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A proficient antenna array design has a remarkable role in the wireless communication system.

A number of research works on the antenna array design are going on over the last few decades
for the improvement of far-field radiation characteristics. The growing number of traffic in
radio frequency (RF) spectrum has compelled the antenna design engineers to realize the
antenna array having low side lobe level (SLL) as well as narrow 3-dB beam width. The narrow
beam width is necessary to achieve the high directivity, whereas, a low SLL is the utmost design
criteria to minimize the interference with the other radiating systems driving in the same fre-
quency band [1, 2]. However, the antenna array design with low SLL as well as narrow 3-dB
beam width is a challenging one because the improvement of one design aspect will deteriorate
the other [1, 2] and hence, both the design criteria will never be met at the same time.

The presence of mutual coupling between the array elements degrades the performance of the
antenna array design [3, 4]. But a very few attempts have been made in the past to reduce the
effect of mutual coupling [5, 6] among the array elements. In this paper, the authors have applied
an efficient method [5] for the CAA design to reduce the mutual coupling among the elements of
the array. The reciprocal of driving impedance is called driving admittance which is also known
as mutual coupling among the array elements [2]. The performance of the transmission and
reception of the RF signal for the synthesis of CAA is heavily affected due to the mutual coupling
[3]. This paper presents method [5] for minimizing the mutual coupling among the elements of
the array by proper controlling the feed currents excitation which in turn reduces the driving
admittance of each identical element of the array. The summation of driving admittance of all
the elements of the array is reduced efficiently to minimize the mutual coupling among the
elements of the array by optimizing the current amplitude excitation weights using different opti-
mization techniques. The approach presented here is a generic one and can be applied for the
radiation pattern synthesis of circular antenna array with any number of array elements.

The main objective of this paper is to design a circular antenna array with a low SLL as well
as a narrow 3-dB beam width in the presence of mutual coupling. These two prime design
criteria of CAA are obtained by the optimal current amplitude excitation weights and the
inter-element distance among the elements of the array while the phase difference between
any two elements is kept at zero. The method of null control in the far-field radiation pattern
using evolutionary optimization technique is discussed in [7]. The numerical results show
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Fig. 1. The geometry of N-elements CAA in the x-y plane.

optimization of 8, 10, and 12 elements CAA of isotropic radiators.
BBO is applied in [16] for the synthesis of 8, 10, and 12 elements
CAA. Sharaqa ef al. in [17], applied FFA for the synthesis of the
same CAA. Morabito et al. in [18], proposed a simple method
based on the aperture antenna theory to give a more complete
and assorted overview of the recent developments for the orbital
angular momentum (OAM) antennas. In [23], Das et al. have
employed MFO optimization technique for the synthesis of the
linear antenna array (LAA) and CAA. However, the method dis-
cussed in [23] is not practically suitable because the mutual
coupling effect is not considered there for design purpose. But,
the effect of mutual coupling is an indispensable part for all
practical antenna array design issue. In this paper, the authors
propose the controlling method of the current ratio for mutual
coupling compensation using evolutionary optimization techni-
ques for the design of CAA structure of 8, 10, and 12 elements
and the results obtained by employing ALO algorithm are com-
pared with the state-of-the-art algorithm.

The rest part of the paper is arranged as follows: Section II pre-
sents the design equation of CAA. Section III shows a brief dis-
cussion of the applied algorithm for the design of CAA.
Comparative simulation results are presented in Section IV.
Finally, Section V concludes the paper.

Design equation

Figure 1 shows an N elements CAA in the x-y plane having a
radius “a” and scanning a point PP in the far-field. The radiation
pattern of the CAA is represented by its array factor (AF), as all

the elements of the array are isotropic, and it is given in (1) [1].

N
AF = ZI,, exp (j[kasin Bcos (¢ — ¢,) + ), (1)
n=1
where
ka =20 _ i d; )
- A - g 1>
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Fig. 2. Two-port network.
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k=2n/A, A is the wavelength of operation, 8 and ¢ represent the
elevation and azimuth angle, respectively.p, represents the angu-
lar position of the nth element in the x-y plane.

The array factor (AF) is assumed to be in the x-y plane, as pre-
sented in this paper. Thus the following changes are made.

0=7, ay = —kacos(g— ¢,) @

Thus, the AF can be rewritten as

N
AF =" I, exp (jka[cos (¢ — ¢,) — cos (@) — ¢,)]),  (5)

n=1

where I, is the current excitation amplitude weight of the n'
element of the array, d, is the inter-element spacing between
the elements “n” and “n+ 1”.¢, is the direction of the main
beam, which is chosen to be zero.

The design goal of this paper is to determine the optimal cur-
rent excitation amplitude weights and inter-element distance for
the synthesis of far-field radiation pattern having low SLL as well
as narrow 3-dB beam width considering the mutual coupling effect.

In an antenna array, the presence of other antenna elements
alters the current distribution, the electromagnetic field distribution
and in turn, the input impedance of all the elements of the array. So,
the performance of an individual antenna in an array depends not
only on its feed currents but also on the currents of its neighbor ele-
ments. The input impedance of an antenna in the presence of other
array elements is called the driving impedance, which depends on
the current ratio, the self-impedance, and the mutual impedance.
It is also observed by using induced EMF method [1] that these
three parameters are not related to each other; hence, change in
the value of any one of the parameters will change the driving
impedance value, keeping the other two parameter values unaltered.

Now, to illustrate the method, consider an antenna array which
consists of two elements. So, the antenna array system can be
represented by a two-port network, as shown in Fig. 2.

Vi=2Zul + Zp D, (6)

Vo = Znly + Zph, @)

where Z;; and Z,, are the self-impedances of antenna 1 and
antenna 2, respectively. Z;, and Z,; are the mutual impedances
due to the current at port 2 and port 1, respectively.
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The presence of other elements will modify the input imped-
ance values and are represented by (8) and (9).

V; 1

Zyg = 1_1 =Zn+2Zp (I—Z)) €))
1 1
\% 1

Zoa = —=Zn + Zn (), 9
L L

where Z,; and Z,, represent the driving impedance of antenna
1 and antenna 2, respectively, which depend on three independent
parameters, namely, the current ratio (I;/I,), the self-impedance,
and the mutual impedance value.

The analysis of driving impedance using the induced EMF
method [1] shows that even though the driving impedance of
each array element depends upon the above three parameters,
these parameters do not depend on each other.

The induced EMF method [1] is employed to derive the driv-
ing impedance of a non-uniform CAA of N elements. The ana-
lysis and understanding of the mutual coupling between the
elements of an array can be considerably simplified by consider-
ing a non-uniform CAA of N elements which can be represented
by an n-port network. The voltage—current relationship in an
n-port network is given in (10).

[Vn] = [Zn][In]> (10)
Vi Zy Zp Ziy I
Vs Zyn Ly - Ly L
Vn an Zn2 Znn In
Vi=2Zulh +Zph + -+ Zy,d,
Vo =Znl + Zphh + - - - + Zyd,
(12)
Vn = anll + ZHZIZ +--+ ZnnIn
So, the driving impedance can be represented as
Vi L I,
Ziy=—=2 Zin— Z
1d I n+ 12 I + + 1n I
\% I 1,
Zyg = 2= Zn 14 Zp+ + Zw—
I I Ly, (13)
V., I L ' '
nd In nl In + n2 In + + nn

The sum of all the driving impedance values for each element
of the array is represented as Zp,,,,.

n n n I
ZDmn = szd = Z szn I_n,
m=1 m

m=1 n=1

(14)

where Z,,; is the driving impedance of the individual array ele-
ments. Z,,, is the mutual impedance and I,/I,, is the current
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ratio. The analytical expression for the driving impedance calcu-
lation using the EMF method for a two-element linear dipole
using closed-form solution [1] shows that the self and mutual
impedance values are not related to the current ratio. Hence, in
the proposed method, authors have minimized the reciprocal of
driving impedance which is also called the driving admittance
for the reduction of mutual coupling among the array elements
by optimizing the current ratio keeping the Z,,,value unaltered.
Now to achieve the design objective, a suitable Cost Function
(CF) needs to be formulated to reduce the SLL and 3-dB beam
width in the presence of the mutual coupling effect as given in (15).

1
W R
X (ZD> (15)

+ W3 x [3dBBWComputed - 3dBBW(In,i = 1)]’

|AF(0mslx In,i) + AF(6m52> In,i)'

CF =W
e JAF (Omaes I

where Zp, is the driving impedance of CAA due to the current ratio
and is given in (16).

N
N Z In,i
i=1
Z=) |5~

n=1

(16)

Here, W), W5, and Wj are the weighting factors and 6.
represents the maximum value of 6; 6, and 6,,,, represent the
maximum side lobe angles below and above 6,,.,; I,,; is the cur-
rent excitation amplitude weight of (n, i)'h element. 3-dB beam
width is the angular width between the 3-dB points on both
sides of the main beam. Thus, 3 dBBWcymputea and 3 dBBW
(I,;=1) refer to the computed 3 dB beam width for the non-
uniform excitation and the uniform excitation case, respectively.
The third term in equation (15) is computed only if 3
dBBW Computea >3 dBBW (L,,;=1).

The first term on the right-hand side (RHS) of (15) is used for
suppressing the SLL by minimizing the ratio of the summation of
AF values positioned on the maximum side lobe at the angle of
the upper and lower band of the radiation pattern, respectively,
to the maximum AF value; the second term of (15) is used to
reduce the driving admittance by optimizing the current ratio
for minimizing the mutual coupling, and the third term is used
to reduce the 3-dB beam width by minimizing the difference,
achieved by non-uniform excitation and uniform excitation,
respectively. In this paper, the far-field radiation patterns of 8,
10, and 12 elements CAA are optimized for minimizing the
SLL, 3-dB beam width and mutual coupling between the elements
of the array. ALO algorithm controls the current amplitude
excitation weights and inter-element distances between the array
elements to minimize the CF.

Ant lion optimization (ALO) algorithm

The main inspiration of the ALO algorithm is deduced from the
foraging behavior of the ant lions larvae. An ant lion larva digs
different sized cone-shaped pits in the sand by throwing out
sands by its massive jaw. The larvae hide below the pits and
waite for insects to be trapped in the pit. The edge of the cone
is made very sharp for insects to slide down to the bottom of
the pit easily. When the ant lion senses that a prey is in the
trap, it tries to catch it. The ant lions intelligently throw sands
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Initialize the parameters of ALO and set iteration count K = 1

v

Initialize the population of ants and ant lions randomly.

.

Evaluate the fitness of ants and ant lions. Calculate the best ant lion and assume it as the elite.

»
L

Y

Select an ant lion using roulette wheel for all the ants.

v

Update the variable for all the ants.

v

Generate a normalize random walk for all the ants.

v

Update the position of all the ants.

v

Evaluate the fitness of all ants.

.

Replace an ant lion with its corresponding ant if it becomes fitter.

'

Update elite if an ant lion become fitter than the elite.

K=K+1

Fig. 3. Flowchart for ALO algorithm.

to the edge of the pit for the prey to slide down to the bottom of
the pit, when the trapped insects try to escape from the pit. After
catching the prey, the prey is pulled under the soil and consumed.
The behaviors of ant lions and their prey are modelled mathem-
atically in ALO and are discussed in details in [19-22]. The main
steps of the ALO algorithm for the CAA optimization problem are

given as a flowchart in Fig. 3.

Results and discussions

ALQ algorithm is extensively executed to achieve the normalized
optimized current amplitude excitation weights and inter-element
distance of the 8, 10, 12 elements CAA. The ALO algorithm is run
for 50 times with their best control parameters [24] by using
MATLAB 7.5 version on Intel Core (TM) 2 processor with 3.00

GHz with 3 GB RAM to obtain the best results.
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Numerical results

The results achieved by employing ALO algorithm considering
the mutual coupling for CAA design is compared with the uni-
form pattern and with the state-of-the-art algorithms containing
equal sets of the elements which do not consider the mutual
coupling for CAA design.

Table 1 shows the results of the uniformly excited (I,,;=1) and
uniformly spaced (d=4/2) CAA of 8, 10, 12 elements and it is
termed as the uniform pattern in the graphical plots in the pre-
sented work. The SLL values for the uniform pattern of 8, 10,
12 elements CAA are —4.17dB, —3.597dB, and -7.165dB,
respectively, whereas, the 3-dB beam widths of the arrays men-
tioned above are 32.32°, 25.84°, and 21.52°. The First Null
Beam Width (FNBW) values of 8, 10, 12 elements CAA are
69.98°, 55.66°, and 46.22°, respectively, and the mutual coupling
values are 0.0156, 0.0100, and 0.0069. The results of Table 1
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Table 1. The initial value of SLL, 3-dB beam width, and FNBW for uniformly
excited (/,;=1) and uniformly spaced (d =4/2) CAA. = g
No. of SLL 3-dB beam FNBW Mutual g 8 ololal gls| s
Elements (dB) width (°) ©) Coupling % é AR IR G
¢
8 -4.17 3232 69.98 0.0156 £ =
10 —3.597 25.84 55.66 0.0100
12 ~7.165 21.52 4622 0.0069
© gn ol o m| m|o| o ©
HEEEEHEE
= 8 o|o|o|o| o] o| o
show that 3-dB beam width and mutual coupling values of the
uniform pattern for 8, 10, 12 elements CAA are reduced with
the increase in the array elements for the uniform pattern synthe- . E slglalels
sis of CAA. 5288 | o Sld|ldldlg
The comparative results of GA [10], PSO [13], SA [15], BBO 3
[16], FFA [17], MFO [23], and ALO algorithms for non-uniformly
excited and non-uniformly spaced 8 elements CAA design are al o
shown in Table 2. The table contains the normalized values of -3 2|28 8RR &
current amplitude excitation weights, inter-element spacing, SLL, e 9'| sﬂ ‘:"' ﬁﬁ Eﬂ 2|
3-dB beam width, and mutual coupling values obtained by
using different algorithms for 8 elements CAA design. The SLL ol el nlowl ol <
value of uniform pattern for 8 elements CAA design is —4.17 dB dlala3 8§l
and the value improves to —9.811dB, —10.799dB, —12.00 dB, o|lo|o|Hd|lo|o|o
—12.24dB, —13.00dB, and —15.78dB by using GA, PSO, SA, HEEIEIRE:
BBO, FFA, and MFO algorithm, respectively. Now by employing S|S|o|-d|o| o
ALO algorithm far better results of SLL of —15.87 dB is achieved. =23 88 s
The reduction of SLL value is improved to 61.75%, 46.95%, ) g 3|s| 48|83
32.25%, 29.65%, 22.07%, and 0.57% with respect to GA, PSO, g ol 2188 3| 8|F|8
SA, BBO, FFA, MFO algorithm as given in Table 2. The 3-dB 2 s 31318 388|288
beam width obtained by using GA, PSO, SA, BBO, FFA, MFO, 2 g ”g’ g @ ﬁ § g §
and ALO algorithms is 32°, 32° 30.60°, 31.60°, 33.10° 32.76° 2 e st i i R I
and 30.16°, respectively, whereas, the mutual coupling values are @ gl alglag g e
0.0118, 0.0080, 0.0193, 0.0203, 0.0040, 0.0149, 0.0146, respectively. = ¢S a 8 8 K3
The results obtained by using different algorithms for the non- “3 I 8/9/ 8|88
uniformly excited and non-uniformly spaced 8 elements CAA ] e el I Ol e
design are graphically plotted in Fig. 4. The figure shows the far- E A I EINELR
field radiation patterns obtained by using different algorithms and g E f § § § f rﬁ
the comparison with the uniform pattern obtained by using uni- IS
form excitation to all the array elements having a half wavelength S
inter-element spacing. Figure 4 reveals that the ALO algorithm £ ~| 8 § § 3 § §
yields the lowest SLL value and lowest 3-dB beam width as com- ) f 3123|3323
pared to other well-established algorithms. The figure shows the _E ol J 8 EI]IQIS
superiority of the ALO algorithm over other algorithms visibly. o g 3ls|s| 3|33
Table 3 shows the results obtained by using ALO algorithm s 22388 58
and the results are compared with GA [10], PSO [13], SA [15], 5 5 Pl I = I s =
BBO [16], FFA [17], and MFO [23] algorithm. The table contains = "l B S 5 & § ﬁ §
the normalized values of current amplitude excitation weights, g Sl 2 SIS eSS
inter-element spacing, SLL, 3-dB beam width, and the mutual § § g $15 8 28 F
coupling values achieved by using different algorithms for 10 ele- = gl ela|Is| 222
ments CAA design. Table 3 shows that the authors have obtained 2 Sl el glvlg
muchimproved results of SLL and 3-dB beam width by employing 2 § § E E § E §
ALO algorithm compared to other well-established algorithms. § Clalelgl=lxalg
The SLL value for the uniform pattern for 10 elements CAA = E § 3 E E § §
design is —3.597 dB which is improved to —9.811 dB, —12.307 2 olglslsial sl
dB, —13.00dB, —13.95dB, —13.30dB, and —15.81dB by using e a5 888 5|8
GA, PSO, SA, BBO, FFA, and MFO algorithm, respectively. 8
Now by employing ALO algorithm far better results of SLL of 2
—15.91dB is achieved. The reduction of SLL value is improved $ _é’ = sl —| =
to 62.26%, 29.35%, 22.46%, 14.12%, 19.69%, and 0.69% with ) - RS
respect to GA, PSO, SA, BBO, FFA, MFO algorithm as given in 2 2 52|28 g
Table 3. Similarly, the 3-dB beam width obtained by using GA, e
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— GA [10]
PSO [13]
SA [15]
-10 ——BBO[16]
FFA [17]
15 MFO [19]
— ALO

-5

29.35
22.46
19.69

0.69

Improvement in
SLL reduction
(%)

62.26
14.12

20

Mutual
Coupling
0.0094
0.0063
0.0154
0.0115
0.0092
0.0135
0.0153

-25

3-dB
beam
width
()

32

2434
18.40
16.60
25.06
30.60
16.55

-30

Side lobe level relative to the main beam (dB)

-35

SLL
(dB)
-9.811
-12.307
-13.00
-13.95
-13.30
-15.81
-15.92

-100 -50 0 50 100
Angle of arrival (degrees)

Fig. 4. Array patterns obtained by employing different optimization techniques for
the 8-elements CAA design.

PSO, SA, BBO, FFA, and MFO algorithms is 32°, 24.34°, 18.40°,
16.60°, 25.06°, and 30.60°, respectively. However, the authors
have obtained a muchimproved value of 16.55°, 3-dB beam
width by employing ALO algorithm. The mutual coupling values
obtained by using GA, PSO, SA, BBO, FFA, MFO, and ALO algo-
rithms are 0.0094, 0.0063, 0.0154, 0.0115, 0.0092, 0.135, and
0.0153, respectively.

Figure 5 shows the graphical representation of the radiation
patterns obtained by using different algorithms for 12 elements
of CAA design. The figure also shows the comparison with the
uniform pattern obtained by using uniform current excitation
to all elements of the array having a half wavelength inter-element
spacing. The graphical plots of Fig. 5 show clearly that ALO
algorithm-based results yield the lowest SLL and 3-dB beam
width values as compared to those of the values achieved by
using other well-established algorithms.

Table 4 depicts the comparative results of the non-uniformly
excited and non-uniformly spaced 12 elements CAA design
using different algorithms. The authors have applied the ALO
algorithm for 12 elements CAA design and obtained far better
results of SLL and 3-dB beam width compared to the other well-
established algorithms. The SLL values obtained by using GA
[10], PSO [13], SA [15], BBO [16], FFA [17], and MFO [23] algo-
rithms are —11.83 dB, —13.67 dB, —13.91 dB, —14.37 dB, —14.21
dB, and —17.79dB, respectively; whereas, the authors have
achieved much better results of SLL of —18.02 dB by employing
ALO algorithm. The reduction of SLL value is improved to
52.32%, 31.82%, 29.54%, 25.40%, 26.81%, and 1.29% with respect
to GA, PSO, SA, BBO, FFA, MFO algorithm as given in Table 4.
The 3-dB beam width values obtained by using GA, PSO, SA,
BBO, FFA, and MFO algorithms are 20.80°, 21.20°, 19.60°
19.80° 20.91°, and 16.92°, respectively; whereas, by employing
ALO algorithm far better 3-dB beam width results of 16.86° is
achieved. The mutual coupling value achieved by using GA,
PSO, SA, BBO, FFA, MFO ALO algorithms is 0.0112, 0.0056,
0.0117, 0.0102, 0.0082, 0.0135, and 0.0131, respectively.

The results of Table 4 are graphically plotted in Fig. 6 which con-
firms that ALO algorithm yields the lowest SLL and 3-dB beam
width values as compared to the other well-established algorithms.

Distance

10 elements CAA.

Currents
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

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
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
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
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
0.7187 0.1657 0.3774 0.8951 0.2877 0.8744 0.3368 0.2302 0.7062 0.7173 0.3608 0.7597 0.5501 0.9709 0.3057 0.3187 0.9227 0.6595 0.7110 0.3580
0.3199 0.3449 0.2065 0.5042 0.4938 0.1445 0.2668 0.0449 0.3285 0.4783 0.6802 1.0272 1.8988 1.5758 0.5528 1.1360 1.5078 0.8029 0.8502 0.6073

Algorithms

GA [10]
PSO [13]
SA [15]
BBO [16]
FFA [17]
MFO [23]
ALO

Table 3. Results achieved by employing ALO compared to the other optimization techniques for N
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Fig. 5. Array patterns obtained by employing different optimization techniques for
the 10-elements CAA design.

The overall inference regarding the numerical results shows
that the ALO algorithm-based approach for the design of 8, 10,
12 elements CAA for minimizing the SLL and 3-dB beam
width considering the mutual coupling performs exceptionally
well. All the simulation results and their graphical plots of far-
field radiation patterns reveal the superior optimizing capability
of ALO over the other well-established algorithms.

Convergence profile plots of the ALO algorithm

The minimum cost function values against the number of iteration
cycles are recorded to get the convergence profile. Figure 7 shows
the convergence plots of the ALO algorithm for the design of 8,
10, 12 elements CAA considering the mutual coupling effect.

The above plots of convergence expose the outstanding per-
formance of the ALO algorithm in terms of stability and conver-
gence speed.

Accuracy test of ALO

The statistical parameters of CF values obtained by employing the
ALO algorithm after 50 independent execution for the synthesis
of 8, 10, and 12 elements CAA are given in Table 5.

Table 5 shows that the variation of CF values for the ALO
algorithm-based design is small enough for the synthesis of 8,
10, and 12 elements CAA design which proves the robustness
and stability of the proposed approach.

Box and Whisker plots

The ALO algorithm has been executed for 50 trial runs to achieve
the best results and the resulting CF values attained in each run
have been used for box and whisker plots [25]. Figure 8 shows
the box and whisker plots obtained by employing ALO for the
8, 10, and 12 elements CAA design considering the mutual
coupling.

Upper and lower ends of the boxes represent the 75th and
25th percentiles, respectively. Median is represented by tringle.
The whiskers are the lines extending from each end of the
boxes to show the extent of the rest of the data. Outliners are
the data with values beyond the end of the whisker. For
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12 elements CAA.

Table 4. Results achieved by employing ALO compared to the other optimization techniques for N

-3dB
beam

Improvement

in SLL

width  Mutual
Coupling reduction (%)

SLL
(dB)

()

Distance

Currents

Algorithms

52.32

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 —11.83 20.80 0.0112

GA [10]

31.82

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 —13.67 21.20 0.0056

PSO [13]

29.54

0.0117

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 —13.91 19.60

A [15]

25.40

1.0000 0.6501 0.6224 0.5020 0.5540 1.0000 0.6683 0.7234 0.4410 0.5123 0.4793 1.000 0.6704 1.0000 1.3046 0.8081 1.0000 0.4031 0.6183 1.1574 1.3465 0.6551 1.0000 0.6539 —14.37 19.80 0.0102

BBO [16]

26.81

0.0082

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 20.91

FFA [17]

Avishek Das et al.

1.29

0.0135
0.0131

0.1201 0.0903 0.0450 0.0607 0.1104 0.1958 0.1657 0.0710 0.0925 0.0903 0.1401 0.2206 0.5458 1.1054 0.6651 1.3603 1.1902 0.4503 0.4954 1.1005 1.3665 0.7849 1.0405 0.5209 —17.79 16.92
0.2638 0.3065 0.0010 0.1841 0.4670 0.4791 0.1450 0.0430 0.2104 0.0941 0.2882 0.4630 0.6095 1.0829 0.6974 1.2351 1.5781 0.5559 1.1448 0.5371 0.8700 0.8301 0.9845 0.5070 —18.02 16.86

MFO [23]
(0]
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Fig. 6. Array patterns obtained by employing different optimization techniques for
the 12-elements CAA design.
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Fig. 7. Convergence plots of 8, 10, and 12 elements CAA considering the mutual
coupling effect obtained by employing ALO.

Table 5. Statistical performance of CF values achieved by employing ALO.

Standard
No. of Minimum Maximum Mean deviation
Elements CF CF CF of CF
8 0.1255 0.2731 0.2113 0.0311
10 0.1922 0.3764 0.3183 0.0287
12 0.2954 0.5124 0.4331 0.0495

8-elements CAA design, the median value of CF is 0.2072, and
the range of variation of CF value is from 0.1255 to 0.2731.
Similarly, for 10-elements and 12-elements CAA design, the
median values of the CF are 0.2907 and 0.4011, respectively.
The range of variations of CF for 10 elements and 12 elements
CAA design is from 0.1922 to 0.3764 and 0.2954 to 0.5124,
respectively.
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Fig. 8. Box and Whisker plots for ALO-based 8, 10, and 12 elements CAA design con-
sidering the mutual coupling.

The range of variations of CF values is small for 8, 10, and 12
elements CAA design by employing the ALO algorithm. Thus
from the whisker plots, it is evident that the ALO-based design
offers robust and stable results.

Conclusion

This paper presents an efficient method of optimal far-field radi-
ation pattern synthesis of a non-uniform single ring circular
antenna array considering the mutual coupling effect by employ-
ing the evolutionary optimization technique known as ant lion
optimization. The mutual coupling is considered in the cost func-
tion first time in this paper for the synthesis of non-uniform sin-
gle ring CAA. The results achieved by employing different
algorithms for the synthesis of non-uniform single ring CAA
for suppressing the SLL as well as reducing the 3-dB beam
width are compared in this paper. The performance analysis of
different algorithms for the synthesis of non-uniform single
ring CAA shows that the ALO algorithm has an excellent prospect
to be used as a proficient optimizer to determine the optimal cur-
rent amplitude excitation weights and the inter-element distances
among the elements of the array for the design and pattern mod-
eling of a non-uniform single ring circular antenna array.
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