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Abstract. Two di�erent con�gurations were used in this study for the optimal design of
the radiated electric �eld pattern characteristics of antenna arrays. In addition, the array
patterns of the isotropic elements of two circular array geometries were studied. Time-
Modulated Concentric Circular Antenna Array (TMCCAA) and Time-Modulated Half
Symmetric Circular Antenna Array (TMHSCAA) were also used for comparative analysis
of the control parameters of the radiation properties of the antenna array. Collective Animal
Behavior (CAB), an evolutionary approach, was then applied as the optimization tool. The
e�ect of di�erent control parameters of the TMCCAA radiation pattern was compared by
considering two di�erent cases, Case-1 and Case-2. Optimization of the spacing between
each element in each ring indirectly led to the optimization of several elements in each
ring. For TMCCAA, 279 isotropic elements, each containing one element at the centre,
in an array were taken into account. In the second array, the impacts of di�erent control
parameters of the radiation pattern of TMHSCAA were compared by considering two
di�erent cases. Finally, the simulation results obtained for 20- element TMHSCAA with
uniform amplitude and spacing were analyzed. Optimized SLL values obtained for Case-1
and Case-2 of TMCCAA were obtained as �24:68 dB and �46:15 dB, respectively.
© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

The concept of array in antenna terminology has been
developed to enhance the gain and directivity of any
kind of antenna elements; yet, it is quite complicated,
tedious, and costly to improve them at the individual
element level. The main advantage of the antenna
array is that one does not need to change the individual
antenna dimensions [1]. It is an arrangement of an
identical or non-identical antenna array as per the
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requirement of the radiation characteristics. The
arrays are found in di�erent types of structures, namely
linear, circular, rectangular, and hybrid geometry
structures. The pattern measurement for the antenna
array far-�eld electric �eld is done based on three
parameters, namely the current excitation, spacing
between the elements, and excitation phase. These
three parameters bear an imperative responsibility and
restrain the quality of the radiation from the antenna
array structure. Of note, optimization of di�erent
control parameters faces di�erent levels of complexity.
For instance, optimization of the excitation phase is
too complex and costly to implement. In addition,
the optimization and implementation of the excitation
amplitude and distance between two consecutive an-
tennas are easier than optimizing the excitation phase.
Apart from the three fundamental restraint criteria
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used for radiation quality enhancement from antenna
theory, there is one more robust and emerging control
parameter known as \switching time" [2]. This can
be incorporated in any conventional technique due to
its considerable 
exibility to adjust time as a control
parameter [3{5]. Sideband generated due to the Radio
Frequency (RF) switch is reduced by the optimization
techniques [6{9]. Di�erent time sequences are opted for
the optimization [10,11]. Directional null in the time-
modulated array was also presented in [12].

Optimization of the antenna array [13] is a com-
plex problem that is non-linear and non-di�erentiable.
Therefore, �nding solutions to di�erent types of a
complex problem is impossible by conventional op-
timization or numerical techniques. Circular and
concentric circular array geometries were presented in
[14{18]. To overcome this problem, the evolutionary
algorithm is applied to work out the composite non-
linear and non-di�erentiable problems [19{26]. There
are many evolutionary algorithms which are used for
di�erent �elds of engineering [27{35] and optimization
of antenna problem [36{40]. Development of element
level antenna like the dielectric resonator antenna
was reported in [41]. Apart from the optimization
techniques, FTDT technique was also used in elec-
tromagnetics [42]. In this paper, Collective Animal
Behavior (CAB)-based [43,44] optimization technique
was used for the SLL reduction of Time-Modulated
Concentric Circular Antenna Array (TMCCAA).

Section 2 discusses the theoretical background
of TMCCAA. Section 3 presents and analyzes the
simulation results. Section 4 gives the concluding
remark of this study.

2. Theoretical background

Consider the geometry of nine-ring TMCCAA, where
a total number of the concentric rings is nine. The
mathematical modeling of this geometry in terms of
the isotropic element is represented by Array Factor
(AF), as given below [15]. Figure 1 shows the graphical
representation of Concentric Circular Antenna Array
(CCAA) structure.

AF (�; I) = ej2�f0t
�

1 +
PX
p=1

NpX
i=1

IpUp(t)

exp[jkrp sin � cos(�� �pi)]
�
; (1)

where Ip, Np, and Up(t) are the control parameters
of the antenna array. The signi�cance of Ip, Np, and
Up(t) is their ability to control the radiation pattern of
the antenna array. In addition, Ip denotes the current
excitation amplitude value in the pth ring. There are
nine rings in TMCCAA. In this research, Ip is kept

Figure 1. Graphical representation of Concentric
Circular Antenna Array (CCAA) structure.

constant or uniform for the case study to avoid thecom-
plexity and the Dynamic Range Ratio (DRR) problem;
Np denotes the total number of antennae present in
the pth ring; rp is the ring radius of the pth ring; �
stands for the elevation plane on which the observation
of the far-�eld is done; f0 is the centre frequency;
and Up(t) shows the switch connected with the ring.
Due to the properties of the periodic RF switch in the
AF, it becomes time-modulated. Fourier series can
carry out the AF frequency domain analysis of this
periodic switch. Therefore, it will generate harmonic
frequencies that correspond to the harmonic bands.

As a result, these harmonic frequencies will gen-
erate the harmonic pattern referred to as the sideband
pattern. The �rst sideband corresponds to the �rst
harmonic frequency; the second sideband corresponds
to the second harmonic frequency, and so on. However,
95% of the sideband power is con�ned to the �rst
�ve harmonic frequencies. Accordingly, Side-Band
Level (SBL) in this paper is calculated until the 2nd
harmonics.

Owing to the periodic nature of the switch,
amplitude coe�cients of the Fourier components can
be represented as follows:

amp =
Ip �p
Tprf

sin c(mfprf �p)e�j�mfprf�p ; (2)

where m = 0 is for the fundamental frequency. Based
on Eqs. (1) and (2), AF can be re-written in the
frequency domain as Eq. (3) [15]:

AFm(�; f) =
1X

m=�1

�
1 +

PX
p=1

NpX
i=1

amp

exp[jkrp sin � cos(�� �pi)]
�

ej2�(f0+m:fprf )t:
(3)

Time-Modulated Half Symmetric Circular Antenna
Array (TMHSCAA) was taken into account to make



G. Ram et al./Scientia Iranica, Transactions D: Computer Science & ... 29 (2022) 1939{1948 1941

Figure 2. Graphical representation and its antenna
arrangement of single-ring circular antenna array.

a comparison among the control parameters with M
(= 4N) with uniform amplitude In = I, the phases �n,
and switching sequences of �n [24,25]. Figure 2 demon-
strates a graphical representation and its antenna
arrangement of the single ring circular antenna array.

AF (�; t) =
1X

m=�1

NX
n=�N


ej2�(f0+m:Fp)timn cos

�
ka cos

�
�+

2n�
M

�
+ �n

�
; (4)

where:


 =

(
2 for n = (�N + 1); :::� 2:::0:::2:::(N � 1)
1 for n = f�N;Ng

imn =
In �n
Tp

sin c(�mFp �n)e�j�mFp�n : (5)

Di�erent harmonic components are present due to
Furrier series decomposition represented by f0 +m:Fp,
where m shows the number of harmonic frequen-
cies (m = 0; � 1; � 2; : : : ; �1). Therefore, sideband
components (f0 +m � Fp;m 6= 0) are given by:

AFm(�; t) = 
ej2�(f0+m:Fp)t
NX

n=�N
imn cos

�
ka cos

�
�+

2n�
M

�
+ �n

�
: (6)

3. Design of cost function

The cost function for getting a better SLL pattern for
TMCCAA is given below:

CF = w�1

24�L1X
��2

AFSLL +

�
2X
�L2

AFSLL

35
+w�2

"�FNLX
�L1

AFSLL +
�L2X
�FNU

AFSLL

#
+w�3AFSBL1;2 + w�4FNL: (7)

Eq. (7) represents the cost function for the objective of
the paper. Here, w1 = 0:4, w2 = 0:6, w3 = 0:4, and
w4 = 1 are the weighting factors assigned to di�erent
objectives of Eq. (7); �FNL and �FNU represent the
lower and upper sides of the angular location of the
�rst null of the main beam, respectively; �L1 and �L2
are the angular locations between (��=2; �FNL) and
(�FNU ; �=2); AFSLL is the calculated AF value on
either side of the side lobe; and AFSBL1;2 denotes
the calculated AF at the �rst and second harmonics,
respectively.

The cost function for getting a better SLL pattern
for TMHSCAA is given in the following.

CF = w1 � jAFSLL(�1; t) +AFSLL(�2; t)j
= jAFMAX(�; t)j

+w2 �
�Y�

�2
AF (�; t) +

Y�1

�� AF (�; t)
�

+w3 � [FNcurrent � FNinitial]; (8)

where �1 and �2 are the azimuth angles at which
null occurs on either sides of the main beam, and
AFMAX(�; t) is the value of AF where the maximum
main beam AF (�; t) can be obtained. While the �rst
term contributes to decreasing the SLL, the second one
contributes to incorporation of nulls in the entire range
of �1 to �� and �2 to �. The third term maintains
the computed First Null Beam Width (FNBW) and
reference FNBW. Weighting factors w1, w2, and w3
are set according to the priority of the optimization
contribution, which is based on personal and group
experience.

The cost function is taken into consideration to
reduce the side lobe level of the radiation pattern.
The primary objective of the cost function in this
study was minimization problem. While the numerator
represents the absolute value of the maximum side
lobe, the denominator represents the maximum value
of the main beam. This is ratio of maximum side lobe
level to the main beam of the radiation pattern of the
AF. When the variable parameter passes through the
cost function with the help of CAB, it will choose the
appropriate value of the antenna variable parameter to
be optimized. Therefore, once the number of iterations
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increases, CAB tries to minimize the cost function.
The selected cost function is a minimization function,
meaning that it tries to reduce the value of the side
lobe level. The number of iterations can be �xed when
there is no more improvement in or negligible tolerance
for the cost function results.

4. Results and discussion

The mathematical expression for all array structures
was coded and simulated in MATLAB platform. This
section primarily presents the computational results
for the designed nine-ring TMCCAA and 20-element
TMHSCAA. The control parameters of the CAB al-
gorithm are given in Table 1. While considering
the TMCCAA, let us consider the case where one
opts only RF switches ON and OFF of each ring as
the optimizing control parameters (Case-1). Another
control parameter of the geometry is kept unchanged
with respect to the un-optimized case of uniform 279-
element CCAA. The initial value of SLL was calculated
as �17:40 dB with a directivity value of 29.35 dB.
The current amplitude of each antenna element was
also kept unchanged (constant) for both the cases.
Followed by optimization of TMCCAA for Case-1
using CAB algorithm, the radiation performance was
signi�cantly improved compared to that of the un-
optimized case. SLL of �24:68 dB, SBL at the �rst
harmonic of �8:639 dB, SBL at the second harmonic
of �15:4 dB, FNBW of the degrees and directivity
of 16.2 and 27.3038 dB, respectively, were obtained
using CAB algorithm. Figure 3 shows the obtained
far-�eld electric �eld pattern of TMCCAA for Case-1.
Now, consider another case where the RF switch, ring
radii, and optimal distance between two consecutive
antennas were regarded as the optimizing variables
for optimization (Case-2). The geometry dimension
depends on the optimized values of the ring radii as
well as the distance between two consecutive antennas.
Followed by the optimization of TMCCAA for Case-2
using CAB algorithm, the radiation performance was
considerably improved compared to that of both un-
optimized case and Case-1.

SLL of �46:15 dB, sideband level at the �rst
harmonic of �5:733 dB, sideband level at the second
harmonic of �10:63 dB, FNBW of 15.4800 degree,

Table 1. Adjusting parameter of CAB.

Adjusting parameter CAB

Population size 120
No of �tness evolution 500
B 20
P 0.5
H 0.5

Figure 3. Obtained far-�eld electric �eld pattern of
TMCCAA for Case-1 using CAB algorithm.

Figure 4. The obtained far-�eld electric �eld pattern of
TMCCAA for Case-2 using CAB algorithm.

and directivity of 29.0770 were obtained for this case.
The results for Case-2 obtained from CAB are also
better than those reported in [24]. Figure 4 shows
the obtained far-�eld electric �eld pattern of TMCCAA
for Case-2. The FNBW obtained in Case-2 is approx-
imately the same with that of the un-optimized case
and Case-1.

Figure 5 makes a comparison of switch-on time
sequences for Case-1 and Case-2. Figure 6 also makes a
comparison of the total numbers of antennae present in
each ring of the CCAA for Case-1 and Case-2. Figure 7
compares the ring radii of the CCAA for Case-1 and
Case-2.

Here, 20-element TMHSCAA RF-switch (ON-
OFF time sequence), connected to each antenna in the
array, is acting as control parameter to discover the
optimal far-�eld electric �eld pattern, as illustrated in
Figure 8, where only RF switching is optimized. Ac-
cording to this �gure, the measured values of SLL and
FNBW obtained by CAB for 20-element TMHSCAA
are �9:36 dB and 60.48 degrees, respectively. Figure 9
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Figure 5. Comparison of switch-on time sequences for
Case-1 and Case-2.

Figure 6. Comparison among the number of elements
present in each ring of the concentric circular antenna
array for Case-1 and Case-2.

Figure 7. Comparison among the ring radii of the
concentric circular antenna array for Case-1 and Case-2.

presents the optimal values of the RF switching ob-
tained for 20-element TMHSCAA.

Now, 20-element TMHSCAA RF switching and
excitation phase of each antenna are the control param-
eters utilized to �nd the optimal far-�eld electric �eld
pattern, as given in Figure 10, where RF switching and
excitation phase of each antenna are optimized.

Figure 8. Obtained far-�eld electric �eld pattern of
20-elements TMHSCAA when only RF switching is
optimized.

Figure 9. Optimal values of the RF switching obtained
for 20-element TMHSCAA.

Figure 10. Obtained far-�eld electric �eld pattern of
20-element TMHSCAA when RF switching and excitation
phase of each antenna are optimized simultaneously.
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Figure 11. Optimal values of the RF switching obtained
for 20-elements TMHSCAA when RF switching and
excitation phase of each antenna are optimized
simultaneously.

Figure 12. Optimal values of the excitation phase of each
element for 20-element TMHSCAA when RF switching
and excitation phase of each antenna are optimized
simultaneously.

According to the optimal far-�eld electric �eld
pattern radiation shown in Figure 10, the measured
values of SLL and FNBW obtained by CAB for 20-
element TMHSCAA were�29:75 dB and 76.68 degrees,
respectively. The obtained results for Case-2 using
CAB are substantially better than those reported in
[24,25]. Figure 11 shows the optimal values of the RF
switching obtained for 20-element TMHSCAA when
RF switching and excitation phase of each antenna are
optimized simultaneously. Figure 12 shows the optimal
values of the excitation phase of each element for 20-
element TMHSCAA when RF switching and excitation
phase of each antenna are optimized simultaneously.

All the computational results presented in this
study facilitate decision-making, indicating that se-
lection of the control parameters plays an important
role in the performance enhancement of the radiation
properties of any antenna array. However, the compu-

Figure 13. Convergence pro�le for obtained far-�eld
electric �eld pattern of TMCCAA for Case-2 obtained
using CAB algorithm.

Figure 14. Convergence pro�le for 20-element
TMHSCAA when RF switching and excitation phase of
each antenna are optimized simultaneously obtained by
CAB.

tational time will increase upon increasing the number
of optimization variables.

Best convergence pro�les for CAB independently
running for �fty times are reported in Figures 13 and
14 according to which the CAB converges well to this
particular optimization problem with 150 iterations
performed for two di�erent types of antenna array
con�gurations. All computations were performed in
MATLAB 9.5 on Core i5 (8th Gen) processor, 3 GHz
with 6 GB RAM.

5. Conclusion

Two comparative studies were performed, consider-
ing the optimizing variable parameters of the Time-
Modulated Concentric Circular Antenna Array (TMC-
CAA) and 20-element Time-Modulated Half Symmet-
ric Circular Antenna Arrays (TMHSCAA), to compare
the far-�eld electric �eld patterns. An evolutionary
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algorithm called Collective Animal Behavior (CAB)
was held responsible for optimizing the SLL. Coding
was implemented in the MATLAB platform. Based on
the computational analysis, it could be concluded that
the optimized results from the control parameters of
Case-2 were superior to those obtained by the control
parameters of Case-1 as well as the un-optimized
case. Optimized SLL obtained for the Case-1 of
TMCCAA was �24:68 dB, whereas the optimized SLL
obtained for Case-2 was �46:15 dB. Thus, there was
an improvement of 21.47 dB by switching from Case-1
to Case-2. Therefore, it is clear that the selection of
control parameters, cost function, and the selection of
optimization algorithm play the most important role.

The 20-element TMHSCAA was taken as an
example to compare the control parameters of the
radiation pattern to obtain the lower SLL pattern to
lower the SLL patterns, over those of the conventional
arrays and other arrays designed. The numerical
and statistical results show that CAB is capable of
converging to much superior result.
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Appendix

Collective Animal Behavior (CAB) [43,44] mimics the
collective behaviours of the animals. This algorithm
functions based on the interaction behavior of the
collective animals. In the group of animals, each
position represents the solution within the search space.
The cost function value represents the dominant nature
of the animal with respect to the group. The best
solution (best animal position) can be obtained by
storing and updating two di�erent memory elements:
one is the memory of the best location at each gen-
eration (Mg) and the other is the memory of the
best historic position after complete evaluation (Mh).
CAB follows the following operations to reach the
termination criterion.

The �rst process generates the random popula-
tion matrix based on the numbers of population and
variable parameters to be optimized. The upper and
lower boundaries of each variable parameter depend on
their constraints. For example, the upper and lower
boundaries for the current excitation amplitude are
within the range of 0 to 1. It can be of any arbitrary
value between 0 and 1. Similarly, the inter-element
spacing between each antenna element can be of any
value between 0:5� and �. The current study assessed
two geometries of the antenna array with di�erent
optimization parameters, as previously mentioned in
the results section.

Consider the initial set of the population of vector
A which is represented by (A = fa1; a2; :::; aNpg),
where Np is the number of animals. The position
of each animal ai is represented by the D-dimensional
vector, where D is the number of variable parameters
to be optimized by CAB algorithm

In general, the upper and lower limits can be
expressed as [44]:

aj;i = alowj + rand(0:1):(ahighj � alowj )

j = 1; 2; :::; D; i = 1; 2; :::; Np: (A.1)

where aj;i is the jth parameter of the ith individual.
Vector A is sorted based on the cost function, and

a new vector X = fX1; X2; :::; XNpg is generated so
that the best B positions are chosen.

Store the best positions of each animal according
to the following equation [44]:

al = ml
h + v; (A.2)

where l 2 f1; 2; :::; Bg, ml
h shows the l-element of the

historical memory Mh, and v represents the random
vector of small length.

Movement of the animals from/to the nearby ones
based on the local attraction and repulsion behavior
can be represented as [44]:

ai =(
Xi � r:(mnearest

h �Xi) with probability H
Xi � r:(mnearest

g �Xi) with probability (1�H)(A.3)

where i 2 fB + 1; B + 2; :::; Npg, and mnearest
h and

mnearest
g represent the nearest elements of Mh and Mg

to Xi, respectively.
Movement of the animals in a random manner is

determined according to the following equation [44]:

ai =

(
r with probability P
Xi with probability (1� P )

(A.4)

where i 2 fB + 1; B + 2; :::; Npg, and r represents the
random vector of small length within the search space.

Compare the obtained solution space considering
the following procedure:

i. Elements of Mh and Mg are merged into MU
(MU = Mh [Mg);

ii. Each element mi
U of the memory mU is com-

pared pair-wise to the remaining memory elements
(fm1

U ;m2
U ; ::::;m

2B�1
U g) based on the cost function

value and B best values are selected to build the
new Mh.
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