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ABSTRACT ARTICLE INFO

The rapid demand for faster data rates, ultra-low latency, and energy picie History

efficiency has accelerated the shift from LTE to 5G networks. A major  Received: March, 2025
challenge in 5G communication is multipath fading, which reduces Received in revised form: June, 2025
signal strength due to wave propagation around obstacles. To counter ;\cgfp:]e‘g A“Igus_t;szof5 ber 2025
this, advanced antenna designs are needed that can enhance uplished oniine: Seplemoer,
coverage, mitigate fading, and meet strict 5G requirements. Modern ~KEYWORDS

antenna design must address multiple factors such as gain, Aificial Intelligence, Machine leaming,
bandwidth, radiation patterns, coupling suppression, compactness, ~ Optimization, MPAs
fabrication, and cost. Traditional trial-and-error methods are

inadequate for these complex optimization needs. Artificial intelligence

(Al) and machine learning (ML) now play a crucial role in antenna

development by enabling adaptive optimization, accurate prediction,

and reduced dependency on costly simulations. This review highlights

the challenges of multilayer patch antenna design for millimetre-wave

5G applications and emphasizes how Al-driven techniques are

transforming antenna engineering into more adaptive, reliable, and

high-performance  systems  for  next-generation  wireless

communication.

INTRODUCTION

Information ~ and ~ communication
technology has advanced rapidly, with global
mobile data traffic expected to grow by 45%,
translating to a tenfold increase between 2016 and
2023 (Dateki et al., 2016). This surge is largely
attributed to the shift from wired, voice-centric
systems to wireless multimedia applications. To
meet the growing demands of digital wireless
networks and internet convergence, modern
systems require higher data rates, lower latency,
and greater energy efficiency (AL-Saif et al,
2018). This has driven the transition from LTE to
5G, with studies focusing on moving from
conventional UHF bands (300 MHz-3 GHz) to
higher frequency ranges such as 6.0-7.9 GHz,
27.5-28.35 GHz, and 37.6-40 GHz (Matinmikko
et al., 2018). However, high-frequency operation

poses challenges, including multipath propagation
and fading effects (AL-Saif et al., 2018).
Overcoming these issues requires
innovative antenna designs with wide bandwidth,
high gain, low envelope correlation, minimal
power loss, and strong isolation. With increasing
data demand and disruptive technologies, 5G
networks depend on advanced antennas to
support applications in Industry 5.0, Society 5.0,
and the loT (Farasat et al., 2021; Koziel et al.,
2019). Currently, 5G operates across two key
frequency ranges: FR1 (450 MHz-6 GHz) and
FR2 (24-100 GHz). FR1 dominates traditional
mobile use due to better coverage and
penetration, while FR2—particularly the 26-40
GHz band—supports emerging technologies like
beamforming, spatial multiplexing, and massive
MIMO (Alsaif & Eleiwa, 2021; Hwang et al., 2022).
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The ITU has identified 28 GHz, 38 GHz, 60 GHz,
and 73 GHz as critical FR2 bands (Alsaif & Eleiwa,
2021), with the 28/38 GHz ranges gaining traction
for their lower absorption rates (Hwang et al.,
2022).

Antenna design is central to achieving
5G requirements of ultra-low latency, high
reliability, energy efficiency, and extreme data
throughput (Zhang et al., 2021). Microstrip patch
antennas (MPAs) are widely used due to their
compactness, ease of integration, and reliable
performance (Koziel et al., 2019; Matin, 2016).
Despite these benefits, MPAs face challenges
such as destructive interference, mutual coupling,
and design complexity (Mchbal et al., 2018). Thus,
efficient 5G patch antennas must address issues
related to radiation pattern control, miniaturization,
isolation, and bandwidth enhancement (Sagar et
al., 2021).

Traditionally, antenna design relied on
iterative geometric adjustments derived from prior
models and parametric studies (Roshani et al.,
2023). While effective to some degree, such
methods are time-consuming and limit design
alternatives. Techniques like multilayer dielectric
stacking, beamforming, and phased arrays (Sagar
et al., 2021; El Misilmani et al., 2020; Bellekhiri et
al., 2023) improve performance, but heavy
dependence on numerical approaches such as
FEM and MoM prolongs the design cycle and
hinders scalability (Tang et al., 2017; Cheng et al.,
2022). To overcome these inefficiencies,
advanced  optimization  methods—including
gradient-based and global EM models—have
been adopted for more accurate, multi-objective
performance improvements (Tang et al., 2017;
Cheng et al., 2022; Cao et al., 2017; Shao et al.,
2020; An et al., 2023).

Nonetheless, conventional synthesis
methods remain constrained by computational
overhead, high costs, and long processing times
(Abdul et al., 2019). As a result, recent research
emphasizes Al-driven frameworks that enhance
reconfigurability, ~ fault  detection,  pattern
recognition, and optimization of antenna arrays
(Sabah & Jasim, 2020). With machine learning
integration, Al methods have proven effective in
improving multilayer patch antennas, offering

faster, more efficient, and reliable design
processes for 5G (Kilani et al., 2019).

This review therefore, discusses design and
optimization strategies for 5G patch antennas,
highlighting key challenges and solutions. It also
underscores the pivotal role of Al in reducing
computational demands and accelerating antenna
development while achieving optimal performance
for next-generation wireless networks.

Contemporary  Optimization-Driven =~ MPA
Design

Contemporary optimization-driven MPA
design  increasingly  employs  advanced
computational algorithms and innovative material
platforms to achieve superior electromagnetic
performance in compact, high-frequency, and
multifunctional wireless systems. Hwang et al.,
(2022) introduced a vertically stacked dual-band
dipole antenna operating at 28/38 GHz,
specifically engineered for seamless device
integration. The design utilized a flexible liquid
crystal polymer (LCP) substrate and supported
both single-ended and differential feed structures
to ensure impedance consistency across different
RF front ends. A 4-element array achieved gains
of 10.3 dBi at 38.5 GHz and 9.0 dBi at 28 GHz.
Similarly, Bellekhiri et al., (2023) developed a
multilayer microstrip antenna optimized through
meshing density and electromagnetic solvers,
yielding an enhanced bandwidth of 2.9 GHz
centered at 28 GHz and improved radiation
efficiency (lyobhebhe et al., 2025).

For 5G wearable and loT applications,
Tang et al., (2017) proposed a planar multilayered
electrically small Huygens source antenna with
broadside radiation at 28 GHz. Simulations using
ANSYS HFSS demonstrated that linear and
circular  polarization ~ configurations  enable
versatility for cloud computing, RFID, and mobile
connectivity. Chen et al., (2022) further applied
design of experiments (DOE) and response
surface methodology to optimize an E-shaped
patch antenna, highlighting  performance
improvements in gain and return loss. However,
the study also emphasized the limitations of DOE,
particularly its susceptibility to local optima in
higher-dimensional design spaces.
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To address beamforming requirements,
Lima de Paula et al., (2021) presented a compact
38 GHz antenna integrating an 8 x 10 patch array
with a multi-folded Butler matrix based on
substrate-integrated waveguide technology. This
design achieved four highly directive beams with
peak gains of 19.8 dBi and 21 dBi. Shao et al.
(2021) introduced a differentially fed multilayer
stacked patch antenna optimized via the bat
algorithm, which effectively suppressed cross-
polarization and delivered gains of 6.4 dBi and 6.5
dBi.

An et al, (2023) incorporated
metasurface structures in a dual-polarized
antenna to minimize polarization mismatch and
enhance port isolation (>31 dB), ensuring robust
performance in 5G and Wi-Fi applications. Sparse
array synthesis has also gained attention.
Buttazzoni et al., (2020) applied compressive
sensing algorithms to optimize sparse antenna
arrays, reducing radiating elements while
preserving main-lobe radiation patterns suitable
for 5G loT.

Despite the success of conventional
electromagnetic solvers such as the method of
moments (MoM), finite element method (FEM),
and finite difference time-domain (FDTD), their
application remains limited by challenges
including boundary reflections, dispersion errors,
excessive computation times, and inefficiencies
for inhomogeneous or composite materials
(Francavilla et al., 2012; Guan et al., 2014).

To overcome these limitations, artificial
intelligence (Al) and machine learning (ML)
techniques are increasingly integrated into
antenna design frameworks. As demonstrated by
Cao et al,, (2017), ML algorithms can accelerate
FEM-based  optimization, reduce energy
functions, and deliver scalable solutions for large-
scale  electromagnetic  problems,  while
simultaneously  complementing  MoM-based
methods. Collectively, these advancements
underscore the transformative role of Al-driven
optimization in developing efficient, compact, and
high-performance MPAs for next-generation 5G
and beyond.

MPA Design Challenges

The design of MPA is inherently
complex due to several evolving demands in
modern wireless communication systems. The
increasing need for higher capacity in mobile
networks, the advent of disruptive technologies
such as 5G New Radio (NR), the influence of
multipath  propagation, and the practical
requirements of specific applications all impose
significant design constraints. Four critical
challenges in the development of MPAs are
outlined below.

Bandwidth Enhancement

One of the fundamental limitations of
MPAs is their inherently narrow bandwidth,
attributed to their compact and planar structure
(Alsaif & Eleiwa, 2021). Wide bandwidth, however,
is indispensable in 5G systems, as it supports high
data rates and enables operation across multiple
frequency bands (Al-Saif et al., 2018). To address
this, various enhancement techniques have been
proposed, including the use of metamaterial
structures, defected ground structures, etching
slots on the radiating patch, and advanced feeding
mechanisms (Sabah & Jasim, 2020; Abdul et al.,
2019; Kilani et al., 2019; Gharbi et al., 2017). Each
of these approaches involves trade-offs with
respect to antenna size, radiation efficiency, and
gain, necessitating careful optimization.

Mutual Coupling

Mutual coupling, an inherent issue in
MPAs, alters the impedance and radiation
characteristics of individual elements, leading to
pattern distortion and reduced overall efficiency
(Roshani & Shahveisi, 2022). Various techniques
have been developed to mitigate this effect, such
as the integration of frequency-selective surfaces
(Mandal & Ghosh, 2022), metamaterials
(Alibakhshikenari et al., 2020), and microstrip
resonators (Roshani & Shahveisi, 2022). Despite
their effectiveness, these solutions often introduce
additional complexity, bandwidth constraints, and
alterations to the radiation pattern, which must be
balanced against performance gains.
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Radiation Pattern Control

Radiation pattern control plays a pivotal
role in enhancing 5G performance by enabling
efficient MIMO operations (Singh et al., 2021),
facilitating advanced beamforming (Cao et al.,
2014), minimizing interference (Tang et al., 2017),
and ensuring reliable high-speed connectivity
(Parchin et al., 2023). However, achieving precise
radiation pattern control in MPAs remains highly
challenging. Techniques such as defected ground
structures, multilayer dielectric stacking, phased
arrays, metamaterial surfaces, and Al-driven
optimization strategies have been employed to
generate directional, sectorial, or omnidirectional
radiation profiles (Alibakhshikenari et al., 2020).
These methods, while promising, require
significant design sophistication to balance
flexibility and efficiency.

Cost and Manufacturing

The exponential growth of user devices,
sensors, and actuators in the 5G ecosystem
(Comisso et al., 2019; Mao et al., 2019) presents
additional challenges for antenna design and
manufacturing.  Producing  high-performance,
compact, and scalable patch antennas that can
meet the demands of emerging technologies
requires cost-effective yet advanced fabrication
processes. Innovative manufacturing approaches
such as flexible substrate integration, additive
manufacturing, polymer-based fabrication, and
roll-to-roll  printing techniques offer significant
potential for reducing cost while maintaining high
design flexibility (Rouf et al., 2022). Nonetheless,
the widespread implementation of these methods
requires overcoming barriers related to precision,
material limitations, and scalability.

Artificial Intelligence in MPA Design

Artificial Intelligence (Al) has emerged
as a transformative approach to overcoming the
intrinsic limitations of MPA design by enabling
data-driven optimization and predictive modeling
of complex, nonlinear design trade-offs.
Leveraging machine learning algorithms, deep
neural networks, and evolutionary strategies, Al
can enhance bandwidth through optimal
geometrical configurations, predict and mitigate

mutual coupling effects, and refine radiation
patterns to achieve advanced beamforming,
interference suppression, and MIMO performance
(Goudos, 2021). Simultaneously, Al streamlines
the  design-to-manufacturing  pipeline by
identifying cost-effective materials and fabrication
techniques, thereby accelerating development
cycles while ensuring scalability and adaptability
for next-generation wireless systems (Gajbhiye et
al., 2025). Central to this paradigm is the use of
predictive and generative models that map input
parameters such as geometry, substrates, and
feeding methods to performance metrics like
return  loss, bandwidth, and radiation
characteristics,  functioning as intelligent
surrogates of highly nonlinear behaviors (Wu et
al., 2020).

To this end, antenna engineers have
adopted diverse Al techniques, including
multistage collaborative machine learning (MS-
CoML), Support Vector Machines (SVM), k-
Nearest Neighbors (k-NN), Artificial Neural
Networks (ANNSs), clustering algorithms, and
advanced generative methods such as Generative
Adversarial  Networks  (GANs), Variational
Autoencoders (VAEs), and Deep Q-Networks
(DQNSs) (Wu et al., 2020; Akinsolu et al., 2020;
Singh et al., 2022), all of which collectively provide
intelligent  decision-making capabilities  that
significantly improve efficiency, adaptability, and
innovation in antenna design.

To accelerate antenna design, hybrid
models that integrate Support Vector Machines
(SVMs) with Evolutionary Algorithms (EAs) such
as Genetic Algorithms (GAs), Differential
Evolution (DE), and Particle Swarm Optimization
(PSO) have been applied to automate the
development of beam-shaped reflect arrays,
multiband patch antennas, and E-shaped
antennas (Prado et al., 2018; Goudos, 2021).
While EAs efficiently explore the design space for
near-optimal solutions, they remain
computationally intensive due to reliance on full-
wave electromagnetic (EM) simulations (Grout et
al., 2019).

To address compactness and coupling
challenges, Roshani et al. (2023) introduced an
Al-powered framework that combines GAs with
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split-ring  resonators, enabling  dual-band
metamaterial antennas suitable for sub-6 GHz
wearable  applications. More  recently,
reinforcement learning (RL), augmented with
imitation learning (IL), has been employed for
automated antenna design and adaptive
beamforming, where domain  knowledge
enhances convergence beyond standard RL
techniques (Wei et al., 2023). Collectively, these
Al-driven  strategies enable novel antenna
structures,  strengthen predictive modeling,
support comprehensive parametric exploration,
and  accelerate  prototyping, effectively
overcoming key limitations of conventional design
approaches.

Al-Based MPA Optimization

The optimization of microstrip patch
antennas (MPAs) centers on selecting design
parameters that maximize or minimize key
performance metrics. Artificial intelligence (Al),
particularly through machine learning (ML),
enhances this process by employing predictive
models and surrogate approximations to reduce
reliance on costly full-wave electromagnetic (EM)
simulations, enabling efficient exploration of high-
dimensional design spaces (Akinsolu et al., 2019;
Koziel &  Pietrenko-Dabrowska,  2023;
Papathanasopoulos et al., 2023). Several Al-
driven frameworks have been developed to
improve MPA optimization.

Machine  Learning-assisted  Single/Multi-
Objective Optimization

Antenna design strategies can be
divided into single-objective and multi-objective
approaches. Single-objective MPA optimization
(SMPAO) refines one metric at a time, such as
gain, bandwidth, efficiency, size, or return loss
(Kadlec & Capek, 2023; Zhang et al., 2023). While
computationally efficient, SMPAO suffers from
narrow solution spaces, local minima, and limited
adaptability (Kadlec & Capek, 2023). Advanced
SMPAO methods have been introduced, including
trust-region, gradient-based algorithms  with
sparse Jacobian updates, which improve
convergence and reduce complexity (Koziel &
Pietrenko-Dabrowska, 2019). Other refinements

are reported in (Koziel et al., 2010; Liu et al., 2014;
Bekasiewicz & Koziel, 2019).

In contrast, multi-objective optimization
(MMPAO) balances several metrics
simultaneously, offering richer trade-offs. Studies
such as Easum et al. (2018) and Dong et al.
(2019) demonstrate the integration of ML-based
surrogate models, including neural networks and
back-propagation neural networks (BPNNs), to
accelerate the generation of Pareto fronts,
enabling more efficient trade-off analysis.

Machine Learning-assisted Parallel
Optimization

High-dimensional and computationally
intensive antenna design tasks have led to the
development of Machine Learning-assisted
Parallel Optimization (MLPO). This approach
integrates surrogate modeling with evolutionary
algorithms to improve convergence and solution
accuracy (Akinsolu et al., 2019; Liu et al., 2019,
2021). An example is the Parallel Surrogate-
Assisted  Differential  Evolution  Algorithm
(PSAEDA), which uses Gaussian Process
Regression (GPR) alongside multiple differential
evolution  streams.  PSAEDA  achieves
performance up to 20x faster than conventional
global optimization while maintaining accuracy
(Akinsolu et al., 2019). Similarly, the Training-cost-
Reduced Surrogate Model-Assisted  Hybrid
Differential Evolution (TR-SADEA) reduces
training overhead by 90% and iterations by 20%,
delivering efficient antenna designs in terms of
gain, bandwidth, and efficiency (Liu et al., 2019).

Machine Learning-assisted Variable-Fidelity
Optimization

Variable-Fidelity ~ Optimization ~ (ML-
VFO) addresses the trade-off between
computational cost and accuracy by combining
low-fidelity (LF) and high-fidelity (HF) EM
simulations. LF models provide inexpensive initial
exploration, while HF models refine solutions for
accuracy (Koziel & Pietrenko-Dabrowska, 2019;
Koziel et al., 2018). Techniques such as co-kriging
and two-stage Gaussian Process Regression
(GPR) enable effective knowledge transfer
between LF and HF models, improving both speed
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and reliability (Jacobs & Koziel, 2020). Advanced
frameworks  like  multi-fidelity = Bayesian
optimization (MFBO) and modified-MFBO (M-
MFBO) merge LF and HF data through multi-
output GPR, selectively resampling promising LF-
derived candidates with HF models. These
methods consistently outperform conventional
HF-only optimization in efficiency and accuracy
(Song et al.,, 2019; Jacobs & Koziel, 2019).
Collectively, ML-VFO frameworks balance
efficiency and precision, leveraging hierarchical
fidelity = modeling and  surrogate-based
optimization to reduce simulation costs while
enhancing reliability. As EM simulations grow
increasingly complex, ML-VFO offers a scalable
solution for advanced antenna design (Jacobs &
Koziel, 2020; Jacobs & Koziel, 2019).

CONCLUSION

Al-enhanced optimization techniques
mark a fundamental shift in the design of 5G
microstrip patch antennas, metamorphosing a
traditionally laborious, resource-intensive process
into a dynamic, data-driven ecosystem. The
review highlights how Al-driven approaches are
not isolated innovations, but foundational to the
optimization of complex, high-dimensional, and
multi-objective designs characteristic of 5G patch
antennas. By enabling adaptive tuning, predictive
modeling, and intelligent exploration of complex
design spaces, these methodologies significantly
elevate design efficiency, performance, and
reliability.

Looking ahead, the integration of
advanced Al innovations, such as generative
modeling, transfer learning, and reinforcement
learning, paired with adaptive materials, rapid
prototyping  technologies, and  scalable
computational  platforms, will  undoubtedly
accelerate the evolution of high-performance,
intelligent antenna  systems. As  wireless
landscapes progress toward 6G and beyond, Al-
driven antenna design will serve as a cornerstone
of next-generation connectivity.
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