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Abstract
In this article, different 2D and 3D mask styles for synthesizing large array pattern shaping
to meet the requirements of modern applications are realized. The composition of the differ-
ent beam pattern shaping is achieved by comparing the array factor with the proposed masks
whose details (upper and lower borders) are predefined according to the designer. The gen-
erated pattern shapes are as follows: unscanned 2D single-pencil beam, scanned 2D pencil
beam, 2D multi-beam scanning, 2D wide flat beam with little ripple, unscanned 3D single-
pencil beam, 3Dmulti-beam scanning, and footprint (or contour) pattern for linear and planar
arrays.The process of constructing these patterns is followed by predicting the amplitude-only
weights (i.e., the phase weighting is considered zero in all computations) of the elements using
the particle swarm optimization algorithm. In all proposed masks, different sidelobe levels are
controlled, ranging from −20 to −100 dB. Also, the radiated beamwidth is controlled, rang-
ing from 0.1334 rad (7.6 deg.) to 0.4 rad (23 deg.). The analysis and construction of linear
and planar array arrangements depend on the formulation of antenna array theory through
the implementation of the proposed (estimated) equations using MATLAB code. The simula-
tion results showed the effectiveness of the proposed methods in controlling the pattern shape
according to the required modern trends.

Introduction

Optimal tuning of large antenna arrays is an important parameter in modern communication
applications such as MIMO in the fifth generation [1], radar [2], satellite [3], and many other
scenario applications. Some of these applications require a configurable beam pattern such as
a narrow directive beam of the radiated power to meet the required coverage requirements.
Shaping of a beam pattern reduces the wastage of transmitter energy and avoids unwanted radi-
ations that are directed to the coverage site [4]. Among the various methods for achieving this
property, the ones that involve the best utilization of the available degrees of freedom (i.e., the
most efficient use of the antenna array resources) are those that aim to mask-shaped covering
constraints for beam pattern synthesis.

Some of the above applications require synthesizing beam steering with high directivity con-
centration, and it is also possible to generate several beams with different shapes from the same
aperture [5].Where several beams can be generated through several methods, including the use
of themulti-feed reflector [6], switched beam technique [7], or array beamdesign depending on
lenses [8]. In addition, it is possible to improve the shaped beam as a contour that matches the
shape of the area to be covered. Contour patterns can be built either through a shaped parabolic
reflector [9], projection matrix method [10], or based on the weights of the elements in the
beamforming network [11].

In the case of determining the structure of the antenna array, while the feeding elements are
the only unknowns in building the desired shaped beam pattern, then the problem is solved
depending on global optimization methods, whether in sum or difference patterns. In fact,
without imposing any restrictions on the array factor in terms of excitation distribution or array
shape, the problem is depicted as a convex problem that can be improved either by using convex
algorithms or evolutionary algorithms. By doing so, the optimal compromise can be successfully
addressed by optimizing patterns based on amplitude only, phase only, or both for single-pulse
radar communications [12, 13].

Regrettably, there are various situations imposed on the installation of patterns of a certain
format which remains an unresolved normative problem [14]. Indeed, regardless of methods
that do not employ all available degrees of freedom (i.e., those that seek to generate a single
null or a set of nulls or are unable to significantly reduce sidelobes [12]), the problem has been
solved by global optimization methods only in the case that it maintains directivity in the beam
pattern.

Currently, the formation of radiation beams with multiple requirements occupies the minds
of researchers such as narrow directive beams [15], contour coverage patterns [4], and circular
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flat-top patterns [16]. These capabilities have allowed the devel-
opment of interesting solutions for many other cases [17]. In fact,
the problem is usually addressed by resorting to global optimiza-
tion algorithms or sampling algorithms [18]. Hence, in most cases
of optimization, it is expected that the computational complexity
using the above algorithms increases dramatically with the num-
ber of unknowns, which can prevent the actual access to the global
optimization level, especially in the case of large arrays.

Modern curricula partially overcome the above difficulties in
the existing curricula [19–24].Themain idea of these approaches is
to control the beam pattern by reducing the constraints of forming
a pattern mask by either relying on phase-only optimization [12]
or building amplitude-only clusters [25]. These techniques yielded
good results in norm cases and showed interesting features such as
the ability to find several solutions that all correspond to the desired
beam pattern formation under the mask constraint.

Several optimizations, analysis, and iterative [26, 27] methods
have been proposed to construct the different coverage patterns
described above, whether in linear or planar arrays. For example,
in paper [28], a method is proposed based on the arrangement of
appropriate multiple field distributions on the array aperture but
without controlling the level of the sidelobes. In paper [29], the
successive iteration method is introduced based on adding a series
of corrective patterns. In paper [30], the method of formation of
a pattern using Taylor with superposition primitives based on a
genetic algorithm (GA) with control of the sidelobe levels (SLLs)
has been presented. In papers [12, 13, 20, 25], the researchers pro-
posed a set ofmethods for installing sub-arrays by controlling some
characteristics of the coverage pattern in addition to reducing the
complexity of the system from a practical point of view. In addition
to many well-known classical methods such as the Fourier trans-
form, Chebyshev polynomials, and Schelkunoff as these methods
deal with excitation (amplitude and phase) levels.

Most of the current shaping methods work directly to improve
excitation weights. These approaches superimpose phased beam
patterns by placing them in specific null locations with optimal
energy levels [31]. Optimization by evolutionary algorithms (GA
andparticle swarmoptimization [PSO]) uses peak angle andpower
to reduce ripples in the region of focused energy (main beam)
while reducing sidelobe energies [32]. Also, these algorithms work
to determine multiple scanning beams and energy levels for each
angle to obtain the final beam shape. This approach is simple and
can be easily implemented in linear and planar (square, rectan-
gular, and circular) arrays and manipulates ripples and sidelobes
together.

In this article, mathematical analysis and detailed structural
construction of a 2D and 3D beam pattern synthesis based on effi-
cient masks shape are formulated. The composition of 2D patterns
of linear arrays and arrangements of planar arrays corresponding
to 3D patterns is achieved using amplitude-only control. The syn-
thesis of different beam patterns in linear and planar constructs
with different radiated beamwidths (RBWs) and varying SLL was
investigated. The pattern shapes are as follows: unscanned 2D and
3D single-pencil beam, scanned 2D and 3D pencil beam, 2D and
3D multi-beam scanning, and 2D (flat) and 3D (footprint or con-
tour) beam with little ripple patterns. The PSO algorithm is used
to control the amplitude values on the antenna array. The linear
and planar array analysis was implemented using MATLAB code
through the array factor (AF) in coordination with the proposed
mask functions. Computational results prove the efficiency of the
proposedmethods and structures in building the required patterns
in modern applications trends.

Study methodolgy

The performance of the global optimization method will be pre-
sented using a set of tests on linear and planar arrays to form the
following required beams that have high practical relevance:

- Formation of a single unscanned 2D and 3D pencil beam pat-
tern for the linear and planar arrays, respectively. These patterns
can be used to reduce the power of the transmission system by
providing the same field strength for the coverage area in mobile
communications (e.g., MIMO in the fifth generation).

- The formation of a single scanned 2D and 3D pencil beam pat-
tern at different directions is determined by the designer with
control over the sidelobes at different low levels.This type of pat-
ternmust be provided inmany cases to achieve the requirements
of the transmitting systems or to reduce noise or interference in
the receiving systems.

- Forming multiple 2D and 3D beam patterns in different direc-
tions to find coverage requirements in the fifth generation and
satellite coverage systems, as well as directing several beams to
mobile stations within the coverage distance of a cellular base
station.

- Forming a 2D flat beam pattern and 3D square footprint. This
type of beam can be used to reduce the field strength within the
geographical area of the satellite station.

The proposed optimization approach in this study can be
depicted as follows. A dimensional array of N elements and a
two-dimensional with N × M elements are used to synthesize the
aforementioned patterns with high accuracy. This goal is achieved
through the complex excitation (amplitude and phase) of each ele-
ment individually. The normalization of the element coefficient,
whether in the linear or planar array, leads to degrees of freedom
of the amount of the total number of elements minus one for the
excitation of the feed, which can be referred to as y ∈ G, where
G ∈ CN−1 or G ∈ CN×M−1, which is represented the area of the
optimization solution.The target of the optimization, in this case, is
to estimate the excitation of the elements to tune the required pat-
terns by reducing the error between the synthesized and desired
patterns.

Mathematical formulation and description of optimization
method

Let’s think about achieving a practical application of the arrays (lin-
ear and planar), where certain conditions must be adhered to in
terms of illumination (e.g., a footprint pattern on certain coverage
cells). In this case, the beam pattern is under the required con-
straints to fit a specific shape.Through this principle, several forms
of the pattern are implemented according to the required applica-
tion. In this way, a suitable optimization algorithm such as GA or
PSO can be proposed to realize these ideas.

To formulate the appropriatemathematicalmodel for this study,
first, the linear array factor (LAF) of the uniform linear array, which
consists of N isotropic elements, is considered. As well known, the
AF is used to calculate the total radiation field of an array aperture.
This field is calculated by multiplying the electric field of the single
element with the LAF. The LAF consists of several control compo-
nents to build the required patterns. In this study, the focus is on
improving the excitation of each element. A single element in the
array radiates an electric field in the form of w

4𝜋q
e−jkq, where w is

the complex excitation, k is the wave number and can be calculated
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by 2𝜋/𝜆, where 𝜆 is the wavelength. Depending on the electric
fields of the elements, the total LAF can be written in the form of
the sum of the fields, as follows:

LAF = w1
4𝜋q1

e−jkq⃗1. ⃗t1 + w2
4𝜋q2

e−jk⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗q2. ⃗t2 + … + wN−1
4𝜋qN−1

e−jk ⃗qN−1. ⃗tN−1

=
N

∑
i=1

wi
4𝜋qi

e−jk ⃗qi. ⃗ti (1)

where qi is the location vector of the elements within the array, ⃗ti
is the point vector for each element located in (x, y) in the axes of
the array, where

⃗qi = xi ⃗tx + yi ⃗ty (2)

and
⃗ti = sin 𝜃 cos𝜙 ⃗tx + sin 𝜃 sin𝜙 ⃗ty (3)

Then,

LAF =
N

∑
i=1

wi
4𝜋qi

[e−jkxiu] (4)

where u = sin 𝜃, 𝜃 is the direction of the main beam. Then, the
total electromagnetic field can be calculated by

LEt = single element field (SEF) × LAF (5)

In the case of the planar array, the planar array factor (PAF) can
be written as

PAF =

⎡
⎢
⎢
⎣

w1,1

4𝜋q1,1
e−jkq⃗11. ⃗t11 ⋯ w1,N−1

4𝜋q1,N−1
e−jk ⃗q1,N−1. ⃗t1,N−1

⋮ ⋱ ⋮
wM−1,1

4𝜋qM−1,1
e−jkq⃗M−1,1. ⃗tM−1,1 ⋯ wM−1,N−1

4𝜋qM−1,N−1
e−jkq⃗M−1,N−1. ⃗tM−1,N−1

⎤
⎥
⎥
⎦
(6)

In this case, ⃗ti is the point vector placed at (x, y, z) as

qiJ = xiJ ⃗tx + yiJ ⃗ty + ziJ ⃗tz (7)

where ⃗t in this case equal to

⃗tiJ = sin 𝜃 cos𝜙 ⃗tx + sin 𝜃 sin𝜙 ⃗ty + cos𝜃 ⃗tz (8)

Then, PAF can be written as follows:

PAF =
N

∑
n=1

M

∑
m=1

wnm
4𝜋qnm

[e−jkxnmue−jkynmve−jkznms
√
1−u2−v2] (9)

where u is the azimuth plane equal to sin 𝜃 cos𝜙, v is the elevation
plane equal to sin 𝜃 sin𝜙, s = cos 𝜃, 𝜃 = cos−1

√
1 − u2 − v2, and

𝜙 = tan−1 v

u
. Then, the radiation pattern space can be defined by

u2 + v2 + s2 = 1. The final field can be written as

PEt = SEF × PAF (10)

An evolutionary optimization algorithm such as PSO can be
used to predict excitation values to find the desired 2D and 3D pat-
tern shapes. In the next section, the PSO algorithm is explained and
then applied to this study.

PSO algorithm approach

In paper [33], the researchers carried out the first research study
in applying the PSO algorithm to some electromagnetic problems.
The algorithm is described in this research as a computational

method based on random search and depends on the movement
and intelligence of flocks. In our research, it is appropriate to use
the PSO algorithm to estimate the excitation values of the elements
to build the required patterns.

Inmost practical application problems, the process of searching
for all possible values ofG in theC calculation search is not possible
even if the values of M and N are small. On this basis, the PSO
algorithm is employed to search for optimal excitation vector (or
matrix) values for the elements through a controlled computational
model.

The algorithm starts by generating a set of random particles
within the desired search range Gi

0, i ∈ G {1, … .r}, where r is the
number of generated random particles. Each particle has an opti-
mal solution called personal best (pb), as well as a global best (pg)
solution and this solution is the best solution achieved by any par-
ticle (individual). The particles aspire to reach the global position
by updating their velocities in each iteration through the use of the
following equations [21]:

vik+1 = {wpvik + (c1rk1 (pbik − xik) + c2rk2 (pg−
k
xik)) /Δt} (11)

xik+1 = xik + vik+1.Δt (12)

where vik is the moving velocity of the particle within the search
range, xik is the position of the particle, and wp is the weight of
inertia allocated to the particle and is determined within the range
[0,1]. c1 = c2, which are the constants of scaling, through them,
how the particle is affected by the global and personal best is deter-
mined, and their values are also determined within the range [0,1].
In this research, the values of c1 = c2 = 1.7 were determined.
r1 and r2 are continuous random variable numbers of a uniform
distribution according to [0,1]. Δt represents the step size dur-
ing the execution of the algorithm and its value is determined by
the designer. The increase in the value of the mean k signifies a
new iteration if the criteria are not met to stop the algorithm. The
maximum number of iterations can be chosen through the pro-
posed cost function. After initializing the algorithm, a final cost
function is added to form the radiated beams, known as a mask
(envelope) that is determined at different levels according to the
imposed constraints:

ML(u)lower level mask ≤ |LAF (u)| ≤ MU(u)upper level mask (13)

ML(u, v)lower surface mask ≤ |PAF (u)| ≤ MU(u, v)upper surface mask
(14)

Thebasis of the PSO algorithm is to reduce the square root value
of the component Fx:

Fx =
Nf

∑
nf =1

[∣LAF − MU(u)upper level mask∣
2

+ ∣LAF − ML(u)lower level mask∣
2]

for 2D patterns
(15)

Fx =
Nf

∑
nf =1

[∣PAF − MU(u, v)upper surface mask∣
2

+ ∣PAF − ML(u, v)lower surface mask∣
2]

for 3D patterns
(16)

where Nf is the resolution points.
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Figure 1. Unscanned single-beam pattern configuration (a, c, and d) the set of desired mask template, (b, d, and f) the set of desired single-beam pattern.

Figure 2. Scanned single-beam pattern configuration (a) the desired mask template, (b) the desired single-beam pattern steered at 𝜃 = 0.4 rad.

Simultion results and discusion

In this section, a set of tests are introduced to investigate the effec-
tiveness of the proposed approaches in the generation of different
2D and 3D radiation patterns. In all tests, the PSO algorithm pop-
ulation size of 50 is selected. Also, in all tests, amplitude-only
excitation is employed during the implementation of the algo-
rithm.Thismeans that the phase feed is considered zero.The upper
and lower limits of the amplitude values are chosen between 0
and 1. As well, the distance between the elements is considered

constant, so it is not taken into account in the optimization process,
and its value is 0.5 𝜆.

Linear array pattern shaping (2D Pattern)

Irregular arrays in terms of excitation elements have the ability to
provide robust beam pattern characteristics compared to regular
arrays through a few physically optimized elements [34]. Assuming
any proposed mask requires sufficient degrees of freedom to
generate the desired pattern, this is provided by irregular arrays.
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Figure 3. Four-beams pattern configuration: (a) the desired mask template, (b) the desired multi-beam pattern steered at different directions.

Figure 4. Five-beams pattern configuration: (a) the desired mask template, (b) the desired multi-beam pattern steered at different directions.

Figure 5. Wide flat beam pattern configuration: (a) the desired mask template, (b) the desired wide flat pattern.
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Figure 6. Unscanned 3D single-pencil beam pattern configuration: (a, c, and d) a set of desired 3D mask grid template, (b, d and f) a set of desired 3D single-pencil beam
pattern.

Figure 7. Scanned 3D four-beams pattern configuration: (a) a desired 3D mask grid template, (b) a desired 3D four-beam pattern.

Test1 (Linear array): for the first test, an unscanned irregular
amplitude-only linear array composed of N = 50 is examined.
Figure 1 shows a set of single electric field patterns with suggested
masks for the pencil beam at 𝜃 = 0 achieved using the PSO algo-
rithm. In this case, 2D masks with different levels of sidelobes
−60 ≤ SLL (dB) ≤ −30 and RBW of 0.1334 rad (7.6 deg.) are
prepared.

It is observed through these figures that a pattern can be built
compatible with the proposed masks without exceeding the bor-
ders of the mask patch. These masks are suggested based on the
concentration of energy in the main beam, with the cancellation

or nullification of the interference that the system may be exposed
to due to noise sources. The PSO algorithm determines the ampli-
tude excitation value for each element so that the pattern contains
a main beam in direction of 𝜃 = 0, and nulls or reduced sidelobes
in the other directions. In this way, the pattern is ready and suitable
to be used in the desired application.

Test 2 (Linear array): for the second test, a scanned irregular
amplitude-only linear array composed of N = 50, a beam steering
at 𝜃 = 0.4 rad (23 deg.) is examined. Figure 2 shows the generation
of a 2D single electromagnetic pencil beampattern according to the
proposed 2Dmask. It can be seen from this figure that the width of
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Figure 8. Scanned 3D nine-beams pattern configuration: (a) a desired 3D mask grid template, (b) a desired 3D nine-beam pattern.

Figure 9. 3D coverage footprint pattern configuration: (a) a desired 3D mask grid template, (b) a desired 3D coverage footprint pattern.

the main beam has been preserved with the main beam steering in
the required direction. In addition, the ability to fully control the
levels of the sidelobes in other directions.

Test 3 (Linear array): for the third test, a scanned irregu-
lar amplitude-only linear array composed of N = 20 and 30,
multi-beam steering is examined. Figures 3 and 4 show the con-
struction of a radiation pattern with 4 (N = 20) and 5 (N = 30)
beams, respectively, according to the proposed masks. Here,
the objective function provides the possibility of generating a
multi-beam pattern in different directions in coordinationwith the
PSO algorithm and controlling the undirected lobes to counteract
the interference signals.

Test 4 (Linear array): for the fourth test, an irregular
amplitude-only linear array to implement a flat beam pattern is
investigated. Figure 5 presents a single wide flat beam pattern with
the assumed mask having the following constraints: The RBW is
0.37 rad (20 deg.) with a different SLL of −20 ≤ SLL (dB) ≤ −70.
This figure shows that the resulting pattern is located between

the boundaries of the composite region with small ripples being
generated.

Planar array pattern shaping (3D Pattern)

In this section, the different 3D beam patterns of a planar array
by modifying amplitude-only distribution based on a designed
different 3D mask covering are studied.

Test 1 (planar array): for the first test, an unscanned irregu-
lar amplitude-only planar array composed of N × M = 50 × 50,
regularly elements space distance (dx = dy = 0.5𝜆) is exam-
ined. Figure 6 illustrates a set of 3D single-pencil beam electric
fields at (u,v) = (0,0) with a corresponding 3D mask grid. In all
cases, the 3D pencil beam has RBW equal to 0.14 rad (8 deg.)
and SLL surface at range −30 ≤ SLL (dB) ≤ −100. It is
observed through these figures that any 3D shaping can be gen-
erated by the objective function in coordination with the PSO
algorithm.
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Test 2 (planar array): for the second test, a scanned irreg-
ular amplitude-only four beams planar array composed of
N×M = 30 × 30 is examined. Figure 7 illustrates a 3D four
beams electric field at (u,v) = (−0.5,−0.5), (−0.5,0.5), (0.5,−0.5),
and (0.5,0.5) with a corresponding 3D mask grid. In all beams,
the RBW is equal to 0.26 rad (14.9 deg.) and SLL surface at range
−30 ≤ SLL (dB) ≤ −80.

Test 3 (planar array): for the third test, a scanned irreg-
ular amplitude-only nine beams planar array composed of
N × M = 30×30 is examined. Figure 8 illustrates a 3D nine beams
electric field at (u,v) = (−0.5,-0.5), (0,-0.5), (0.5,-0.5), (−0.5,0),
(0,0), (0.5,0), (−0.5,0.5), (0,0.5), and (0.5,0.5) with a correspond-
ing 3D mask grid. In all beams, the MBW is equal to 0.26 rad
(14.9 deg.) and SLL surface at range −40 ≤ SLL (dB) ≤ −90.

Test 4 (planar array): for the fourth test, an irregular
amplitude-only square footprint beam planar array composed
of N × M = 50 × 50 is examined. Figure 9 illustrates a
3D footprint beam electric field at an area coverage range of
0.4 rad × 0.4 rad and SLL surface at range −20 ≤ SLL (dB) ≤
−80 with a corresponding 3D mask grid. In all the proposed
pattern mask (2D and 3D) shaping, it is observed that good pat-
terns with suitable beam properties for modern applications are
achieved.

Conclusion

This paper investigates the composition of different 2D and 3D
beam pattern shapes of linear and planar arrays using the PSO
algorithm. By correctly choosing the amplitude-only distribution
to the array elements (with zero phase excitation), the desired beam
shapes are produced. Different 2D and 3D masks were designed
with specific RBW and different levels of sidelobes. Various beam
pattern shapes represented by unscanned 2D single-pencil beam,
scanned 2D pencil beam, 2D multi-beam scanning, 2D wide flat
beam with little ripple, unscanned 3D single-pencil beam, 3D
multi-beam scanning, and footprint (or contour) pattern have been
completed.The simulation results displayed that the proposed plan
provided an accurate performance to meet the requirements of
modern applications in terms of efficiency, robustness, and ease of
implementation in the algorithm. The proposed approach is suit-
able for the synthesis of large linear and planar arrays, as well
as it can be applied to other types such as circular, cylindrical,
spherical, etc.
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