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Abstract

In this paper, by combining the Lorentz reciprocity theorem with the particle swarm
algorithm, the array beam synthesis method based on wireless power transmission
efficiency is successfully applied to the automated beam synthesis process. The
improved particle swarm algorithm can achieve automatic gain balancing among mul-
tiple beams. This method explicitly combines the radiation pattern of the array ele-
ment to construct the scattering parameter matrix, providing a new approach in addi-
tion to simulation software calculation and experimental measurement, and improv-
ing the conventional method of maximum power transmission efficiency. For exper-
imental validation, a 2.45 GHz phased array antenna with a dual-layer feed struc-
ture is designed and fabricated. The proposed algorithm successfully synthesizes 2D
spatially scanned beams, as well as balanced-gain dual-beam and quad-beam pat-
terns, with measured gain variations below 0.1 dB and computational optimization
completed within 8 seconds. Experimental results demonstrate precise beam steer-
ing at target angles while maintaining exceptional gain uniformity across all beams.
The solution’s pattern-dependent framework ensures universal applicability to diverse
array configurations requiring multi-beam synthesis with scanning capability and

gain equalization, offering a robust tool for next-generation communication and radar
systems.

Introduction

With the rapid development of wireless communication systems, radar detection, and
satellite navigation technologies, phased array antennas have emerged as one of
the core components in modern wireless systems due to their beam controllability,
high gain, and spatial resolution capabilities [1]. Multi-beam phased array antennas
enable simultaneous generation of multiple independently controllable beams with
high-speed beam steering to cover distinct spatial regions or serve multiple users.
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Correspondingly, multi-beam pattern synthesis methodologies have gained exten-
sive applications in radar sensors, radio astronomy, and satellite communications,
demonstrating significant theoretical and practical value [2].

Pattern synthesis research primarily follows two approaches: hardware-circuit
implementation through beamforming network design combined with matrix switch-
ing to achieve radiation pattern control, though this method introduces additional spa-
tial constraints and higher costs by requiring extra beamforming circuit layers within
the antenna structure [3—8]; and algorithmic optimization techniques that derive opti-
mized array excitation coefficients through computational methods for direct beam
synthesis via integrated phase shifters and attenuators, offering enhanced flexibility
and cost-effectiveness [9-14].

Traditional analytical methods such as Chebyshev and Taylor synthesis
approaches provide rapid and effective solutions but exhibit substantial application
limitations in modern scenarios [15—-17]. While these classical algorithms remain
foundational, their integration with optimization techniques has become imperative to
address evolving application requirements. Numerical optimization algorithms, includ-
ing genetic algorithms, particle swarm optimization (PSO), and simulated annealing,
demonstrate broad applicability in multi-beam challenges [18-21], though their effi-
cacy critically depends on internal workflow design, where poorly structured imple-
mentations risk convergence to local optima and optimization failure. Convex opti-
mization techniques excel at precisely satisfying multi-constraint conditions involv-
ing main lobe width and sidelobe level suppression while achieving global optima
within constrained timeframes [22—24], yet their performance remains sensitive to
initial parameter selection, necessitating empirical knowledge or hybrid initialization
strategies to prevent convergence failures. Recent advancements in neural networks
and deep learning-based pattern synthesis methods have enabled dynamic beam
adaptation through data-driven learning of excitation-pattern mappings, though their
practical implementation faces inherent dependencies on the quality and quantity
of training data — insufficient datasets may induce beam distortion and algorithmic
instability [25-28].

The method of Maximum Power Transmission Efficiency (MMPTE) has emerged
as an innovative antenna design approach that optimizes wireless system power
transmission efficiency through direct analytical solutions of array excitations maxi-
mizing multi-antenna system efficiency models [29—-31], bypassing iterative optimiza-
tion processes and introducing a novel paradigm for pattern synthesis [32,33]. How-
ever, a fundamental constraint arises from the algorithm’s prerequisite for precise
multi-port network scattering parameter (S-parameter) matrix inputs, which typically
necessitates acquisition through computationally intensive full-wave electromagnetic
simulations or experimental characterization, thereby substantially restricting its prac-
tical implementation in pattern synthesis applications requiring rapid design iterations
or dynamic reconfiguration capabilities.
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This paper proposes an enhanced multi-beam synthesis methodology for array antennas that significantly improves the
performance of MMPTE through a high-efficiency, low-complexity approach. By employing the Lorentz reciprocity theorem
to determine transmission coefficients between transmit-receive antenna pairs, we computationally construct multi-port
network scattering parameter matrices, effectively reducing dependence on full-wave simulations or experimental mea-
surements. The methodology integrates an advanced particle swarm optimization algorithm with MMPTE to extract opti-
mal weighting matrices that achieve beam gain equalization. Our comprehensive framework synergistically combines the
Lorentz reciprocity theorem, MMPTE, and intelligent optimization to establish a novel synthesis paradigm where radia-
tion patterns of array elements and beam positioning requirements serve as inputs, generating optimized array excitation
coefficients as outputs. This integrated solution provides an efficient excitation calculation mechanism for cost-effective
phased array systems requiring multi-beam generation and beam scanning capabilities while maintaining system simplic-
ity and computational tractability.

The remainder of this paper is organized as follows: Section Il details the algorithmic implementation framework,
encompassing the derivation of scattering parameters via the Lorentz reciprocity theorem, the multi-beam synthesis
methodology optimizing power transfer efficiency, and the gain equalization strategy employing enhanced particle swarm
optimization for weighting factor determination. Section Il elaborates the phased array antenna design methodology,
including array architecture development, RF front-end component integration, and comprehensive link calibration pro-
cedures. Section |V evaluates the proposed algorithm’s performance through a systematic analysis of the implemented
phased array system. Finally, Section V concludes the paper with a concise summary of key technical contributions and
implementation outcomes, followed by discussions on potential applications and future research directions.

Multi-beam synthesis method using antenna spherical far-field pattern

This section is structured into three subsections, each addressing a distinct methodology: 1) solving scattering parame-
ters based on the reciprocity theorem, 2) multi-beam synthesis based on power transmission efficiency, and 3) a dynamic
PSO-based beam gain enhancement method. Collectively, these subsections comprehensively elaborate the implementa-
tion framework for array antenna multi-beam synthesis.

Solving scattering parameters based on reciprocity theorem

Consider a system consisting of n antennas contained in a region V, bounded by S, where S, does not include any
field source surfaces. The scenario described is shown in Fig 1.

Let Z,, be the reference impedance for the input terminal of antenna /, the voltage and current of the antenna / can be
represented by normalizing the input of the incident wave and the reflected wave as:

b Zs G Zg )
V,( a’ + b”,

\/Re ZS/ : \/Re ZS/ (1)
o1 o__ 1 0
/ / [

\/ Re Zsl \/ Re Zsl

where V,(i) and I,(i) represents the voltage and current on the surface of antenna / when antenna i is transmitting and other
antennas are receiving.
Under ideal conditions, for a single-mode fed waveguide, we have:

H D70
» (E,-><H,-).u,,d3=_vff 1°,1=1,2,--,n. @)
0
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Fig 1. Multi-antenna scattering scenario.

https://doi.org/10.1371/journal.pone.0343372.g001

where E; and H; are defined as follows, e4(x, y) is a vector function of the dominant mode in the feed waveguide of the
antenna /.

E(r) = Ve (x,y), H(r) = Pu, x ey (x.y) 3)

According to frequency-domain reciprocity [34,35]:
f(E,-xHj—ijH,-)-u,,dS=O (4)
s
We can get:
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where S=S, + Y., 6\/f)').
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In order to represent the scattering parameter between two antennas, we use S= S’ + a\/g"), where S = §; is a closed
surface containing antenna i only. According to Eq (4), we have:

fv(_) (E, X Hj — Ej X H,) . u,,dS
av,

+f (E,'XHj—EjXH,')'UndSZO,
s/

1

Further combining Egs (3) and (6), it yields:

JORRYOYC
VO£ —vf’/,.’=[S,(E,xHj—ijH,)-unds (7)

!

If all other antennas I(/ # i) are in an open-circuit state while antenna i is transmitting, that is, I/(i) =0 for I #1,
O = — 8 (E;x Hj— E;x H)) - u,ds = V2,
bPa? = —% f (E;xH;—EjxH,)-u,dS= bj’)aj@,
s/
Similarly,
¥ 0] D (D
V/gl Ij :_L, (EjXH;—E;xHj)-u,,dS: \/I(’ II.I ,
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J
Further combining Egs (8) and (9), finally we can get:
b?
SU = !

X0
g

a0 =0,1%j

(10)
=_+(j) ,(E,XHI—E]XH,)undS
2a;"a;” Js]

= S],

In order to calculate the scattering parameters of two antennas, we need to know the independent radiation patterns
of the two antennas. The receiving antenna is placed in the far field region of the transmitting antenna, and a scattering
parameter solving model between the two antennas can be shown in Fig 2. E and H are respectively taken from the far
field radiation pattern of the two antennas. According to the calculation equation of the far field electric field, E and H are
expressed as Eq (11):

E(r) = e_rjkr [Em (u) + o(%)] (1)
H(r) = e—kr [Hoo (u)+0 <1r)] )
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According to the propagation characteristics of electromagnetic waves in free space, electric and magnetic fields have

the following relations:

\/gHoo (ur) =u,X Eoo (ur) (12)

For the application of Eq (10), it is necessary to map the field of the transmitting antenna to the receiving antenna coor-
dinate system (sys2) based on the rotation matrix of the coordinate system and the transformation matrix of the rectan-
gular coordinate system to the spherical coordinate system. The S in Fig 2 represents the surface of a sphere region
capable of enclosing the entire receiving antenna structure, r is the radius of S.

Mapping the electromagnetic field vector from the transmitting antenna coordinate system (sys1) to the receiving

antenna coordinate system (sys2) follows the rotati

!/

>

4

N =

Rx(c‘) =

Ry(8) =

on matrix formula,

=R,(y)- Ry(ﬁ) - Ry(a)
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cosy —siny 0
R,y)=| siny cosy 0 (13)
0 0 1

The electric and magnetic fields are denoted respectively by the (7,8, ) components as (E,, E;, E4), and Eq (10) can be
rearranged as:

821 =

e fS(E2 X Hy — Eq X Hy) - #r? sin 6d6dep

(14)

1 T 2
IENraan [(Egy - Hpyy — Ep - He
2 ZS1 Zsz L:O -L=0 ( 2 1 P2 1)

— (Egy - Hyp — Ep1 - Hg2)1r? sin 6dbdp

In constructing the electric field model for the radiating element of the transmitting antenna, the influence from other
adjacent array elements in its vicinity has been taken into account. Typically, structures located closer to the antenna from
which the electric field is extracted have a more significant impact on its radiation characteristics. When extracting the
electric field distribution data of the transmitting element, a pre-established 3 x 3 array model—arranged with the same
periodicity as the antenna array—was constructed around the element. The element under study is positioned at the cen-
ter of this array, thereby ensuring that the extracted electric field data approximately incorporates interference factors
arising from mutual radiative interactions among the elements.

Multi-beam synthesis based on power transmission efficiency

Let’s consider an array antenna and a set of virtual receiving antennas as an array antenna power transmission system in
a natural environment, as shown in Fig 3. Concentrating the radiation pattern of the array antenna within a specific region
is equivalent to focusing the transmitted power from the antenna array onto a designated virtual receiving antenna. Within
the array antenna-based power transmission system, the combination of n transmitting ports and m virtual receiving ports
forms a unified n + m-port network [36].

The multi-beam synthesis problem can be equivalently formulated as optimizing the efficiency of power transmission
from an array antenna to virtual receiving antennas at multiple spatial directions. Based on the angular positions of these
virtual receivers, beamforming can be synthesized to precisely steer radiation toward their respective orientations.

The matrices [A] and [B] are constructed, which can be represented by the following equation:

[A] =[S WI"IWI[S,]

15
[B]=1-[Sul"[S4] )
where [Sy] is the scattering parameter matrix among all transmitting array elements, the dimension of the matrixis N x N,
which contains the coupling coefficients between the array ports. [S;] is the scattering parameter matrix between all vir-
tual receiving antennas and all transmitting array antennas, and the dimension of the matrix is M x N. [W] is the weight of
the gain distribution among all virtual receiving antennas, and is a diagonal matrix with the same dimension as the number
of virtual receiving antennas; the dimension of [W]is M x M. The excitation of the array antenna is expressed as [a;] and
the dimension is N x 1.
The power transmission efficiency (PTE) function of the array antenna power transmission system is expressed as:

H
;- L Alla] 16

[a,]"[Bl[a,]
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By leveraging the Rayleigh quotient representation of the reception efficiency » for virtual receiving antennas in the
system, we can determine the optimal excitation coefficients of the array antenna system that maximize the reception
efficiency, thereby achieving multi-beam synthesis. The excitation inputs of the array antenna can be expressed as:

[a]"[Alla,]
[a]"[Blla] (7)
st.[BI7[Alla]" = Amaxlad”

[a] =arg MaX(a,j£0

Dynamic particle swarm optimization-based beam gain enhancement method

The PSO algorithm can rapidly converge to particle positions that satisfy the objective function [37]. By leveraging
Egs (14) and (17), the PSO framework can be integrated with the radiation pattern distribution function to iteratively
search for the optimal weighting matrix [W], thereby deriving the required array excitation coefficients.

The gain distribution among multiple beams can be dynamically regulated by adjusting the weighting matrix [W] =
diag(wq, ws, ..., W,;)), therefore, the particle of the PSO algorithm is defined as [wy, ws, ..., w,,]. The PSO optimization
method follows the following equation:

V;=w X V; + ¢, X rand() x (pbest; — x;)
+ ¢, x rand() X (gbest, — x)) (18)

X,'=X,'+V,'
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The inertia factor w and learning factors ¢4, ¢, decrease linearly with the increase of iteration rounds, so that the algo-
rithm can achieve both global and local optimization.

(Wmax - Wmin) -t

W(t) = Wpax — Tmax
c —Cqpi) -t
C1(t)=C1’maX _ ( 1,maXT 1,m|n) o
max
C —Co i) -
CZ(t) = C2,min + ( 2,maXT 2,m|n)
max

To mitigate premature convergence in particle swarm optimization, the algorithm dynamically monitors population
diversity by comparing real-time calculated diversity metrics against a predefined local optima threshold throughout the
search process. When the diversity index falls below the critical threshold, a recovery mechanism is triggered to ran-
domly reset positions of particles trapped in local optima, with the quantity of reset particles governed by a configurable
reset rate parameter. This adaptive diversity preservation strategy effectively alleviates stagnation in suboptimal solutions
while enhancing probabilistic access to global optimum solutions. The mathematical formulation of population diversity is
defined as follows:

1o -
Diversity = /; ||x,- - xH (20)

Generally, to maintain a predefined inter-beam gain allocation ratio, the gains between beams must satisfy the following
relationship:

G(61:¢1) _ G(62.92) _  _ GOmPm) 21)

a1 a2 Um

G (6, ¢) represents the value of the array antenna radiation pattern at (6, ¢), a represents the relative gain ratio of multi-
ple beams. For simple ideal conditions, the radiation pattern can be simply represented using array factors:

G(6.9) = [a]"[a@. $)l[a®. $)I"[a] (22)
where [a(6, )] is a N x 1 dimensional matrix,

e/'k(x1 sin @ cos ¢+ sin 6 sin p+2z4 cos 0)
a@,¢) = : : (23)
ejk(xn sin @ cos p+yj, sin 6 sin p+2z,, cos 0)
To further enhance accuracy, the radiation pattern is synthesized directly from array element patterns to compensate

for pattern distortions induced by element mutual coupling and environmental interactions. The governing computational
framework can be expressed as:

G(6,¢) ~ E(6,¢) = (6, ¢)][a] (24)

where [f(6, ¢)] is the array unit radiation pattern, which is a 1 x N dimensional matrix, (6, p) = [f1 ©6,0) - fn(e,cp)].
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Under the requirement of inter-beam gain equalization, Eq (21) can be further simplified, and the PSO fitness function
may be formulated as follows:

Fithess = PTE —y - Penalty

m 2

Penalty =3°|G (8,9) - — 3 G(@.4)
i=1

=

(25)

where y is the penalty coefficient, which is used to balance PTE and gain balance.

Furthermore, to prevent particle dispersion and escape, a particle expansion boundary is set within the algorithm.
When particles collide with this boundary, they cease further outward expansion and remain at it. If the particle expansion
boundary is too small, the optimization will fail; if it is too large, the convergence rate will slow down. Appropriate boundary
conditions help enhance the algorithm’s convergence speed, enabling particles to find the optimal solution more rapidly.
The algorithm exits and terminates after reaching the maximum number of iterations, the global best particle’s weights
[W] are injected into the synthesis model Eqs (15) and (17), generating excitation vectors that enforce inter-beam gain
uniformity.

The algorithm employs a confinement mechanism whereby particles are restricted to a predefined search boundary
upon contact. This boundary setting critically determines performance, as excessively tight bounds hinder optimization
whereas overly broad ones reduce convergence speed. Appropriate boundary conditions help improve the convergence
rate of the algorithm, allowing particles to locate the optimal solution more efficiently. Upon reaching the maximum itera-
tion threshold, the algorithm terminates and outputs the global best particle weight coefficients [W] into the excitation cal-
culation models (Eqgs 15 and 17), thereby completing the solution for the optimal excitation distribution of the array and
achieving a multi-beam balanced-gain radiation pattern.

Phased array antenna design

In this section, the design, integration, and calibration process of a phased array antenna will be introduced as a validation
platform for the algorithm presented in this manuscript.

Array antenna design

The array antenna element is based on a two-layer square patch configuration, which serves to enhance the impedance
bandwidth while also providing protection for the underlying feeding network. Each dielectric layer has a relative permit-
tivity of 2.6 and a thickness of 0.74 mm. The gap between the two patches is filled with rigid foam with a relative permit-
tivity typically ranging from 1.0 to 1.1, offering structural support. A bottom-mounted coaxial probe feed is adopted for
the antenna element. The feed port is connected to the lower patch, which operates as a parasitically coupled element.
Energy is transferred via electromagnetic coupling to the upper patch, which acts as the primary radiating element respon-
sible for electromagnetic wave radiation. The configuration of the array antenna unit is as illustrated in Fig 4. The parame-
ter values defined in Fig 4 are as follows (unit: mm) : W, =43.5, W, = 38, L s = 15.9, h=5.

The array antenna element operates primarily at 2.45 GHz. Fig 5 presents the S11 parameters of the antenna unit,
demonstrating favorable impedance matching at 2.45 GHz, as observed in the figure.

The array antenna elements are arranged in a 6 X 6 planar configuration on the X-Y plane with a 0.481 spacing (where
A is the wavelength at 2.45 GHz), resulting in an overall aperture dimension of 390mm x 390mm. The element ports of the
array are interconnected through serpentine routing, with the specific element arrangement geometry and port numbering
sequence illustrated in Fig 6.

The normal beam gain of the array antenna is 21 dBi and the beam width is 17 °. The tangential cuts of the radiation
patterns in the XOZ and YOZ planes are illustrated in Fig 7.
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Fig 4. The geometry of the array antenna element.
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Fig 5. Array antenna element S parameter.
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Phased array antenna system construction

The phased array antenna system is composed of a beam steering circuit board, RF power divider, A/P attenuator
(amplitude phase attenuator), and 12V DC power supply. The integrated link diagram of the array system is shown in
Fig 8.

The beam steering circuit board is designed for communication with the host computer and for controlling the A/P
attenuators, enabling precise management of each channel in the phased array antenna system. The board is imple-
mented with an Artix-7 FPGA chip, featuring 16 groups of I/O ports that can be scaled to support up to 128 RF channels
with millisecond-level response latency. Each I/O port group on the board is connected to the A/P attenuators via ribbon
cables. The FPGA translates commands from the host computer into control pulses for the A/P attenuators, generating a
synchronous clock signal (40 MHz), an enable signal (TTL logic), and a continuous 16-bit data signal through dedicated
pins. This allows each A/P attenuator to simultaneously update the attenuation states of eight RF channels. The beam
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Fig 7. Radiation patterns under uniform amplitude and in-phase excitation.

https://doi.org/10.1371/journal.pone.0343372.g007

steering circuit board supports three control modes: individual channel control, grouped control, and centralized control. It
is capable of independently adjusting single-channel attenuators, arbitrary groups of attenuators (8 channels per group),
and switching between arbitrary beam patterns (with up to 36 channels controlled simultaneously).

The RF power division network module employs five standardized 1-to-8 power dividers and identical-specification RF
cables to uniformly distribute input signals from a single RF channel across 36 output channels connected to A/P atten-
uator input ports, as illustrated by the blue lines in Fig 8. The primary-stage power divider routes five of its outputs to
secondary-stage dividers, while the remaining three outputs are terminated with 50-ohm loads. Each secondary-stage
divider directly connects its eight outputs to A/P attenuator input ports, with the fourth secondary divider operating only
its first four functional outputs and terminating the latter four with 50-ohm loads. The intrinsic characteristics of the 1-to-8
power dividers introduce 9 dB of attenuation per unit. In this system, the cascaded configuration of primary and secondary
power dividers combined with RF cable insertion losses results in an estimated total attenuation of approximately 18 dB
for the power division network module. The S;; measurement results of the phased array antenna are shown in Fig 9.
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The A/P attenuator is composed of a clock register, a DAC (12 bit digital-to-analog converter), a attenuator IC, a step-
down power module, etc. It communicates with the FPGA through a parallel input interface. Its architecture, shown in
Fig 10, features eight independently controllable phase-shifting attenuation channels. The attenuator operates over a typi-
cal frequency range of 2.2—2.7 GHz, with a peak in-band gain of —11 dB and an attenuation range of 40 dB. Its attenuation
characteristics are governed by the voltage levels applied to the | and Q input ports. The relationship between the input
port voltages and the phase-shifting attenuation response is expressed as:

I(G,0)=V,i+ 1.0V cos(6)

Gmax
G
Q(G,8) = Vg + 1.0V

max

(26)

sin(8)
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Fig 10. Attenuator composition diagram.
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where Vi =V, = 1.5V, Gpa =0.316, G=10 20 . Calculated according to Eq (26), the input voltage range of the |
and Q pins of the phase-shifting attenuator is 0.5-2.5V. Through calculation, the voltage control resolution can reach 7e-4
V, the amplitude attenuation resolution is better than 0.1 dB, and the comprehensive phase resolution is better than 1°.

The DAC features 12-bit resolution, 4096-step adjustment granularity, and a pin output voltage range of 0—3V. Indepen-
dent control of its four voltage output channels is achieved by writing distinct control words and data words to the internal
registers. The DAC employs a 16-bit internal register architecture comprising 4 control bits and 12 data bits. A complete
register refresh requires 17 clock cycles, with the FPGA providing a 40 MHz clock signal to the DAC. The A/P attenuator
integrates four parallel DACs, yielding 16 voltage output pins. Calculated refresh latency for the entire system totals 272
clock cycles (17 cycles/pin x 16 pins), resulting in a microsecond-scale refresh time.

The switching power supply steps down the input voltage to 12 V to power the phased array antenna system. Within
the amplitude-phase attenuator circuitry, the voltage is further regulated to 9 V, 5V, and 3.3 V for powering onboard elec-
tronic components. Critically, to ensure accurate digital signal level recognition by the ICs in the amplitude-phase attenua-
tor, the signal ground (SGND) and power ground (PGND) must be interconnected in series.

The components of the phased array antenna system are integrated as shown in the Figs 11 and 12.

Calibration of phased array antenna system

The calibration of a phased array antenna system is used to compensate for amplitude and phase inconsistency errors in
each RF channel caused by factors such as device variations, cable differences, array coupling, and operating environ-
ments. Calibration corrects these errors to ensure all antenna elements achieve a uniform amplitude and phase reference.
Typically, the calibration of a phased array antenna system is performed in two steps [38]. The first step involves the con-
sistency calibration of the radiation reference of the antenna array, where the radiation reference refers to the amplitude-
phase state that enables the array antenna to generate the normal beam. The second step focuses on the calibration of
attenuation characteristics of the array antenna attenuators. A typical near-field calibration scenario of a phased array
antenna system is shown in Fig 13.

A waveguide probe operating at 2.45 GHz is positioned on a plane located 31 away from the radiating elements of the
array antenna. Each individual antenna element is activated sequentially using an identical reference signal, while the
waveguide probe measures the radiated electric field value in front of the active element. By performing channel consis-
tency calibration across all 36 elements, the response deviation of each antenna element under typical uniform amplitude
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Fig 11. Photograph of the phased array antenna system (Front Side).
https://doi.org/10.1371/journal.pone.0343372.9011

Fig 12. Photograph of the phased array antenna system (Back Side).

https://doi.org/10.1371/journal.pone.0343372.g012

and phase excitation can be quantified, as shown in Fig 14. The 36 grids in the figure represent the amplitude distribu-
tion across the 36 RF channels on the reference plane under equal-amplitude and in-phase excitation, with the lowest
amplitude among the sampled points taken as the relative reference.

Typically, the attenuation response of amplitude-phase attenuators exhibits nonlinear behavior, necessitating the cali-
bration of its attenuation-phase-shift characteristics under typical operating conditions. The host computer sends batch-
control commands to the phased array antenna system, sequentially attenuating the RF signals with equal step sizes,
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Fig 13. Phased array antenna system calibration setup.

https://doi.org/10.1371/journal.pone.0343372.g013

0.0

Fig 14. Reference Distribution Map of Channel Consistency.

https://doi.org/10.1371/journal.pone.0343372.g014

while a waveguide probe simultaneously records the response characteristics of the antenna element’s radiated field
throughout the entire attenuation process. In this paper, the response curve of the first channel is selected as representa-
tive data, with the results shown in Figs 15 and 16. The figures compare the measured response of the attenuator with its
ideal response. The X-axis represents the attenuation value commanded by the host computer, while the Y-axis indicates
the actual response of the attenuator. As illustrated, the effective attenuation range of the A/P attenuator is approximately
31 dB. By constructing a 36-channel attenuator calibration database and applying a look-up-table (LUT) approach, a pre-
cise mapping between the command values and the actual responses of the A/P attenuator is established. This enables
device calibration by compensating for the inherent nonlinearity and inter-channel variations of the control system.

To evaluate the repeatability of the calibration procedure, the phased array antenna system underwent three cycles of
disassembly, reassembly, power-up, and recalibration. During each calibration, the relative position between the receiving
antenna and the transmitting array surface remained consistent. The amplitude phase (A/P) attenuators were controlled
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to vary only in amplitude while maintaining the output phase at 0°. The measured amplitude phase response curves for
all 36 channels were recorded. The three amplitude phase response curves for the third RF channel are presented in the
paper as shown in Figs 17 and 18. The results indicate good consistency of the A/P attenuator performance: the standard
deviation of the amplitude across the three measurements is less than 0.15 dB, and that of the phase is below 0.5¢0. These
findings demonstrate that the calibration procedure is repeatable and that the A/P attenuators exhibit satisfactory stability.
The calibrated channel consistency parameters and the attenuator response correction tables were imported into the
array antenna control software. The far field radiation pattern of the array antenna was then measured in a semi anechoic
chamber using a robotic planar near field scanning system. Prior to testing, the robotic system was fully wrapped with
absorbing material to avoid metallic reflections in front of the antenna under test. Environmental interference, which typi-
cally has a pronounced effect on weak signals, can manifest in the measured results as reduced null depth and increased
sidelobe fluctuation. During testing, a suitable RF link was configured and the intermediate frequency (IF) bandwidth of
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the vector network analyzer was appropriately set to ensure a high dynamic range for the measurement system. The sam-
pling interval of the receiving probe was set to 0.481 , the probe speed was set to 30 mm/s, and the scan plane measured
1.2 m x 1.2 m (approximately 104 x 104) at a distance of 31 from the antenna aperture.

Keeping the test setup and conditions unchanged, the phased array antenna was powered off and then restarted.
The beam pattern corresponding to the same set of array excitations was measured three times, and the results were
recorded. A comparison of the three measurements is shown in Fig 19. The results indicate that the phased array antenna
operates with good stability: across the repeated measurements, the main lobe and the half power beamwidth remained
consistent, while only minor fluctuations were observed in the first null depth and the first sidelobe region. These findings
demonstrate that both the phased array antenna and the measurement system exhibit a high degree of stability.

The comparison between the measured and simulated radiation patterns of the array antenna before and after cal-
ibration is shown in the corresponding figure. The experimental results presented in Fig 20 indicate that the calibrated
antenna radiation pattern shows good agreement with the simulation. These results demonstrate that the calibration
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framework described above successfully mitigates amplitude-phase errors in the RF chain of the phased array system.
At 2.45 GHz, the simulated gain is 21 dBi, while the measured gain is 20.6 dBi, with a half-power beamwidth of 16°. In
contrast, the radiation pattern prior to calibration deviates significantly from the simulation.

It should be noted that the calibration of the amplitude-phase response of the RF attenuator in this work was performed
using a 1 dB attenuation step, and the limited resolution of the attenuator’s response curve can introduce some error into
the final radiation pattern. Furthermore, the finite size of the scan plane in the near-field measurement system imposes
constraints on accuracy. When the main beam of the antenna is not directed toward the center of the scan plane, the
measurement system captures less energy from the main lobe, which leads to reduced precision in the measured results.

Analysis of the proposed method

The results of all the examples in the paper are calculated on a 64-bit workstation (Intel Xeon Gold-6148@2.40 GHz),
and the code runs on the Python 3.9 platform. The advantage of the proposed algorithm is that it uses equation calcula-
tion instead of the simulation model to build the scattering matrix of transmitting and receiving antennas. Using the array
mentioned above, four receiving antennas are deployed in the far-field region at a distance of 5 m from the array antenna,
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forming a 4-group 36 + 1-ports power transfer model, where the receiving antennas have the same structure as the array
antenna element. The azimuthal positions of the receiving antennas are set at (6 = 10°,¢ = 270°), (6 = 20°,¢ = 270°), (6 =
30°,¢ =270°), and (6 =40°, ¢ = 270°), respectively. In Fig 21, the position relationship between the array antenna and

the receiving antenna is shown. Fig 21 illustrates the positional relationship between the array antenna and the receiv-
ing antennas. Prior to the proposed approach, determining the array excitations for multi-oeam patterns via the MMPTE
method required constructing the simulation model depicted in the figure and obtaining the S matrix of the multi antenna
system using simulation software. In contrast, the present method replaces the physical model of the receiving antennas
with a spherical electric field E defined over a closed surface that encloses them. The positional relationship of the four
receiving antennas relative to the array antenna can then be characterized through spatial coordinate transformations of
this spherical field distribution.

The S parameter matrices of the multi antenna system were extracted using both the simulation software and the pro-
posed method, respectively, and the array excitations were then calculated using Eq (17). In Fig 22, the solid lines repre-
sent the radiation patterns constructed from the S parameters obtained via the proposed method (Alg), while the dashed
lines correspond to those derived from the S parameters extracted via the simulation model (Sim). The virtual receiving
antenna numbers in the legend match the annotations in Fig 21, indicating the beam patterns constructed based on the
virtual receiving antenna at the corresponding position. The figure shows that the beams synthesized using the proposed
method align well with those generated by the simulation model in the main lobe region, demonstrating that the proposed
method can effectively substitute for the simulation based solution process.

The proposed algorithm was employed to synthesize scanning beams at +40° using the phased array antenna model.
The resulting scanning beams along with their simulated counterparts in the XOZ and YOZ planes are illustrated in
Figs 23 and 24, respectively. This method is capable of synthesizing array scanning beams directed toward arbitrary
positions. Simulation results indicate that the beam steering accuracy achieved by this approach can reach 0.1° or
better.

According to uniform linear array theory, the 6.4n, at which a grating lobe occurs is determined by the formula
SiN Ograting = SIN Oy + MA/d, where 6, is the main-lobe steering angle and m is a nonzero integer. The two-dimensional
array antenna discussed in this paper is arranged with half-wavelength equidistant. At the center frequency of 2.45 GHz,

@ YOZ-Plane
7N\
S

Virtual Receiving Antenna

Far-field region

Fig 21. Simulation model layout illustration.

https://doi.org/10.1371/journal.pone.0343372.9g021
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Fig 24. Simulation scanning beam radiation pattern of array antenna (YOZ-plane).
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the element spacing is set to 0.481. Even when steering to the maximum target angle (+40°), calculation shows that for
the first-order grating lobe (m = —1), the value of sin 64,4y, is less than —1, which lies outside the visible space. Therefore,
no grating lobe appears within the entire steering range of the array.

Four sets of simulated radiation patterns were selected from the XOZ and YOZ planes in Figs 23 and 24, and the cor-
responding measured radiation patterns were obtained using a robotic near-field antenna measurement system [39], as
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shown in Figs 25 and 26. The results indicate that the measured main lobes of the beams show good agreement with
their simulated counterparts.

Two multi-beam synthesis case studies based on the proposed method in this paper are presented below to demon-
strate the method’s effectiveness. Case 1, consider synthesizing four beams with identical gains, directed toward the
azimuthal angles (6 = 20°,¢ = 270°), (6 = 20°,¢ =90°), (6 =50°,¢ = 270°), and (6 = 50°, ¢ = 90°) in the YOZ plane. Four
virtual receiving antennas are positioned at these specified angles, and the four-beam radiation patterns are synthesized
using Eqgs (14) and (17). Since the algorithm prioritizes maximizing transmission efficiency when computing the array
excitations, this results in an imbalance in the gain distribution among the four beams. To address this issue, the method
proposed in Section is applied to adjust the gain distribution weighting coefficient matrix in Eq (15).

Table 1 shows the array excitation distributions of case 1 before and after weighting, while Fig 27 provides a compar-
ison of the radiation patterns before and after weighting for case 1. The experimental results demonstrate that follow-
ing optimization of the gain allocation weighting matrix, the array maintains beam gains at a consistent level of approxi-
mately 14.63 dBi, with inter-beam gain variation measured below 0.05 dB, achieving exceptional gain uniformity across all
synthesized radiation patterns as theoretically predicted.

Case 2 synthesizes two beams with identical gains, directed toward the azimuthal angles (6 = 20°,¢ =0°), (6 =
20°,¢ = 180°) in the XOZ plane. The beam gains of the array are maintained at a consistent level of approximately 17
dBi with a gain variation of less than 0.1 dB between the beams. The array excitation distributions of case 2 before

Normalized pattern (dB)
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Fig 25. Measured scanning beam radiation pattern of array antenna (XOZ-plane).

https://doi.org/10.1371/journal.pone.0343372.9025
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Table 1. Distributions of excitations.

Port Case 1 Case 2

Weighted Unweighted Weighted Unweighted
1 0.272-6 0.272-5 0.282 -2 0.282-2
2 0.142169 0.112£170 0.162 -4 0.162 -4
3 0.102£173 0.132£174 0.242 -2 0.232-2
4 0.092£173 0.122171 0.212-5 0.212-5
5 0.152176 0.122178 0.1820 0.1821
6 0.282 -2 0.292 -2 0.282 -2 0.282 —1
7 0.2720 0.27228 0.04£72 0.04274
8 0.16« — 150 0.142 — 150 0.042158 0.042155
9 0.042168 0.062177 0.02296 0.032£95
10 0.042171 0.062 — 172 0.03£93 0.032£92
1 0.162 — 151 0.142 — 151 0.052161 0.052158
12 0.26£19 0.26219 0.052 — 165 0.05261
13 0.182£19 0.192£19 0.23z2 — 165 0.232 — 165
14 0.092 — 149 0.072 — 145 0.092 — 179 0.092 — 179
15 0.08£162 0.10£168 0.172 — 169 0.172 — 169
16 0.082£173 0.10£174 0.152 — 174 0.152 — 174
17 0.082« — 153 0.072 — 148 0.112—-174 0.112—174
18 0.18£16 0.182£15 0.222 — 167 0.222 — 168
19 0.182£15 0.18214 0.222 - 170 0.222 — 169
20 0.072 — 157 0.052 — 154 0.102 — 171 0.10z — 170
21 0.094175 0.112£176 0.172 - 175 0.172 - 175
22 0.082163 0.10£168 0.162 — 171 0.162 — 170
23 0.082 — 151 0.062 — 146 0.10£180 0.10« — 180
24 0.18£16 0.182£16 0.222 — 166 0.222 — 165
25 0.25224 0.25225 0.04262 0.04.259
26 0.162 — 152 0.142 — 151 0.042165 0.042169
27 0.042167 0.06z — 176 0.032477 0.03475
28 0.042175 0.062 — 176 0.032£105 0.022108
29 0.162 — 149 0.132 — 149 0.042156 0.042160
30 0.25227 0.25227 0.04.77 0.03475
31 0.30£0 0.31£0 0.30£0 0.30£0
32 0.152177 0.132£178 0.1722 0.1722
33 0.094173 0.122£171 0.232-4 0.232-4
34 0.092£173 0.122174 0.222 -2 0.222 -2
35 0.142171 0.122£173 0.172-3 0.172-3
36 0.292 -4 0.292 -3 0.2940 0.2940

https://doi.org/10.1371/journal.pone.0343372.t001

and after weighting are shown in Table 1. The measurement results of the weighted excitation main lobe beam are
consistent with the simulation results, as shown in Fig 28. The weighted value distribution is shown in Table 2, where
[W] = diag(wy, wy, -+, Wp,).

Taking the process of calculating the weighted value of case 1 as an example, the applicability of different inertia fac-
tors and learning factors with the number of iteration rounds under the condition of initializing 40 particles is plotted in the
figure, as shown in Fig 29. The definition of the legend in the figure is given in Table 3. It can be seen from the figure that
the selection of the inertia factor and the learning factor will affect the speed of the convergence of applicability. Setting
the inertia factor as [0.5-2.5] and the learning factor as [0.5-2.5] is a relatively balanced choice.

The applicability of different particle quantities with the variation of iteration rounds is plotted in the graph, as shown in
Fig 30. It can be seen that under the same parameters, the relationship between the number of initialized particles and
the number of iterations required for the applicability to tend to be stable. In the application of the algorithm, it is neces-
sary to set the number of initialization particles and the number of iterations reasonably. Combine and match different
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Fig 27. Comparison of the pattern before and after gain equalization optimization.
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Fig 28. Comparison of the simulation and measured radiation pattern in case 2.

https://doi.org/10.1371/journal.pone.0343372.9g028

Table 2. Weighted value distribution.

wy ws w3 Wy
Case 1 21712 2.1767 2.9257 3
Case 2 1.9905 2

https://doi.org/10.1371/journal.pone.0343372.t002

particle quantities and iteration rounds, and plot the time taken by the algorithm in Fig 31. Taking into account the conver-
gence time of the algorithm and the size of resource consumption comprehensively, the parameters used by PSO in this
example are shown in Table 4 as follows. The running time of the algorithm is about 7.8 s.

Compared to the conjugate beamforming method, the LCMV beamforming method, and the gradient descent method,
our approach reduces the runtime by 69%, 68%, and 85%, respectively. The performance comparison is shown in
Table 5. While the memory efficiency remains on the same order of magnitude, the beam gain variation metric is signifi-
cantly better than that of the other methods. Although the convex optimization approach achieves faster computation, its
beam gain variation performance is slightly inferior to our algorithm. When compared with results extracted from published
literature under similar performance metrics, the proposed method remains competitive across several key indicators,
while avoiding the substantial offline training cost required by deep learning-based methods.

To further demonstrate the effectiveness of the proposed method, a six element linear patch array antenna capable of
generating four beams is designed, as illustrated in Fig 32.
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Table 3. Parameter definitions in Fig 29.

Wmin Wmax C1,min C1,max C2,min C2,max reset rate
r1 0.4 0.9 2.0 2.0 2.0 2.0 10%
r2 0.5 0.5 0.5 2.5 0.5 2.5 10%
r3 0.5 0.5 2.0 2.0 2.0 2.0 10%
r3_20 0.5 0.5 2.0 2.0 2.0 2.0 20%
r4 0.4 0.9 0.5 2.5 0.5 2.5 10%
r4_20 0.4 0.9 0.5 2.5 0.5 2.5 20%

https://doi.org/10.1371/journal.pone.0343372.t003
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Fig 30. The relationship between the number of particles and the convergence rate.
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The objective of this antenna design is to produce a directional four beam radiation pattern. The overall dimensions of
the antenna are 70 mmx200 mm, with each element measuring 14.32 mm x 14.32 mm. The dielectric substrate has a rel-
ative permittivity of 3.0 and a thickness of 0.76 mm, and the operating frequency is 5.8 GHz. Using the method proposed

in this work, the excitation distribution of the array elements is calculated, as summarized in Table 6.
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Fig 31. Algorithm running time curve.

https://doi.org/10.1371/journal.pone.0343372.9031

Table 4. Parameter using in case 1.

Wmin Wmax C1,min C1,max C2,min C2,max
0.4 0.9 0.5 2.5 0.5 2.5
particles bounds max iterations diversity threshold reset rate 4

50 [0,3] 75 1e-3 20% 1

https://doi.org/10.1371/journal.pone.0343372.t004

Table 5. Algorithm performance comparison.

Methoed Array scale Running time Memory efficiency Beam difference
Proposed 6x6 78s 47.22 MB +0.1dB
Conjugate beamforming 6x6 248s 51.10 MB +1.5dB

LCMV 6x6 234s 30.42 MB +2dB

Convex optimization 6x6 14s 5.44 MB +1dB

Gradient descent 6x6 515s 61.50 MB +3dB

CPDD [40] 1%x20 1314 s - +0.1dB

Deep learning [41] 16x16(Large array) 140 s - +5dB

https://doi.org/10.1371/journal.pone.0343372.t005

Fig 32. Photograph of the six-element array antenna.

https://doi.org/10.1371/journal.pone.0343372.9032

Based on the calculated excitation values in Table 6, a suitable feeding network is designed using a series feeding
configuration. The measured S;4 parameter of the antenna is presented in Fig 33.
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Fig 33. The S parameter of the six-element array antenna.

https://doi.org/10.1371/journal.pone.0343372.9g033

A dual robot far field antenna measurement system was employed, with a horn antenna mounted at the transmitting
end and the antenna under test (AUT) placed at the receiving end. The S, parameter was analyzed using a vector net-
work analyzer to obtain the far field radiation pattern of the antenna, and the gain of the AUT was determined using the
gain comparison method. The test setup is shown in Fig 34 below.

A comparison between the measured and simulated four beam radiation patterns is presented in Fig 35. The four
beams achieve a maximum gain of 9.0 dBi, with a measured gain variation among the beams of about 0.5 dB. The beams
are directed toward 6 = -39°, —11°, 11°, and 39°, respectively. The measurement results of the patch array antenna
demonstrate that the proposed method effectively accomplishes the synthesis of multi beam radiation patterns, and the
workflow and outcomes meet the expected requirements.

Fig 34. Test scenario for far field measurement.

https://doi.org/10.1371/journal.pone.0343372.9034

PLOS One | https://doi.org/10.1371/journal.pone.0343372 February 24, 2026 27/ 30



https://doi.org/10.1371/journal.pone.0343372.t006
https://doi.org/10.1371/journal.pone.0343372.g033
https://doi.org/10.1371/journal.pone.0343372.g034
https://doi.org/10.1371/journal.pone.0343372

0
o
3_10,
£
8
5]
[="
T 20
3 \
£
]
“ 2304 —— Simulation
—-— Measurement
80 -60 -40 20 0 20 40 60 80
e(°)

Fig 35. The radiation pattern of the six-element array antenna.

https://doi.org/10.1371/journal.pone.0343372.9g035

The method relies fundamentally on the radiation pattern of a reference element. At higher frequencies (e.g.,
millimeter-wave or terahertz bands), although shorter wavelengths introduce physical size challenges, the method
remains applicable in principle. It may even exhibit greater advantages in certain performance aspects due to the
increased electrical size. In summary, the proposed method possesses the inherent capability for scaling to larger arrays
and higher frequencies, but its practical application necessitates integration with advanced array architectures, manufac-
turing processes, and intelligent algorithms.

Conclusion

This paper presents a comprehensive methodology for multi-beam pattern synthesis in array antennas through the inte-
gration of the Lorentz reciprocity theorem, wireless power transmission theory, and particle swarm optimization algo-
rithms, with complete mathematical derivation of governing equations. Further, to validate the methodology, a 2.45 GHz
phased array antenna featuring a dual-layer feed unit architecture has been designed and fabricated, with detailed expo-
sition of its internal configuration, operational principles, and radio-frequency channel calibration procedures. The pro-
posed algorithm has been experimentally validated through successful synthesis and measurement of spatial 2D scan-
ning beams, as well as balanced-gain dual-beam and quad-beam radiation patterns. A six-element patch antenna array
was also designed to demonstrate the performance of the method in a fabricated antenna prototype. Furthermore, the
influence of some parameters in the particle swarm optimization algorithm on the performance and efficiency of the algo-
rithm is discussed in the manuscript, and presents the parameters used in the method proposed in this paper. Experi-
mental results show that the method can accurately form beams with a gain variation of less than 0.1 dB among beams.
This pattern synthesis methodology, requiring only array element radiation patterns and the position of the beam target as
input, exhibits universal applicability for scan beam synthesis, multi-beam generation with gain equalization, establishing
an effective beamforming framework for practical phased array system implementations.

Author contributions

Methodology: Junwei Dong.
Project administration: Shiyuan Kong.

Supervision: Lijuan Li.

PLOS One | https://doi.org/10.1371/journal.pone.0343372 February 24, 2026 28/ 30



https://doi.org/10.1371/journal.pone.0343372.g035
https://doi.org/10.1371/journal.pone.0343372

PLO&&- One

Writing — original draft: Yida Fan.

Writing — review & editing: Ravi Kumar Arya.

References

1. Ogurtsov S, Caratelli D, Song Z. A review of synthesis techniques for phased antenna arrays in wireless communications and remote sensing.
International Journal of Antennas and Propagation. 2021;2021:1-19. https://doi.org/10.1155/2021/5514972

2. Aslan, Roederer A, Fonseca N, Angeletti P, Yarovoy A. Orthogonal versus zero-forced beamforming in multibeam antenna systems: review and
challenges for future wireless networks. IEEE J Microw. 2021;1(4):879-901. https://doi.org/10.1109/jmw.2021.3109244

3. Fanyaev |, Faniayeu |. Synthesis of novel 8 x 8 beamRforming network for broadband multibeam antenna array. Int J RF Mic Comp-Aid Eng.
2021;32(2):22970. https://doi.org/10.1002/mmce.22970

4. Guo CA, Guo YJ. A general approach for synthesizing multibeam antenna arrays employing generalized joined coupler matrix. IEEE Trans
Antennas Propagat. 2022;70(9):7556—64. https://doi.org/10.1109/tap.2022.3153037

5. Yul, WanJ, Zhang K, Teng F, Lei L, Liu Y. Spaceborne multibeam phased array antennas for satellite communications. IEEE Aerosp Electron
Syst Mag. 2023;38(3):28-47. https://doi.org/10.1109/maes.2022.3231580

6. Zhu H, Song L-Z, Guo YJ. Wideband hybrid couplers and their applications to multi-beam antenna feed networks. In: 2022 International
Symposium on Antennas and Propagation (ISAP). 2022. p. 411-2. https://doi.org/10.1109/isap53582.2022.9998669

7. SunlL, Zhou S-G, Zhang G-X. Synthesis method of an orthogonal beamforming network with arbitrary ports for shaped beams. IEEE Trans
Antennas Propagat. 2022;70(6):4794—802. https://doi.org/10.1109/tap.2022.3140330

8. Xue Z, Zhang X, Wan J, Liu X, Hou J. Optimization design of feed array structure for space-borne synthetic multi-beam antenna. J Phys: Conf Ser.
2023;2450(1):012037. https://doi.org/10.1088/1742-6596/2450/1/012037

9. Wang Z, XuJ, Qian L, Yu Z, Zhou J, Hong W. Millimeter-wave multi-beam pattern synthesis based on multi-objective optimization. In: 2024 IEEE
12th Asia-Pacific Conference on Antennas and Propagation (APCAP). 2024. p. 1-2. https://doi.org/10.1109/apcap62011.2024.10881740

10. CuiZ, Zhang Q, An J, Yu Y, Cheng B. Multibeam synthesis for a reconfigurable sparse array via a new consensus PDD framework. IEEE Trans
Antennas Propagat. 2024;72(2):1541-55. https://doi.org/10.1109/tap.2023.3345003

11. Mahmoud KR, Montaser AM. Synthesize multiple V/H directional beams for high altitude platform station based on deep-learning algorithm. Sci
Rep. 2025;15(1):10846. hitps://doi.org/10.1038/s41598-025-93251-7 PMID: 40155442

12. Mandava S, Ram G, Kumar GA. Synthesis of conformal phased array antenna with improved SLL. In: 2022 IEEE Microwaves, Antennas, and
Propagation Conference (MAPCON). 2022. p. 1027-31.

13. Liu B, Dou X, Zhou T. The algorithm of array antenna multi-beam targeting multiple GEO satellites simultaneously. In: 2022 4th International
Academic Exchange Conference on Science and Technology Innovation (IAECST). 2022. p. 689-94.
https://doi.org/10.1109/iaecst57965.2022.10062155

14. Swamidas A, Siddaiah P. Antenna pattern generation. In: 2024 Fourth International Conference on Advances in Electrical, Computing,
Communication and Sustainable Technologies (ICAECT). 2024. p. 1-5.

15. Ganesh M, Subhashini KR. A Fourier phase mode approach for Chebyshev pattern synthesis in circular antenna array. PIER M. 2017;58:97—-106.
https://doi.org/10.2528/pierm17050303

16. LiJ-Y, Qi Y-X, Zhou S-G. Shaped beam synthesis based on superposition principle and Taylor method. IEEE Trans Antennas Propagat.
2017;65(11):6157-60. https://doi.org/10.1109/tap.2017.2754468

17. Miller EK. Synthesis of Dolph-Chebyshev like patterns from non-uniform, non-linear and randomized arrays. PIER B. 2018;82:17-30.
https://doi.org/10.2528/pierb18060801

18. Vasquez-Peralvo JA, Querol J, Ortiz F, Gonzalez-Rios JL, Lagunas E, Garces-Socorras LM. Multibeam beamforming for direct radiating arrays in
satellite communications using genetic algorithm. IEEE Open Journal of the Communications Society. 2024.

19. Bae JH, Choi WK. Multi-beam forming and optimization for active phased array antenna using genetic algorithm. Progress in Electromagnetics
Research M. 2022;112.

20. Srinivasareddy S, Narayana Y, Krishna D. Sector beam synthesis in linear antenna arrays using social group optimization algorithm. National
Journal of Antennas and Propagation. 2021;3(2):6-9.

21. Krishna Chaitanya R, Raju GSN, Raju KVSN, Mallikarjuna Rao P. Antenna pattern synthesis using the quasi newton method, firefly and particle
swarm optimization techniques. IETE Journal of Research. 2019;68(2):1148-56. https://doi.org/10.1080/03772063.2019.1643263

22. Zeng H, Xu Z-H, Yang G-Q, Dong W, Wang S-L, Xiao S-P. Multibeam directivity maximization for overlapped subarrayed array via alternate
convex programming. Antennas Wirel Propag Lett. 2024;23(10):2910—4. https://doi.org/10.1109/lawp.2024.3414197

23. LiY, GongY, Xiao S. Synthesis of modular subarrayed phased-array with shaped-beams by means of sequential convex optimization. Antennas
Wirel Propag Lett. 2022;21(6):1168-72. https://doi.org/10.1109/lawp.2022.3160733

24. Feng CZ, Li WT, Cui C, Hei YQ, Mou JC, Shi XW. An efficient and universal static and dynamic convex optimization for array synthesis. Antennas
Wirel Propag Lett. 2022;21(10):2060—4. https://doi.org/10.1109/lawp.2022.3190421

PLOS One | https://doi.org/10.1371/journal.pone.0343372 February 24, 2026 29/ 30



https://doi.org/10.1155/2021/5514972
https://doi.org/10.1109/jmw.2021.3109244
https://doi.org/10.1002/mmce.22970
https://doi.org/10.1109/tap.2022.3153037
https://doi.org/10.1109/maes.2022.3231580
https://doi.org/10.1109/isap53582.2022.9998669
https://doi.org/10.1109/tap.2022.3140330
https://doi.org/10.1088/1742-6596/2450/1/012037
https://doi.org/10.1109/apcap62011.2024.10881740
https://doi.org/10.1109/tap.2023.3345003
https://doi.org/10.1038/s41598-025-93251-7
http://www.ncbi.nlm.nih.gov/pubmed/40155442
https://doi.org/10.1109/iaecst57965.2022.10062155
https://doi.org/10.2528/pierm17050303
https://doi.org/10.1109/tap.2017.2754468
https://doi.org/10.2528/pierb18060801
https://doi.org/10.1080/03772063.2019.1643263
https://doi.org/10.1109/lawp.2024.3414197
https://doi.org/10.1109/lawp.2022.3160733
https://doi.org/10.1109/lawp.2022.3190421
https://doi.org/10.1371/journal.pone.0343372

PLO&&- One

25.

26.

27.

28.
29,

30.

31.

32.

33.

34.

35.
36.
37.

38.

39.

40.

41.

Cui C, Li WT, Ye XT, Rocca P, Hei YQ, Shi XW. An effective artificial neural network-based method for linear array beam pattern synthesis. IEEE
Trans Antennas Propagat. 2021;69(10):6431—43. https://doi.org/10.1109/tap.2021.3069467

Xiao D, Tian L, Xu L, Zhang H, Wang X. Fast beam-pointing control algorithms based on deep learning models for moving target in MWPT. IEEE
Trans Antennas Propagat. 2024;72(5):4541-8. https://doi.org/10.1109/tap.2024.3371645

Mohammadi R, Razavi Pour SR. Deep learning-driven beamforming optimization for high-performance 5G planar antenna arrays. In: 2023 13th
International Conference on Computer and Knowledge Engineering (ICCKE). 2023. p. 485-90. https://doi.org/10.1109/iccke60553.2023.10326302

Sallam T. Convolutional neural network for fast adaptive beamforming of phased array weather radar. COMPEL. 2023;42(6):1565-75.

Geyi W. The method of maximum power transmission efficiency for the design of antenna arrays. IEEE Open J Antennas Propag. 2021;2:412-30.
https://doi.org/10.1109/0jap.2021.3066310

Guo H, Hao H, Song P, Zhang L, Zhang X. Synthesis of planar array antenna for wireless power transmission. PIER C. 2022;121:163-78.
https://doi.org/10.2528/pierc22040208

Sun G, Liu Y, Li H, Li J, Wang A, Zhang Y. Power-pattern synthesis for energy beamforming in wireless power transmission. Neural Comput &
Applic. 2017;30(7):2327-42. https://doi.org/10.1007/s00521-017-3255-6

Fan, Li L, Arya RK, Dong J, Kong S. Array antenna pattern synthesis using method of maximum power transmission efficiency. In: 2024 |IEEE
12th Asia-Pacific Conference on Antennas and Propagation (APCAP). 2024. p. 1-2. https://doi.org/10.1109/apcap62011.2024.10881952

Dong Y, Cai X, Geyi W. A pattern shaping method for focused antenna arrays. Antennas Wirel Propag Lett. 2024;23(4):1236—40.
https://doi.org/10.1109/lawp.2024.3350021

Weng H, Beetner DG, DuBroff RE. Frequency-domain probe characterization and compensation using reciprocity. IEEE Trans Electromagn
Compat. 2011;53(1):2—10. https://doi.org/10.1109/temc.2010.2059030

Geyi W. Foundations of Applied Electrodynamics. Wiley; 2010.

Geyi W. Foundations of antenna radiation theory. John Wiley & Sons; 2023.

Wang D, Tan D, Liu L. Particle swarm optimization algorithm: an overview. Soft Comput. 2017;22(2):387—408.
https://doi.org/10.1007/s00500-016-2474-6

Pan C, Ba X, Tang Y, Zhang F, Zhang Y, Wang Z, et al. Phased array antenna calibration method experimental validation and comparison.
Electronics. 2023;12(3):489. https://doi.org/10.3390/electronics 12030489

Fan Y, Arya RK, Kong S, Dong J, Li L. Large obliqgue angle measurement in near-field measurement systems. In: 2023 IEEE 11th Asia-Pacific
Conference on Antennas and Propagation (APCAP). 2023. p. 1-2. https://doi.org/10.1109/apcap59480.2023.10469952

Cui Z, Zhang Q, An J, Yu Y, Cheng B. Multibeam synthesis for a reconfigurable sparse array via a new consensus PDD framework. IEEE Trans
Antennas Propagat. 2024;72(2):1541-55. https://doi.org/10.1109/tap.2023.3345003

Huang J, Liu R, Zhang N, Cui Y, Ren W, Guo Q, et al. A planar array synthesis method based on deep learning and radiation pattern
superposition method. IEEE Trans Antennas Propagat. 2025;73(8):5265—77. https://doi.org/10.1109/tap.2025.3564705

PLOS One | https://doi.org/10.1371/journal.pone.0343372 February 24, 2026 30/ 30



https://doi.org/10.1109/tap.2021.3069467
https://doi.org/10.1109/tap.2024.3371645
https://doi.org/10.1109/iccke60553.2023.10326302
https://doi.org/10.1109/ojap.2021.3066310
https://doi.org/10.2528/pierc22040208
https://doi.org/10.1007/s00521-017-3255-6
https://doi.org/10.1109/apcap62011.2024.10881952
https://doi.org/10.1109/lawp.2024.3350021
https://doi.org/10.1109/temc.2010.2059030
https://doi.org/10.1007/s00500-016-2474-6
https://doi.org/10.3390/electronics12030489
https://doi.org/10.1109/apcap59480.2023.10469952
https://doi.org/10.1109/tap.2023.3345003
https://doi.org/10.1109/tap.2025.3564705
https://doi.org/10.1371/journal.pone.0343372

	Far-field multi-beam pattern synthesis for phased array antennas using Lorentz reciprocity theorem
	References


