0,9)

for 1< N <9, —60°< Az <+60°, —3° < FEl<+490° at ATA = 30°

3.2.3. Children Generation

After cost calculation and evaluation, survived top 10 chromosomes in ascending order generate children
chromosomes. A high rank chromosome has high probability of selection for children chromosomes.
Selected parent chromosomes generate children chromosomes with single-point crossover that is formed
as a random bit string. And a mutation rate is 0.02. We use the standard GA to carry out optimization.

3.3. Design Results

Figure 6 shows the best cost of each generation with GA operated iteratively. A final design goal is not
satisfied, and the max number of generations set to terminate GA is carried out. As shown in Figure 6,
total 4 rapid cost variations occur, and the variation rate is decreased as the number of generations
increases. The final best cost for 120 generations is —7.7, and Table 1 describes values of optimized 10
design parameters of a 15 x 15 CBMP array antenna.
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Figure 6. Best cost with GA.

Table 1. Optimized design parameters.

Design Parameter | Value (A.) | Design Parameter | Value (\.)
H,o 0.011 Hoon 0.137
Hiop 0.416 Wons 0.445
Hpei 0.384 Leas 0.533
Wpat 0.288 Dyeq 0.082
Lyt 0.273 Ryro 0.018

Figure 7 shows design results of a center element of optimized 15 x 15 CBMP array antenna. Max
ARC for beam scan coverage at each frequency is shown in Figure 7(a), and the best cost in Figure 6 is
the same as max ARC of F02. Except F02, max ARC at each frequency is below —8dB. The ARC for
beam scan coverage at center frequency F05 shown in Figure 7(b) is symmetrical and considerably low
below —10dB. Max ARC for beam scan coverage is —10.38dB at (Az, El) = (—60°,4°) which is placed
at a beam scan boundary. Beam patterns of the center element at FO5 are shown in Figure 7(c). The
coupling from adjacent elements seems to generate ripples in beam patterns.
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Figure 7. Optimized design results of CBMP 15 x 15 array antenna. (a) Max ARC at each frequency.
(b) ARC of F05 for beam scan coverage. (c) Active element beam patterns.

4. MANUFACTURE & MEASUREMENT

4.1. Prototype

Figure 8 shows a manufactured 15 x 15 CBMP array antenna. As shown in Figure 8(a), a 15 x 15
microstrip patch array consists of 3 pieces in vertical direction and is assembled with a cavity structure.
The PCB material for microstrip patch array is TLE-95 (g, = 2.95, tan § = 0.0026). A room temperature
film is placed to bond the microstrip patch array and the cavity structure, and a compressor is used
for 12 hours to maintain a vacuum state between them. As explained in Figure 1, a honeycomb in a
radome is sandwiched between two FRP plates and bonded to them with a high temperature film in an
autoclave facility. The radome is assembled to the cavity structure with surrounding FRP frames.
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Figure 8. Manufactured 15 x 15 CBMP array antenna. (a) Without radome. (b) With radome.

Figure 9 shows measurement results of a center element of optimized 15 x 15 CBMP array antenna.
Max ARC for beam scan coverage at each frequency is shown in Figure 9(a). Within operating frequency
bandwidth, F02 and F09 have —8.2 and —8.1 dB of max ARC, respectively. Max ARC at each frequency
except two frequencies is below —9 dB. Compared with design results, max ARC of measurement results
is generated with 50 MHz shifted to a lower frequency. It seems to be caused by a position error of a
probe feed in bonding process between the cavity structure and 3 pieces microstrip patch array. As
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Figure 9. Measurement results of CBMP 15 x 15 array antenna. (a) Max ARC at each frequency. (b)
ARC of F05 for beam scan coverage. (c¢) Active element beam patterns.

explained earlier, feed offset is sensitive to the frequency resonance. Also a thickness error of a bonding
film between them seems to cause a frequency shift of max ARC. The ARC for beam scan coverage at
F05 shown in Figure 9(b) is a little non-symmetrical and considerably low below —11 dB. Max ARC for
beam scan coverage is —11.14dB at (Az, El) = (43°, 22°). Beam patterns of a center element at F05
are shown in Figure 9(c), which are measured in a far-field anechoic chamber.

4.2. Full-Scale Array Antenna

Figure 10 shows a manufactured full-scale CBMP array antenna and measurement results. As shown in
Figure 10(a), an array antenna consists of 48 columns and 28 rows, and the number of array elements
is 1152. Five circle sections to measure ARC are depicted in Figure 10(b). Each section includes
a 15 x 15 CBMP array antenna to compare with both design results and prototype measurements.
Measurement results of the full-scale CBMP array antenna are shown in Figure 10(c). Max ARC for
beam scan coverage at each frequency on each section is shown. Within operating frequency bandwidth,
both F02 and F09 have —6.9dB of max ARC. Max ARC at each frequency except two frequencies is
below —7.3dB. Compared with prototype results in Figure 9(a), relatively high max ARC seems to be
caused by different array sizes between a prototype and a full-scale array. Also an ARC variation of
five sections at high frequencies (F08, F09) seems to come from uneven position error of probe feeds
and nonuniform thickness of bonding film among sections. On the other hand, a max ARC variation

1. 2 3 4 5 6 7 8 9 10
Freqguency number

()

Figure 10. Full-scale array antenna structure and measurement results. (a) Manufactured full-scale
CBMP array antenna. (b) 15 x 15 array antenna sections to measure ARC. (c¢) Max ARC at each
frequency for 5 sections.
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trend of each section is similar to that of a prototype. Although they are not shown here from lack of
space, beam patterns of the full-scale CBMP array antenna are also measured in a large-scale near-field
anechoic chamber. With wide-band and wide angle CBMP array designed, high gain and low side lobe
beams to satisfy high precision beam accuracy are confirmed.

5. CONCLUSION

This paper specifies an optimized low ARC CBMP array antenna for S-band 400 MHz operating
frequency bandwidth and 2D beam scan coverage (Az = —60° ~ +60°, El = —3° ~ +90°) by using
GA. Generally to optimize large-scale array antennas for multiple frequencies and beam scan angles is
considerably restricted when GA toolbox offered from a 3D full-wave EM simulator is used. In this
paper, the GA implemented with a user-defined MATLAB code and the 3D full-wave EM simulator
CST MWS are co-simulated with a real-time direct link. Optimization method using not a traditional
unit cell or a small array but a 15 x 15 finite array structure is proposed to apply to a large-scale array
antenna. The CBMP array antenna to meet a design goal of max ARC is optimally designed for equally
divided 9 frequencies and 11374 beam angles by using GA. Measurement results show that a prototype
and a full-scale array antenna have a low ARC below —8.1dB and —6.9 dB respectively for required
wide frequency bandwidth and beam scan coverage. It is confirmed that the proposed method is a good
solution for optimizing large-scale array antennas.
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