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ABSTRACT Pattern synthesis is widely used in many radar and communication systems and received
great interest. So, this paper proposes a new beamforming strategy based on a hybrid combination between
grey wolf optimizer (GWO) with L2-norm called proposed GWO. This approach is applied to synthesized
uniform linear arrays (ULA), Chebyshav arrays, and shaped pattern arrays. Moreover, it is utilized for
side lobe level (SLL) and size reduction of antenna elements. In this strategy, the GWO is utilized to
optimize the element spacing to adjust the half-power beamwidth (HPBW) to save it the same as desired
pattern. Furthermore, the excitations of the antenna elements are optimized via the L2-norm minimization
problem. The proposed GWO has low complexity (fewer iterations and computing time) compared to other
algorithms. In addition, it has a very accurate approximation of the original radiation pattern. As well, the
computer simulation technology (CST) microwave package is utilized to achieve the practical validation of
the proposed methodologies. As an application of the proposed GWO, it is employed to create a proposed
hybrid beamforming (PHB) structure for Multi-input Multi-output (MIMO) systems. Consequently, the BS
transmitting antennas are synthesized for gain maximization while utilizing the current amount of antenna
elements. This results in considerable savings in antenna components and associated radio frequency (RF)
chains which reduces system complexity. Furthermore, array gain maximization will increase the received
signal-to-noise ratio (SNR). In addition, the SLL reduction scenario will decrease the interference from
undesired users which in turn will also increase SNR. Hence, the performance of the system in terms of
spectral efficiency (SE) and power utilization will be improved.

INDEX TERMS Antenna array synthesis, beamforming, Chebyshev array, grey wolf optimizer, MIMO,
side lobe level, uniform linear array.

I. INTRODUCTION

ANTENNAS have long been considered one of the most
essential components in wireless communications and

fifth-generation (5G) networks [1], [2], [3]. They are utilized
extensively in telecommunication, signal processing, radar
systems, and many other applications. Due to its benefit of
offering high gains and spectrum efficiency, smart antennas
have been a trending emphasis for most technologically-
based industries in this period of developing a smart world.

Additionally, it possesses unique characteristics such as
adaptive beamforming and beam steering capabilities [4],
[5]. However, improvements in network coverage, capacity,
and quality of service are required due to the advancements
in wireless communication technology and the increasing
number of users.
As a result, significant efforts have been made to investigate

array antennas with higher gain, higher directivity, enhanced
beam steering (BS) performance, and lower side lobe level
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(SLL) [6], [7], [8]. Furthermore, to increase the antenna
directivity, the number of antenna elements must be increased.
So, the most efficient algorithms are utilized to reduce the

number of antenna elements with maintaining higher gain
and directivity [9], [10]. These algorithms are synthesize the
antenna patterns where the amplitudes, phases, placements of
the excitations, and the interelement spacing are controlled
to accomplish array synthesis [11], [12].

A. RELATED WORK
Many practical wireless communication systems need the
radiation pattern of the antenna arrays to match certain
fundamental parameters, such as the half-power beam
width (HPBW) and SLL, to increase directivity, limit user
interference during reception, and reduce power consumption
during transmission [13], [14], [15], [16], [17], [18], [19],
[20]. A variety of antenna array synthesis methods have been
presented either for linear antenna arrays (LAA) [3], [9],
[21], and [22], circular arrays [23], [24], [25], [26], or cylin-
drical arrays [27]. The authors in [3] utilized the combination
of genetic algorithm (GA) and convex optimization (CVX)
called GA/L1 for LAA synthesis to synthesize the LAA.
The GA algorithm optimizes the element spacing while
convex optimization determines the excitation coefficients
via solving the L1 minimization problem to reduce the
number of antenna elements while maintaining HPBW. In
addition, the hybrid combination between the method of
moments (MoM) and the GA in [9] creates different patterns
with the fewest possible antenna components. One benefit of
using the analytical MoM is that it yields a well-conditioned
matrix that can solve the issue without any special treatment.
Compared to MOM/GA, GA/L1 [3] achieves less dynamic
range ratio (DRR) and the least mean square error (LMSE).
Furthermore, for LAA synthesis, the purpose of the study

in [27] is to demonstrate the application of ant colony
optimization (ACO), a well-known form of evolutionary
computer optimization approach, to the classic electromag-
netic issue of linear array synthesis. An algorithm based on
the principles of ant colony optimization has been created
to achieve this goal. Real numbers are used in the method.
A few instances utilizing various optimization standards are
demonstrated. Additionally, some instructions are provided
on how to utilize the technique, particularly for generating
the desirability function. It has been shown that the approach
is adaptable and practical for this particular situation. The
work aims to demonstrate (through this specific application)
the adaptability and simplicity of this algorithm family,
which renders it appropriate for application in various
electromagnetic optimization situations.
In [28], a sector beam pattern and a null-controlled pattern

are designed using Taguchi’s method, a novel approach to
global electromagnetic optimization. An extensive imple-
mentation process is provided. This work demonstrates how
the suggested approach may quickly converge on the best
designs and simplicity to use. As mentioned before, SLL

reduction play an important role in interference suppression
in communication systems. In this regard, the papers [13],
[15], [17], [29]–[35] are interested in performing different
algorithms for SLL reduction.
A Mayfly (MA)-based optimization technique performed

by the authors in [13] for the pattern synthesis of 10, 16,
20, and 32 components LAA is presented in this study. Four
optimizationchallengeswerecreatedandMAwasused to solve
them to investigate the capabilities of MA. The results of this
algorithm show that the performance of the MA outperformed
other algorithms on the comparison in reducing SLL. On the
other hand, for maximum SLL reduction of the LAA and
CAA beam pattern synthesis using invasive weed optimization
(IWO) is performed in [15]. To start, the authors in [15]
created an optimization problem for the beam pattern that
lowers the maximum SLLs of the CAA and LAA. Second,
they solved the issue formulation using the IWO algorithm.
Subsequently, the IWO algorithm’s primary parameters are
adjusted to get optimal beam pattern synthesis performance.
To confirm the efficacy of IWO, they lastly run simulations
for the LAA and CAA using varying numbers of antenna
elements. Additionally, electromagnetic simulations are used
to assess the beam patterns in real-world circumstances. The
outcomes from [15] demonstrate that IWO performs the best
for the LAA and CAA optimization issues when compared
to other algorithms. Furthermore, the authors in [17] perform
the GWO for antenna array optimization. In this work, GWO
has been used for optimum pattern synthesis in two ways:
first, by optimizing antenna locations under the assumption of
uniform excitation, and second, by optimizing antenna current
amplitudes under the assumption of uniform array spacing
and phase. GWO is used to put deep nulls in the designated
directions. Furthermore, GWO is used to manage the other
side lobes concurrently and minimize the first side lobe closest
to the main beam. This process is known as near-side lobe
minimization.
The authors in [29] developed a multi-objective

optimization problem (MOP) to concurrently reduce the
mission completion time, the overall energy cost of the
unmanned aerial vehicles (UAVs), and the signal strength
towards the eavesdropper. In [30], the authors demonstrated
that the MOP is a large-scale, mixed-variable, NP-hard
optimization problem. In order to identify a collection of
candidate solutions with multiple trade-offs that can satisfy
different requirements in low computational complexity,
we thus present a swarm intelligence-based approach. We
further demonstrate that, when dealing with mixed-variable
optimization and large-scale issues, swarm intelligence
approaches must improve the phases of solution initializa-
tion, solution update, and algorithm parameter updating. The
suggested algorithm works better than cutting-edge swarm
intelligence systems, according to simulation data, and it may
also greatly save time and energy expenses. Consequently,
in order to minimize the maximal SLL, the authors in [30]
developed a hybrid discrete and continuous optimization
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problem (HDCOP). In order to solve HDCOP, both discrete
and continuous issues must be solved concurrently. To
this end, we provide distributed CB techniques based on
consensus as well as centralized approaches. HDCOP is
broken down into two sub-optimization issues for the
centralized approach and provides a discrete cuckoo search
(CS) technique to optimize the node location selection and a
continuous CS algorithm to maximize the excitation current
weights of the chosen nodes. Because of SLL reduction
and minimizing the number of antennas importance in
the wireless communication system as mentioned before,
it is applied to the millimeter wave (mmWave) Multiple-
input multiple-output (MIMO) technology as an application
[36], [37], [38], [39].
MmWave increases the carrier frequency significantly,

resulting in a wide range of usable spectrum bands.
Moreover, using microstrip technology allows a large number
of antenna components to be crammed into a small space
since working in the high-frequency region reduces the size
of the antenna [40]. The mmWave MIMO system has a
high bit error rate and increased system complexity despite
achieving enhanced spectral efficiency (SE) and efficient
power consumption, particularly when including a large
number of data streams or users. In addition, the fully digital
precoding in mmWave system is costly and consumes a lot of
power [40]. As a result, Hybrid analog/digital beamforming
is the optimal approach for overcoming the constraints of
pure digital or analog beamforming in both single and
multiuser scenarios. The complexity of the system regarding
radio frequency chains (RF) can be reduced, in addition,
analog phase shifters can be used for the implementation
of analog beamforming [41]. The hybrid system has the
benefit of digital precoding in the transmitter and a combiner
in the receiver, which reduces the precision of residual
multi-streams in analog [42]. Previous research provides an
overview of hybrid precoding. Authors in [42] proposed a
two-step beamforming method for MIMO systems using a
Kalman precoder. First, the RF precoding and combining
matrix are computed. Then, construct the digital baseband
precoder at the BS. The author of [43] suggested a
hybrid precoding structure based on switching networks. The
authors in [44] suggested hybrid precoding with MMSE and
rate fairness among users, [43] provided an algorithm with
orthogonal matching pursuit (OMP), [45] highlighted the low
complexity of a multiuser hybrid precoding structure using
MMSE, and [46] presented a method to increase spectral
efficiency and analyze numerical results for spatially sparing
mmWave systems.

B. CONTRIBUTION
In this paper, a beamforming approach based on the GWO
and L2-norm is used for LAA synthesis is introduced.
The GWO has many significant advantages, such as,
simple implementation, quick convergence, and excellent
convergence results [10]. In [10], the authors compared
between GWO and other algorithms. The results show

that the GWO gives better results than other algorithms.
So, The GWO is used to optimize the element spacing
and L2-norm minimization problem is used to calculate
the excitation coefficients to obtain the optimal solutions.
The proposed scheme has two parts. First: Reducing the
number of antenna elements which it reduce the needed
amount of radio of RF chains in MIMO systems, and this
achieves energy efficiency and reduce the complexity of the
system. Second: an SLL reduction algorithm is proposed.
The benefit of SLL is that it reduces interference and hence
it enhances the performance of communication systems. As
well, beamforming will lead to a decrease in the most cost-
effective and sophisticated circuitry in MIMO systems by a
reduction in the number of antenna elements and the needed
RF. Based on the synthesized or beamformed array structure
using the proposed GWO), a hybrid beamforming structure
(PHB) is proposed to improve the SE of MIMO systems.
We suggest the use of the proposed GWO beamforming
technology to get optimal gain from the BS antenna array
while employing a typical LAA.
An overview of the main developments and contributions

made by this effort is provided below:

• Introduce the proposed algorithm based on GWO and
L2-norm for reducing the number of antenna elements
while maintaining HPBW, SLL, and gain. In addition,
the DRR is reduced compared to other algorithms.

• The reduction in the number of antenna elements
will reduce complexity and improve energy efficiency
in communication systems that meet the demands of
beyond 5G. this paper obtain the highest reduction in
the antenna elements reached to (N = 11)

• Furthermore, the proposed GWO is used for SLL
reduction to decrease the interference between users,
which enhances communication performance.

• The number of iterations needed to obtain optimal
results is less than other algorithms in literature and
comparison, so the execution time is less.

• The CST microwave package is utilized to achieve
the practical validation of the suggested methodologies
using dipole antennas instead of isotropic antennas.

• In addition, as an application of the proposed GWO
algorithm. It is employed to create a PHB structure for
MIMO systems to maximize gain while utilizing the
existing number of antennas. The proposed GWO is
employed to fully utilize the transmit array elements in
the PHB structure to synthesize the radiation pattern.

The remaining sections of the paper are arranged as
follows: Grey Wolf Optimizer (GWO) and problem for-
mulation of the array synthesis is covered in Section II,
the proposed GWO array synthesis approach is introduced
in Section III, and the simulation results of the proposed
GWO technique are shown in Section IV. Section V presents
the MIMO system model and theoretical analysis, while
Section VI performs the proposed hybrid beamforming
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design. Section VII presents the simulation results of PHB
algorithms, and finally, Section VIII presents the conclusions.

II. GREY WOLF OPTIMIZER (GWO)
The GWO technique is widely used to solve optimization
problems in a variety of fields due to its many significant
advantages, which include easy implementation, quick con-
vergence, and excellent convergence results. As a result,
the GWO has quickly attracted significant scientific interest
and a wide readership in a variety of fields. So it is used
to synthesize LAA. In addition, the GWO algorithm is a
metaheuristic optimization algorithm inspired by the social
hierarchy and hunting behavior of grey wolves. It uses
a hierarchical structure and cooperation among individuals
to optimize solutions to complex problems. In the GWO
algorithm, the grey wolves are divided into four hierarchical
levels: alpha, beta, delta, and omega. The alpha wolf is the
leader of the pack and has the highest fitness value, while
the omega wolf is the weakest and has the lowest fitness
value. The hunting behavior of the wolves is simulated to
optimize a given problem. To find the optimal solution, the
GWO algorithm follows these steps:

• Initialization: The algorithm starts by initializing a
population of grey wolves, with each wolf representing
a potential solution.

• Objective Function Evaluation: The fitness of each wolf
is evaluated by applying the objective function to its
position.

• Leader Selection: The wolves with the highest fitness
values are selected as leaders.

• Exploration: The leaders explore the search space by
updating their positions based on specific equations.

• Prey Selection: The prey is selected based on the fitness
values of the wolves and their positions.

• Feeding: The prey is chased and captured by the wolves,
and their positions are updated accordingly.

• Update Best Solution: The best solution is updated
based on the fitness values of the wolves.

• Termination: The algorithm terminates when a stopping
criterion is met, such as reaching a maximum number
of iterations or achieving a desired fitness value.

III. PROBLEM FORMULATION
The goal of this work is to use the proposed GWO to
synthesize an LAA. This is accomplished by determining
the set of optimal element amplitude and position values that
result in a radiation pattern with a low peak SLL or a low
number of antenna elements. As illustrated in Fig. 1, the
array factor of an LAA with N antenna elements arranged
uniformly with uniform spacing dn, n = [1, 2, . . . ,N] on
the Z-axis, and it may be expressed as:

AFd(θ) =
N∑

n=1

ane
(j(n−1)βd cos(θ)) (1)

FIGURE 1. Linear antenna array of N elements.

where the original array factor at t observation angles is
denoted by AFd(θ) ∈ C

t×1. an is the feeding coefficient of
nth element and can be expressed as:

an = [a1, a2, a3, . . . , aN] (2)

β = (2π/λ) is the wave number, and d is the uniform
element spacing. Assuming the 1st element is set at d1 = d,
so dn is calculated as:

dn = (n− 1)d, n = 1, 2, . . . ,N (3)

Alternatively, a shaped beam LAA with complex current
coefficients can be modeled as a shaped beam array. With
the least number of elements (N), we want to synthesize the
various forms of LAA and produce a synthesized radiation
pattern (AFs(θ)) that closely resembles the original radiation
pattern (AFd(θ)) in the following ways:

AFs(θ) = AFd(θ) (4)

where the AFs(θ) can be written as:

AFs(θ) =
M∑

m=1

ame
(j(m−1)βds cos(θ)) (5)

where am denotes the synthesized amplitudes which are
expressed as:

am = [a1, a2, a3, . . . , aM] (6)

In addition, ds denotes the synthesized element spacing
and the synthesized element position can be expressed as:

dm = (m− 1)ds, m = 1, 2, . . . ,M (7)

IV. PROPOSED GWO SYNTHESIS TECHNIQUE
The proposed GWO strategy is based on a hybrid combina-
tion between GWO and L2-norm. The ideal element location
ds is determined also by GWO which minimizes the defined
cost function. However, L2-norm is utilized to get the antenna
excitation coefficients am. Two distinct situations of the
optimization issue are examined in this paper. The suggested
GWO technique’s flow chart is displayed in Fig. 2. We
provide the objective functions and design the optimization
issue as follows in order to produce an ideal radiation pattern
synthesis for LAA by optimizing the excitation currents or
inter-element spacing.
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FIGURE 2. Flowchart of the proposed GWO technique for array size and SLL reduction.

A. CASE 1: REDUCTION OF THE NUMBER OF LAA
The array factor model of uniform LAA such as uniform
linear array (ULA), Chebyshav array, and shaped arrays are
presented in this section. In addition, an objective function
is suggested and the optimization issue for several antenna
reductions is stated. The steps of the proposed model in
Fig. 2 are written as follows:

• Step 1: Determine array elements (N) that are needed
to create the original pattern AFd(θ).

• Step 2: The synthesized element spacing vector ds =[
ds1 , ds2, ds3, . . . , dsM

]
is optimized by the GWO

where 0.5λ < ds < 0.9λ.
• Step 3: The synthesized feeding coefficients vector
am = [a1, a2, a3, . . . , aM]T is optimized by GWO
method [9] and [10].

• Step 4: The GWO method tests and updates the value
of the synthesized excitation currents vector am via
solving the following L2-norm cost function [10]

and [11].

CF1 = minimize
∥∥(�(θ) × as) − AFd(θ)

∥∥
s.t. HPBWd = HPBWs (8)

where �(θ) ∈ Ct×N is the direction-finding matrix of
the created N-elements array at t observation angles.
HPBWd and HPBWs are the beam width of the original
and synthesized patterns with half powers, respectively.

• Step 5: The synthesized array factor from Eq. (5)
is calculated using the estimated excitation coefficient
vector as. The least mean square error (LMSE) between
the synthesized and intended patterns in the case of
optimization element spacing is then calculated from
the defined cost function of the GWO in Eq. (9) if the
constraint in Eq. (8) is achieved.

CF2 =
(

1

T

T∑

t=1

[|AFd(t)| − |AFs(t)|]2

)
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s.t. HPBWd = HPBWs (9)

• Step 6: To update the item’s position vector, go back
to step 1 and execute steps 2 through 5 once again if
the condition HPBWd = HPBWs is not met.

• Step 7: To precisely tune the element spacing vector, go
to step 2 and continue steps 2 through 5 till obtaining the
least cost function, provided that the criteria HPBWd =
HPBWs is met. The optimal vectors for element spacing
and element currents are obtained by minimizing the
proposed cost function.

B. CASE 2: REDUCTION OF SLL OF ULA
The array factor model of uniform ULA is presented in this
section. In addition, an objective function is designed, and
the optimization issue for SLL reduction is stated. The steps
of the proposed model in Fig. 2 are written as follows:

• Step1: Determine the array elements (N) are needed to
create the desired pattern AFd(θ).

• Step 2: The synthesized element spacing vector ds =
[ds1 , ds2, ds3, . . . , dsM] is optimized by the GWO,
where 0.5λ < ds < 0.9λ.

• Step 3: The synthesized feeding current vector
am = [a1, a2, a3, . . . , aM]T is optimized by GWO
method.

• Step 4: The value of synthesized excitation currents
vector am is tested and updated, via the GWO to solve
the following optimization cost function.

CF3 = minimize (
∥∥(�(θ) × as) − AFd(θ)

∥∥)
s.t. HPBWd = HPBWs& SLLs =< 2 ∗ SLLd

0.9λ ≥ d ≥ 0.5λ (10)

where SLLd and SLLs the side lobe are levels of the
wanted pattern and created pattern, respectively. They
can be calculated as:

SLLd = 20 log10
AFd(θPSL)

AFd(θML)
(11)

SLLs = 20 log10
AFs(θPSL)

AFs(θML)
(12)

where AFd(θML) and AFs(θML) are the value of the
desired and synthesized pattern at the max value of
the main lob, respectively. In addition, AFd(θPSL) and
AFs(θPSL ) are the values of the desired and synthesized
pattern at peak side lobe value, respectively.

• Step 5: Using the estimated excitation coefficient
vector as, the synthesized array factor from Eq. (5) is
computed. If the constraint in Eq. (10) is satisfied, the
LMSE between the synthesized and original patterns in
the case of the optimization element spacing is then
computed using the defined cost function of the GWO
in Eq. (13) [10], [11].

CF4 =
(

1

T

T∑

t=1

[|AFd(t)| − |AFs(t)|]2

)

FIGURE 3. Synthesized radiation patterns of proposed GWO with equally spaced 12
and 11 elements against ULA pattern.

s.t. HPBWd = HPBWs & SLLs =< 2 ∗ SLLd

(13)

• Step 6: If the criteria SLLs =< 2∗SLLd and HPBWd =
HPBWs are not satisfied, to update the position vector
of each element, go back to step 1 and repeat steps 2
through 5.

• Step 7: If the conditions SLLs =< 2 ∗ SLLd and
HPBWd = HPBWs are satisfied, go to step 2 and repeat
steps 2 through 5 until the cost function is minimized
in order to accurately adjust the element spacing vector.
By minimizing the suggested cost function, the ideal
vectors for d and am are obtained.

V. SIMULATION RESULTS OF PROPOSED GWO
In this section, several MATLAB simulations are run to
confirm the functioning of the suggested proposed algorithm
GWO in reducing SLL and the number of antenna elements
of the synthesized ULA. Additionally, the computer simula-
tion technology (CST) microwave studio software package is
used to accomplish the practical validation of the suggested
methodologies while taking into account a half-wavelength
dipole element.

A. REDUCING THE NUMBER OF ANTENNA ELEMENTS
1) PENCIL BEAM ULA

Consider a ULA with N = 20 elements placed on the
Y-axis with uniform interelement spacing d = 0.5λ, SLL =
−13.1914 dB, DRR = 1, and the HPBW = 5.22. Fig. 3
shows the comparison between the synthesized proposed
GWO with N = 12, N = 11 with ULA, and GA/L1 in [3].
From the results, it is clear that the proposed algorithm with
N = 12 and interelement spacing d = 0.85λ is very close to
the original array factor with a 40% reduction in the number
of antenna elements. The SLL of the proposed GWO is less
than ULA by about 0.5 dB without any change in HPBW.



1047 IEEE Open Journal of Antennas and Propagation, VOL. 5, NO. 4, AUGUST 2024

TABLE 1. Feeding coefficients, d , HPBW, SLL, and DRR of the created arrays using the proposed GWO with comparision of the 20-elements ULA.

Algorithm N Excitation coefficients SLL 
(dB)

HPBW DRR Gain
(dB)

Execution 
time (s)

ULA 20 0.5 1
1

1
1

1
1

1
1

1
1

-13.191 5.22° 1 13.01 0

Proposed 
GWO

12 0.85 1.3076
1.8535
1.3767

1.2618
1.8405
1.4015

1.4639
1.7765

1.6662
1.6676

1.8001
1.5213 -13.579

5.22° 1.47 12.9 5.4

Proposed 
GWO

11 0.897 1.3257
1.7500
0.9681

1.2798
1.7469

1.4188
1.6650

1.5688
1.5002

1.6860
1.2630

-16.684 5.23°
1.8 12.4 3.04

GA/L1 12 0.833 1.2474
1.6757
1.5684

1.3649
1.6454
1.3430

1.5852
1.6987

1.7372
1.7669

1.7451
1.7383

-14.195 5.22° 1.41 12.5 12

GA/L1 11 0.81 0.5857
0.0971
0.0812   

0.1065
0.0918     

0.4018
0.0928     

0.0828
0.0785     

0.0843
0.1011    

-12.581 5.9400 8.36 10 16.8

FIGURE 4. Synthesized radiation patterns of proposed GWO with non-equal
element spacing against Chebyshev pattern.

In addition, for the proposed algorithm with N = 11 and
d = 0.897λ, the reduction in antenna elements is 45% with
SLL = −16.68 dB, while GA/L1 with (N = 11) has SLL =
−12.58 dB and HPBW = 5.41 dB. This shows a significant
decrease in the SLL as compared to ULA and GA/L1. The
HPBW is slightly greater by 0.01◦ than ULA. The simulation
time of the proposed GWO is reduced by 50 % compared
to the GA/L1 algorithm [3]. These results confirm that the
proposed GWO has better performance than the linear array
optimization algorithm called GA/L1. Table 1 summarizes
a comparison between synthesized beams against ULA and
GA/L1 in terms of excitation coefficients, array gain, DRR,
SLL, HPBW, and execution time.

2) PENCIL BEAM CHEBYSCHEV ARRAY

By applying the proposed technique on the Chebyschev
array, the results are shown in Fig. 4 for non-equal element
spacing and Fig. 5 for equal space. They show a comparison
between the Chebyshav array with N = 20 and d = 0.5 λ

versus the proposed GWO with N = 11, 12 and GA/L1 [3]

FIGURE 5. Synthesized radiation patterns of proposed GWO with equal element
spacing against the Chebyshev pattern.

with N = 12. In Fig. 4, the execution time needed to get
the results of the proposed algorithm with N = 12 and
N = 11 is only 5 and 4 seconds, respectively. While GA/L1
needed 30 seconds, which saved 83.3% of the time. The
proposed GWO with N = 12 is very close to the Chebyshav
array which gives the same gain with HPBW = 6.187◦ and
SLL = −29.999 dB.

Furthermore, the DRR of the proposed GWO is less than
GA/L1. As well, for the proposed GWO with N = 11 which
gives the same gain = 16 dB with the same HPBW of
Chebyshav array and SLL = −28.2113 dB. The reduction in
the number of antenna elements is 45%, which is an excellent
result of the synthesized pattern. Furthermore, Fig. 5 for
uniform spacing shows that the proposed technique performs
well, giving the same HPBW and gain with an acceptable
level in SLL. The SLL = −25.56 dB for the proposed GWO
with N = 11 and SLL = −29.9 dB for the proposed GWO
with N = 12. The execution time to obtain the proposed
results is only 4 seconds, while GA/L1 needs 20 seconds.
The DRR is better than GA/L1 for N = 12.
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TABLE 2. Feeding coefficients, d/λ, SLL, HPBW, and DRR of the synthesized arrays for non-uniform spacing poposed GWO and 20-elements Chebyshav array.

Algorithm N Excitation coefficients SLL 
(dB)

HPBW DRR Gain
(dB)

Execution 
time (s)

Chebyshav
array (N=20)

1
2.246

0.877
2.552

1.2009
2.802

1.549
2.979

1.905
3.07 -30 6.1879° 3 16.06dB

0

0.5
3

1
3.5

1.5
4

2
4.5

2.5
5

Proposed GWO (N=12) 1.3863
5.1867

1.9204 2.9418 3.9449 4.7405
-29.999 6.1879° 3.6 16.08dB

5.83

0.834
5.041

1.667 2.5 3.342 4.19

Proposed GWO (N=11) 1.3222
5.244
1.6481

1.8036
5.3014

2.8440
4.7107

3.9323
3.7071

4.8437
2.5639 -28.2113 6.1879° 3.9 16.04dB 4.5

0.84
5.057
9.266

1.668
5.907

2.511
6.753

3.357
7.596

4.207
8.424

GA/L1 (N=12) 0
4.2

0.833 1.666 2.5 3.349 -29.99 6.1879° 3.69 16.05 30

1.3984
5.1715

1.9227 2.9390 3.9413 4.7444

TABLE 3. Excitation coefficients, d/λ, HPBW, SLL, and DRR of the synthesized arrays for uniform spacing proposed GWO and 20-elements Chebyshav array.

Algorithm N Excitation coefficients SLL 
(dB)

HPBW DRR Gain
(dB)

Execution time 
(s)

Chebyshav
array

20 0.5 1       0.877  1.2009    1.549   1.905
2.246    2.552  2.802 2.979 3.07

-30 6.1879° 3 16.06dB 0

Proposed 
GWO

12 0.83 1.4172  2.0253  2.9504    3.8893  4.6510   
5.0769

-29.9 6.1879° 3.5 16.02dB 4.2

Proposed 
GWO

11 0.877 1.4657  2.4385   3.4972   4.4580  5.1302   
5.3717

-25.56 6.1879° 3.6 15.99dB 4

GA/L1 12 0.834 1.4467   1.9594    2.9607      3.9418     4.7224     
5.118

-29.3 6.1879° 3.537 16.0dB 20

The proposed technique saves the number of antenna ele-
ments up to 45%. Consequently, the results of the proposed
algorithm outperform the linear array optimization algorithm
(GA/L1). Table 2 and Table 3 summarize a comparison
between the synthesized beam against the Chebyshav array
and GA/L1 in terms of excitation coefficients, array gain,
DRR, SLL, HPBW, and execution time.

3) SHAPED BEAM PATTERN

Fig. 6 shows the results of the shaped beam pattern [7]
with N = 16 against the proposed algorithm with N = 13
and GA/L1 [7] with N = 13. The excitation coefficients
magnitude and phase are listed in Table 4. The proposed
GWO with N = 13, the proposed scheme, and GA/L1
introduce an excellent matched pattern to the desired
elements array pattern (N = 16) mentioned in [7]. In
addition, only six seconds are required for the proposed
technique, which is less than the thirty seconds for the GA/L1
technique. Furthermore, as seen in Fig. 7, the synthesis
of the necessary shaped beam pattern using just N =
12 elements demonstrated the superiority of the proposed

GWO approach over the GA/L1 technique. It offers a 25%
decrease in the total number of elements in the array.
Furthermore, when comparing the synthesized arrays to
the original array, the DRRs of the arrays created using
the GA/L1 approach and the suggested GWO technique
are 9.73 and 4.278, respectively. So, it is evident that the
suggested method offers minimized DRR. Table 5 lists the
element locations and synthesized excitation coefficients.
We also reduce the number of antennas to N = 11
with DRR = 6.28. This result is better than GA/L1 with
N = 12. These results show that the proposed GWO has
significant enhancement in performance over the linear array
optimization algorithm (GA/L1). The results are listed in
Table 6. Finally, the proposed scheme provides the best
outcomes over GA/L1 [3].

B. REDUCING PEAK OF SLL (MATLAB SIMULATIONS)
1) 10-ELEMENT ULA PATTERN SYNTHESIS

Table 7 displays the optimization result for the N = 10
elements ULA that was produced by the proposed GWO
and IWO [15]. The highest SLL of the original array is



1049 IEEE Open Journal of Antennas and Propagation, VOL. 5, NO. 4, AUGUST 2024

FIGURE 6. Synthesized radiation patterns of the proposed GWO with 13-element
unequally spaced against shaped beam pattern.

TABLE 4. The created wide beam pattern parameters for N = 13 elements.

1 0.662 0.359 -69.7404
2 1.217 0.5115 11.9129
3 1.913 0.6911 44.9431
4 2.615 1.0201 86.6177
5 3.202 1.1631 150.9365
6 3.81 0.8482 -152.0306
7 4.33 0.2240 -92.9993
8 4.85 0.3296 -150.2879
9 5.556 0.4228 -122.1946

10 6.241 0.3284 -75.4453
11 6.876 0.2200 -42.6106
12 7.586 0.0897 -92.4306
13 8.139 0.2239 -3.3671

−12.9672 dB, whereas the peak SLL of the optimized array
produced by the proposed GWO is −26.621 dB. As shown
in Table 7, the proposed GWO algorithm obtained a peak
of SLL less than IWO [15] by 0.071 dB, saving up to
50% in execution time. In addition, the HPBW of IWO is
greater than the proposed GWO. So, the proposed algorithm
outperforms IWO in [15] and ULA [9]. The radiation
pattern achieved by the proposed GWO in comparison to
other methods is shown in Fig. 8. The accuracy of the
proposed algorithm is significantly higher than IWO. The
proposed GWO is preferred over other methods because
of its higher gain, with a LMSE of 8.25E − 13. The
main lobe of the proposed algorithm is very close to the
ULA, unlike IWO. Furthermore, the IWO saves the same
interelement spacing of ULA d = 0.5λ but in the proposed
scheme, the interelement-spacing d = 0.55λ. Moreover, from
the results of the proposed algorithm, it is clear that it
outperforms the linear array optimization algorithm called
IWO. The excitation coefficient, element spacing, SLL,
HPBW, DRR, gain, and execution time are summarized
in Table 7.

FIGURE 7. Synthesized radiation patterns of the proposed GWO with 12-elements
and 11-elements unequally spaced against shaped beam radiation pattern.

TABLE 5. The created wide beam pattern parameters for N = 12 elements.

1 0.5580 0.3611 -64.3751
2 1.2550 0.4076 6.8524
3 1.9580 0.6617 35.1322
4 2.5450 0.9056 82.5040
5 3.1560 1.0269 137.6605
6 3.6770 0.8704 -169.1444
7 4.1840 0.4922 -143.9244
8 4.8940 0.4248 -115.6741
9 5.5800 0.2420 -104.7759

10 6.2150 0.3243 -84.9195
11 6.9250 0.2099 -42.3709
12 7.4790 0.2125 -6.4517

TABLE 6. The created wide beam pattern parameters for N = 11 elements.

1 0.8300 0.3996 -48.0338
2 1.5600 0.5684 27.7244
3 2.3620 0.7820 55.5868
4 3.0320 1.1641 108.4004
5 3.6420 1.1732 176.9404
6 4.3020 0.6889 -127.4435
7 5.1920 0.3752 -124.4878
8 6.0020 0.3587 -105.2641
9 6.7820 0.2991 -73.1755

10 7.2850 0.1864 -25.7811
11 8.1940 0.1957 5.9642

2) 20-ELEMENT ULA PATTERN SYNTHESIS

Using the Proposed GWO and another method, a 20-
element symmetrical ULA optimization with equal spacing
is optimized for the minimization of peak SLL. The result
of the proposed GWO is very good compared to IWO, as
shown in Fig. 9. The SLL of the ULA [3] is −13.19 dB,
while the proposed scheme provides SLL equal to −35.69 dB
with the same HPBW = 5.22◦. The SLL obtained from
IWO is −33.33 dB with HPBW = 5.58◦. This means
that the proposed GWO has better results than IWO [15].
Furthermore, the proposed optimization result gives the gain
of the antenna array higher than IWO by 0.23 dB while
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TABLE 7. Feeding amplitudes, d/λ, HPBW, SLL, and DRR the proposed GWO and IWO techniques compared to the ULA for N = 10 elements.

Algorithm N Excitation coefficients SLL (dB) HPBW DRR Gain
(dB)

Execution time (s)

ULA 10 0.5 1 1 1 1 1 -12.9672 10.26 1 10 0

IWO 10 0.49 0.9647 0.86648 0.6806 0.4625 0.3235 -26.55 11.34 2.9 8.19 5.8

Proposed GWO 10 0.55
0.999

0.891 0.7043 0.4789 0.345 -26.621 10.26 2.9 8.34 2.9

FIGURE 8. Synthesized patterns of the proposed GWO technique and IWO
technique for SLL reduction with N = 10-elements.

the DRR is less than IWO. The gain of IWO is 10.61 dB,
while the gain of the proposed scheme is 10.84 dB. Also,
the DRR of the IWO and proposed scheme are 6.6 and
5.2, respectively. The excitation coefficient, element spacing,
SLL, HPBW, DRR, gain, and execution time are summarized
in Table 8. Furthermore, Fig. 9 shows the field pattern of
the proposed scheme versus the original pattern of ULA and
another method in [15] for N = 20. The results show that
the HPBW of the proposed scheme is identical to the HPBW
of the ULA, unlike the IWO. So, the proposed algorithm
has better improvement than the linear array optimization
algorithm (IWO)

3) 16-ELEMENT ULA PATTERN SYNTHESIS

Fig. 10 presents the results of the radiation pattern for
ULA, IWO, and the proposed GWO for N = 16 element,
respectively. It saves the execution time to obtain the result
up to 50%. From the comparison, it is clear that the proposed
scheme achieves the best performance. The SLL of the ULA
is −13.1491 dB, while the SLL of the proposed GWO and
IWO are −48.7 dB and −27.65 dB, respectively. So, the
proposed scheme has a peak of SLL less than IWO [15]
by 21.1 dB and less than ULA by 35.55 dB. In addition,
the HPBW of the proposed scheme is identical to ULA,
unlike IWO, which has a higher HPBW than ULA by

FIGURE 9. Synthesized patterns of the proposed GWO technique and IWO
technique for SLL reduction with N = 20-elements.

1.44◦. Furthermore, the proposed scheme has a higher gain
than IWO by 0.9329 dB, but DRR is higher. Table 9 lists
the excitation coefficient, element spacing, SLL, HPBW,
DRR, gain, and execution time. Finally, the proposed scheme
is very close to ULA with the lowest SLL compared to
IWO and ULA. In addition, the proposed algorithm gives
improved results than the linear array optimization algorithm
called IWO.

4) 32-ELEMENT ULA PATTERN SYNTHESIS

The results of the radiation pattern for ULA, IWO, and
proposed GWO are presented in Fig. 11 for N = 32 element.
It achieves savings in the execution time up to 30%. From
the comparison, it is clear that the proposed scheme performs
the best performance. The SLL of the proposed GWO is
−38.019 dB while the SLL of the ULA and IWO are
−13.2592dB and −30.1 dB, respectively. Consequently, the
proposed scheme has a peak of SLL less than IWO [15] by
8dB and less than ULA by 24.75 dB. Also, the HPBW of
the proposed scheme is identical to ULA, unlike IWO which
has a higher HPBW than ULA by 1.08◦. Furthermore, the
proposed scheme has a higher gain than IWO by 0.37dB but
DRR is higher. Finally, we can say the proposed GWO gives
great results than ULA [9] and IWO [15]. Table 10 lists the
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TABLE 8. Feeding amplitudes, d/λ, HPBW, SLL, and DRR the proposed GWO and IWO techniques compared to the ULA for N = 20 elements.

Algorithm N Excitation coefficients SLL 
(dB)

HPBW DRR Gain
(dB)

Execution time 
(s)

ULA 20 0.5 1 1 1 1 1 -13.19 5.22 1 13.01 0

1 1 1 1 1
IWO 20 0.55 0.9453 0.9262 0.8805 0.7420 0.66805 -33.33 5.58 6.6 10.61 4.83

0.5427 0.4061 0.2941 0.2176 0.143
Proposed 
GWO

20 0.65 0.9989 0.9658 0.8971 0.8023 0.6892 -35.69 5.22 5.2 10.84 3.1

0.5643 0.43821 0.322 0.219 0.1834

TABLE 9. Feeding amplitudes, d/λ, HPBW, SLL, and DRR the proposed GWO and IWO techniques compared to the ULA for N = 16 elements.

Algorithm N Excitation coefficients SLL (dB) HPBW DRR Gain
(dB)

Execution time (s)

ULA 16 0.5 1
1

1
1

1
1

1
1

-13.1491 6.30 1 12.0412
0

IWO 16 0.6 0.9898
0.7230

0.9607
0.5730

0.8716
0.4807

0.8449
0.1816

-27.65 7.74 9.8 9.2184 5.8

Proposed GWO 16 0.77 0.981
0.4182

0.9219
0.2560

0.7795
0.1322

0.6014
0.0673

-48.7 6.3 14.5 10.1513
2.9

FIGURE 10. Synthesized patterns of the proposed GWO technique and IWO
technique for SLL reduction with N = 16-elements.

excitation coefficient, element spacing, SLL, HPBW, DRR,
gain, and the execution time.

C. REDUCING PEAK OF SLL (CST SIMULATIONS)
The obtained results from the proposed GWO (excita-
tion coefficients and interelement spacing) can be initially
checked to be acceptable for practical applications using
computer simulation technology (CST). These results were
used to design and feed LAA on CST. CST microwave studio
software package is used to build a half wavelength dipole
(λ/2) element in order to practically validate the suggested
methodologies. Fig. 12 displays the dimensions of the dipole
elements as well as the E-plane pattern. There is a 10

FIGURE 11. Synthesized patterns of the proposed GWO technique and IWO
technique for SLL reduction with N = 32 elements.

mm dipole diameter. While Fig. 13 displays the scattering
parameter |S11| versus the dipole’s frequency, it is evident
that the dipole has a resonance frequency of fO = 1 GHz.

1) 10-ELEMENT ULA PATTERN SYNTHESIS

This section verifies the effectiveness and viability of the
proposed GWO technology employing CST and a dipole
antenna element in place of an isotropic antenna. Fig. 14
(a) and (b) show the polar plots of the original and
synthesized ULA patterns in the E-plane for 10-element,
respectively. Through analysis of the data, it appears that
the implemented patterns by the proposed GWO yield an
SLL of −26.6 dB, which is higher than the ULA pattern
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TABLE 10. Feeding amplitudes, d/λ, HPBW, SLL, and DRR the proposed GWO and IWO techniques compared to the ULA for N = 32 elements.

Algorithm N Excitation coefficients SLL (dB) HPBW DRR Gain
(dB)

Execution time (s)

ULA 32 0.5 1 1 1 1 -13.2592 3.06 1 15.0515 0
1 1 1 1
1 1 1 1
1 1 1 1

IWO
32 0.6 0.9969 1.0000 0.9757 0.9049 -30.1 4.14 9.8 12.8059 10

0.8317 0.8317 0.7572 0.7039
0.6628 0.5290 0.4582 0.4497
0.3931 0.2831 0.1987 0.3559

Proposed GWO 32 0.7 0.9999 0.9999 0.9999 0.9358 -38.019 3.06 14.5 13.1836 7
0.8710 0.8107 0.7273 0.6250
0.5802 0.4901 0.427 0.34
0.2672 0.153 0.1399 0.1381

FIGURE 12. Dipole antenna.

double drop in SLL, which equals −13.2 dB. Furthermore,
the HPBW of the proposed scheme and the original pattern
are very close to each other. Moreover, the main lobe
magnitude of the proposed GWO is greater than that obtained
by ULA.

2) 16-ELEMENT ULA PATTERN SYNTHESIS

This section verifies the effectiveness and viability of the
proposed GWO technology employing CST for 16-element.
The polar plots of the ULA and synthesized patterns in the
E-plane are displayed in Fig. 15 (a) and (b), respective. Data
analysis suggests that the proposed GWO gives an SLL of
−40.8 dB, while the ULA gives −13.2 dB. The reduction
in the SLL is up to 68.13%. Moreover, there is a strong

FIGURE 13. Scattering parameter |S11| versus dipole antenna frequency.

similarity between the original pattern and the suggested
scheme’s HPBW. Furthermore, the predicted GWO’s main
lobe magnitude is larger than ULA, as shown in Fig. 15 (a)
and (b).

3) 20-ELEMENT ULA PATTERN SYNTHESIS

The usefulness and feasibility of the suggested GWO
technology, which uses CST for 20 elements, are confirmed
in this section. Fig. 16 (a) and (b) show the polar plots of the
ULA and synthesized patterns in the E-plane, respectively.
Data analysis reveals that the suggested GWO generates an
SLL of –34.3 dB, whereas the ULA gives −13.2dB. The
reduction in SLL is up to 62%. Furthermore, there exists a
good correspondence between the HPBW of the proposed
scheme and the original pattern. Additionally, as seen in
Fig. 16 (a) and (b), the main lobe magnitude of the proposed
GWO is bigger than ULA.

4) 32-ELEMENT ULA PATTERN SYNTHESIS

As mentioned in the previous sections, using CST for 32
elements, this part confirms the effectiveness and viability
of the proposed GWO technique. Fig. 17 (a) and (b) show
the polar plots of the ULA and the synthesized patterns
in the E-plane, respectively. Examining the outcomes, it
is evident that the suggested GWO generates an SLL of
−35.2 dB, whereas the ULA gives −13.2 dB. The reduction
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FIGURE 14. Polar plot of ULA versus proposed GWO by CST program for N = 10.

FIGURE 15. Polar plot of ULA versus proposed GWO by CST program for N = 16.

in SLL is up to 62.5%. Furthermore, the original pattern and
the HPBW of the proposed system are quite comparable.
As seen in Fig. 17 (a) and (b), the main lobe magnitude
of the anticipated GWO is also greater than ULA. So,
the proposed scheme is applicable practically, which gives
excellent results.
Finally, the MA [13], IWO [15], FA [46], MFO [34], and

PSO [36] state-of-the-art approaches are compared with the
suggested SLL reduction strategies for ULA with 10, 16,
20, and 32 elements with d = 0.5λ. The synthesized pattern
with proposed GWO Fig. 8, Fig. 9, Fig. 10, and Fig. 11.
Consequently, Table 11. Shows the SLL of it is much lower
than other algorithms in comparison. In addition, compared
to other strategies, the presented techniques have the shortest
runtime.

VI. MIMO SYSTEM MODEL AND THEORETICAL
ANALYSIS
In this section, the digital precoding in mmWave system
has high cost and power consumption [40] while analog
precoding has bad performance. Consequently, Hybrid beam-
forming is the better choice for overcoming the constraints
of pure digital or analog beamforming in communication
systems. It reduces the needed RF chains, in addition, analog
phase shifters can be used for the implementation of analog
beamforming. As an application of the hybrid beamforming
approach, the proposed GWO utilized for digital beamform-
ing. The role of using the proposed GWO in this part is
obtaining the excitation coefficients of transmitting antennas
and interelement spacing between them. This will maximize
the gain of the system. This can be done as the following:
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FIGURE 16. Polar plot of ULA versus proposed GWO by CST program for N = 20.

FIGURE 17. Polar plot of ULA versus proposed GWO by CST program for N = 32.

In the mmWave MIMO system shown in Fig. 1, the
base station (BS) is connected to a transmission antenna
(Nt) and an RF chain (ND) transmits a data stream (NS)
to the reception antennas (Nr). When NS ≤ ND ≤ Nt,
data streams are first broadcast to RF chains by a ND ×
NS digital precoding matrix. APSs, and variable attenuators
are used to accomplish an Nt × ND analog precoding
matrix VA. A beamforming matrix determines how each RF
chain is distributed across the array’s antenna elements. The
following can be used to represent the received signal, r:

r = √βHDVAVDx + z (14)

where r ∈ C
Nr×1 is the received signal at the receiver side,

and β = P/No is the average SNR. z ∈ C
Nr×1 is a Gaussian

noise vector with μ = 0 and σ 2= 1. The digital beam

forming matrix D ∈ C
Nt×Nt is written as:

D =
⎡

⎢⎣
a1 · · · a1
...

. . .
...

aNt · · · aNt

⎤

⎥⎦ (15)

where a1, a2, a3, . . . , aNt ae the excitation coefficient for
Nt transmit antennas obtained by proposed GWO.
The transmitted signal vector can be written as:

x = [x1, x, x3, . . . ,xNS ]T (16)

The MIMO channel matrix H ∈ C
Nt×Nr is normalized

such that E
[
‖H‖2

]
=NtNr and it can be given by [42].

H(t) =
√
NtNr
L Lc

L∑

i=1

Lc∑

j=1

αi,jar
(
θaij

)
a∗
t

(
θdij

)
(17)
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TABLE 11. Comparison between proposed algorithms against different optimization
algorithms.

Algorithm Array 
length

SLL(dB) Execution 
time(s)

ULA [8] 10 -12.97 0
ULA [8] 16 -13.15 0
ULA [8] 20 -13.22 0
ULA [8] 32 -13.25 0
IWO [15] 10 -26.55 3.49
IWO [15] 16 -35.21 7.47
IWO [15] 20 -33.33 4.83
IWO [15] 32 -28.19 11.89
PSO [36] 10 -25.53 2.78
PSO [36] 16 -17.17 4.35
PSO [36] 20 -25.92 5.37
PSO [36] 32 -25.05 9
MFO [34] 10 -26.62 2.75
MFO [34] 16 -40.68 5.58
MFO [34] 20 -32.03 5.00
MFO [34] 32 -25.45 9.59
MA [13] 10 -26.7 9.99
MA [13] 16 -48.27 14.13
MA [13] 20 -34.9 16.26
MA [13] 32 -35.73 27.17
FA [46] 10 -26.64 24.95
FA [46] 16 -46.28 52.52
FA [46] 20 -34.76 56.77
FA [46] 32 -28.32 88.98
Proposed 
GWO

10 -26.8 2.9

Proposed 
GWO

16 -48.7 2.9

Proposed 
GWO

20 -35.69 3.1

Proposed 
GWO

32 -38.019 7

where L is the number of paths and Lc is the cluster numbers.
αi,j is the complex channel gain of ith path and jth cluster.(
θaij

)
is a uniformly distributed angle of arrival (AOA) and(

θdij

)
is a uniformly distributed angle of arrival (AOD). The

beam steering vectors at UE and BS are denoted as ar
(
θ rij

)
∈

C
Nr×1 and at

(
θ tij

)
∈ C

Nt×1 respectively. The normalized
steering vectors are expressed as:

at
(
θ tij

)
= 1√

Nt

[
1 ejkdsin(θ

t
ij) · · · ej(Nt−1)kdcsin(θ tij)

]T
(18)

ar
(
θ rij

)
= 1√

Nr

[
1 ejkdsin(θ

r
ij) · · · ej(Nr−1)kdsin(θ rij)

]T
(19)

where d is the interelement spacing between antennas and
k = 2π/λ is the wave number with wavelength λ = c/f (c =
3 × 108m/s and f is the frequency of operation). This
study assumes that both the transmitter and receiver have
perfect channel state information (CSI) and are perfectly
synchronized. The estimated signal vector at user equipment
after the analog and digital combining can be expressed as:

y = UH
DU

H
Ar (20)

where, UA ∈ Nd × Nr and Ud ∈ Ns × Nd are the analog
and digital decoding matrices, respectively. The constraints
of the analog decoder are

∣∣∣U{i,j}
A

∣∣∣ = 1/
√
Nr. (.)H denotes

the conjugate transpose. Thus, hybrid precoding’s goal for
MIMO systems is to maximize C through D, VA, Vd UA
and Ud jointly. The rate of the PHB can be written as:

C = log2

(∣∣∣∣INs + β

Ns
V−1
n UH

d U
H
AHDVAVD

× VH
DV

H
AH

HUAUD

∣∣∣
)

(21)

where the noise covariance matrix Vn.

Vn = VH
DV

H
AH

HUAUD (22)

In this work, we use the mean square error MSE [44]
as the performance metric for the combined transmit and
receive PHB design. MSE can be calculated as:

MSE � E

{∥∥∥δ−1y−x
∥∥∥

2
}

(23)

where δ is the scaling factor for optimizing PHB beamform-
ers. From Eq. (14) and Eq. (20). Eq. (23) can be rewritten
as:

MSE � E

{∥∥∥δ−1
√

βU
H
DU

H
AHDVAVDx+UH

DU
H
Az − x

∥∥∥
2

= tr
(
δ−2βUH

DU
H
AHDVAVDVH

DV
H
AD

HHHUAUD

−δ−1
√

βU
H
DU

H
AHDVAVD

)

− δ−1
√

βVH
DV

H
AD

HHHUAUD

+σ 2δ−2UH
DU

H
AUAUD + INs (24)

Analog beamformers rely on phase shifters to alter input
signal phases, hence their components must adhere to the
constant modulus requirement as

∣∣[VA]i,j
∣∣ = 1 for i =

1, 2, . . . ,Nt and j = 1, 2, . . . ,Nd, and |[UA]mn| = 1 for
m = 1, 2, . . . ,Nr and n = 1, 2, . . . ,Nd. From Eq. (24),
with the transmit power and phase shifter constant modulus
constraints, the HBF optimizer issue may be expressed as
follows:

argmin
{Vd,VA,D,UA,Ud,δ}

MSE

subject to ‖VAVD‖2
F = 1,

∣∣[VA]i,j
∣∣2

= 1 ∀ i, j; |[UA]mn|2 = 1 ∀ m, n (25)

where ‖.‖F is the standard Forbenius norm. However, in
order to raise the potential channel SE in Eq. (21) for
hybrid beamforming in the multiuser situation, the joint
optimization problem will be stated as follows:

argmax
{Vd,VA,D,UA,Ud}

C(x, x̂)

subject to ‖AVRFVBB‖2
F = 1 (26)

Furthermore, for comparison, the optimal optimization
problem of the fully digital scenario is as follows:

CD = max
V,U

C(x, x̂)
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FIGURE 18. Block diagram of PHB for MIMO system.

subject to ‖V‖2
F = 1 (27)

where CD is the Fully digital spectral efficiency [3], such
that:

CD = log2

(∣∣∣∣INs + β

Ns
V−1
n UHHVVHHHU

∣∣∣∣

)
(28)

Vn = UHU (29)

SVD(H) = U
VH (30)

where rank(H) ≥ Ns, U ∈ Nr × Nr is the unitary matrix for
digital decoder, V ∈ Nt ×Nt is the unitary matrix for digital
precoder, and 
 ∈ Nr × Nt is the diagonal matrix for the
problem in Eq. (27). The digital precoder VD ∈ Nt ×Ns and
combiner UD ∈ Nr × Ns can be expressed as:

VD =
[
VNs

0

]
(31)

UD =
[
UNs

0

]
(32)

where VNs and UNs are the first Ns column V and U
respectively. The Fully digital SE is expressed by:

CD = log2

(∣∣∣∣INs + β

Ns
�{1:Ns,1:Ns}2

∣∣∣∣

)
(33)

so,

CD =
Ns∑

is

log2

(
1 + β

Ns
�{is,is}2

)
(34)

VII. PROPOSED HYBRID BEAMFORMING DESIGN
Utilizing the Nt-elements of the current LAA, the proposed
GWO performs digital beam forming at the BS to produce
the same pattern of a much larger array of N elements such
that:

AFs(θ)|Nt = AFd(θ)|N (35)

where N � Nt where. The solution to this problem is
to optimize the excitation coefficients and element spacing
of the antenna array. The result of that, the synthesized

array gain ηs is very close to the desired array gain ηd, the
synthesized gain ηs � η (LAA with the same length of the
synthesized antenna array) by a value of �η that is given
by:

� η = ηs − ηT (36)

As a result, the SNR of PHB, called SNRPHB, will
be increased by �η and interference will be decreased.
Consequently, we tend now to design the proposed precoders
and combiners according to new coefficients of analog
precoders obtained from the proposed GWO.
It is doubtful that the PHB issue in Eq. (25) will discover

the ideal solution because it entails a combined optimization
across six variables and non-convex constraints. Dividing the
original issue into two sub-problems that correspond to the
optimization for the hybrid transmit precoder and receive
combiner, respectively, and solving each one separately is
a suboptimal but effective technique to get around the
challenges.

A. HYBRID TRANSMIT PRECODER DESIGN
In this section, we focus on designing the transmit precoders
D,VA, and VD in addition to δ. The combining matrix at the
receiver is fixed. Let Vn=DVA and Vm=δ VD. The precoder
optimization is expressed as:

minVnVm, tr
(
HH

t VnVmVH
mV

H
n Ht − HH

t VnVm − VH
mV

H
n Ht

−σ 2δ−2UHU + INS

)

subject to tr (VnVmVH
mV

H
n ) ≤ δ−2

|[VA]i,j| = 1 ∀ i, j (37)

where Ht � HUAUD is the equivalent channel matrix. First,
we fix Vn to get the ideal digital precoding matrix Vm.
Next, we derive the resultant objective as a function of
Vn. Finally, we optimize Vn by further minimizing the
objective with the constant modulus constraint. This is
our optimization technique. Owing to the transmit power
limitation, it can be demonstrated through contradiction
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that the best outcome necessitates the highest possible total
transmit power, meaning that the ideal δ is determined by:

δ = (tr (VnVmVH
mV

H
n ))

− 1
2 (38)

Then, we can obtain the optimized value of Vn according
to this equation [41]:

Vm =
(
VnHtHH

t V
H
n + σ 2 tr

(
UH
AU

H
DUDUA

)
VH
n Vn

)−1
VH
n Ht

(39)

By substituting Vn and δ in (37) and some derivations we
get

Vn � tr

⎛

⎝
(
INS + 1

σ 2tr
(
UH
AU

H
DUDUA

)HtVn

(
VH
n Vn

)−1
VH
n

)−1
⎞

⎠

(40)

Now, we can reduce the optimization problem in (37) to

minVn Vn

subject to
∣∣[VA]i,j

∣∣ = 1 ∀ i, j (41)

and use Manifold optimization to solve this problem and
obtain the analog precoder matrix.

B. HYBRID RECEIVE COMBINER DESIGN
In this section, we focus on designing the transmit
combiners UA and UD. The precoding matrix at the trans-
mitter is fixed. The optimization problem is expressed as:

minUA,UA tr
(
UH
r HrHH

r Ur − UH
r Hr − HH

r Vr − σ 2δ−2UH
r Ur + INS

)

subject to
∣∣[UA]m,n

∣∣ = 1 ∀ m, n (42)

where Hr � HVnVm and Ur � UAUD. Then, the objective
function of 42 is differentiating concerning UD and setting
the result to zero to obtain the optimal UD as follows:

UD =
(
UH
AHrHH

r UA + σ 2 δ−2 UH
AUA

)−1
UH
AHr (43)

By substituting UD in (41) we get

min
UA

UA � tr

((
INS + σ−2 δ2HH

r UA × (UH
AUA

)−1
UH
AHr

)−1
)

subject to
∣∣[UA]m,n

∣∣ = 1 ∀ m, n (44)

VIII. NUMERICAL RESULTS OF THE PROPOSED PHB
To illustrate the effectiveness of the PHB structures for
the multi-stream mmWave massive MIMO system, the
simulation results of 1000 Monte Carlo iterations used to
plot the SE against SNR are shown in this section. We also
compare these results with the fully digital and the algorithms
used in [3] and [43]. Numerical results for 32 × 16, 32 × 8,
and 20 × 8 MIMO systems are obtained. Within the interval
[0, π ], the angles of arrivals and departures (AOAs/AODs)
are evenly distributed. The path loss exponent of the system
is n =4 [43]. Assuming an average noise power of No = 1.
The PHB structure is put into practice by employing a
conventional ULA at the reception side and non-uniform
feeding of an LAA with equal spacing at the transmitter
side.

FIGURE 19. SE performance at different data steam of 32 × 16 MIMO for proposed
PHB structure at L = 8 paths, ND= 8.

FIGURE 20. SE performance at different data streams of 32 × 8 MIMO for proposed
PHB structure at L = 8 paths, ND= 8.

A. STUDY THE EFFECT OF CHANGING NS
Figs. 19, 20, and 21 present an analysis and clarification
of the performance PHB structure versus fully digital ele-
ments [3] based on 32×16, 32×8, and 20×8 MIMO systems
operating at various bitstreams counts Ns = 2, 4, and 8 while
Nd = 8. These schemes are simulated at multipath channel
L = 8 paths. The outcome of the simulation demonstrates
that an increase in data streams improves SE performance.
In addition, the performance of the PHB structure is fully
digital, which is considered optimal precoding with the
highest SE. This is the outcome of increasing the number
of bit streams (Ns) to get multiplexing gain. In addition,
the acquired SE gain comes from the effectiveness of
the proposed GWO. In 32 × 16 and 32 × 8 scenarios,
these simulations are performed with Nt = 60 fully digital
antennas, while PHB used only 32 antennas. Then, the
proposed scheme saves up to 46% in the number of antennas,
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FIGURE 21. SE performance at different data streams of 20x8 MIMO for proposed
PHB structure at L = 8 paths, ND= 8.

FIGURE 22. SE performance at different data streams of 32 × 16 MIMO for proposed
PHB structure at L = 5, 10 paths, Nd = 2.

and consequently, it significantly reduces the hardware
complexity of the proposed PHB. In addition, for the 20 × 8
scenario, the simulation is performed with Nt = 42 antennas
of fully digital while PHB used only 20 antennas. Then, the
proposed scheme saves up to 45% in the number of antennas.
Also, it significantly reduces the hardware complexity of the
proposed PHB.

B. STUDY THE EFFECT OF CHANGING L
Figs. 22, 23, 24, and 25 present an analysis and clarification
of the performance proposed PHB structure versus Fully
digital elements [3] and analog precoding only based
32 × 16, 32×8, 20×16 and 20×8 MIMO system at different
numbers paths L = 5 and 10 while Nd = 2. These schemes
are simulated at data steam Ns = 2 bits. The fully digital uses
60 antennas opposite to 32 antennas in the proposed scheme
for 32 × 16, and 32 × 8 scenarios. In addition, the fully
digital uses 42 antennas against 20 antennas in the proposed
scheme for 20 × 16, and 32 × 8 scenarios. The simulation is

FIGURE 23. SE performance at different data streams of 32 × 8 MIMO for proposed
PHB structure at L = 5, 10 paths, Nd = 2

FIGURE 24. SE performance at different data streams of 20 × 16 MIMO for proposed
PHB structure at L = 5, 10 paths, Nd = 2.

performed on the fully digital [41] analog precoding [44],
and orthogonal matching pursuit (OMP) [3]. Reducing the
number of pathways results in a large rise in SE. Based on
the same number of pathways, data stream, and RF chains,
the suggested PHB structures achieve more SE than any other
techniques in [3], [43]. As a result, PHB attains superior
performance and nearly reaches optimum efficiency.

IX. CONCLUSION
This work proposes a new beamforming technique for ULA,
Chebyshev arrays, and shaped pattern arrays that reduces size
and SLL up to 50%. This approach is done via a combination
between the GWO and L2-norm called proposed GWO. By
maximizing element spacing, the GWO method modifies the
HPBW. Consequently, when the number of antenna elements
is reduced, the suggested GWO technique provides a very
close beam pattern to the required radiation pattern with
low complexity. Furthermore, it provides SLL reduction and
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FIGURE 25. SE performance at different data streams of 20 × 16 MIMO for proposed
PHB structure at L = 5, 10 paths, Nd = 2.

still has the same HPBW as the original radiation pattern
unlike other algorithms mentioned in literature. In addition,
the suggested methodologies are practically validated with
the aid of the CST. Moreover, a PHB structure for MIMO
systems is developed using the proposed GWO algorithm. It
utilized the present number of antenna elements to maximize
gain via apply beamforming to transmit antenna array. As
well, it synthesizes the radiation pattern of significantly
larger size and higher gain arrays without the need for
additional elements. As a result, there are significant savings
on antenna elements and related RF chains, which lowers
system complexity. Moreover, maximizing array gain will
raise the received SNR. Moreover, the SLL reduction
scenario would improve system performance by reducing
interference.
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