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Directivity improvement and optimal far
field pattern of time modulated concentric
circular antenna array using hybrid
evolutionary algorithms

GOPI RAM', DURBADAL MANDAL', RAJIB KAR' AND SAKTI PRASAD GHOSHAL>

In this paper time modulated nine-ring concentric circular antenna array (TMCCAA) using fitness based novel hybrid adap-
tive differential evolution with particle swarm optimization (ADEPSO) has been studied. ADEPSO is hybrid of fitness based
adaptive differential evolution and particle swarm optimization (PSO). Differential evolution is a simple and robust evolu-
tionary algorithm but sometimes causes instability problem; PSO is also a simple, population based robust evolutionary algo-
rithm but has the problem of sub-optimality. ADEPSO has overcome the above individual disadvantages faced by both the
algorithms and is used for the design of TMCCAA. The comparative case studies as Case-1 and Case-2 are made with three
control parameters like uniform inter-element spacing in rings, inter-ring radii and the switching “ON” times of rings. The
same array radiates at various harmonic frequencies. The first two harmonic frequencies have been considered in this work.
The numerical results show Case-2, outperforms Case-1 with respect to better side lobe level (SLL), and more improved direc-
tivity. Apart from this, the authors have computed powers radiated at the center/fundamental frequency and the first two
sideband frequencies, and dynamic efficiency. It is found that power radiated by any sideband frequency is very less as com-
pared with the power radiated at the center frequency. It has been observed that as the sideband frequency increases, side band
level decreases to the greater extent as compared with SLL. The aperture size is a very important constraint for the array, since
there is an upper limit for the aperture size of a given array in real-life environment. Hence, in our optimization design, the
maximum radius of the concentric ring array is constrained.
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. INTRODUCTION Time modulated linear antenna arrays attracted the

antenna designers for their advantages over conventional

A lot of research works have been carried out in the past few
decades on different antenna arrays in order to get improved
radiation pattern. There are several parameters by varying
which the radiation pattern can be modified. These para-
meters are geometrical configurations (e.g. linear, circular,
planar, spherical etc.), inter-element spacing, individual exci-
tations (amplitude and phase), and relative pattern of individ-
ual elements [1, 2]. The goal in such antenna array geometry
synthesis techniques is to determine the physical layout of the
array that produces the radiation pattern closest to the desired
pattern. As the shape of the desired pattern can vary widely
depending on the application, many synthesis methods
coexist.
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array antennas for a few years. Previous research works
have shown time modulated linear antenna arrays are attract-
ive for the synthesis of low/ultralow sidelobes [3-11]. As com-
pared with conventional antenna arrays, the time-modulated
antenna arrays introduce a fourth dimension—time—into
the design. Consequently, it has more flexibility. While con-
ventional antenna arrays can be considered as the radiation
source distributions in space, usually of three-dimensions
[1, 2]. Consequently, the antenna array cost is tremendously
high, which makes it unaffordable for commercial and indus-
trial applications. Therefore, it is naturally necessary to intro-
duce an additional degree of design freedom, a fourth
dimension, into conventional antenna arrays, which is so
often called in literature as “time”.

In 1959 H. E. Shanks and R. W. Bickmore [3] published a
paper and proposed to use time as a design parameter so as to
provide an additional degree of freedom. This technique,
which consists of modulating the array elements with a peri-
odic signal shape (in general switching “ON” or switching
“OFF” of the array elements), is called time modulation
(TM). The concept of the “four-dimensional antenna” can
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be dated back to as early as 1950s. Thus, the four-dimensional
(4D) antennas are also termed as the “time-modulated
antenna” in the literature. In 1963, W. H. Kummer et al.
extended the concept of 4D antennas to antenna arrays [4].
The TM was fulfilled by simple on-off switching of antenna
elements in a predetermined sequence, so that, after the
antenna output has been filtered, the resulting pattern will
have reduced side lobes. There are less stringent constraints
on the antenna array errors, while only ordinary side lobes
for the static array are required, thus the cost was reduced dra-
matically. In 1983, Lewis et al. introduced another technique
to reduce the signal response entering the antenna array
side lobes [5]. The essence of Lewis’ idea is that, by moving
the phase center of a phased array antenna in the plane of
the aperture, signals radiated and received through the
antenna side lobes can be shifted out of the pass band of
the electronic system receiver, due to Doppler shift effect
The phase center motion is achieved by illuminating only
part of the total array elements and moving the illuminated
part across the entire array electronically, which is apparently
not convenient in practical implementation. Moreover, there
are no experimental results to verify the theory.

There is a fundamental problem associated with time-
modulated linear arrays which is that they generate harmo-
nics, or sidebands at multiples of the switching frequency.
Unfortunately the undesirable sideband radiations (SR) repre-
sent non-negligible loss of radiated power. These harmonics
are generally unwanted as they waste energy and may cause
interference in other parts of radio spectrum. Much of the
recent research into time-modulated arrays has investigated
techniques for reducing the wasted power radiated into side-
bands, often by employing various adaptive optimization
techniques [6-9]. Although in many applications the harmo-
nics generated by time-modulated arrays are unwanted, in
certain situations they can be exploited.

In 2002, Yang et al. [6] suppressed the SRs of a time-
modulated linear array (TMLA) via differential evolution
(DE) algorithm by directly optimizing the switch-on time
instants. Multiple researches on TMLAs have followed this
work. Yang et al. carried out a series of studies on 4D
antenna arrays including various features mentioned in
[6, 9—12]. All the studies mentioned above demonstrate that
the 4D antenna array is a promising candidate for realizing
higher performance antenna array with lower cost. The
research on TM usually deals with fully filled arrays in
which all elements are active.

A concentric circular antenna array (CCAA) [13-19] is a
planar array that consists of one or more concentric rings,
each having equally spaced array elements on its circumfer-
ence. An important property of a concentric circular
antenna (CCA) is that, its beam pattern remains invariant
for 360° azimuthal coverage if the array consists of several
rings with an appreciably large number of elements in each
ring. Its main attraction is the cylindrical symmetry of its radi-
ation pattern and compact structure, thus finding consider-
able interest in various applications including radio
direction finding [1], radar [20], communication [21], and
electronic countermeasures, navigation and imaging [22].

Different evolutionary algorithms, genetic algorithm [19,
23, 24] particle swarm optimization (PSO) [24-28], and DE
[6, 29, 30] have been used in the process of low side lobe
array pattern synthesis of CCAA. Some modifications have
also been done in the classical DE to increase the performance
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as modified DE algorithm [31], and self-adaptive DE algo-
rithm [32]. DE algorithm is very much sensitive to the
choice of control parameters. DE in combination with PSO
(DEPSO) [33, 34] is used so as to overcome their individual
disadvantages [25-30]. Most of the above algorithms show
the problems of fixing algorithm’s control parameters, prema-
ture convergence, stagnation, and revisiting of the same solu-
tion over and again. In order to overcome all these problems,
the proposed algorithm, known as adaptive fitness based
DEPSO (ADEPSO), utilizes the fitness based adaptive differ-
ential information obtained from adaptive DE (ADE) (35,
36] as well as the memory information obtained from PSO.
ADEPSO helps the particles to avoid local minima, sub-
optimality, and stagnation problem by increasing the popula-
tion diversity through the combination of PSO operator with
the fitness based ADE operator [35, 36]. In this work, this pro-
posed algorithm is employed for the design of TMCCAA. In
this work, for simultaneous reduction of side lobe reduction
as well as improvement in directivity of the uniformly
excited time-modulated CCAA (TMCCAA) [29] ADEPSO
[35, 36] is applied. The statistical analysis and t-test [37]
have been done to prove the performance of ADEPSO.

The rest of the paper is arranged as follows. In Section II,
the design equations for TMCCAA are formulated. Section
III briefly discusses about the different evolutionary algo-
rithms, PSO, ADE, DEPSO, and the proposed ADEPSO
employed for the TMCCAA design. Section IV describes the
simulation results obtained by employing various other evolu-
tionary approaches (PSO, DE, ADE, DEPSO), compared with
the proposed ADEPSO based ones. Section V shows the con-
vergence profiles of all the algorithms employed. Finally,
Section VI concludes the paper.

Il. DESIGN EQUATIONS

Geometrical configuration is a key factor in the design process
of an antenna array. For CCAA, the elements are arranged in
such a way that all the antenna elements are placed in multiple
concentric rings, which differ in radii and number of elements
Fig. 1 shows the general configuration of CCAA with P con-
centric circular rings, where the pth (p =1, 2,..., P) ring
has a radius r, and the corresponding number of elements
in the ring is N,. If all the elements in all the rings are
assumed to be isotopic sources, the radiation pattern of this
array can be written in terms of its array factor (AF) only.

Referring to Fig. 1, the AF(6, ¢, I) for the CCAA in x-y
plane may be written as [1]:

AF(0, ¢, 1) =1
P Ny

+ Z Z I, explj(kr, sin O cos(db — ) + )], (1)

p=1 i=1

where I,(I, = 1, throughout this study) is the excitation amp-
litude of an element on the pth circular ring; k = 27/A; A
being the signal wave-length. 6 and ¢ symbolize the zenith
angle from the positive z-axis and the azimuth angle from
the positive x-axis to the orthogonal projection of the observa-
tion point, respectively. It may be noted that if the azimuth
angle is assumed to be 0° i.e. ¢ = 0°, (1) may be written as
an aperiodic function of 6 with a period of 7 radian. The
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Fig. 1. Concentric circular antenna array (CCAA).

angle ¢,; is the element-to-element angular separation mea-
sured from the positive x-axis. The elements in each ring
are assumed to be uniformly distributed.

d)p,-:zqr(lN—l); p=1,....,P i=1,....N,. (2)
p

The term ay,; is the phase difference among the individual
elements in the array, which is a function of angular separ-
ation ¢,; and ring radii .

ay; = —Kr, sin 6, cos(¢, — qSPZ-); p=1,..., B
i=1,...,Np, (3)
where 6, and ¢, are the values of 6 and ¢, respectively, where

the peak of the main lobe is obtained. In this paper, 6, = o.
The AF(¢, I)for the CCAA in x-y plane can be re-written

as (4).
P Ny
AF(0,) =1+ Z Z I, exp[jkr, sin 6 cos(¢ — qﬁpi)]. (1)
p=1 i=1

There are nine rings where radius of the each ring is given
by r, = pA/2; where p = 1,.. ., P and inter-element spacing in
the entire ring is kept as d, = A/2, then, the number of equally
spaced elements in the ring p is given by

N 27TTP

N, = 4 (5)
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For the TM, each ring of CCAA is controlled by a high
speed periodic radio frequency (RF) switch U,(t) [3]. The
periodic switch-on time sequence function is given by

1 foro<t<m,
o others )

Up(t) = { (6)

Suppose, the array operates at the operating frequency
fo (Hz) and T, is the time period of the operating frequency.
TM period of the modulating switch U(t) is T, hence TM
frequency fpr= 1/Tp Generally the TM frequency f,s is
much lower than the operating frequency f,. It means that
Ty > T, [3]. Operating frequency f, and TM frequency f,,¢
are independent of each other. Now, instated of exciting
each ring continuously, each ring is turned “ON” for the
fixed time duration of 7, with a pulse repetition period T,y
is lying in the range, 7, < T}, > T,. Due to RF switch U,(t),
the antenna will not only radiate at the operating frequency
(fo) but also will radiate at different harmonics of modulating
frequency (f,,»). Harmonics of the radiation pattern are not
because of operating frequency of the signal but due to the
periodic switch U,(f). An inherent property of time-
modulated antenna array is that it generates sideband
signals at multiples of TM frequency. It is clear that the side-
band radiation (SR) is to be made as small as possible, so that
the dynamic mode of the array is the dominant one and the
radiation pattern can be controlled without the unwanted
SR inconvenience. The simple consideration suggests a way
to reduce the amplitude of SR: the higher order harmonics
of the Fourier expansion may be lowered by using smoother
modulation function. Switch-on time of each ring of
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TMCCAA is 7,(0 < 7, < T},,p). The far field of TMCCAA is
obtained after substituting (6) into (4), which is as follows:

P Np
AF(6,1) = e"“fofil +Y Y LU (exp
p=1 i=1
x [jkry sin 6 cos(¢p — ¢pi)]} . (7)

The periodic switch “ON-OFF” function U,(t) in time
domain as represented in (6) can be decomposed into
Fourier series in frequency domain, given by

Upt) = ) ampe” ™", ®)
m=—00
where
_ IPTP . —jT My Ty
Amp = T—sm c(mfprrTp)e . (9)
prf

Equation (9) shows current excitation value for the mth RF
switch modulation frequency. In this work, the authors use (9).
m = o is for the operating frequency. From (7)-(9), the far
field AF can be expanded into Fourier series and given by (10).

00 P N
AF(0,t) = Z {1+Ziampexp
m=—00 p=1 i=1

x [jkr, sin  cos(¢p — ¢Pi)]]efz”(ﬂ’+mﬁ”f')t . (10)

The far-field of (10) contains mth harmonic frequency
components, m. f,; where m=o, +1, +2,..,, +oo. It is
worth noting that (10) is the sum of infinite number of har-
monic components, whose mth order harmonic frequency
components can be written as:

P Ny
AFn(6.1) = T { 1)) amexp

p=1 i=1

X [jkr, sin 6 cos(¢p — d)p,-)]} (11)

From (11), one can express the following AFs AF.(6, 1),
AF,(6, 1), and AF,(6, t) for the operating frequency, the first
positive side band, and the second positive sideband,

respectively.
‘ P I,
AR, =] 1 33 B o
p=1 i=1 TPTf
x [jkr, sin 6 cos(¢ — d)pi)]} , (12)
j LN
AF,(0,t) = e2mfotfor)t ] 4 + Z Z’II_" P gin C(]fDrpr) exp
p=1 i=1 prf i
x [jkry sin @ cos(¢p — (bpi)]e‘j“ﬁ"ﬂp}
(13)

P
AF,(6, 1) = ef”%“fw)f{l +
p

N
E L2 gin c(2fprf Tp) €Xp
= Tor
i=1 .

X [jkr, sin 6 cos(¢ — (ﬁp,-)]e*j”fl"ﬂﬂ]
(14)
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Thus, (12)-(14) show the respective expressions for AFs
at fo, fo + forp and f, + 2f,,5 which can be used to synthesize
the desired radiation pattern.

Similar to time-modulated linear arrays [12], the directivity
of TMCCAA is given by

|AF,(6,. ¢,)|’
Ly o Jo [T |AFu(6, ¢)|’sin 6d0de’

s

(15)

Dryccaa =

where Draccaa is the directivity of the TMCCAA; 6, de-
notes the direction in which AF(6, ¢) has maximum value;
and AF,,(6, ¢) denotes the radiation pattern at the mth
order sideband frequency. In this paper two sideband frequen-
cies have been taken, so, (15) can be re-written as (16).

|AF(66, ¢o)|”
LY [T [T |AF (6, ¢)|’sin 0d6de

A

(16)

Dryccaa =

The power radiated by the TMCCAA, P, at the fundamen-
tal (center) frequency is given by (17)

P, = j j |AF,(6, ¢)|’sin 0d0d .

o

(17)

The power radiated by the TMCCAA, Pgy, at the harmonic
frequency is given by (18).

Pgr = Z rﬁjw|AFm(6, ®)|’sin 6dodep.  (18)

m=—o0, J o
m##o0

Dynamic efficiency (7,) is defined as the ratio of power
radiated by the array at the center frequency and the sum of
powers radiated by the array at the fundamental (center) fre-
quency as well as the harmonic frequencies, given by (19).

1

Na =
1+ [(Z%;_w. [ [T |AF(6, ¢)|” sin 6d6d¢>
/q” r |AF,(6, ¢)|” sin 6d0d¢>:|

The main objective in this paper is to optimize three differ-
ent control parameters; the first optimizing parameter is the
switching time sequence 7, of the each ring. It means each
ring will be active for the optimal time obtained by the opti-
mization algorithm. The main benefit of optimizing this add-
itional parameter is better control of the radiation pattern by
applying high speed RF switches, even if the excitation ampli-
tude for each ring is made uniform being equal to 1. The
second optimizing parameter is radius of each ring (r,, 7.,
...1p). There should be some constraints as r, > 0.5A, and
for the inter-ring spacing as 0.5A <7, < A. The third optimiz-
ing parameter is inter-element spacing in each ring, and this
optimization parameter also follows the minimum constraint
of 0.5A <'d, < A. An additional separation of Ap is added so
that

(19)

(20)

rp =1p—y + A/2+ Ay;where 0 <A, < A
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After defining the optimizing parameters, the next task is to
define the objective/fitness function, which is expressed as
follows:

jﬁtness(TP’ rP’ dP) =
Wiy “SLLS (7, 15, dp)ly, + Wao "SBLS  (Tp, 1p, dp)l 1y -

‘max max
+ Wis *SBLfnax(TPV rpv dp)|ﬁ+2ﬁ,¢

+ Wy, “(1/Drycca_max)s

(21)

where g denotes the gth iteration cycle; SLLyaxl;, is the
maximum side lobe level (SLL) at the center frequency;
SBLaxlf, 17, is the maximum sideband level (SBL) at the
first sideband frequency; SBLpax If, tafyy is the maximum SBL
at the second sideband frequency, and w,,, w,,, w;;, and
w,, are the weighting factors of various terms to emphasize
the different contributions to the fitness function.
D1atcca_max 18 the maximum directivity of the TMCCAA.

. OPTIMIZATION TECHNIQUES
EMPLOYED

The PSO [24-28] and the conventional DE [29, 30] are well
known and hence not discussed here. Only the hybridized
DE and PSO are discussed here.

A) Fitness Based ADE

It is known that crossover rate and scaling factor play import-
ant roles in the convergence and performance of DE. In this
paper, we have tried to use the fitness based ADE, which
uses the concept of fitness based variation of crossover rate
[35]. The ADE works with all the same steps of the classical
DE as stated in the previous section of classical DE, but the
difference lies in the use of fitness based adaptive crossover
rate used in the crossover step (b) of classical DE. Instead of
constant crossover rate, which is used in classical DE, the
value of the crossover rate used in the recombination
process to produce the trial vector is adapted according to
the fitness value of the donor vector. In this case a vector is
created.

Afdonor_i = (f(vi) _f(xbest))s (22)
where f(v;) is the fitness value of ith donor vector and f(xp.s) is
the fitness value of the best individual in the population. The
value of crossover rate is decided according to this Afy,,0r i If
the value of crossover rate is higher, then more information
will be passed from the donor vector to the trial vector
whereas if the value of crossover rate is lower, then more
information will be passed from the target vector to the trial
vector.

In this case the donor vectors having lower value of
Afaonor_i» are located close to the best particle obtained so far
in the current population and hence they prove themselves
to be the promising candidates to form the trial vectors than
the target vectors. In the same manner the donor vectors
having higher value of Af,,,, ; are far away from the best can-
didate and in this case target vectors are to be transmitted in
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the trial vectors. So, in this case of fitness based ADE, the
recombination operation gets modified slightly as:
If f(v;) < f(Xpest), for the minimization process

(23)

then Cr; = Cr_const,

else Cri = Crmin + (Crmax - Crmin)/(l + Afdonor_i)- (24)

Equation (23) can be analyzed as:

If f(v;) < f(Xpesy) for minimization problem or Afy,,0r ; 0,
C,; should have a large value to ensure maximum information
transmission from the donor vector to the trial vector. In the
same manner when Afy,,.0, ; 0, C,; tends to Cry,ax and when
Afionor i 0, then C,; tends to Crp;, ,which is of low value,
and ensures minimum information to be transferred from
the target vector to the trial vector.

B) DEPSO

The limitations of PSO and DE are that they may be influ-
enced by parameter convergence and stagnation problem.
To overcome the problems associated with DE and PSO;
both of them can be merged so as to overcome their individual
disadvantages. The hybrid of DE and PSO is called DEPSO
[33]. In DEPSO new offspring is created by the mutation of
the parent.
Steps of DEPSO are as follows:

¢ First a population is randomly initialized.

o The fitness value of the population is evaluated (21), best
among the fitness is considered to be g best.

o The velocity and the position of the particles in the search
space is evaluated using velocity and position update
formula of PSO.

¢ Now the updated population by PSO will be used to employ
differential evolution.

e Donor vector is created by DE’s mutation strategy DE/best/1.

o Trial vector is created by crossover process using binomial
(uniform) crossover formula of DE.

o The fitness value of the trial vector is calculated and the one
having the better fitness value among the trial and the
target vector is finally taken as the updated population.

C) Fitness based ADEPSO

The DEPSO utilizes the benefits incurred in both the algo-
rithms individually. But then also, as far as global optimization
is considered, there is still room left for its further improve-
ment over the existing DEPSO approaches in terms of robust-
ness and accuracy of the optimization algorithms. The DEPSO
is modified with the use of fitness based adaptive crossover
rate used for the crossover purpose, called ADEPSO [36]. In
classical DE, the crossover rate is fixed, but here the crossover
rate is being varied in accordance with the Af,,,or ; calculated
(23). The one having better fitness value should have more
probability of being transferred to the trial vector rather
than the one having lower fitness value. So, using this
concept crossover rate is calculated separately for each and
every element of the population set. The adaptive crossover
rate is chosen according to that given in (22) and (23).
The steps for the ADEPSO are written as follows:

o Initial particles: Randomly generate the initial population
matrix.
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Initialization: Search Space,
velocity, position etc

Max. Iteration?
Min. Fitness?

Y

< v

END

PSO: Evaluate fitness
Velocity and Position Update

I

DE:
Mutate Parent to generate Donor Vector
using DE/best/1

I 4

Calculate fitness of Donor Vector
using (21)

Calculate fitness based adaptive
cross over rate using (23) & (24).

4

DE:
Recombination using adaptive Fitness
based Crossover rate to create Trial
Vector

FITNESS BASED
ADAPTIVE CROSS OVER
RATE USED

|

Calculate fitness of Trial Vector

Fitness(Trial)<
Fitness(Parent)

YES
A Y
Parent(new)=Trial Vector > < Parent (new) = Parent (old)
Y y

Next Iteration

4
-

Fig. 2. Flowchart showing ADEPSO.

o Evaluate particles: Calculate the fitness value for each set of e Update personal best: Compare the newly calculated fitness
particles in the population. value with the previous one for each and every individual and

e Update global best: Take the particle with the best fitness select the one having the better fitness value as the personal best.
value or the minimum fitness value since it is a minimiza- e Update velocity of the particles: Update velocity of the par-
tion problem as the global best. ticles using velocity update formula of PSO.
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Table 1. Control parameters of PSO, DE, ADE, DEPSO, and ADEPSO.

Parameters PSO DE ADE DEPSO ADEPSO
Population size 20 20 20 20 20
Iteration cycles 100 100 100 100 100
Cr_Const - 0.3 0.97 0.8 0.97
Crmax - 0.7 - 0.7
Cr'min - 0.1 - 0.1
Scaling factor - 0.7 0.7 0.7 0.7
C, 2.05 - 2.05 2.05
C, 2.05 - 2.05 2.05
Wnax 1 - 1 1
Wmin 0.4 - 0.4 0.4

e Update position of the particle: update position of the par-
ticles using position update formula of PSO.

o Generate donor vector: The updated particles are used for
creating the donor vector by DE’s mutation strategy DE/
best/1.

Radiation Pattern {dB)

TMCCAA

o Calculate fitness value of the donor vectors generated:
Calculate the fitness value of the donor vector generated
using (21).

o Calculate difference vector: The difference vector is created
by using (22).

o Calculate the fitness based crossover rate: Now the fitness
based crossover rate is generated using (23) and (24).

o Generate trial vector: The trial vector is created by mutation
between donor and target vector using binomial (uniform)
crossover formula of DE.

o Selection: Among trial and target vector, whichever proves
itself to be better candidate in terms of fitness is selected for
the final population.

o Termination: If the maximum number of iterations is
reached or terminating condition is satisfied.

The algorithm of the fitness based ADEPSO can also be
summarized in the form of flowchart as shown in Fig. 2

- uniform CCAA

o
o

8

5

n
o

Side lobe level relative to the main beam (dB)

8 60 40 20 0 20 40

u_{sind sin 1 4 a
v v) . tindcony) Angle of arival (degrees)
(a) (b)
=
a
=
o
[ =
2
Rt
=)
o
@
4, (sinfcosg) -1 u, (sinfcosg)
(c)
Fig. 3. Radiation patterns of uniform nine-ring CCAA: (a) 3D normalized plot (dB), (b) 2D plot, and (c) un-normalized 3D plot.
Table 2. SLL, FNBW, and Directivity of CCAA.
Optimization parameters Ring No. SLL (dB) FNBW (°) Directivity (dB)
1 2 3 4 5 6 7 8 9
75 (us) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 17.4 14.76 29.35
N, 6 12 18 25 31 37 43 50 56
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Table 3. Optimizing only switching time sequence of each ring.

Algorithms Optimization parameters (s) Ring No.
1 2 3 4 5 6 7 8 9

ADEPSO T 0.7309 0.7913 0.9365 0.5186 0.6976 0.4444 0.4150 0.2442 0.7358
DEPSO 7 0.6872 0.6427 0.6206 0.6316 0.4606 0.4088 0.3276 0.2202 0.6036
ADE T 0.4882 0.7482 0.8722 0.3749 0.5245 0.4643 0.3664 0.2103 0.5947
DE T 0.6792 0.6111 0.6331 0.5997 0.4412 0.4131 0.3318 0.1647 0.6568
PSO 7 0.8988 0.6121 0.6710 0.5800 0.5417 0.3558 0.4129 0.1143 0.6811
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Fig. 4. Radiation patterns obtained for Case-1 by different algorithms: (a) PSO, (b) DE, (c) ADE, (d) DEPSO, and (e) ADEPSO.
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TMCCAA
Table 4. Optimizing switching time sequence, ring radii, and optimal uniform inter-element spacing.
Algorithms ~ Optimization parameters  Ring No.
1 2 3 4 5 6 7 8 9

ADEPSO T (s) 0.7288 0.9803 0.8003 0.8061 0.7076 0.5465 0.3953 0.2302 0.1415
1y (A) 0.7389 1.2558 1.8996 2.6078 3.3752 4.1729 5.0333 5.8473 6.6962
d, (A) 0.7245 0.7245 0.7245 0.7245 0.7245 0.7245 0.7245 0.7245 0.7245
N, 6 10 16 22 29 36 43 50 58

DEPSO T (s) 0.9515 0.9710 0.8160 0.6681 0.6063 0.5150 0.3577 0.2585 0.1634
Ty A) 0.7178 1.5290 2.2713 2.9878 3.6974 4.4853 5.3425 6.2387 7.1234
d, (A) 0.8334 0.8334 0.8334 0.8334 0.8334 0.8334 0.8334 0.8334 0.8334
N, 5 11 17 22 27 33 40 47 53

ADE T (ps) 0.9638 0.7755 0.7257 0.3198 0.3435 0.3767 0.2963 0.1737 0.1235
Tp \) 0.9974 1.8046 2.5618 3.1732 3.6786 4.3617 5.1049 5.9286 6.6887
d, (A) 0.7700 0.7700 0.7700 0.7700 0.7700 0.7700 0.7700 0.7700 0.7700
N, 8 14 20 25 30 35 41 48 54

DE T (ps) 0.5778 0.8722 0.8794 0.6350 0.5250 0.4409 0.2815 0.2547 0.3144
Ty \) 0.7054 1.2463 1.9301 2.6186 3.3267 3.9500 4.5647 5.1266 5.8966
d, (A) 0.6652 0.6652 0.6652 0.6652 0.6652 0.6652 0.6652 0.6652 0.6652
N, 6 11 18 24 31 37 43 48 55

PSO T (s) 0.2508 0.9554 0.7516 0.7728 0.6624 0.5817 0.4063 0.1401 0.2923
Ty A) 0.6050 1.1268 1.7885 2.3553 3.0647 3.8508 4.6052 5.3627 5.9952
d, (A) 0.7494 0.7494 0.7494 0.7494 0.7494 0.7494 0.7494 0.7494 0.7494
N, 5 9 14 19 25 32 38 44 50

V. NUMERICAL RESULTS

ADEPSO, DEPSO, ADE, DE, and PSO have been each run for
100 times for each case study to get its best solutions. These
best parameters have been determined after 5o trial runs of
each algorithm, taking all the case studies together. Table 1
shows the control parameters of each algorithm. This
section gives the experimental results for various time modu-
lated CCAA designs obtained by each algorithm. Nine-ring
(P=9) TMCCAA structures is assumed. Each algorithm
has been implemented to study the behavior of the radiation
pattern for the TMCCAA. In this case, the radiation pattern
with main lobe steered to 6, = o0 degrees is considered.
Directivity is calculated numerically by Simpson’s 1/3 rule.
Velocity of electromagnetic wave in the free space is given
by ¢ = 3.0 x 10° m/sec; operating frequency, f, = 3.0 GHz;
TM frequency, f,,s= 1/Tys TM period of the modulating
switch, Uy(t) is T,r=1 s (Sometimes one can take Tp,r=
max (optimized value of 7,), then, one can calculate TM fre-
quency, fps= 1/Tp, Figure 3 show radiation patterns of
uniform Nine-ring CCAA: (a) 3D Normalized plot (dB),
(b) 2D plot, (¢) Un-normalized 3D plot. Table 2 lists the
ring spacing and number of elements in each ring (total 279
elements) for the uniform concentric ring array with nine
rings. Ring radius, r, = p. A/2 and inter-element spacing in
each ring, d, = A/2. To keep d, > A/2 and allow sufficient
inter-element spacing, the digits to the right of the decimal
point are dropped. Table 2 shows the SLL of —17.4 dB, first
null beamwidth (FNBW) of 14.76°, and Directivity (D) of
29.35 for the uniform nine-ring CCAA.

A) Case-1: Optimizing only switching time
sequence of each ring
A planar uniform nine-ring CCAA with only TM is consid-

ered [19]. In this example, the uniform array has all through-
out equal inter-element spacing of A/2, inter-ring spacing of

https://doi.org/10.1017/51759078715001075 Published online by Cambridge University Press

M2 and uniform amplitude weighting (I =1) for each
element. The radius of each ring of the array antenna is
made equal to 0.5*A*p, where p is the ring number counted
from the innermost ring 1. The total number of isotropic ele-
ments including the central element in the array is 279. The
analysis for the TMCCAA ring is done only by optimizing
switching time sequence of each ring. Table 3 shows the
optimal switching time sequence of each ring obtained by
PSO, DE, ADE, DEPSO, and ADEPSO. In this study, radius
of each ring and number of elements in each ring are kept
same as those of the uniform CCAA for the fixed number of
elements in each ring. Figure 4 shows radiation patterns
obtained by PSO, DE, ADE, DEPSO, and ADEPSO for Case-1.

Table 5 also shows SLL, SBL1, SBL2, FNBW, power
radiated at the fundamental frequency (Po), power radiated
at the first harmonic (P1), and power radiated at the second
harmonic (P2), Directivity (D), and dynamic efficiency (n)
obtained by different algorithms.

Table 5 shows that for Case-1, SLL, and Directivity
obtained by ADEPSO are much better than those obtained
by PSO, DE, ADE, DEPSO, and those of the uniform
CCAA, with a little increase in FNBW.

B) Case-2: Optimizing switching time
sequence, ring radii, and optimal uniform
inter-element spacing

In this case, the best non-uniform switching time sequence 7,
of each ring, ring radius r,, and uniform inter-element spacing
within the ring d,, are determined by PSO, DE, ADE, DEPSO,
and ADEPSO. Table 4 shows the optimal values of switching
time sequence, optimal ring radii, and optimal uniform inter-
element spacing obtained by PSO, DE, ADE, DEPSO, and
ADEPSO. Figure 5 shows radiation patterns obtained by
RGA, PSO, DE, and DEWM for Case-2.

From the Table s, it is observed that (i) all optimal results
(regarding SLL, SBL1, SBL2, Po, P1, P2, Directivity, and
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Fig. 5. Radiation patterns obtained for Case-2 by different algorithms: (a) PSO, (b) DE, (c) ADE, (d) DEPSO, and (e) ADEPSO.

Table 5. Optimal SLL, SBL1, SBL2, ENBW, Po, P1, P2, Directivity, dynamic efficiency of TMCCAA obtained by PSO, DE, ADE, DEPSO, and ADEPSO

algorithms.

Case Algorithms SLL (dB) SBL1(dB) SBL2 (dB) FNBW (°) Po (W) P1(W) P2 (W) Directivity (dB) Dynamic efficiency

Case-1  ADEPSO —25.34 —8.364 —15.13 16.5600 885.6322 187.1009 50.3024 27.2506 78.8606
DEPSO —25.26 —5.319 —14.45 16.5600 574.8187 204.5302 44.2544 26.9961 69.7932
ADE —25.03 —5.803 —16.38 16.5600 628.7687  204.3479 40.0998 26.9361 72.0061
DE —24.78 —5.782 —14.21 16.2000 605.2354 195.5965 45.4418 26.8062 71.5177
PSO —24.6 —6.586 —15.54 16.5600 707.8121 198.4451 42.1154 26.6365 74.6344

Case-2 ADEPSO —38.58 —8.626 —13.03 15.4800 296.0441 76.9986  45.5902 29.5556 70.7169
DEPSO —37.22 —7.346 —13.3 14.4000 233.6098 91.1413  41.3012  29.4662 63.8187
ADE —36.38 —5.303 —9.556 15.3000 160.5450 77.0506  32.2546  29.0347 59.4941
DE —31.83 —5.737 —12.73 14.7600 301.5714 117.6263 35.6558 28.9594 66.3008
PSO —30.98 —7.481 —13.09 15.1200 273.8105 86.6163 37.5827 28.6277 68.7950
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Table 6. Execution times, mean fitness function value, standard deviation
for the fitness functions applied for Case-2, obtained by ADEPSO

Case  Algorithms Execution Mean objective Standard deviation

time function value for the objective
function
Case-2 ADEPSO 33.5864 0.05967 0.033650
DEPSO 19.5462 0.10550 0.048070
ADE 16.5136 0.11100 0.036210
DE 33.5864 0.1372 0.03933
PSO 19.5462 0.1363 0.02725

dynamic efficiency) obtained by using ADEPSO are better
than those by PSO, DE, ADE, and DEPSO (except FNBW
which has increased a bit for ADEPSO) and (ii) Case-2
yields the best radiation characteristics. Hence, optimizing
switching time sequence, optimal ring radii, and optimal
uniform inter-element spacing in Case-2 yield the best
optimal design of time modulated nine-ring as compared
with the designs resulted in the Case-1.

Table 6 shows execution time, mean objective function
value, and standard deviation for the objective function for
Case-2, obtained by PSO, DE, ADE, DEPSO, and ADEPSO.

From the analysis of all the numerical results of the three
case studies depicted in Table s, it is observed that SLL, and
Directivity obtained by PSO, DE, ADE, DEPSO, and
ADEPSO for Case-2 are much better than those of corre-
sponding PSO, DE, ADE, DEPSO, and ADEPSO for Case-1,
and uniform CCAA. ADEPSO also outperforms PSO, DE,
ADE, DEPSO, uniform CCAA and, those obtained in [19,
29] and with respect to reduced SLL, and directivity with
respect to reduced SLL and improved Directivity for all the
cases. Again, Case-2 also outperforms Case-1 with respect to
FNBW. Figs 4 and 5 and Table 5 show that as the harmonic
frequency increases the SBLs decrease. The table shows that
sometimes SLL values are higher than SBL1 and SBL2, but
the power associated with the fundamental frequency is
much higher than the corresponding powers P1 and P2 asso-
ciated with SBL1 and SBL2, respectively. This means that even
though TMCCAA has a drawback of harmonic radiations,
powers radiated by the sidebands are very less. So, one can
say that ADEPSO for Case-2 gives the best optimal results
for TMCCAA. The dynamic efficiency obtained by using
ADEPSO for Case-2 is more than 70%, which is well
acceptable.

C) Comparisons of accuracy

Test for independent samples is conducted at the 5% sig-
nificance level in order to judge whether the results obtained

TMCCAA

with the best performing algorithm differ from the results
of the other algorithms in a statistically significant way.
Two sample t-test is a hypothesis testing method for deter-
mining the statistical significance of the difference between
two independent samples of an equal sample size [37]. The
t-test value will be positive if the first algorithm is better
than the second, and it is negative if it is poorer. The t-value
is defined as given in the following equation. Assume
unequal population variances/standard deviations(o? # o3).
Two sample ¢-test with equal sample size has been adopted;
sample size is 51.
Test statistic is given by
t—test = i , (25)
(03/n4) + (02 /np)

Degree of freedom (8) = min(ny — 1, ng — 1), (26)

where @,, and @,, are the mean values of the first and the
second algorithm, respectively; o, and o, are the standard
deviations of the first and the second algorithm, respectively;
ny and np are the numbers of sample sizes in first and
second algorithm, respectively. The degree of freedom for
unequal variance and unequal sample size is given by (26).
In this paper ny = ng is taken. Degree of freedom = s50.
Table 7 shows t-test and p-value values obtained between
the ADEPSO over PSO, DE, ADE, and DEPSO. When the
t-test value is higher than 1.676, 2.009, 2.403, 2.678, 2.937,
and 3.261 (B = 50), there is a significant difference between
the two procedures with 95, 97.5, 99, 99.5, 99.75, and 99.9%
confidence levels, respectively [37]. The t-test values with
the ADEPSO over PSO, DE, ADE, and DEPSO for Case-2
are presented in Table 7. The ¢-test values of all approaches
are larger than 3.261, meaning that there is a significant differ-
ence between the ADEPSO over PSO, DE, ADE, and DEPSO
with a 99.9% confidence level. Thus, from statistical analysis, it
is clear that the ADEPSO offers more robust and promising
results.

In this paper p-value is using Student’s ¢ cumulative distri-
bution function [37]. If the p-value is less than the significance
level (the default, when unspecified, is & = 0.05) then we can
reject null hypothesis, it means that statistical performance of
the proposed algorithm is better than that of other algorithms,
and we will accept the proposed algorithms, otherwise do not.
In general, the statement “one can reject the null hypothesis at
the 100(1 — a)% confidence level” is equivalent to the state-
ment “The p-value is equal to a.” From Table 7 it is clear
that all p-values obtained for ADEPSO over other algorithms
is much lesser then 0.05, which is clear that ADEPSO outper-
forms PSO, DE, ADE, and DEPSO.

Table 7. t-test values and p-values obtained for comparison of ADEPSO with other algorithms for Case-2.

Case Algorithms t-test value p-value

Case-2 ADEPSO/DEPSO 5.577806505460204 4.919451740414971 X 10 7
ADEPSO/ADE 7.415686667950865 6.724883983011409 X 10 *°
ADEPSO/DE 10.696818398269603 7.882583474838611 X 10
ADEPSO/PSO 12.274061224670964 o
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Fig. 6. Convergence profile obtained by PSO, DE, ADE, DEPSO, and
ADEPSO for Case-2.

V. COMPARATIVE
EFFECTIVENESS AND
CONVERGENCE PROFILE OF PSO,
DE, ADE, DEPSO, AND ADEPSO

The minimum f4,ess values are recorded against number of
iteration cycles to get the convergence profiles for fitness func-
tion (f4smess) based on PSO, DE, ADE, DEPSO, and ADEPSO
for each optimal array design. Figure 6 portrays the conver-
gence profiles for the Case-2. From Fig. 6 it is clear that
ADEPSO gives the better convergence characteristics over
PSO, DE, ADE, and DEPSO. The programming was written
in MATLAB language using MATLAB 7.5 on dual core
(TM) processor, 2.88 GHz with 1 GB RAM.

VI. CONCLUSIONS

The comparative performance of pattern synthesis of
nine-ring, 279-element TMCCAA in terms of optimal beam
pattern and optimal values of SLL, SBLs at its harmonics,
FNBW, Directivity, and dynamic efficiency are discussed
with two cases, Case-1: optimizing only switching time
sequence of each ring; and Case-2: optimizing switching
time sequence, ring radii, and uniform inter-element
spacing. For optimal radiation pattern, each case is studied
by using identical fitness function. The contribution of the
paper is twofold: (1) with respect to SLL, FNBW and
Directivity, the performance of the ADEPSO proves to be
better than that of the PSO, DE, ADE, and DEPSO. (2)
Case-2 outperforms Case-1 and uniform CCAA with respect
to SLL, FNBW, and Directivity. For statistical analysis, t-test
has also been done for the stability of ADEPSO over PSO,
DE, ADE, and DEPSO, for Case-2. t-test results show that
Case-2 with ADEPSO gives the best performance as compared
with the performances of PSO, DE, ADE, and DEPSO. Thus,
the numerical results make it clear that for the optimal design
of time-modulated antenna arrays, optimizing algorithms,
and selection of proper optimizing variables related to the
array play important roles. Numerical results show the excel-
lent side lobe control capability for pattern synthesis by using
the TM technique. As compared with the method of non-
uniform amplitude excitation weighting method, controlling
the switch-on time of each element is the best method
which can be more precisely and more rapidly realized.
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From the results, it is also established that powers radiated
by the TMCCAA at harmonic frequencies are less as com-
pared with that at the fundamental frequency, even though
SBLs of optimal patterns at the harmonic frequencies are
lower, sometimes, are higher than SLL of optimal pattern at
the fundamental frequency. Again, as the harmonic frequency
increases, SBLs decrease. The proposed method is applicable
for the design of time-modulated antenna arrays with other
geometrical configurations.
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