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Abstract—This paper presents the optimization performance of non-uniform linear
antenna array with optimized inter-element spacing and excitation amplitude using
Particle Swarm Optimization (PSO). The aim of the proposed algorithm is to obtain the
optimum values for inter-element spacing and excitation amplitude for a linear antenna
array in a given radiation pattern with suppressed Side Lobe Level (SLL), minimum
Half Power Beamwidth (HPBW), improved directivity and placement of nulls in the
desired direction. A variety of design examples are considered and the obtained results
using PSO are validated by benchmarking with results obtained using other
nature-inspired meta-heuristic algorithms such as the Real-coded Genetic Algorithm
(RGA) and the Biogeographic Based Optimization (BBO) algorithm. The comparative
results are shown that optimization of linear antenna array using the PSO provides
considerable enhancement in the SLL, the HPBW, the directivity and the null control in
the desired direction.

Index Terms— Linear Antenna Array, Improved Directivity, Null Control, Particle Swarm
Optimization, Minimum Side Lobe Level, Half Power Beamwidth.

. INTRODUCTION

An antenna array is a combination of two or more antenna elements that can be placed in a
specific geometry. In a linear antenna array, antenna elements are placed along one axis. The
antenna array produces a beam, this beam can effect by changing the geometry (linear,
circular, spherical etc.) and also by some other parameters i.e. inter-element spacing,
excitation amplitude and excitation phase of the individual element [1]. In mostly wireless
communication requires more directive antenna having high gain. Antenna array has high
gain, more directive, spatial diversity. Antenna array synthesis has received importance
in the near past, where various performance goals were considered. For array
synthesis, different optimization algorithms e.g., the simulated annealing [2], the ant-colony
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optimization [3], the GA [4] and the PSO [5] have been used in the previous research studies.
The optimization of linear antenna provides a pattern that has minimum the SLL and the
HPBW i.e. by using the PSO and the GA [5]-[7]. The composite differential evaluation
(CoDE) algorithm applied to optimize inter-element spacing, between two
consecutive elements to minimize the SLL and to place nulls in the desired
direction [8-9]. A multi-objective optimization approach has been used in Ref.
[10]-[11], to maximize the directivity and to minimize the SLL of an antenna
array in the optimization process. In Ref. [10] the authors introduced a new technique
memetic multi-objective evolutionary algorithm called memetic generalized
differential evaluation (MGDE3) algorithm, which is the extension of generalized
differential evaluation (GDE3) algorithm. In Ref. [12] the authors introduced a
technique to realize the characteristics and performance of the non-uniform linear
array. The presented technique had been utilized multi-objective functions to
optimize inter-elements spacing, excitation currents, and excitation phases as well
as minimized SLL and HPBW. Real-coded genetic (RCG) was employed for time
modulating linear antenna array to impose nulls in the desired direction by
optimizing spacing and excitation amplitude.

In this paper, two fitness function are presented. One fitness function is defined to
place nulls in the desired direction by optimizing excitation amplitude, another
one is provided a pattern of minimized SLL and HPBW. The paper is arranged as
follow. Section Il is addressed the analysis of design parameters, the number of
the element, inter-element spacing, and excitation amplitude, of a linear antenna
array. In section Ill, the PSO and optimizing the design parameters using the
PSO are briefly described and studied in section IV and section V, respectively.
The PSO employed to improve directivity, placing nulls in the desired direction
are discussed in section in V. Finally, Section VI states the conclusions.

II. ANALYSIS OF ARRAY FACTOR

The linear antenna array parameters generally involve inter-element spacing,
excitation amplitude, and number of elements, which directly influences its effect
on array factor (AF). All these variables have been used to demonstrate beam
forming and beam steering of a linear array. Fig. 1 shows a linear antenna array in
which identical antenna elements are placed on one side from the origin.

Fig. 1. The geometry of N elements along the x-axis.

The AF for N elements can be considered as follows[13].
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N
_ (kd; cos6+¢;)

AF iZzlla,e (1)
where N is the number of antenna elements, a;, d;, ¢; and k are the excitation amplitude, the
inter-element spacing, the excitation phase and the propagation constant for the i™ element.
To study the effects of these variables for an optimum design, a MATLAB routine has been
developed using Eq. (1), and the AF has been plotted as a function of various control
parameters.

Array Factor (dB)
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Theta (degree)

1‘60 180
Fig. 2. AF varied for element N from 2 to 12

Because the element N in an antenna array plays an important role in beam
forming, beam steering, and interference reduction. Fig. 2 is plotted by varying the
number of elements while keeping the spacing between two consecutive elements

as 0.51 and ¢; = 90°. Results of Fig. 2 are normalized with respect to the

maximum value of the main lobe. From the Fig. 2, it has found that the HPBW is
decreased with a minor reduction in the SLL with an increase in the number of

elements.
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Fig. 3. AF varied with distance, d decreasing from A/2 to A/10.
The performance of an antenna array is also dependent on the distance between two
consecutive elements. The distance between the elements should be close to 0.5 1. To
observe the effect of spacing, the distance d on the radiation characteristics of an

antenna array, a simulation has been carried out with d changing from A/2 to a relatively small
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separation between two array elements, i.e., up to d = A/10 shown in Fig. 3. It has
demonstrated that the distance d should be closer to 1/2.

—E;;ual Ampiitude
-10- —Un-equal Amplitude

Array Factor (dB)
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1 1 1 1
80 100 120 140 160 180
Theta (degree)

Fig. 4. AF varied for equal and unequal excitation amplitude.

Excitation amplitude for each individual element, commonly known as a weight factor, also
changes radiation characteristics of an array antenna. By changing its value for various
elements of an array, one can change the overall array pattern. A comparative analysis of
weighted and un-weighted antenna design is presented in Fig. 4. This is a primitive
analysis, which is not based on the appropriately weighted amplitudes rather than the
amplitudes are changed to observe its effect on AF variation. For equal and unequal
amplitude excitation, the HPBW is decreased and the SLL is increased while for unequal
amplitude excitation, the SLL is reduced and the HPBW is increased shown in Fig. 4.

I1l. PARTICLE SWARM OPTIMIZATION ALGORITHM

The PSO is frequently used to solve successfully complex multidimensional
optimization problems in different fields, such as antenna design and device-
modeling [14]-[25] etc. In the PSO, every individual entity in the swarm is
referred to as a particle and is associated with a velocity. All particles move in
search of space and update their velocity according to the best position which is
already found by themselves and by their neighbor which is also trying to find the
best position. The PSO is a computational method which iteratively optimizes the
problem based on a certain fitness function. Since we are dealing with both uniform
and non-uniform linear antenna array, so each particle is a vector which contains the
information for each feed antenna. This information includes the excitation amplitude
|ai|], excitation phase | ¢;| and the distance of element with respect to the previous
position, d in the array. The flow chart of the PSO is given in Fig. 5 and the PSO
algorithm can be summarized as:
For each particlei=1...S.
i. Generate random d; , a; and ¢; where x;=[d; |ai| ¢;] and range for |a|, |¢| and d is [0,1],
[0,360°], [dmax, dmin], respectively.
ii. Initialize individual particle velocities:

Vi,d =U (_|dmax _dmin|'|dn‘ax _dmin|)

Vi,\a\ :U(_|a|rmx _|a|rrin |a|rmx _|a|min )
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Vi,¢ =U (_|¢max _¢min|’|¢max _¢min|)

iii. Compute fitness function for each particle.
Compute the particle’s best position (p;) and the global best position (g) such that f (pi )

<f(9

Initialization of particle with
random position xi, velocity vector
vi and calculate best local position

pi and best position gi

v

»1 Evaluate Fitness Function

YES

Update particle’s best
local position (pi=xi)

l If fitness (xi)<fitness(pi)

}

Keep particle’s best
position

If fitness (xi)<fitness(g)
(g=pi)

Calculate velocity
for each particle

}

Update each particle’s

velocity

No

Fig. 5.

Maximum number o
iteration passed?

Flow chart of PSO

After the initialization phase, the optimization steps are as follows:

i. Foreach particlei=1, ..., S do:

ii.  Pick uniformly distributed random numbers for the best local rpand global position ry.

iii.  Update the velocity for each dimension:
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Vig = PVig +aprp(pi,d _Xi,d)+agrg (9y — Xi0)
Vija) = Vo T T (P o = X5 ja) + 6T (Ga = X )

Vi,za = ﬁlvi,éa + aprp(pi,za - Xi,za) + (Zg rg (gza - Xi,za)

where f=1, a,= 0.9 04=0.9

After updating velocity this algorithm will repeat till certain termination criteria like a total
number of iteration are met. The PSO requires appropriate fitness function for the algorithm.
A fitness function should have the ability to reduce the SLL and minimize the HPBW. A
fitness function is designed considering the target value of the SLL and the HPBW. It is given
in (2) and (3).

IV. SYNTHESIS OF LINEAR ANTENNA ARRAY USING PSO

In this section, the PSO is employed for optimum values of excitation amplitude and
inter-element spacing to minimize the SLL and HPBW. In order to compare with previous
research work, three elements 10, 12, 16 are considered as examples to simulate.

| min( HPBW ) —min( SLL) if min(SLL) < A, & min(HPBW ) < B, @)
Y | min( HPBW ) — A,) — (max(SLL) —B,) else
f, = max(AF,(6,)) ©)

where AF, = |AF|2, Ao and B, are the fixed values of the HPBW and the SLL that keep the

SLL and the HPBW less than A, and Bg, and 6y is the angle at which null can be controlled.
In the first section fitness function ‘f;” is employed to minimize the SLL so as to get the
optimum values of excitation amplitude and inter-element spacing. While in the second
section f, © is used to control the nulls in a specified direction.

A. Optimization of Excitation Amplitude

For each individual element, the excitation amplitude, also known as the weighting factor, are
changed the characteristics of the antenna array. 10, 12, and 16 antenna elements arrays are
considered to optimize the excitation amplitude in order to achieve the suppressed SLL and
the minimum HPBW. The inter-element spacing and excitation phase are fixed i.e., the
inter-element spacing between two adjacent antenna elements is 0.5A while excitation phase
for each element is 90°.
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Fig. 6. AF varied with optimized excitation amplitude

TABLE.l. COMPARATIVE RESULTS FOR OPTIMIZED EXCITATION AMPLITUDE.

X Proposed PSO BBO [26] | CFO [27] | GA [28]
No. elements 10 12 16 10 10 16
Max SLL (dB) -17.26 | -24.14 | -28.05 -15.97 -15.93 -16.07
HPBW(degree) 11 9 7 — — —

TABLE. II. OPTIMIZED VALUES FOR EXCITATION AMPLITUDE WITH FIXED SPACING AND PHASE

amplitude N=16 | N=12 | N=10
a, 0.2127 | 0.3087 | 0.3881
a, 0.2287 | 0.3938 | 0.4097
ag 0.3606 | 0.4444 | 0.6289
a, 0.3606 | 0.5530 | 0.6322
as 0.5198 | 0.7159 | 0.6778
ag 0.5627 | 0.7115 | 0.6008
a, 0.6373 | 0.7725 | 0.6012
ag 0.6496 | 0.6733 | 0.4768
a 0.7127 | 0.6166 | 0.5620
3 0.7088 | 0.5146 | 0.2291
a, 0.5694 | 0.3158
a, 0.5113 | 0.3113
a5 0.4545
a, 0.2761
a5 0.2228
g 0.1693
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The excitation amplitude is assumed as the range [0 1]. For uniform inter-element spacing and
excitation phase, the proposed PSO algorithm has a peak value of -17.26 dB with the
minimum HPBW as 11° when 10 antenna elements are selected. For N = 12 case, the peak
SLL is less than -24.14 dB while the HPBW decreases to 9°. Similarly, for N = 16 case the
peak SLL is further reduced to -28.05 dB and the HPBW is less than 7° shown in Fig. 6. It
has been found that there is an improvement of 1.29 dB and 11.98 dB in the SLL compared
with the results of the BBO [26] and the GA [28] for N = 10 and N = 16, respectively.
Considerable improvement in the HPBW has been observed while the SLL is suppressed with
increasing number of elements listed in Table I.

B. Optimization of Inter-element spacing

The performance of an antenna array is also dependent on the distance between two
consecutive elements. To obtain the optimum values of inter-element spacing, the PSO
algorithm has been employed with equal excitation amplitude a; = 1 and excitation phase ¢; =
90° by using the fitness function f associated with the SLL and HPBW. The number of
elements in the antenna array has been chosen as 10, 12, and 16.

n.n.u.s,,‘““

Array Factor (dB)

————,
——————————-—_Jff--‘-”
et LB

1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
Theta (degree)

Fig. 7. Plot of AF when inter-element spacing was optimized

TABLE .Il1l. COMPARATIVE RESULTS FOR OPTIMIZED INTER-ELEMENT SPACING.

Proposed PSO BBO [26] PSO [29]
No. of elements| 10 12 16 10 10
Max SLL (dB) | -19.10| -20.09 | -21.08 -18.14 -17.82
HPBW(degree) 11 7 5 — 8.9

The optimized values of inter-element spacing are given in Table IV and comparative results
are given in Table I11. It has been observed that the HPBW is minimized up to 5° and the SLL
is reduced up to -21.08 dB when N was increased up to 16. As compared with the results of
the BBO [26] and the PSO [29] there is an improvement of 1.0 dB in the SLL and 2.1° in the
HPBW by using the proposed algorithm shown in Fig. 7
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TABLE. IV. OPTIMIZED VALUES FOR SPACING WITH FIXED EXCITATION AMPLITUDE AND PHASE.

Spacing N=16 | N=12 | N=10
d, 0.7851 | 0.7141 | 0.7022
d, 0.8143 | 0.7070 | 0.5621
d; 0.6368 | 0.5496 | 0.4684
d, 0.5386 | 0.5183 | 0.4233
dg 0.5820 | 0.4100 | 0.4780
dg 0.4491 | 0.4719 | 0.4932
d, 0.5882 | 0.4884 | 0.6535
dg 0.4074 | 0.5118 | 0.6926
dg 0.4277 | 0.6436 | 0.4929
deo 0.4955 | 0.8274
dy; 0.5096 | 0.5958
da, 0.4741
dig 0.7078
dy, 0.7736
ds 0.8566

C. Optimization of Excitation Amplitude and Inter-element spacing

The PSO method is also employed to optimize the excitation amplitude and inter-element
spacing. The fitness function given by Eq. (2) is used to get the optimum amplitude and
position so as to minimize the SLL and the HPBW. In Table V, the observations are made
for N =12, 16 and the results are compared with previous research work [1].

TABLE. V. COMPARATIVE RESULTS FOR MINIMUM SLL AND HPBW WHEN N =12,16

Proposed PSO RGA[1]
No. of elements 12 16 12 16
Max SLL (dB) -28.29 -31.29 -13.56 -15.18
HPBW(degree) 9 7 9.55 8.45

As compared to [1] there is an improvement of 13.85 dB in the SLL and 0.45° in the HPBW
by using the PSO and similarly, for N = 16, there is an improvement of 16.11 dB in the SLL
and 0.45° in the HPBW shown in Fig. 8.
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Fig. 8. AF varied with optimized inter-element spacing and excitation amplitude

V. DIRECTIVITY AND NULL CONTROL

The directivity of the antenna can be defined as the ratio of radiation intensity in a given
direction from the antenna /antenna array to the radiation intensity averaged over all
directions [13]. The mathematical form of directivity, D for antenna arrays can be written as

4r U
D - I::’rad (4)
|AF]
mX A2 (5)
max(|AF|)
P = j TU(@)Siﬂ(H)deqﬁ ©)
00

where P,,q is the total radiated power and U, is the maximum radiation intensity.

- N=12
N=16

0°<¢ <360°

0°< 9<180°

180
Fig. 9. 2D plot of directivity for optimized excitation amplitude and inter-element spacing
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The directivity of the linear antenna array can be improved by controlling the switching time
[30], inter-element spacing and excitation amplitude. Considering 12 and 16 antenna array
elements, the directivity and the SLL of linear antenna arrays have been improved by
increasing the number of elements and controlling the inter-element spacing, the excitation

amplitude. table VI. is listed the comparative results for the directivity and the SLL.
TABLE VI. COMPARATIVE RESULTS FOR DIRECTIVITY AND SLL

No. of elements | Algorithms | Directivity (dB) | SLL (dB)
12 Proposed 10.4100 -28.29
16 Proposed 11.3764 -31.29
16 DE[30] 11.4683 -18.74
16 PSO[30] 11.4515 -18.73
16 RGA[30] 11.4027 -17.8

Another important application of linear array is null control [1], [5]-[6], [9]. The null control
refers to control the radiation pattern in a way such that a relatively small amount of power is
received/radiated in certain directions. At the transmitting end, the null control is used for
transmitting low power in the directions where an eavesdropper is present. On the receiving
side, it is used to reduce the amount of power received from interferers. The null control can
be achieved by controlling the parameters, excitation amplitude, excitation phase, array
spacing and the number of elements. It is important to note that reducing the amount of power
in one direction means that power is increased in another direction. Ideally, the power is
decreased in the direction of interferers and the main beam is increased in the same direction.
Generally, it is hard to accomplish this, it is needed to tradeoff. So the PSO algorithm is
employed to place nulls in specified directions using the fitness function f,. Three different
examples are considered for different antenna elements and nulls at specified places.

TABLE VII. SLL, HPBW AND NULL DEPTH WHEN NULLS ARE IMPOSED AT 6,=50°, 55°, 125° AND 130°

N | HPBW (degree) | SLL (dB) | Null depthat50° | Null depth at 55°
10 11 -10 -55.9 dB -55.5dB

12 9 -11 -48.1dB -49.1 dB

16 7 -11.6 -57dB -57 dB

In order to validate the PSO algorithm, a linear antenna array of N = 10, 12 and 16 elements is
analyzed, respectively, with the nulls imposed at 6=50°, 55°, 125° and 130°. The PSO is
employed with the appropriate fitness function to control the nulls at specified angular
direction. Table VII is listed the values of the SLL, the HPBW and the null depth for imposed
nulls at  =50°, 55°, 125° and 130°.
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Fig. 10. Plot of AF when nulls are imposed at #=50°, 55°, 125° and 130°.

TABLE VIII. OPTIMIZED VALUES OF EXCITATION AMPLITUDE WHEN NULLS ARE PLACED AT 8,=50°, 55°, 125° AND
130°,

No. of elements 10 12 16

0.2658 | 0.3465 | 0.3931
0.3578 | 0.7744 | 0.2958
0.8053 | 0.5334 | 0.5136
0.4794 | 0.5146 | 0.5263
0.4630 | 0.2835 | 0.4735
0.2575 | 0.6050 | 0.7563
0.3758 | 0.7625 | 0.1670
0.6736 | 0.3483 | 0.5305
0.4199 | 0.3025 | 0.7270
0.3397 | 0.5249 | 0.5964
0.5333 | 0.9566
0.5828 | 0.0093
0.8880
0.4377
0.7248
0.1519

Excitation Amplitude

Fig. 10 is plotted the AF is varied for imposed nulls at 6 =50°, 55°, 125° and 130°. Table VIII
is given the optimized value of inter-element spacing for the nulls located at 6 =50°, 55°, 125°
and 130°.

Next, in order to study deep null at the first nulls of the main beam, the PSO algorithm is
employed using fitness function f, as given in Eq. (3). The first nulls for the main beam are
placed at 80° and 100°. The purpose of these nulls is to reject the interfering signal close to
the main beam and also to minimize the HPBW. The null depth is around -54 dB at 80° and
100° while it is around -59 dB at 70° and 110° where minimum SLL is -16 dB for N=16.
Table X is listed the SLL, the HPBW and the nulls depth imposed at 6 =70°, 80°, 100° and
130° for N =10, 12 16.

Brazilian Microwave and Optoelectronics Society-SBMO received 23 Feb 2017; for review 02 Mar 2017; accepted 14 May 2017
Brazilian Society of Electromagnetism-SBMag © 2017 SBMO/SBMag ISSN 2179-1074


http://dx.doi.org/10.1590/2179-10742017v16i2913

Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 16, No. 2, June 2017
DOI: http://dx.doi.org/10.1590/2179-10742017v16i2913

589

TABLE IX. OPTIMIZED VALUES OF EXCITATION AMPLITUDES WHEN NULLS ARE IMPOSED AT £=70°, 80°, 100° AND

110°

No. of elements

10 12

16

Excitation amplitudes (a;)

0.6728 | 0.2699

0.5232

0.4838 | 0.4973

0.0718

0.2651 | 0.6247

0.3344

0.6880 | 0.6089

0.4895

0.2896 | 0.8114

0.6623

0.6536 | 0.2136

0.1877

0.5125 | 0.7713

0.8941

0.3148 | 0.8532

0.6679

0.4445 | 0.2267

0.5754

0.8132 | 0.8313
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Fig. 11. The plot of AF when nulls are imposed at 70°, 80°, 100° and at 110°.

TABLE X SLL, HPBW AND NULL DEPTH WHEN NULLS ARE IMPOSED AT 6=70°, 80°, 100° AND 110°.

N | HPBW (degree) SLL (dB) Null depth at 70° Null depth at 80°
10 9 -10.4 -59.00 dB -32.1dB
12 9 -12 -51.55 dB -51.1dB
16 7 -16 -52dB -53.3dB

From the Table VII, & X and from Fig. 10, & 11, it has found that NULL can be placed in
any angular direction by optimizing the excitation amplitude. The aim of nulls placement is
used to reject the power where the interfered or unwanted signals are present.
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VI. CONCLUSION

In this paper, it has developed the PSO algorithm code to calculate and optimize the
inter-element spacing and excitation amplitude, which the optimization objectives targeted in
this work are involved the HPBW, the SLL, directivity and null steering in certain angular
directions. In order to achieve these goals, the two fitness functions have been used in the
PSO method. One of the fitness functions is used with different values for the number of
antenna array elements to find the optimum values of excitation amplitude and inter-element
spacing that give a pattern having minimum SLL and HPBW. PSO employs the second
fitness function to control the nulls in a specified direction and minimize SLL and HPBW by
optimizing excitation amplitude.
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