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Abstract
Circular antenna array (CAA) is one of themost widely used antenna array designs.This paper
addresses the design challenges of the CAA with the non-uniform single ring, which is placed
in an X-Y plane with the best sidelobe level (SLL) and improved first null beamwidth (FNBW).
It has been solved using differential evolution, craziness-based particle swarm optimization
(CRPSO), and novel particle swarm optimization (NPSO) techniques. An optimal combina-
tion of feeding current and inter-element spacing provides an array pattern with the best SLL
and improved FNBW, as well as some other parameter calculations of the antenna array like
maximum directivity, maximum effective aperture, total effective aperture, maximum beam
area, total beam area, circumference, and radius of the CAAs using these techniques. There
are six designs of CAAs with different antenna elements (i.e., 10-, 12-, 16-, 20-, 36-, and 64-
elements) which have been taken into account. Simulations are done in MATLAB. Based on
various simulation results, we can analyze the performance of SLL and FNBW with other
parameters using NPSO and compare them with different techniques of CAAs, as shown in
the numerical analysis and simulation result section.

Introduction

It is possible to design having a greater degree of freedom when asymmetric feeding current
and non-uniform inter-element spacing are used [1]. The growing electromagnetic environ-
ment pollution has spurred the study of array pattern strategies, i.e., to reduce the sidelobe level
(SLL) while maintaining the beamwidth. Circular antenna arrays (CAAs) have gained signif-
icant attention in wireless communication due to their ability to provide directional radiation
patterns with high gain and low SLLs.The circular geometry of the array ensures uniform distri-
bution of power in all directions [2], making it ideal for applications requiring omnidirectional
coverage, such as satellite communication, mobile networks, and radar systems for minimiz-
ing performance loss in the signal-to-noise ratio caused by unwanted interference [3]. Equally
spaced, uniformly stimulated antenna arrays [4, 5] have good directivity but frequently have
high SLL. To reduce the SLL, optimize the inter-element spacing and excitation amplitude of
the arrays’ elements.

In recent years, CAAs have been extensively studied to improve their performance regard-
ing radiation patterns, beamforming, polarization diversity, and bandwidth of different antenna
arrays. To address the demand for long-distance communication in various applications, con-
structing antennas with very directional properties is required. An antenna array combines
radiating elements in an electrical and geometrical configuration. The total field of the antenna
array is calculated by adding the fields emitted by each component vectorially [6]. Each element
is positioned along the circle’s perimeter in a circular array. As opposed to other array shapes,
circular arrays have gained popularity recently since they can execute scans in all directions
without significantly changing the beam pattern and offer 360∘ azimuth coverage. Additionally,
because they lack edge elements, compared circular arrays to linear and rectangular arrays, they
are less susceptible to mutual coupling [7].

The first metaheuristic technique has been deployed towards the CAA design problem
in the work of Panduro et al. [8], who applied genetic algorithm (GA) to optimize the
feeding current and between-element spacing of the CAAs’ elements. Mohammad et al.
[9] used the particle swarm optimization (PSO) technique and got better results than GA.
Munish et al. [10] have applied simulated annealing (SA) for the same design problem
and got better results as compared to the PSO technique. CAAs have also been used in
radar systems, where they can provide high-resolution imaging and accurate target detec-
tion. In Tabesh et al.’s paper [11], a circular array was designed for radar applications,
and the results showed that the array had improved resolution and sensitivity compared
to traditional linear arrays. Ram et al. in paper [12] have used the seeker optimization
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algorithm (SOA) to minimize the SLL of CAAs’ design problem.
In addition, CAAs have been used in satellite communication
systems, where they can provide reliable and high-speed data
transmission. In paper [13], a circular array was used for satellite
communication, and the results showed that the array had higher
gain and lower noise levels than traditional linear arrays.

The primary goal of this article is to design CAAs with a small
3-dB beamwidth and low SLL. These two primary CAA design
requirements are attained by selecting the optimum current ampli-
tude excitation and inter-element spacing while maintaining a
zero-phase difference between elements. Alberto et al. in paper [14]
have discussed the approach to reducing SLL and the isoflux radi-
ation requirement for geostationary Earth orbit (GEO) satellites
using the PSO technique. The paper also discusses the challenges
and future directions of research in concentric ring arrays (CRAs).
Alberto et al. [15] also examined the concentric ring 61 disk
patch antenna array for a reconfigurable isoflux pattern, including
mutual coupling, using the cavity model at a frequency of 2.8 GHz.
In this paper, harmony search algorithm (HSA) and PSO tech-
niques are implemented in the optimization problem. In paper
[16], Ibarra et al. designed a sparse CRA for isoflux coverage to
the earth’s surface for the low Earth orbit satellite using optimiza-
tion of the angular position of antenna elements and excitation
amplitude. In paper [17], Ibarra et al. have also designed concen-
tric ring antenna arrays (CRAAs) forGEOandmediumEarth orbit
satellites by getting isoflux radiation. In this paper, trade-off curves
have been generated between SLL and isoflux mask error using
the differential evolution (DE) technique. In paper [18], HSA and
PSO techniques are implemented to get a wide coverage pattern of
CRAA.

In this proposal, the variable used to alter the radiation pattern
of both SLL and first null beamwidth (FNBW) with a maximum
reduction is taken from the feeding current values and inter-
element separations of the antenna elements using DE, CRPSO,
and novel particle swarm optimization (NPSO) techniques. The
NPSO technique is more efficient in improving directivity, effec-
tive aperture, and beam area problems for implementation in an
application with a wide range.

The rest of the paper is arranged as follows: Mathematical for-
mulation of CAA section presents the mathematical formulation
of CAA. Formulation of fitness function section briefly discusses
the formulation of the fitness function. InOptimization techniques
employed section, the employed optimization technique has been
discussed for the design of CAA. Numerical analysis and sim-
ulation results are explained in Section Numerical analysis and
simulation results. Finally, concludes the paper.

Mathematical formulation of CAA

A CAA is a group of single antenna elements with non-uniform
or uniform spacing arranged circularly. The current feeding distri-
bution and inter-element spacing are identical for all the radiating
elements in uniformCAA. A non-uniformCAA, however, exhibits
tapering distributions. The standard form of a circular array with
the “N” number of elements in the X-Y plane with radius “a” and
finding at a point P in the far field is shown in Fig. 1.The array radi-
ation patternmay bemathematically represented by its array factor
as [19] if the components of the CAA are conceived of as isotropic
radiating sources.

AF(𝜃, 𝜑) =
N

∑
n=1

In.ej[𝛽.a. sin 𝜃. cos(𝜑−𝜑n)+𝛼n] (1)

Figure 1. A non-uniform N-element CAA placed in X-Y plane with radius “a”.

where
In is the excitation amplitudes of the array, 𝛽 is the propagation

constant (𝛽 = 2𝜋/𝜆),𝜆 is the wavelength, 𝜃 indicates the incident
angle of electromagnetic wave, 𝜙 is the azimuthal angle, 𝜑n is the
angular position of the nth elements, 𝛼n is the excitation phase of
the nth elements.

𝜑n = (2𝜋/𝛽a)
n

∑
k=1

dk (2)

𝛼n = −𝛽.a. cos(𝜑0 − 𝜑n) (3)

𝛽.a =
n

∑
k=1

dk = 2𝜋a
𝜆 (4)

After putting the value in Equation 1 from Equation 3, the total
array factor can be as in Equation (5).

AF (𝜃, 𝜑) =
N

∑
n=1

In.ej.𝛽.a[sin 𝜃. cos(𝜑−𝜑n)−cos(𝜑0−𝜑n)] (5)

where
d = [d1, d2, d3, … … , dN ], and I = [I1, I2, I3, … … , IN ]. The

excitation amplitude of nth elements and the distance from nth
element to (n + 1)th element are represented by In and dn, respec-
tively. In our design, at the most top radiation angle 𝜙0 = 00 in
𝜙 = [−𝜋, 𝜋], the global maximum is getting. To get the radia-
tion pattern with the maximum reduction of SLL and improved
FNBW in the preferred direction 𝜙, the study’s goal is to choose
the best combination of In and dn values to modify the antenna
design.

The directivity of CAAs is described by [15]

DIR = P (𝜃, 𝜑)
1

4𝜋

∞
∫
4𝜋

P (𝜃, 𝜑) dΩ
(6)

For a half-wave dipole antenna array, the effective aperture is
given by [20]

Aeff = DIR.𝜆2

4𝜋 (7)

The beam area is given by [21]

Ω(sr) = 4𝜋
DIR (8)
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Table 1. Comparison of results obtained using the NPSO technique with other techniques for N = 10 elements

Algorithm Optimal feeding current
Optimal inter-element spacing

(in λ’s)
SLL

(in dB)
FNBW
(in degrees)

Uniform 1, 1, 1, 1, 1, 1, 1, 1, 1, 1 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5 −7.93 56.12

GA [8] 0.9545, 0.4283, 0.3392, 0.9074, 0.8086,
0.4533, 0.5634, 0.6015, 0.7045, 0.5948

0.3641, 0.4512, 0.2750, 1.6373, 0.6902,
0.9415, 0.4657, 0.2898, 0.6456, 0.3282

−9.811 NR

SA [10] 0.6920, 0.5679, 0.5937, 0.6703, 0.9693,
0.6014, 0.3575, 0.3020, 0.5908, 0.9718

0.6221, 0.9880, 0.7777, 0.9934, 0.6217,
0.9514, 0.7626, 0.5980, 0.7655, 0.9410

−13.00 NR

BBO [2] 1.0000, 1.0000, 1.0000, 0.3819, 0.8970,
1.0000, 0.7679, 0.8899, 0.7246, 1.0000

0.5301, 1.0603, 1.3264, 1.0000, 0.4307,
0.4408, 1.5276, 1.3255, 1.0000, 0.5904

−13.95 NR

SOA [12] 0.4472, 0.2924, 0.3356, 0.4214, 0.5818,
0.3783, 0.1824, 0.1508, 0.3818, 0.5722

0.6047, 0.9782, 0.7718, 0.9409, 0.6405,
0.9776, 0.7347, 0.5419, 0.7819, 0.9512

−12.83 NR

PSO [9] 1.0000, 0.7529, 0.7519, 1.0000, 0.5062,
1.0000, 0.7501, 0.7524, 1.0000, 0.5067

0.3170, 0.9654, 0.3859, 0.9654, 0.3185,
0.3164, 0.9657, 0.3862, 0.9650, 0.3174

−12.307 NR

OBA [27] 0.6563, 0.6619, 0.4060, 0.8677, 0.8310,
0.3194, 0.2825, 0.6239, 0.3901, 1.0000

0.5978, 1.6566, 0.8421, 1.7976, 0.5644,
1.5044, 0.7707, 1.2166, 1.0771, 0.6208

−14.06 NR

FA [28] 0.7081, 0.2682, 0.3713, 0.4100, 0.8800,
0.9665, 0.4165, 0.5813, 0.7494, 0.5403

0.3810, 0.7453, 0.2668, 0.3142, 1.0000,
0.6032, 0.9706, 0.5713, 0.8800, 0.3376

−13.30 NR

DE 0.7004, 0.5916, 0.6256, 0.7733, 0.9831,
0.5755, 0.5398, 0.5168, 0.6515, 0.8945

0.6562, 0.9968, 0.8365, 0.9556, 0.6041,
0.8807, 0.7934, 0.6291, 0.7713, 0.9540

−11.204 40.68

CRPSO 0.6396, 0.6569, 0.5174, 0.8279, 0.9794,
0.5972, 0.5413, 0.6297, 0.6317, 0.9269

0.6662, 0.9652, 0.8813, 0.9862, 0.5496,
0.8414, 0.8006, 0.6461, 0.7710, 0.9444

−11.810 39.96

NPSO 0.6187, 1.0000, 1.0000, 1.0000, 1.0000,
0.9931, 0.0000, 0.6751, 0.6749, 1.0000

0.6883, 0.8723, 0.8963, 0.5316, 0.5571,
0.5548, 0.5908, 0.8345, 0.5002, 0.5186

−14.140 48.24

NR* = not reported.

Table 2. Other parameters’ comparison using NPSO technique with different algorithms for N = 10 elements

Algorithm C; a
(in λ’s)

DIR_max
(in dB)

Aeff_max
(in λ2)

Aeff_Total
(in λ2)

Ω_max
(in sr)

Ω_total
(in sr)

Uniform 5; 0.7958 9.1169 0.6494 68.3737 1.5400 0.0146

DE 8.0777; 1.2856 10.6895 0.9327 57.7658 1.0722 0.0173

CRPSO 8.0520; 1.2815 10.6726 0.9291 58.8181 1.0763 0.0170

NPSO 6.5445; 1.0416 9.6415 0.7327 58.9401 1.3648 0.0170

Figure 2. Radiation pattern of 10-element non-uniform CAAs.
Figure 3. Convergence curve of 10-element non-uniform CAAs.
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Figure 4. Optimal values of 10-element non-uniform CAAs
using NPSO technique.

Table 3. Comparison of results obtained using the NPSO technique with other techniques for N = 12 elements

Algorithm Optimal feeding current
Optimal inter-element spacing

(in λ’s)
SLL

(in dB)
FNBW
(in degrees)

Uniform 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, 0.5, 0.5, 0.5

−7.90 45.36

GA [8] 0.2064, 0.5416, 0.2246, 0.6486, 0.7212, 0.7913,
0.5277, 0.3495, 0.5125, 0.4475, 0.5233, 0.8553

0.4936, 0.4184, 1.4474, 0.7577, 0.4204, 0.5784,
0.4520, 0.8872, 0.7514, 0.4202, 0.4223, 0.7234

−11.830 NR

SA [10] 0.6231, 0.3990, 0.3418, 0.6054, 0.9444, 0.7380,
0.6741, 0.3001, 0.4311, 0.5435, 0.4195, 0.9795

0.8315, 0.7910, 0.6699, 0.8087, 0.7347, 0.5331,
0.4777, 0.8960, 0.4874, 0.8657, 0.3461, 0.5105

−13.910 NR

BBO [2] 1.0000, 0.6501, 0.6224, 0.5020, 0.5540, 1.0000,
0.6683, 0.7234, 0.4410, 0.5123, 0.4793, 1.0000

0.6704, 1.0000, 1.3046, 0.8081, 1.0000, 0.4031,
0.6183, 1.1574, 1.3465, 0.6551, 1.0000, 0.6539

−13.95 NR

SOA [12] 0.5169, 0.4519, 0.2006, 0.5273, 0.5617, 0.8967,
0.6691, 0.5912, 0.2432, 0.5839, 0.6416, 0.8285

0.8564, 0.8305, 0.6790, 0.5796, 0.8978, 0.7911,
0.5337, 0.9848, 0.7859, 0.8148, 0.9462, 0.5772

−13.77 NR

PSO [9] 0.9554, 0.6441, 0.7109, 0.7769, 1.0000, 1.0000,
0.3958, 0.7162, 0.6746, 0.7695, 0.9398, 0.6145

0.2569, 0.8509, 0.6607, 0.7057, 0.8540, 0.3734,
0.1609, 0.8321, 0.6464, 0.7079, 0.8330, 0.2682

−13.670 NR

OBA [27] 0.3930, 0.3897, 0.2555, 0.4092, 0.4450, 0.5533,
0.3088, 0.2993, 0.2579, 0.3854, 0.3732, 0.5210

0.6259, 1.0100, 0.7675, 1.3005, 1.3045, 0.5007,
0.4407, 0.9944, 0.7167, 0.7865, 1.5534, 0.6605

−14.30 NR

FA [28] 0.9175, 0.3153, 0.5814, 0.6311, 0.9629, 0.9903,
0.3297, 0.4345, 0.6820, 0.4397, 0.7151, 0.7605

0.3171, 0.8105, 0.5833, 0.7609, 0.8946, 0.4747,
0.9868, 0.2509, 0.2932, 0.7748, 0.6722, 0.3955

−14.21 NR

DE 0.7605, 0.7083, 0.6459, 0.8624, 0.5064, 0.9953,
0.6971, 0.7033, 0.2115, 0.3643, 0.8801, 1.2868

0.8945, 0.7102, 0.6585, 0.7097, 0.8868, 0.7348,
0.5778, 1.0000, 0.7701, 0.7681, 0.9383, 0.5947

−11.610 36

CRPSO 0.6755, 0.6185, 0.5002, 0.5922, 0.7727, 0.9965,
0.5533, 0.5975, 0.5836, 0.6862, 0.5398, 0.9915

0.6253, 0.9885, 0.6666, 0.7771, 0.9989, 0.6410,
0.6110, 0.9393, 0.8000, 0.6305, 0.9911, 0.6830

−13.130 33.12

NPSO 0.5005, 0.5199, 0.2188, 0.4385, 0.2845, 0.9739,
0.7532, 0.1921, 0.4335, 0.7260, 0.9998, 0.8538

0.7844, 0.8035, 0.7091, 0.5683, 0.7578, 0.8808,
0.5417, 1.0000, 0.8575, 0.7863, 0.9738, 0.6519

−14.401 36.72

NR* = not reported.

Formulation of fitness function

The motivating factor of any optimization technique is the fitness
or objective function. It is denoted as CF, given in Equation (9).The
fitness or cost values of each solution string generated throughout

the search process are computed using it. In this design prob-
lem, each solution string represents different element excitation
and inter-element spacing for different test cases. The objective
is to design 8-, 10-, 12-, 16-, 20-, and 36-element CAAs with the
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Table 4. Other parameters’ comparison using NPSO technique with different algorithms for N = 12 elements

Algorithm C; a
(in λ’s)

DIR_max
(in dB)

Aeff_max
(in λ2)

Aeff_Total
(in λ2)

Ω_max
(in sr)

Ω_total
(in sr)

Uniform 6; 0.9549 9.6467 0.7336 61.6719 1.3631 0.0162

DE 9.2435; 1.4711 11.1392 1.0344 54.2279 0.9667 0.0184

CRPSO 9.3523; 1.4885 11.3996 1.0984 56.1913 0.9104 0.0178

NPSO 9.3151; 1.4825 11.1177 1.0293 55.7966 0.9715 0.0179

Figure 5. Radiation pattern of 12-element non-uniform CAAs.

lowest SLL, improved FNBW, and enhanced directivity.The fitness
is designed as follows to achieve the ultimate goal:

CF =W1 ×

LFN
∏

𝜑=−180o
|AF (𝜑sll, In)|

|AF (𝜑0, In)|max
+ W2

×

180o

∏
𝜑=RFN

|AF (𝜑sll, In)|

|AF (𝜑0, In)|max
+ W3 × |FNBW0 − FNBWR|

+ W4 × 1
DIR + W5 × |C0 − CR| (9)

where C =
N
∑
k=1

dk; dk is the inter-element spacing [10].

W1, W2, W3, W4, and W5 are the weighted coefficients with
equal values chosen, such as the optimal value of SLL remains
more imposing than the optimal value of FNBW and CF never
being negative. LFN is the left side of the first null, and RFN is the
right side of the first null. 𝜑sll is the maximum SLL angle of the
main beam side lobe on either side (i.e., LFN and RFN). FNBW0
is the computed first null beamwidth in the non-uniform case,
and FNBWR is the required first null beamwidth in the uniform
case. FNBW0 < FNBWR|In=1 condition must be satisfied to get an
optimal set of feeding current and inter-element spacing otherwise
discarded. DIRmax is the maximum directivity. C0 is the computed
circumference, and CR is the required circumference.

Figure 6. Convergence curve of 12-element non-uniform CAAs.

Optimization techniques employed

TheDEand craziness-based particle swarmoptimization (CRPSO)
techniques are briefly discussed in papers [22] and [23], respec-
tively.Therefore, the steps of DE and CRPSO are not discussed due
to the space limitation. In the context of PSO, the velocity and posi-
tion of the particle vector can bemathematically adjusted using the
following equations, as described in papers [24–26].

Vk+1
i = w×Vk

i +c1×r1×(pbki − Xk
i )+c2×r2×(gbki − Xk

i ) (11)

Xk+1
i = Xk

i + Vk+1
i (12)

where ‘r1’ and ‘r2’ denote random values within the range of zero to
one; The variables ‘c1’ and ‘c2’ represent the local acceleration and
global acceleration constants of the particle, respectively.The sym-
bol “w” stands for a weighting factor; “Vi

k” refers to the velocity of
the ith particle in the kth iteration; “pbik” corresponds to the local
best of the ith particle in the kth iteration; “gbik” signifies the global
best among all particles in the kth iteration; lastly, “Xi

k” pertains to
the current position of the ith particle in the kth iteration.

When considering Equation (11), it is important to note that the
two random values, r1 and r2, are interrelated. If both of these ran-
dom parameters have large values, it can lead to excessive reliance
on individual and collective experiences, potentially causing the
particle’s local optimum value to shift too far. On the other hand,
if both r1 and r2 have small values, there is an incomplete utiliza-
tion of individual and collective experiences, which, in turn, slows
down the convergence speed of the optimization process.
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Figure 7. Optimal values of 12-element non-uniform CAAs
using NPSO technique.

Table 5. Comparison of results obtained using the NPSO technique with other techniques for N = 16 elements

Algorithm Optimal feeding current
Optimal inter-element spacing

(in λ’s)
SLL

(in dB)
FNBW
(in degrees)

Uniform 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5

−7.94 34.56

DE 0.6372, 0.6649, 0.5003, 0.6558, 0.5107,
0.6372, 0.6348, 0.8146, 0.8118, 0.6014,

0.6228, 0.5002, 0.5859, 0.5615, 0.7163, 0.8904

0.6877, 0.8432, 0.7880, 0.6192, 0.6240,
0.8297, 0.7240, 0.6954, 0.5371, 0.7154,

0.9889, 0.8754, 0.7561, 0.9225, 0.5814, 0.5945

−11.926 27

CRPSO 0.4897, 0.4978, 0.5666, 0.3482, 0.5736,
0.5381, 0.2679, 0.6328, 1.0000, 0.5182,

0.4772, 0.3272, 0.6321, 0.5143, 0.8394, 0.9270

0.7018, 0.9595, 0.6122, 0.7522, 0.6645,
0.6844, 0.8784, 0.6470, 0.5787, 0.9487,

0.8382, 0.8207, 0.7841, 0.8310, 0.8485, 0.5044

−13.051 25.92

NPSO 0.6700, 0.5475, 0.5215, 0.5168, 0.6028,
0.5645, 0.5298, 0.7354, 0.9910, 0.8495,

0.5890, 0.6678, 0.6504, 0.5191, 0.9744, 0.9862

0.5157, 0.5367, 0.5552, 0.6160, 0.8198,
0.6126, 0.6412, 0.5508, 0.5077, 0.5018,

0.9131, 0.7877, 0.6905, 0.8021, 0.9726, 0.5173

−14.524 31.68

Table 6. Other parameters’ comparison using NPSO technique with different algorithms for N = 16 elements

Algorithm C; a
(in λ’s)

DIR_max
(in dB)

Aeff_max
(in λ2)

Aeff_Total
(in λ2)

Ω_max
(in sr)

Ω_total
(in sr)

Uniform 8; 1.2732 10.5253 0.8981 61.9326 1.1135 0.0161

DE 11.7825; 1.8752 12.0986 1.2902 60.2835 0.7751 0.0166

CRPSO 12.0543; 1.9185 12.1845 1.3160 57.3181 0.7599 0.0174

NPSO 10.5408; 1.6776 11.7913 1.2020 54.5211 0.8319 0.0183

Utilizing the modification described below leads to a signifi-
cant enhancement in the global search capacity of the traditional
PSO. This enhanced version of PSO is referred to as NPSO. NPSO
technique is more efficient in global search, has few parameters
to adjust, and has a high convergence speed compared to DE and
CRPSO techniques.

To address this, instead of using independent r1 and r2, a sin-
gle random number, r1, is selected. By doing so, when r1 is large,
(1 − r1) is small and vice versa. However, to maintain control,

another random value, r2, is introduced. In certain exceptional sit-
uations, akin to fish schooling for food, after the particle’s location
has changed in accordance with Equation (12), a fishmay not swim
in the region it believes offers the best chance of finding food due
to inertia. Alternatively, it may head in a direction opposing the
expected prosperous regions.Therefore, in the subsequent step, the
fish must adjust its travel direction to return to the promising area,
and the presence of “sign(r3)” serves this purpose. Consequently,
both the analytical and social components undergo modification,
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where
sign (r3) = −1 when r3 ≤ 0.05

= 1 when r3 > 0.05
(13)

Ultimately, the enhanced velocity of the “ith” particle is formu-
lated as [14].
Vk+1
i =rd2 × sign (r3) × Vk

i + (1 − r2) × c1 × r1 × (pbki − Xk
i )

+ (1 − r2) × c2 × (1 − r1) × (gbki − Xk
i ) (14)

The NPSO technique is implemented for the optimization of
feeding current and inter-element spacing of CAA.

Figure 8. Radiation pattern of 16-element non-uniform CAAs.

Numerical analysis and simulation results

In this section, the numerical outcomes of several CAA designs
are described.The radiation pattern of CAA with the primary lobe
pointed to ϕ0 = 0∘ is considered. It is assumed that there are six
non-uniform CAAs with 10-, 12-, 16-, 20-, 36-, and 64-elements.
TheNPSO algorithm has been implemented with a population size
of 120 and an iteration size of 400.The best-proven control param-
eter values of the NPSO technique have been discussed in Table 13.
Optimized feed current and inter-element spacing with reduced
SLL and improved FNBW are discussed below in test case 1, test
case 2, test case 3, test case 4, test case 5, and test case 6 for 10-,
12-, 16-, 20-, 36-, and 64-element non-uniform CAA, respectively.
Based on the simulation result, it is clear that the NPSO technique

Figure 9. Convergence curve of 16-element non-uniform CAAs.

Figure 10. Optimal values of 16-element non-uniform CAAs
using NPSO technique.
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Table 7. Comparison of results obtained using the NPSO technique with other techniques for N = 20 elements

Algorithm Optimal feeding current
Optimal inter-element spacing

(in λ’s)
SLL

(in dB)
FNBW
(in degrees)

Uniform 1, 1, 1, 1, 1, 1, 1, 1, 1, 1,
1, 1, 1, 1, 1, 1, 1, 1, 1, 1

0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5

−7.91 27.36

DE 0.9906, 0.6340, 0.6458, 0.5019, 0.5197,
0.5105, 0.6791, 0.7541, 0.7386, 0.9706,
0.6934, 0.7569, 0.6844, 0.5166, 0.5057,
0.5032, 0.8024, 0.6650, 0.9314, 0.9819

0.6055, 0.6885, 0.5271, 0.8963, 0.7660,
0.5636, 0.7920, 0.8631, 0.5840, 0.6567,
0.6916, 0.5744, 0.8807, 0.7436, 0.6857,
0.7365, 0.8925, 0.5955, 0.6053, 0.6244

−12.624 23.76

CRPSO 0.9463, 0.7525, 0.6387, 0.5169, 0.5029,
0.5015, 0.6498, 0.6966, 0.7566, 0.9923,
0.9322, 0.7060, 0.7997, 0.5009, 0.5036,
0.5004, 0.7192, 0.7572, 0.7407, 0.9898

0.6082, 0.6946, 0.7530, 0.8164, 0.6762,
0.6948, 0.9272, 0.5153, 0.5984, 0.5119,
0.6508, 0.5031, 0.9140, 0.8478, 0.7343,
0.7012, 0.7624, 0.8813, 0.5643, 0.6372

−13.695 23.04

NPSO 1.0000, 0.9620, 0.7113, 0.9964, 0.3900,
0.6050, 0.7669, 0.8747, 0.9684, 0.9848,
0.5532, 0.8391, 1.0000, 0.0667, 1.0000,
0.0001, 0.0000, 0.6498, 0.6638, 1.0000

0.5510, 0.5179, 0.9829, 0.7506, 0.6016,
0.7097, 0.9347, 0.9944, 0.5947, 0.7158,
0.5165, 0.6575, 0.5302, 0.8305, 0.5632,
0.6665, 0.9933, 0.5355, 0.6391, 0.7132

−14.770 26.28

Table 8. Other parameters’ comparison using NPSO technique with different algorithms for N = 20 elements

Algorithm C; a
(in λ’s)

DIR_max
(in dB)

Aeff_max
(in λ2)

Aeff_Total
(in λ2)

Ω_max
(in sr)

Ω_total
(in sr)

Uniform 10; 1.5915 11.3105 1.0761 64.1195 0.9293 0.0156

DE 13.9730; 2.2239 12.7551 1.5007 55.8991 0.6664 0.0179

CRPSO 13.9924; 2.2270 12.8085 1.5193 55.5325 0.6582 0.0180

NPSO 13.9988; 2.2280 12.7064 1.4840 56.2097 0.6739 0.0178

Figure 11. Radiation pattern of 20-element non-uniform CAAs.

is more efficient in getting improved directivity, effective aperture,
and beam area problems for implementation in an application with
a wide range concerning DE, CRPSO, and previous work.

Test case 1: N = 10 elements

In test case 1, N = 10 elements of non-uniform CAAs have been
considered. The DE, CRPSO, and NPSO techniques have been
deployed to optimize excitation amplitude and inter-element spac-
ing with low SLL and improved FNBW. From Table 1, it is clear
that NPSO is outperforming concerning SLL of −14.140 dB as
compared to uniform, DE, CRPSO, GA [8], SA [10], BBO [2],

Figure 12. Convergence curve of 20-element non-uniform CAAs.

SOA [12], PSO [9], OBA [27], and FA [28] with SLL of −7.93 dB,
−11.204 dB, −11.810 dB, −9.811 dB, −13.00 dB, −13.95 dB,
−12.83 dB, −12.307 dB, −14.06 dB, and −13.30 dB, respectively.
NPSO is also outperforming concerning FNBW of 48.24∘ com-
pared to uniform FNBW of 56.12∘. After comparing these values
with previously published results, it can be analyzed that the NPSO
technique is more efficient in getting low SLL, improved directiv-
ity, and FNBW. Based on these optimized values, other param-
eters of CAAs can be calculated, as shown in Table 2. Figure 2
shows the radiation pattern with maximum SLL reduction and
improved FNBW using DE, CRPSO, and NPSO. From Fig. 2, it is
clear thatmaximumSLLwas reduced using theNPSO technique as
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Figure 13. Optimal values of 20-element non-uniform CAAs
using NPSO technique.

Table 9. Comparison of results obtained using the NPSO technique with other techniques for N = 36 elements

Algorithm Optimal feeding current
Optimal inter-element spacing

(in λ’s)
SLL

(in dB)
FNBW
(in degrees)

Uniform 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1,
1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1

0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5

−12.96 15.12

DE 1.0000, 0.7021, 0.9884, 0.8548, 0.3861, 0.4407,
0.0016, 0.5313, 0.6590, 0.3696, 0.3617, 0.0000,
0.0376, 1.0000, 0.4318, 1.0000, 0.7533, 0.9574,
0.3075, 0.7628, 0.9289, 0.3044, 0.3163, 0.3357,
0.6377, 0.1202, 0.5937, 0.0000, 0.2828, 0.2517,
1.0000, 0.6795, 0.7352, 0.2790, 0.7737, 0.9831

0.8090, 0.5976, 0.5779, 0.5620, 0.7981, 0.5641,
0.5273, 0.6460, 0.7261, 0.7765, 0.7744, 0.9324,
0.9126, 0.6828, 0.5846, 0.5861, 0.6624, 0.8514,
0.5322, 0.7345, 0.8676, 0.6859, 0.7244, 0.6099,
0.6631, 0.6761, 0.7324, 0.6747, 0.6554, 0.6220,
0.6101, 0.9205, 0.6314, 0.5020, 0.5919, 0.6271

−13.463 14.76

CRPSO 1.0000, 0.9969, 0.5958, 0.5903, 0.0000, 0.0000,
1.0000, 0.0000, 0.4906, 0.0021, 0.5204, 0.0683,
0.7928, 0.3761, 0.3118, 0.6898, 1.0000, 1.0000,
1.0000, 0.7422, 0.8009, 0.9893, 0.0064, 0.7001,
0.0001, 0.0000, 1.0000, 0.6062, 0.0094, 1.0000,
0.0000, 0.5347, 0.9063, 0.6866, 0.6460, 0.8755

0.6505, 0.6297, 0.6555, 0.8881, 0.5954, 0.6738,
0.5898, 0.6356, 0.8228, 0.6296, 0.6414, 0.5886,
0.6362, 0.7160, 0.7884, 0.9165, 0.5628, 0.7672,
0.7952, 0.6598, 0.5607, 0.5648, 0.7166, 0.8405,
0.5027, 0.6169, 0.7882, 0.8242, 0.9250, 0.8961,
0.6946, 0.8532, 0.6834, 0.5624, 0.5743, 0.6810

−14.381 13.68

NPSO 0.9407, 0.9571, 0.7874, 0.7558, 0.5504, 0.6508,
0.5485, 0.5022, 0.5559, 0.5207, 0.5597, 0.5739,
0.5352, 0.5947, 0.9162, 0.9262, 0.9401, 0.8686,
0.9687, 0.9092, 0.6601, 0.7255, 0.5707, 0.5071,
0.5215, 0.5502, 0.6744, 0.5074, 0.5769, 0.5952,
0.6922, 0.8507, 0.8434, 0.9124, 0.9917, 0.9391

0.6731, 0.5430, 0.5373, 0.5577, 0.7110, 0.9720,
0.6661, 0.8757, 0.8866, 0.7328, 0.7999, 0.7969,
0.7518, 0.7218, 0.6610, 0.5220, 0.6237, 0.6535,
0.6057, 0.5564, 0.5363, 0.8184, 0.9489, 0.7866,
0.8630, 0.6917, 0.7468, 0.6600, 0.7559, 0.7057,
0.9840, 0.5918, 0.5354, 0.5772, 0.5193, 0.5428

−15.145 12.96

Table 10. Other parameters’ comparison using NPSO technique with different algorithms for N = 36 elements

Algorithm C; a
(in λ’s)

DIR_max
(in dB)

Aeff_max
(in λ2)

Aeff_Total
(in λ2)

Ω_max
(in sr)

Ω_total
(in sr)

Uniform 18; 2.8648 13.3464 1.7196 62.2587 0.5815 0.0161

DE 24.6325; 3.9204 14.9203 2.4707 57.0030 0.4047 0.0175

CRPSO 25.1275; 3.9992 14.9356 2.4794 58.6577 0.4033 0.0170

NPSO 25.1118; 3.9967 15.0915 2.5700 57.1737 0.3891 0.0175

compared to DE and CRPSO techniques. Figure 3 shows the con-
vergence curve usingDE,CRPSO, andNPSO. FromFig. 3, it is clear
that the NPSO technique is more efficient converges than the DE

and CRPSO techniques. Figure 4 shows the optimal values of feed-
ing current and inter-element spacing of 10-element non-uniform
CAAs using the NPSO technique.
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Test case 2: N = 12 elements

In test case 2, N = 12 elements of non-uniform CAAs have
been considered. The DE, CRPSO, and NPSO techniques have
been deployed to optimize excitation amplitude and inter-element
spacing with low SLL and improved FNBW. From Table 3, it is
clear that NPSO is outperforming concerning SLL of −14.401 dB
as compared to uniform, DE, CRPSO, GA [8], SA [10], BBO
[2], SOA [12], PSO [9], OBA [27], and FA [28] with SLL of
−7.90 dB, −11.610 dB, −13.130 dB, −11.830 dB, −13.910 dB,
−13.95 dB, −13.77 dB, −13.670 dB, −14.30 dB, and −14.21 dB,
respectively. NPSO is also outperforming concerning FNBW of
36.72∘ compared to uniform FNBW of 45.36∘. After comparing
these values with previously published results, it can be analyzed

Figure 14. Radiation pattern of 36-element non-uniform CAAs.

that the NPSO technique is more efficient in getting low SLL,
improved directivity, and FNBW. Based on these optimized val-
ues, other parameters of CAAs can be calculated, as shown in
Table 4. Figure 5 shows the radiation pattern with maximum SLL
reduction and improved FNBW using DE, CRPSO, and NPSO.
From Fig. 5, it is clear that maximum SLL was reduced using
the NPSO technique as compared to DE and CRPSO techniques.
Figure 6 shows the convergence curve using DE, CRPSO, and
NPSO. From Fig. 6, it is clear that the NPSO technique is more effi-
cient and converges than the DE and CRPSO techniques. Figure 7
shows the optimal values of feeding current and inter-element
spacing of 12-element non-uniform CAAs using the NPSO
technique.

Figure 15. Convergence curve of 36-element non-uniform CAAs.

Figure 16. Optimal values of 36-element non-uniform CAAs
using NPSO technique.
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Table 11. Comparison of results obtained using the NPSO technique with other techniques for N = 64 elements

Algorithm Optimal feeding current
Optimal inter-element spacing

(in λ’s)
SLL

(in dB)
FNBW
(in degrees)

Uniform 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1,
1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1,
1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1,
1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1

0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,
0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,

0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5

−7.89 9.28

DE 0.5624, 0.7089, 0.9555, 0.2058, 0.2850,
0.2686, 0.4949, 0.1055, 0.0000, 0.4702,

0.0891, 0.1500, 0.5867, 0.7380, 0.2138, 0.5729,
0.0605, 0.0923, 0.0775, 0.0384, 0.2334, 0.5709,
0.0000, 0.3706, 0.2039, 0.8636, 0.8786, 0.7286,
0.6483, 0.9625, 1.0000, 0.6367, 0.9922, 0.9361,
0.5276, 0.2369, 0.7922, 0.0073, 0.4961, 0.6051,
0.0753, 0.1622, 0.3606, 0.1272, 0.5174, 0.0205,
0.5372, 0.3648, 0.0847, 0.6236, 0.2244, 0.7934,
0.2197, 0.4267, 0.4496, 0.4660, 0.5605, 0.7810,
0.7580, 0.5327, 0.8902, 0.2764, 0.8131, 0.8617

0.7406, 0.5753, 0.5949, 0.6955, 0.6194,
0.5186, 0.6404, 0.7027, 0.9643, 0.7144,

0.5396, 0.5167, 0.7699, 0.8862, 0.7008, 0.9394,
0.5984, 0.5756, 0.5432, 0.5861, 0.7359, 0.8381,
0.6792, 0.7892, 0.5360, 0.5309, 0.5046, 0.5971,
0.5851, 0.6979, 0.6197, 0.5481, 0.5250, 0.5385,
0.7914, 0.5905, 0.5954, 0.9054, 0.6837, 0.7265,
0.6234, 0.6546, 0.5874, 0.8999, 0.6836, 0.7097,
0.5243, 0.6928, 0.8262, 0.7935, 0.5804, 0.6675,
0.5863, 0.5684, 0.9408, 0.5694, 0.5819, 0.5934,
0.5967, 0.6603, 0.5257, 0.5994, 0.6074, 0.5861

−14.296 9.14

CRPSO 0.2818, 0.2966, 0.3970, 0.3264, 0.0670,
0.1767, 0.1798, 0.0962, 0.0806, 0.0666,

0.1055, 0.1964, 0.3129, 0.1021, 0.2202, 0.0065,
0.0025, 0.0573, 0.1830, 0.0000, 0.0368, 0.1331,
0.2267, 0.2496, 0.3534, 0.0448, 0.3003, 0.1971,
0.1890, 0.2938, 0.4883, 0.4379, 0.3570, 0.4379,
0.4285, 0.2217, 0.4067, 0.2341, 0.3079, 0.1320,
0.0258, 0.1235, 0.3295, 0.1307, 0.4219, 0.0000,
0.2414, 0.0333, 0.1594, 0.1208, 0.1816, 0.2352,
0.1251, 0.0383, 0.3254, 0.0834, 0.2740, 0.3528,
0.1437, 0.5848, 0.2740, 0.1068, 0.5770, 0.2719

0.6878, 0.6390, 0.7143, 0.6162, 0.6783,
0.5719, 0.5740, 0.7102, 0.7654, 0.6404,

0.7185, 0.7345, 0.8005, 0.6310, 0.6865, 0.6229,
0.6857, 0.5909, 0.5877, 0.7766, 0.6359, 0.6459,
0.5867, 0.5148, 0.5166, 0.6369, 0.6902, 0.6415,
0.6011, 0.6061, 0.6095, 0.6111, 0.7451, 0.6612,
0.6656, 0.5902, 0.6179, 0.5659, 0.5356, 0.6061,
0.8668, 0.6756, 0.5256, 0.6872, 0.8241, 0.8289,
0.5544, 0.5756, 0.7866, 0.7328, 0.6559, 0.8629,
0.7142, 0.5413, 0.6230, 0.8652, 0.6500, 0.6396,
0.5419, 0.6999, 0.6678, 0.7656, 0.5782, 0.5725

−14.743 9.00

NPSO 0.2407, 0.5777, 0.7129, 0.5340, 0.5002,
0.0648, 0.4256, 0.8715, 0.1445, 0.4479,

0.0174, 0.1983, 0.2310, 0.0000, 0.4888, 0.2404,
0.2337, 0.0316, 0.0689, 0.1996, 0.0277, 0.0388,
0.0174, 0.5228, 0.0007, 0.2968, 0.3646, 0.2795,
0.3004, 0.5510, 0.3964, 0.7049, 0.7138, 0.7211,
0.7289, 0.5834, 0.2225, 0.4738, 0.0912, 0.6840,
0.2006, 0.4022, 0.0000, 0.1378, 0.2103, 0.4506,
0.2697, 0.0808, 0.3548, 0.0867, 0.2709, 0.1533,
0.4933, 0.0635, 0.1005, 0.2817, 0.0658, 0.3800,
0.2948, 0.6299, 0.1884, 0.2871, 0.8752, 0.1106

0.6243, 0.6483, 0.5981, 0.6147, 0.5683,
0.6839, 0.5424, 0.5435, 0.8487, 0.5376,

0.6435, 0.5988, 0.6332, 0.6028, 0.8351, 0.6881,
0.7696, 0.6307, 0.6953, 0.6357, 0.5976, 0.7048,
0.7485, 0.6994, 0.5614, 0.5741, 0.5297, 0.6003,
0.7572, 0.5105, 0.6727, 0.6817, 0.7632, 0.6546,
0.5624, 0.5753, 0.5688, 0.7458, 0.5638, 0.5344,
0.7601, 0.9494, 0.7556, 0.6753, 0.6191, 0.6433,
0.5235, 0.6709, 0.6280, 0.5224, 0.7593, 0.6347,
0.7425, 0.8358, 0.6860, 0.5157, 0.8752, 0.8455,
0.6064, 0.7190, 0.8099, 0.6789, 0.6127, 0.5453

−16.105 8.64

Table 12. Other parameters’ comparison using NPSO technique with different algorithms for N = 64 elements

Algorithm C; a
(in λ’s)

DIR_max
(in dB)

Aeff_max
(in λ2)

Aeff_Total
(in λ2)

Ω_max
(in sr)

Ω_total
(in sr)

Uniform 32; 5.0930 15.4108 2.7661 61.9016 0.3615 0.0162

DE 42.0992; 6.7003 16.7370 3.7540 59.9423 0.2664 0.0167

CRPSO 42.1518; 6.7087 16.7842 3.8038 58.6909 0.2629 0.0170

NPSO 42.1633; 6.7105 16.7929 3.8026 60.8457 0.2630 0.0164

Test case 3: N = 16 elements

In test case 3, N = 16 elements of non-uniform CAAs have been
considered. The DE, CRPSO, and NPSO techniques have been
deployed to optimize excitation amplitude and inter-element spac-
ing with low SLL and improved FNBW. From Table 5, it is clear
that NPSO is outperforming concerning SLL of −14.524 dB as
compared to uniform, DE, and CRPSO with SLL of −7.94 dB,
−11.926 dB, and −13.051 dB, respectively. NPSO is also out-
performing concerning FNBW of 31.68∘ compared to uniform
FNBW of 34.56∘. After reaching the NPSO’s value with other val-
ues, it can be analyzed that the NPSO technique is more efficient
in getting low SLL, improved directivity, and FNBW. Based on

these optimized values, other parameters of CAAs can be calcu-
lated, as shown in Table 6. Figure 8 shows the radiation pattern
with maximum SLL reduction and improved FNBW using DE,
CRPSO, and NPSO. From Fig. 8, it is clear that maximum SLL
was reduced using the NPSO technique as compared to DE and
CRPSO techniques. Figure 9 shows the convergence curve using
DE, CRPSO, and NPSO. From Fig. 9, it is clear that the NPSO
techniquemore efficiently converges than theDE andCRPSO tech-
niques. Figure 10 shows the optimal values of feeding current and
inter-element spacing of 16-element non-uniform CAAs using the
NPSO technique.

https://doi.org/10.1017/S1759078723001617 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078723001617


12 Kumar et al.

Test case 4: N = 20 elements

In test case 4, N = 20 elements of non-uniform CAAs have been
considered. The DE, CRPSO, and NPSO techniques have been
deployed to optimize excitation amplitude and inter-element spac-
ing with low SLL and improved FNBW. From Table 7, it is clear
that NPSO is outperforming concerning SLL of −14.770 dB as
compared to uniform, DE, and CRPSO with SLL of −7.91 dB,
−12.624 dB, and −13.695 dB, respectively. NPSO is also outper-
forming concerning FNBWof 26.28∘ compared to uniform FNBW
of 27.36∘. After comparing the NPSO’s value with other values,
it can be analyzed that the NPSO technique is more efficient
in getting low SLL, improved directivity, and FNBW. Based on
these optimized values, other parameters of CAAs can be calcu-
lated, as shown in Table 8. Figure 11 shows the radiation pattern

Figure 17. Radiation pattern of 64-element non-uniform CAAs.

with maximum SLL reduction and improved FNBW using DE,
CRPSO, and NPSO. From Fig. 11, it is clear that maximum SLL
was reduced using the NPSO technique as compared to DE and
CRPSO techniques. Figure 12 shows the convergence curve using
DE, CRPSO, and NPSO. From Fig. 12, it is clear that the NPSO
technique is more efficiently converged than the DE and CRPSO
techniques. Figure 13 shows the optimal values of feeding current
and inter-element spacing of 20-element non-uniformCAAs using
the NPSO technique.

Test case 5: N = 36 elements

In test case 5, N = 36 elements of non-uniform CAAs have been
considered. The DE, CRPSO, and NPSO techniques have been

Figure 18. Convergence curve of 64-element non-uniform CAAs.

Figure 19. Optimal values of 64-element non-uniform CAAs
using NPSO technique.
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Table 13. Optimizing parameter of NPSO technique for N = 10-, 12-, 16-, 20-,
36, and 64-elements

Values related to the number of elements in NPSO

Parameters 10 12 16 20 36 64

Number of
populations

120 120 120 120 120 120

Iteration size 400 400 400 400 400 400

b1 = b2 2.10 2.15 1.70 1.25 1.85 1.9

W1 = W2 = W3
= W4 = W5

0.5 0.7 0.5 0.8 0.65 0.8

deployed to optimize excitation amplitude and inter-element spac-
ing with low SLL and improved FNBW. From Table 9, it is clear
that NPSO is outperforming concerning SLL of −15.145 dB as
compared to uniform, DE, and CRPSO with SLL of −12.96 dB,
−13.463 dB, and −14.381 dB, respectively. NPSO is also outper-
forming concerning FNBW of 12.96∘ compared to uniform, DE,
and CRPSO with FNBW of 15.12∘, 14.76∘, and 13.68∘, respectively.
After comparing the NPSO’s value with other values, it can be ana-
lyzed that the NPSO technique is more efficient in getting low SLL,
improved directivity, and FNBW. Based on these optimized values,
other parameters of CAAs can be calculated, as shown in Table 10.
Figure 14 shows the radiation pattern with maximum SLL reduc-
tion and improved FNBW using DE, CRPSO, and NPSO. From
Fig. 14, it is clear that maximum SLL was reduced using the NPSO
technique as compared to DE and CRPSO techniques. Figure 15
shows the convergence curve using DE, CRPSO, and NPSO. From
Fig. 15, it is clear that the NPSO technique is more efficient con-
verges than the DE and CRPSO techniques. Figure 16 shows the
optimal values of feeding current and inter-element spacing of
36-element non-uniform CAAs using the NPSO technique.

Test case 5: N = 64 elements

In test case 6, N = 64 elements of non-uniform CAAs have been
considered. The DE, CRPSO, and NPSO techniques have been
deployed to optimize excitation amplitude and inter-element spac-
ing with low SLL and improved FNBW. From Table 11, it is clear
that NPSO is outperforming concerning SLL of −16.105 dB as
compared to uniform, DE, and CRPSO with SLL of −7.89 dB,
−14.296 dB, and −14.743 dB, respectively. NPSO is also outper-
forming concerning FNBW of 8.64∘ compared to uniform, DE,
and CRPSO with FNBW of 9.28∘, 9.14∘, and 9.00∘, respectively.
After comparing the NPSO’s value with other values, it can be ana-
lyzed that the NPSO technique is more efficient in getting low SLL,
improved directivity, and FNBW. Based on these optimized values,
other parameters of CAAs can be calculated, as shown in Table 12.
Figure 17 shows the radiation pattern with maximum SLL reduc-
tion and improved FNBW using DE, CRPSO, and NPSO. From
Fig. 17, it is clear that maximum SLL was reduced using the NPSO
technique as compared to DE and CRPSO techniques. Figure 18
shows the convergence curve using DE, CRPSO, and NPSO. From
Fig. 18, it is clear that the NPSO technique is more efficiently con-
verged than the DE and CRPSO techniques. Figure 19 shows the
optimal values of feeding current and inter-element spacing of
64-element non-uniform CAAs using the NPSO technique.

Table 13 shows all optimizing parameter values for different
antenna design problems using the NPSO technique.

Conclusion

Many applications may find circular arrays’ relatively high SLLs
unacceptable. Increased interference and a diminished capacity to
distinguish between desired and unwanted signals can be caused
by sidelobes. Because of their circular form, CAAs can be more
challenging to design and optimize than linear arrays. Achieving
the required radiation patterns may be difficult due to this intri-
cacy, particularly when exact control over the SLLs and beam shape
is needed. This article uses a meta-heuristic approach to discuss
an unusual method of building antenna arrays. DE, CRPSO, and
NPSO techniques have been deployed to get optimal feeding cur-
rent and inter-element spacing with ultra-low SLL and improved
FNBW.After analyzing the result, theNPSO technique ismore effi-
cient for different design problems of CAAs. For 10-, 12-, 16-, 20-,
36-, and 64-elements, a maximum reduction of SLL and improved
FNBW can be obtained using the NPSO technique. Maximum
directivity of the antenna array has been achieved. The circu-
lar design may limit the array’s capacity to gather and transmit
energy efficiently because it may result in a lower aperture effi-
ciency when compared to alternative array layouts. The maximum
effective aperture of the half-wave dipole antenna array is recorded
as shown in test cases. The maximum beam area covered by the
antenna array is shown in the table also. All these values are the
best using the NPSO technique compared to other methods.

Further research will be planned to handle various geometry
and constraints.
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