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Abstract

Uniformly Spaced Antenna Array (USAA) with large radiating elements is characterized with complex feed net-
work as well as high sidelobes level (SLL) leading to interference and power wastage. To solve these problems,
research works have been carried out using different methodologies, to synthesize sparse Randomly Spaced An-
tenna Array (RSAA) to reconstruct the desired radiation pattern using fewer radiating elements and suppressed
SLL. In this paper, a deterministic Iteratively Reweighted Least Squares (IRLS) algorithm based on the concept
of compressed sensing was used to achieve better sparsity through thinning. The SLL was also suppressed using
Convex Technique (CT). The performance of the synthesized array was evaluated in terms of sparsity and SLL.
Simulation results showed that it has a higher sparsity of 12 elements with SLL of -39.44dB which are 14.29%
and 28.72% improvements, respectively compared to previous research work with 14 elements and SLL of -30.64dB.
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1. INTRODUCTION

An antenna array is a spatial arrangement of
two or more radiating elements that are electri-
cally interconnected for the purpose of achieving
a desired radiation pattern [1]. In this era of ad-
vancement in technologies, there is a compelling
need for effective communication especially over
long distances where wireless transmission and
reception are employed and antenna arrays with
large number of elements are always necessary
[1]. There are several antenna array configu-
rations in literature some of which are: Lin-
ear array, Planar array, Circular array, Cylin-
drical array, Arbitrary array, and so on [2, 3].
In this study, the linear antenna array shown
in Fig. 1 was considered because of its simple
architecture. These arrays can also be catego-
rized into two, namely: Uniformly Spaced and
Non-uniformly (Randomly) Spaced Antenna Ar-
rays [3]. The classical uniformly spaced linear ar-
ray antennas usually require significantly higher
number of elements which can be as large as sev-
eral thousand [4, 5]. Hence, sparse Randomly
Spaced Antenna Arrays (RSAA) emerged as a so-
lution to feed complexity and high sidelobes level
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(SLL) characterized by large Uniformly Spaced
Antenna Arrays (USAA) that leads to its prone to
interference and power loss using minimum ele-
ments [6]. This research work therefore aims at
further minimizing antenna elements while sup-
pressing the SLL. Different algorithms have been
proposed in the design of these arrays which can
be divided into two classes namely: Stochastic
and deterministic approaches [8, 9]. Stochastic
methods include Genetic Algorithm (GA), Particle
Swarm Optimization (PSO), and Simulated An-
nealing (SA) among others while deterministic ap-
proaches include Matrix Pencil Method (MPM),
Auxiliary Array Factor (AAF), Almost Different
Sets (ADS), Iteratively Reweighted L1 (IRL1)
norm minimization, Convex Optimization (CO),
Iteratively Reweighted Least Squares (IRLS) and
so on [8, 9].

For a 2N number of antenna elements that are
placed symmetrically, the total radiation in the far
field for the linear antenna array can be expressed
mathematically as [10, 11]:

E(0)=E.(0)x Af(0) (1)
where
N
Af0)= Z anexpljkx, sin0] (2)
n=1
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Figure 1: Linear array and radiation pattern of 6 an-
tenna elements [7].

and
diforn=1 3)

Xn =
i=1

where E ., is the radiation pattern of the individ-
ual elements in the array, Af(0) is the array fac-

tor. a, denotes the excitation amplitude of the n?”
element, N is the half of the number of elements
in the array, 0 represents the scan angle, k is the
wave number which is equal to 27/1, A is the wave-
length, x, is the distance between the first and
the last or n'* antenna element, d; is the inter-
element spacing between the (i — 1)* and i*" ele-
ments and ¢, is the excitation phase shift.

Therefore, Iteratively Reweighted Least
Squares was utilized to attain better sparsity.
The algorithm was applied based on the concept
of Compressed Sensing (CS) to achieve pattern
recovery with minimal error. In this research
paper, Iteratively Reweighted Least Squares
(IRLS) was used. This determined the minimum
excitation amplitude which corresponds to the
minimum number of antenna elements that
reconstructed the desired radiation patter while
using convex technique to suppress the SLL.
Thereby minimizing the array complexity and
improving its performance.

The remainder of the work is organized as fol-
lows: section two presents the paper review, sec-
tion three presents the methodology, section four
presents the results and their discussion and sec-
tion five presents the conclusion.

2. PAPER REVIEW

Research works have been carried out in the
area of sparsity and SLL improvement in RSLA.
Presented below are some literatures highlighting
the techniques adopted in reconstructing desired
radiation pattern with minimum number of radi-
ating elements.
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In a research work, the synthesis of linear
sparse arrays of antenna with non-uniform exci-
tation amplitude based on the concept of auxil-
iary array factor (AAF) to determine the optimal
number of array element and their correspond-
ing excitations by mimicking the desired radia-
tion pattern was used without the use of an it-
erative procedure [12]. The antenna array fac-
tor was linearized by discretization after which
Fourier Transformation of the array factor was
performed. The algorithm achieved minimal com-
puting time. However, the achieved radiation pat-
tern had a higher SLL. In another study, the min-
imization of the number of antenna elements in
a non-uniformly spaced linear array was carried
out using a sequential convex optimization tech-
nique of weighted 11-norm problem [13]. The opti-
mization problem was transformed into a second
order cone programming (SOCP) form by adopt-
ing the method of adding slack variables. The
technique achieved a reduction in the SLL com-
pared to previous works but failed to achieve spar-
sity in the number of antenna elements. The ap-
plication of an iterative convex optimization tech-
nique to optimize the positions of antenna ele-
ments was carried out for a fixed number of ele-
ments in linear and planar arrays with uniform
excitation amplitude [14]. This was done in or-
der to achieve a minimized SLL. The array fac-
tor (the objective function) was relaxed using Tay-
lor’s approximation with a computed slack vari-
able which was pre-determined before transform-
ing the problem to SOCP. The algorithm was able
to achieve a radiation pattern with better sup-
pressed SLL when compared with other works.
However, the minimization of the number of el-
ements was not considered to achieve sparsity.
The optimization of end fire randomly spaced lin-
ear antenna array with uniform excitation ampli-
tudes to minimize the SLL in the achieved radi-
ation pattern was investigated using sequential
quadratic programming (SQP) algorithm [9]. Af-
ter comparing the results with several previous
works, the research work achieved a reconstruc-
tion of the desired radiation pattern with sup-
pressed SLL but with a conspicuous compromise
resulting in the shrinking of the beamwidth of the
mainlode. The work did not also consider spar-
sity in the antenna elements. In another work,
a hybrid technique for the synthesis of linear ar-
ray of elements excited with uniform amplitude
but varying phases whose radiation pattern has a
shaped mainlobe (flat top) was adopted [15]. This
was carried out based on linear programming to
pre-determine the minimum required antenna ar-
ray aperture and its corresponding number of ele-
ments that will radiate the desired power pattern
specifications. An equivalent fast fourier trans-
formation (FFT) was adopted to reshape the ar-
ray factor before its inverse FFT was carried out.
The achieved result showed improvement in SLL.
However, due to irregularity in the achieved shape
of the mainlobe, the accuracy in the reconstruc-
tion could not be guaranteed. An investigation us-
ing the extended matrix pencil method (EMPM)
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algorithm to minimize the number of antenna el-
ements required to reconstruct the desired radia-
tion pattern from antenna array was carried out
[16]. The properties of both the classical Ma-
trix Pencil Method (MPM) and that of Forward-
Backward Matrix Pencil Method (FBMPM) were
adopted. The desired radiation pattern functions
were first sampled uniformly in the range -1 to
+1 based on Nyquist sampling theorem. Then
the sampled information was formulated into a
composite Hankel Matrix from which the num-
ber of elements and the corresponding locations
were derived. The reduction in the number of el-
ements was done via singular value decomposi-
tion (SDV) of the formulated matrix in order to
achieve better approximation. The result from
the work achieved sparsity and reduced SLL com-
pared to other previous works but with poor recov-
ery rate due to a significant mismatch at the top
of the mainlobe. Further research work studied
the use of genetic algorithm (GA) to compute the
optimum arrangement of non-uniformly spaced
antenna elements for the purpose of suppress-
ing SLL using the inter-element spacing was used
as the variable [11]. The result from the work
had a better suppressed SLL. However, it was ob-
served that the radiation pattern from the RSLA
with the proposed GA optimization algorithm had
a larger beamwidth than the benchmark USLA
which consequently showed a weak pattern recov-
ery. In a proposal, a hybrid technique to study
the maximization of the admissible amplitude ex-
citation tolerances in linear array was carried out
[17]. Here, the work was used to compute the
difference between inter-element excitation am-
plitudes to achieve optimal tolerances by apply-
ing the interval analysis (IA) based technique af-
ter which the particle swarm optimization (PSO)
was adopted for the optimization of the ampli-
tudes. The work achieved better sparsity when
compared to previous works. However, the re-
search work did not consider randomly spaced lin-
ear antenna array thereby limiting the degree of
freedom for improvement. Minimizing the SLL
below the benchmark technique was also not con-
sidered. A two-step optimization based algorithm
with the aims of minimizing both the number of
elements required to recover the desired radiation
pattern and SLL of a randomly spaced linear an-
tenna array using IRL1 minimization algorithm
was used [10]. In the proposed algorithm, at each
optimization process, reweighted 11 norm mini-
mization was executed, that is, the present exci-
tation amplitudes were obtained from the previ-
ous ones to attain solution. The obtained result
when compared to several previous works showed
an improvement in sparsity and the reduction in
the SLL. However, the optimality of the algorithm
in terms of sparsity and SLL can still be improved.

It can be seen from the literature reviewed that
sparsity and SLL improvement in RSAA are im-
portant as they proffer solution to antenna array
density, interference and power wastages prob-
lems. Many of the previous works did not consider
both sparsity and SLL simultaneously while few
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that considered both required improvement. This
paper therefore present an improved sparse ran-
domly spaced linear antenna array using IRLS
algorithm to minimize array elements required
with suppressed SLL.

3. METHODOLOGY

This research work was carried out by first
replicating the IRL1 of [10] before improving on
it. This is done by:

1. The following steps were carried out to repli-
cate the existing research work by [10].

i. spreading 1000 elements on 101 aper-
ture length at 0.011 inter-element spac-
ing. Then, the desired mainlobe region
parameters were set as: target angle 0,
= 0°, array factor with maximum radia-
tion of Af0;,, = 1i.e.,0dB and beamwidth
at -20° and 20°.

ii. setting the desired peak sidelobes level.

iii. setting threshold value as and the
reweighting parameter.

iv. Execution of the IRL1 minimization al-
gorithm using Eq. (4) [10]:

1
| wﬁl) | +&

Subject to { k?(cé?;:)'i{ 4)

where ¢ is a small positive real number
used in order to avoid from being unde-
fined, w; is the present excitation weight,

(l) is the last or previous excitation, 0,

is the target angle of the mainlobe, y
is the upper bound limit of the sidelobe
level, Af(0;) is the array pattern mag-
nitude of the sidelobes region outside
the beamwidth of the mainlobe, 0; rep-
resents angles outside the beamwidth,
Af(0sq,) is the radiation pattern in the
target angle where it attains maximum
of 0dB when its logarithm is computed.

v. discarding elements with amplitude
weighted value below the threshold to
achieve sparsity extract the resulta.nt
sparse array elements.

vi. Re-optimizing the resultant element ex-
citation weights by minimizing the side-
lobes to achieve an effective suppression
below the desired sidelobes using Eq. (5)

lmanIw,

eeR”

[10]:
minimize &
|Af(@O;) <6
Subject to { Af(Otar)=1 (5)
lan =1

where A is the half-beam width of the
array pattern, 0y, is the target angle of
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Figure 2: Comparison of achieved sparsity between hybrid IRLS and [10] algorithms.

the mainlobe where the radiation attain
maximum magnitude, Af(0) is the over-
all array pattern region, § is the upper
bound limit of the SLL, Af(0;) is the ar-
ray pattern magnitude of the sidelobes
region outside the beamwidth of the
mainlobe, 6; is the chosen sidelobes an-
gles outside the beamwidth which must
satisfy | 0; — 04y |> A, Af(O44,) , is the ra-
diation pattern in the target angle where
it attains maximum of 0dB when its log-
arithm is computed while | a,, | is the nor-
malized excitation amplitude.

vii. Plotting the sparse randomly spaced lin-
ear array radiation pattern

2. In order to improve on the sparsity and side-
lobes suppression using IRLS algorithm, the
following steps were followed:

i. Steps (i) to (iii) of methodology 1 were re-
peated except for threshold value set as

ii. Execution of the IRLS algorithm to
achieve better sparsity using Eq. (6) [18]:

n
. B_
min ) w?((wgl)))2+g)2 1
i=1

Subject to { el @

where A is the steering vector of the ar-
ray, w, is the weighting coefficients or
the excitation amplitudes whose mini-
mum non-zeros are to be determined, w;
is the present excitation amplitude, wﬁ

represents the previous excitation am-
plitudes, n =1,...N,N denotes the num-
ber of antenna elements, § is the given
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upper bound of the SLL for the desired
radiation pattern, Af(04,) is the tar-
get angle pattern of the mainlobe where
radiation is maximum and Af(f)y is
the entire sidelobe region outside the
beamwidth of the mainlobe

iii. iii. Steps (v) to (vii) of methodology 1
were repeated to suppress the SLL.

The result obtained for this work was compared to
the research work of [10] in order to validate the
achieved improvement using sparsity and SLL as
the performance metrics.

4. RESULTS AND DISCUSSION

The synthesized antenna array using hybrid
IRLS algorithm was simulated and implemented
on MATLAB R2015a simulator with the results
obtained compared with IRL1 algorithm based on
sparsity and SLL. The results obtained for each
performance metric are presented thus:

4.1. Sparsity Achieved by [10] and the Im-
proved Algorithm

The results of the execution of the existing an-
tenna array algorithm by [10] and the IRLS al-
gorithm on the initial large number of antenna
elements are presented in this subsection. Ini-
tially, 1000 elements were spread over the aper-
ture size as used in the work of [10]. The result
of the minimized number of elements with their
respective amplitudes obtained to achieve the de-
sired radiation pattern is presented in Fig. 2. It
can be seen from Fig. 2 that the IRLS algorithm
used in this research work achieved better spar-
sity because it was able to use only 12 number of
radiating elements to reconstruct the desired ra-
diation pattern as against 14 numbers of elements
obtained by IRL1 in the work of [10]. This shows
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306 S. A. Mustapha, S. M. Sani and K. A. Abu-Bilal
D T T T T T T T
/"\ 3 Improved
f \. Sun
L -l0F [ \ 1
G 'I \
k] \
& "
= 2f l
= |
=T ||
T -0 o —
M \ \ || | \ V1
ﬁ I| | { [ | | | I | I| |I
E oF— VI ~1lAllalln A A A~ —
55 40 \ |I AT .I| | |‘ I |||I| | || V] |
! ') T ! | | | LT
e A Il'l I'||II I| III |I‘I Il I|I II| |I III | 1l II'I
| | 11
50 I"||' I H I 'l Ill ILI Ll
I A (g
| || | f || |
[] I |
_gp — L 1 A 1 1 T E—
80 -0 -40 =20 0 20 40 B0 80
Scan Angles
Figure 3: Comparison of achieved SLL Suppression between hybrid IRLS and [10] algorithms.
Table 1: Excitation amplitudes and elements locations.
Excitation 0.038779 0.067225 0.050542 0.107372 0.120198 0.115883 0.115883 0.120198 0.107372 0.050542 0.067225 0.038779
amplitudes

Normalized 0.322626 0.559285 0.420489 0.893293 1
Excitation
amplitudes

0.964101 0.964101 1

Location [A] -2.185 -1.535 -1.375 -0.855 -0.595

-0.025 0.025 0.595 0.855 1.375 1.535 2.185

that IRLS algorithm in this work achieved a fur-
ther reduction in the number of antenna elements
with improved sparsity of 14.29% better than that
achieved by IRL1 using Eq. (7) [18]:

Sparsity =
Number of zero - valued array elements
x 100%
Total number of array elements
(7

This result shows that there were still some
ineffective antenna elements in the sparse array
synthesized using IRL1 algorithm by [10]. These
ineffective radiating elements have however been
suC(i;essfully discarded in this present research
work.

4.2. Radiation Patterns Achieved after SLL
Suppression

The results of the application of Second Order
Cone Programming (SOCP) convex optimization
technique for further suppression of the SLL of
the achieved radiation pattern from the pattern
result from IRLS and that of IRL1 from [10] are
presented in Fig. 3.

It can be seen from Fig. 3 that the radiation
pattern from the IRLS algorithm used in this re-
search work achieved the desired radiation pat-
tern without compromising the mainlobe charac-
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teristics as in the work of [10]. Meanwhile, the hy-
brid IRLS algorithm in this work is seen to have
further suppressed the SLL to -39.44dB which is
lower than the achieved suppression in the work
of [10(:.|1 ]gvhich only achieved a maximum SLL of -
30.64dB.

4.3. Achieved Excitation Amplitudes and Re-
spective Elements Locations

The result of the resultant excitation ampli-
tudes and the respective radiating elements lo-
cations of the hybrid IRLS algorithm in this re-
search work are presented in Table 1.

It can be seen from Table 1 that the antenna
elements locations are non-uniform but randomly
spaced. Also, the elements are symmetrically lo-
cated such that the locations of half six elements
from the 12 elements are a replica of the locations
of the other half with a centered zero. This can be
verified from Fig. 2.

5. CONCLUSION

In this paper, a randomly spaced linear antenna
array synthesis technique based on IRLS algo-
rithm and Convex Optimization technique was
employed. This research applied the IRLS to min-
imize the number of antenna elements required
to reconstruct the desired radiation pattern in or-
der to have higher sparsity in the array with im-
proved suppression in the SLL. The algorithm is

Vou. 40, No. 2, MarcH 2021.
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Table 2: Excitation amplitudes and elements locations.

Synthesis algorithm Number of antenna SLL (dB) Percentage SLL Sparsity (%)
elements used improvement (%)

RSLATIT] 14 -30.64 - 2.13

RSLA (hybrid IRLS) 12 -39.44 28.72 14.29

applied to the randomly spaced linear antenna ar-
ray achieved by [10] where 14 elements were used
to reconstruct the desired radiation pattern with
-30.64dB SLL. The performance of the employed
algorithm was evaluated using sparsity and SLL
as the metrics. Results from this research work
showed that it has a higher sparsity value of only
12 elements which is a 14.29% improvement, and
a SLL of -39.44dB which is a 28.72% improve-
ment over the existing work of [10]. This therefore
means that the density in the elements of such an-
tenna so designed was reduced with a better min-
imization in loss of transmission power and inter-
ference via the SLL. The aim of this research was
hereby achieved with an improvement in antenna
performance than that achieved by [10] as sum-
marized in Table 2.
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