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ABSTRACT The probability of antenna array failure or malfunctioning cannot be ruled out, and hardware
replacement of faulty elements is not always a viable solution. Therefore, academic and industrial interest
in self-healing phased arrays are on the rise. In this work, the phase-only genetic algorithm (GA)
optimization flow for the radiation pattern correction of a 4 x 4 phase faulty planar antenna array is
proposed. Initially, a reference array pattern at the desired scan angle is generated. Then random phase faults
are introduced across the 1 x 4 antenna elements in any one of 4 sub-arrays to produce maximum distortion
in the reference radiation pattern of 4 x 4 planar array. The proposed GA re-computes the new excitation
weights for the remaining non-faulty 3 sub-arrays to correct the overall radiation pattern of 4 x 4 array. This
is achieved by calculating the array output power for reference and GA computed weights. The GA
corrected patterns fairly follow the desired array patterns in terms of peak gain and reducing sidelobe levels
for the desired scan angle. The efficiency of the optimized radiation patterns was evaluated in full-wave
HFSS model and measurements validation. In this way, maintenance cost can be reduced with recovery of
acceptable level of radiation pattern using software instead of physically replacing faulty antenna elements

in the array.

INDEX TERMS Antenna array failure correction, faulty antenna array, genetic algorithm, phased array.

I. INTRODUCTION

HASED array antenna used in aerial platforms (satellite

and radar applications) suffer from either complete
failure or malfunctioning of attenuators, phase shifters and
amplifiers [1]. These failures/malfunctioning of radio
frequency (RF) components connected to antenna elements
causes distortion of main beam, increasing sidelobe levels
and decrease in peak gain. Replacing defective array
elements is not always a viable solution, so optimizing array
weights of the active/non-faulty antenna elements is
required. Active research work is going on in the field of
antenna array failure detection and correction [2]. Most of
the recent research work is focused on considering complete
element failure, where the failed elements are considered to
be non-active in the array. Therefore, the main focus is to
optimize the weights on remaining active elements in the
array to recover the radiation pattern. In this regard, various
calibration [3,4] and optimization algorithms [5—7] have
been proposed for antenna array failure detection and
correction. The biologically inspired algorithms [8] have
shown promising results for radiation pattern synthesis in
antenna arrays. In particular, evolutionary algorithms (such
as particle swarm optimization and genetic algorithm) have
been explored for locating defective elements in the array
[9,10], and array failure correction [11,12]. The design and
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synthesis of phased arrays for sidelobe level control without
element failure using GA are reported in [13—16]. The use
of GA for adaptive and smart arrays are discussed with
details in [17,18].

In this work, genetic algorithm (GA) is investigated for
recovering the main beam pattern in case of faulty sub-array
elements in a planar phased array. That is, the antenna
elements are not assumed to be completely failed, but phase
malfunctioning of antenna elements is corrected with the GA
optimization flow. Although any optimization algorithm can
be used to address the antenna array failure correction,
however, the choice of GA for the solution of proposed
problem has proved very successful in applications in the
field of electromagnetics [1, 22]. In the literature review
summarized above, antenna array complete element failure
is considered [1,2,11,12] except in a few papers [6,7], where
partial element failure is investigated using analytical or
numerical optimization techniques. However, in their
findings, small phase error or perturbation correction is
devised, mainly for calibrating the phased arrays, such as the
work reported in [19]. The work in [28] and more recently
in [29] are state of the art mechanisms for identifying fault
locations in the beamforming arrays. The work in [30] is
interesting and is related to our work as follows: In [30], the
beamforming array is disturbed by the scatterer in its
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vicinity, distorting its original pattern. Then cloaking is
applied on the obstacle make it invisible to the beamforming
array to get the optimal beamforming pattern. In many
implementations, the attenuator and phase shifter in
transmit-receive module can independently get defected. In
our work we look at the scenario in which phase shifter get
defected at sub-array level with uniform amplitudes. This
would result in non-convex constraints for the optimization
problem and genetic algorithm is therefore employed to
solve the problem. The algorithm has been tested with
random phase errors at sub-array level and works fine. In our
proposed work, random phase fault at sub-array level in a
planar array is considered for correcting the overall array
pattern. This technique is highly beneficial for self-healing
phased array systems, where faulty phase shifters cannot be
replaced.

In recent years, a new direction in electromagnetism has
been intensively developing, associated with the development
of design technologies for devices for electrical or magnetic
cloaking of material bodies [33]. In this work, GA is proposed
to correct the radiation pattern of a faulty antenna array in the
presence of random phase errors. This approach can also be
extended as follows to correct the faulty patterns (uncloaked)
from a near-field scattering by using the GA based cloaking.
The proposed GA can be optimized for the array of cloaking
cylinders/spherical shells to estimate their variable lengths,
diameters and separation distances.

Remainder of the paper is organized as follows. Section
IT presents the pattern correction methodology, section III
describes the full-wave simulation results, section IV
discusses the measurements validation and section V finally
concludes the paper.

Il. PATTERN CORRECTION METHDOLOGY

The flow chart of radiation pattern correction scheme is
shown in Fig. 1. It is divided into two parts: planar array
modeling and genetic algorithm (GA) optimization flow.
The planar array consists of 4 x 4 antenna elements modelled
in a HFSS full-wave model. Initially, the reference array
pattern AP, is generated at the desired scan angle using
the standard antenna array theory. Then random phase faults
at sub-array level are introduced, and the corresponding
faulty array pattern is denoted as APp. Finally, the GA
optimization is invoked to estimate the corrected phase set,
which is then applied on the planar array, and the corrected
array pattern is denoted as AP;. The pattern correction
mechanism was validated with measurements setup.

A. REFERENCE ARRAY PATTERN GENERATION
Consider a N x N planar array in Xy plane with the z-axis
pointing away from the broadside as shown in Fig. 2. There
are N sub-arrays parallel to y-axis and are lying along x-axis.
The inter-element spacing along both x and y directions is
dx=dy=4/2=1.5 cm at f=10 GHz. The expression for the
reference array pattern (AP,.¢) can be written as

AP.p =e (6,¢) x AF (1)
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where e (0, ¢) is an individual element pattern, and the array
factor (AF) is a function of amplitude weights, phase
weights, individual antenna element position and frequency.
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FIGURE 2.

A faulty sub-array (shaded) in N % N planar
array.

The expression for AF of a planar array in xy plane is given
by [20]

AF = XN Wyel¥n, (2)
where
Y, = k(xnu + an): 3)

and

u = sin(0) cos(¢), v = sin(O) sin(¢). @)

The (x,,,¥,) in (3) is the location of element n, 8 is the
elevation angle from z-axis, and ¢ is the azimuth angle
measured from x-axis. The W, = a, /% is the complex
weight at element, k = 2 For uniformly excited array,
a,, = 1 on each element. The reference phase shift required
at element n to generate the array pattern to steer the main
beam at (6, ¢;) is given by [20]

6n = —k(xpu+ y,v) (5

Equation (1) is used to generate the reference array pattern
(AP,f) with the phase set calculated in (5).

B. FAULTY ARRAY PATTERN GENERATION

The faulty array weights W_F are used in (2) to simulate the
faulty beam patterns. In this work, random faulty array phase
set & fe[-m, n] are used in (2) instead of reference (original)
phases calculated analytically in (5). For example, as shown
in Fig. 2, the weights of faulty sub-array 2 are shaded, while
the weights of non-faulty sub-arrays are not shaded. The
array pattern due to faulty sub-array is generated using the
following expression

APy = e (8,¢) x YN_ e/feloneitn (6)
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C. PATTERN CORRECTION WITH GENETIC
ALGORITHM (GA)

The genetic algorithm (GA) has been widely used in
electromagnetics for various applications [21,22]. In the field
of antenna arrays, GA has been mainly used for antenna array
failure correction to recover the sidelobe levels due to edge
elements failure across the array aperture [1]. To the best of
our knowledge, no work is reported in the literature to
investigate GA for the correction of radiation pattern due to
faulty sub-arrays. The proposed work here investigates the
GA for the correction of radiation pattern due to random phase
faults at sub-arrays level across the array aperture. Therefore,
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Radiation pattern correction mechanism.

unlike in [1], the proposed work does not consider element
wise complete failure, but investigates correcting the pattern
due to phase malfunctioning of sub-array using the GA. That
is, in case of complete failure, the entire channel (attenuator,
phase shifter, amplifier, and antenna) becomes inactive, while
in the case of phase faulty sub-array, the channel antennas are
working but with random uncorrected phases. Therefore, the
problem formulation is to estimate the corrected phase set &,
with GA to be applied on non-faulty sub-arrays for radiation
pattern correction. The corrected array pattern (AP;) due to
optimized GA weights can be written as
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AP, = e (0,¢) x XN_, eldceivn (7)  for phase faulty array is shown in Fig. 4. The plot presents the

where &, is the corrected phase set to be estimated with GA.

The flow chart to estimate the optimized array weights
using GA for correcting the radiation pattern due to faulty
sub-array is shown in Fig. 1. The GA starts with a list
(population) of random solution set called chromosomes
(i.e., phase set in this work). To evaluate each chromosome,
a cost surface with objective function f,,;,, is defined. This
is the square of difference in array patterns (power level)
between reference and corrected patterns subject to the given
phase set. That is the objective function is given by

fnin = (AP —AP,) VO € [0,m] € [021]  (8)

Next, in the selection process, each chromosome is
evaluated using (8). At this stage, chromosomes with low
costs are selected for a mating pool. Two chromosomes for
mating are randomly chosen using random number
generator (such as roulette wheel). The selected parents are
combined using genetic operator (crossover) to produce new
offspring. The discarded chromosomes are replaced by new
offspring in the population. Finally, some chromosomes in
the new population may be mutated (random changes made
to the chromosome), to introduce diversity into the new
population and to create larger search space. The fitness of
this generation is evaluated using (8), then a new generation
begins with natural selection. This process continues until
the optimum solution for computing corrected phase vector
is obtained.

In this work, 360 samples of the radiation pattern were
taken, which was initiated with a random population size of
1000, with 80% crossover rate, mutation rate of 12%, and
elite chromosomes of 8%. The maximum number of
generations set was 3000 for better convergence. The
amplitudes were set to 1 and phase set — [0, 2m].
Minimization of the objective function in (8) will return
optimized phase set of the non-faulty sub-arrays that can
generate corrected array pattern in the presence of faulty
sub-array. As can be seen in Fig. 3, the GA fairly converges
after 200 generations with minimum error. The
implementation steps for GA in MATLAB are given in
Appendix B.

S o227

o
o
®

o
N
N

o
=3
=)

e

o

]
T

Objective Function Va
o

0 200 400 600 800 1000
Number of Generations

FIGURE 3. Convergence plot of the GA for a 4 x 4 planar array.

The statistical behavior of genetic algorithm for the phase
error considering the broadside radiation pattern correction
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mean phase error for the respective sub-array along with a
standard deviation of £5° over 50 iterations. This tells that the
algorithm is stable and effective in generating the desired
radiation pattern in the presence of a phase faulty sub-array.
Ideally for a broadside radiation pattern, the mean value
should be around zero, but since the phase of second sub-array
is made faulty randomly, the algorithm will optimize the
phases of the remaining sub-arrays to successfully reconstruct
the desired radiation pattern in a 4x4 planar array structure.
The obtained mean error values and variance for each sub-
array are given in Appendix A.
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FIGURE 4. Mean and standard deviation plot for genetic algorithm in phase
malfunctioning for the 4 x 4 planar array structure after 50 runs.

lll. SIMULATION RESULTS
The pattern correction methodology with GA shown in Fig. 1
is evaluated in the subsequent sections.

A. PLANAR ARRAY MODELING RESULTS

A 4/1>< 4 planar microstrip array with inter-element spacing
of S at =10 GHz is simulated in HFSS simulator. Initially,
the “broadside (A, = 0°, p; = 0°) reference array pattern
without any faulty sub-array is generated in HFSS using the
analytical phase set from (5) and the simulated reference
array pattern is shown in Fig. 5. Next, the array pattern with
faulty sub-array is generated using (6) with three GA
selected random phase faults. In this work, sub-array 2 in
Fig. 2 is considered as faulty sub-array. Any random phase
can be added to the elements in sub-array 2 to simulate it as
a faulty sub-array as shown in the uncorrected patterns of
Fig. 5 for three GA selected arbitrary phase faults. It is
shown in Fig. 5(c) that by adding 180" phase fault in the sub-
array elements generates maximum uncorrected radiation
pattern by reducing the peak gain to 5 dB and increasing the
sidelobe level to 8.5 dB as compared to the reference array
pattern.

B. GENETIC ALGORITHM (GA) RESULTS

Next, the GA optimization flow is used to estimate the phase
vector to recover the corrected radiation pattern. New GA
optimized weights are applied on the non-faulty sub-arrays
to calculate the corrected array pattern using (7). To
accomplish this, the objective function in (8) is evaluated to
minimize the error between reference and corrected array
patterns. The iteration process of estimating correct phase
vector continues until the objective function is satisfied. The
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corrected broadside array patterns for the three phase faults
are also shown on the same plot in Fig. 5. As can be seen,
the corrected patterns with GA weights are exactly following
the reference patterns. There is a maximum recovery of 5 dB
peak gain in the corrected pattern over the uncorrected
pattern as shown in Fig. 5(c). The maximum sidelobe level
(SLL) is corrected by 8.5 dB with GA corrected pattern. The
corrected mean phase vector estimated with GA after 50
runs is given in Appendix A. For comparison, the weight
vectors for reference and uncorrected patterns are also given
in Appendix A. The directivity of antenna array can be
increased by reducing the sidelobe level wusing
numerical/optimization techniques [31]. In our work, we
have focused on correcting the faulty pattern using phase-
only GA optimizer. The natural extension will be to use
amplitude-phase GA to control the sidelobe level and
increasing the gain simultaneously. In this way, signal-to-
interference (SIR) can be improved as demonstrated in [32].
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FIGURE 5. Full-wave (HFSS) simulated radiation pattern correction with GA
weights at broadside (6; = 0", ¢, = 0°) for a4 x 4 planar array with GA selected
random phase faults at sub-array 2 (see Fig. 2).

Next, reference radiation patterns for 4 x 4 planar array
without phase faults for scan angles of (¢s = 0,0, =
10°,20°, 30°,40°) are generated using (5) in HFSS and are
shown in Figs. 6-9. To generate maximum uncorrected
patterns, the GA selected 180° phase is added to the element
phases in the sub-array 2, and the resulting HFSS plots are
shown in the same Figs. 6-9. As can be seen, for all scan
cases, the reference patterns are distorted in terms of gain
reduction and increasing SLLs. To evaluate the performance
of GA, new phase weights are estimated over 50 runs for all
the scan cases using the optimization flow discussed in
section II. The corrected radiation patterns for all the scan
cases using the optimized GA weights are also shown in
Figs. 6-9. As can be seen, the corrected radiation patterns
closely match the reference array patterns in terms of peak
gain and SLL recovery. This validates that the phase-only
GA can be used to recover array radiation patterns for any
sub-array phase faults. The reference, uncorrected and GA
corrected phases for scan angles are given in Appendix A.
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FIGURE. 6. Full-wave (HFSS) Simulated radiation pattern correction with GA

weights at scan angle (6, = —10°, ¢, = 0°) for a 4 x 4 planar array with a GA
selected phase fault of 180°.
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FIGURE. 7. Full-wave (HFSS) Simulated radiation pattern correction with GA

weights at scan angle (6, = —20°, ¢, = 0°) for a 4 x 4 planar array with a GA
selected phase fault of 180°.
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FIGURE. 8. Full-wave (HFSS) Simulated radiation pattern correction with GA

weights at scan angle (6, = —30°, ¢, = 0°) for a 4 x 4 planar array with a GA
selected phase fault of 180°.
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FIGURE. 9. Full-wave (HFSS) Simulated radiation pattern correction with GA
weights at scan angle (6, = —40°, ¢, = 0°) for a 4 x 4 planar array with a GA
selected phase fault of 180°.

IV. MEASUREMENTS VALIDATION

To validate the performance of GA, a 4 X 4 X-band Vivaldi
antenna array reported in [23] is considered and is shown in
Fig. 10(a). The 4 % 4 antenna array is divided into 4 sub-
arrays of 1 x 4 antenna elements using the X-band power
splitters. These 4 sub-arrays are excited with Analog
Devices, Inc (ADI™) X-band phaser (ADAR1000-EVALZ)
[24] to control the phases of antenna elements in each sub-
array. The phases applied to each sub-array are controlled
through ADI™ GUI. The complete measurements setup
along with the planar array in the in-house anechoic chamber
[25] is shown in Fig. 10. The measured reference,
uncorrected and corrected array patterns for broadside and
four scanning cases at f=10 GHz in xz-plane are shown in
Figs. 11-15. Diamond Engineering™ desktop measurement
software [26] was used to process the raw measurements
data for gain patterns processing. The complete video of
measurement setup in the calibrated measurement chamber
is provided in [27].

The measured results in Figs. 11-15 shows similar trends
as were discussed in simulated patterns (section III). The
corrected gain patterns are fairly following the reference
patterns in terms of peak gain and sidelobe levels. The cases
of reference/corrected 30 and 40 degree scan in Fig. 14 are
4-5 degree off with reduced gain, while in simulation, they
were 3 degree off (Figs. 8,9). For measurements purpose, the
phases in Appendix A for reference, uncorrected and
corrected gain patterns were implemented. This validates the
accuracy of weights estimated with GA for the correction of
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radiation patterns. The deviations in measured results are
due to the limitations of generating exact phases from the
ADI™ phaser board with minimum of 2.8° phase error. In
addition, for measurements purpose, the four sub-array
channels were assumed to be exactly identical. However, in
practice, there are always inherent amplitude/phase errors
among the channels, which were not calibrated individually.

(b)
FIGURE. 10. Photographs of (a) X-band 4 x 4 Vivaldi antenna array [23]

prototype in the anechoic chamber, (b) ADI™ X-band phaser [24].
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FIGURE. 11. Measured radiation pattern correction at f =10 GHz with GA

weights at broadside (8; = 0°, ¢; = 0°) for a 4 x 4 planar array with GA selected
phase fault of 180°.
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FIGURE. 12. Measured radiation pattern correction at f =10 GHz with GA

weights at broadside (6; = —10",¢5 = 0°) for a 4 x 4 planar array with GA
selected phase fault of 180°.
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FIGURE. 13. Measured radiation pattern correction at f =10 GHz with GA

weights at broadside (85 = —20°, 5 = 0°) for a 4 x 4 planar array with GA
selected phase fault of 180°.
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FIGURE. 14. Measured radiation pattern correction at f =10 GHz with GA

weights at broadside (6; = —30°,¢5 = 0°) for a 4 x 4 planar array with GA
selected phase fault of 180°.
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FIGURE. 15. Measured radiation pattern correction at f =10 GHz with GA

weights at broadside (85 = —40°, ¢; = 0°) for a 4 x 4 planar array with GA
selected phase fault of 180°.
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V. CONCLUSION

The radiation pattern recovery of a faulty 4 x 4 X-band
planar antenna array with genetic algorithm (GA) optimized
weights is investigated. The phase correction mechanism
using GA optimization flow with phase-only fault at sub-
array level is proposed. It is shown that the proposed
optimization algorithm can recover the desired radiation
pattern in case of any phase faulty sub-array. The
measurements validation indicate that the proposed GA can
compute the optimized array weights for non-faulty sub-
arrays to recover the peak gain and first sidelobe level of
radiation patterns close to the reference array patterns. This
work can be extended to malfunctioning amplitude weights
for sidelobe level and nulls control.
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APPENDIX A: The Array Weights (The Values Highlighted in Red Represents the Phases on Faulty Subarray)

. Case 1: Broadside Correction

=]
E Original Uncorrected  Corrected Uncorrected Corrected Uncorrected Corrected

[

1o

= Mean Mean Standard
]

= Pl(l(?)se Phases (©) Phlzlsiezn((’) Phases (©) PhI:Isiezn(O) Phases (©) Phases (©) Error Deviation
N 50 iteration ©) ©)
1 0 0 43.40 0 87.72 0 175.51 -4.50 3.02
2 0 0+45 45.00 0+90 90.00 0+180 180.00 0 0.00
3 0 0 44.26 0 88.78 0 179.93 -0.06 0.76
4 0 0 42.89 0 88.05 0 174.47 -5.54 4.27
S : -10° i . .

4 Case 2: Scan —10 Correction Case 3: Scan —20° Correction

)

g Original Uncorrected Corrected Original Uncorrected Corrected
]

(% Phase (°) Phases (©) Phases (©) Phase (©) Phases (©) Phases (©)
1 0 0 238.38 0 0

2 30 30 +180 210.00 60 60 + 180 ;g(l)gg

3 60 60 178.12 120 120 174.18

4 90 90 149.74 180 180 112.91

2- Case 4: Scan —30° Correction Case 5: Scan —40° Correction

E‘ Original Uncorrected Corrected Original Uncorrected Corrected
1

]

(% Phase (©) Phases (©) Phases (©) Phase (©) Phases (©) Phases (©)
1 0 0 356.37 0 0 59.12

2 90 90 + 180 270.00 120 120+180 300' 00

3 180 180 179.09 240 240 198.55

4 270 270 91.23 360 360 79 ;‘4

APPENDIX B: Implementation steps for GA in MATLAB

e Step 1: Generate a random population matrix of size Ny, X N. Where Np,,, = 1000 (population size) and N is the random
phase set on the elements of subarrays.

e Step 2: Evaluate objective function using equation (8) for each row.

e Step 3: Discard high cost rows (natural selection).

e Step 4: Combine and change selected rows to make new rows (mating, crossover and mutation).
e Step 5: Evaluate objective function using (8) for new and altered rows.

e Step 6: Check convergence. If YES, then the estimated weights are optimized. If NO, then go to step 2.
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