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Abstract

In the telecommunications industry, wireless communications have progressed very
rapidly in the last two decades. The requirement for high data rates and the paucity
of spectrum in existing wireless communication drive next-generation communication
technology to mm-wave frequencies, which also require adequate and efficient antenna
technology for successful operation. These signals, however, have a high path loss and are
susceptible to blocking. These mm-wave signal propagation challenges can be overcome
by using high-directivity, wide-band, and multi-band antennas. Nonetheless, creating
such a high-performance antenna in every way is a challenging endeavor. This disserta-
tion discourses on the modeling, optimizing, and synthesizing of a rectangular microstrip
patch antenna with dual-band and multi-band service for mm-wave communication us-
ing a binary-coded genetic algorithm to improve the directivity and bandwidth. The
algorithm iteratively creates new models of patch surfaces by employing an iterative
combination of HFSS and MATLAB software, and then returns the best antenna model.
Accordingly, the dissertation exhibits improvements in the directivity, bandwidth, and
multi-functionality of a single microstrip antenna. With patch geometry optimization, a
dual-band antenna was optimized and resonated at 28.0 GHz and 46.6 GHz with accept-
able performance. Another optimization was carried out on a single microstrip antenna
for triple band operation and directivity improvement. The optimized antenna resonated
at three distinct frequency bands centered at 28.0 GHz, 40.0 GHz, and 47.0 GHz, and
demonstrates broadside radiation patterns with peak directivities of 7.7 dB, 12.1 dB,
and 8.2 dB, respectively. On the other hand, bandwidth melioration was achieved by a
genetically optimized quad-band antenna, which was resonated at four frequencies cen-
tered at 28.3 GHz, 38.1 GHz, 46.6 GHz, and 60.0 GHz, and a total operating bandwidth
of 11.5 GHz. The dissertation also presents a penta-band mm-wave antenna for wearable
applications. The proposed antenna designed on PTFE fabric substrate and resonates
at five distinct frequencies: 27.8 GHz, 30.3 GHz, 40.1 GHz, 47.2 GHz, and 56.7 GHz.
In free space, the antenna achieves a wide bandwidth of 0.69, 2.32, 2.22, 1.76, and 8.11
GHz and an improved broadside directivity of 10.3, 8.5, 7.8, 9.6, and 8.9 dB, respec-
tively. Overall, the optimized antennas performances were suitable for multi-functional
mm-wave applications.

Keyword: mm-wave communication, microstrip antenna, genetic algorithm optimiza-
tion, dual-band antenna, triple band antenna, quad-band antenna, penta-band antenna,
directivity improvement, bandwidth enhancement
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Chapter 1

Introduction

The global economy is currently being boosted by the effective and efficient use of in-
formation and communication technologies [1]. Wireless communication systems are ar-
guably the most significant aspect that supports many sectors directly or indirectly as
part of the world’s ICT strategy. It is one of the world’s most rapidly developing, vi-
brant, and dynamic places [2]. The advancement of wireless communication technology
has significantly altered people’s lifestyles in terms of communication, business, and so-
cial activities. The exponential surge in technical innovation may presage the success of
wireless communication technology.
The wireless communication sector has advanced quickly, from analog 1G (AMPS) to
the recently implemented 5G. Currently, the rapid growth of data-centric intelligent sys-
tems requires effective wireless connectivity. However, spectrum scarcity is one of the
most challenging aspects of today’s wireless communication industry. Next-generation
wireless communication technologies will provide worldwide coverage and use the space-
air-ground-sea integrated network (SAGSIN) to connect communication systems from the
sky to the deep sea [3]. It will have low power consumption, low latency, high reliability,
privacy, and security, along with better quality service. To deal with it developing tech-
nologies must employ mm-wave frequencies, which offer a large amount of bandwidth for
faster data rate transmission [4]. Whatever advancements are achieved by newly released
wireless technologies, the goal of every wireless communication system is to transmit and
receive data in the form of electromagnetic signals. This is not possible without an an-
tenna, hence, the antenna is vital and can impact how the system performs overall [5].
Such critical attributes motivate numerous antenna design and optimization studies to
enhance antenna parameters such as radiation properties, size miniaturization, multi-
functionality, and affordability to satisfy the needs of the rapid development of wireless
technologies [6]. Creating a qualified multi-band, broadband, and high-directive small
antenna is challenging work for the research community.

Multi-band antenna performances are necessary to accommodate many wireless services
spread across a wide frequency range. The inclusion of many communication protocols
in a single compact system has piqued the interest of many researchers [7]. However,
as an antenna is a hardware device that operates on a fixed resonance frequency, there
are a few critical limitations in exploring other working bands. Even though the multi-
band functioning of an antenna is accomplished via the use of various techniques, it is
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difficult to achieve high performance while clearing bandwidth constraints and meeting
possible gain in all coverage bands with a compact antenna size in classical antenna
design technologies and conventional antennas. In particular, procured methodologies
are required to drive appropriate performance in the case of microstrip antennas, which
this dissertation chose as an intriguing alternative. In this regard, numerous performance
enhancement approaches and optimization algorithms have been created [8]. Iterative
search optimization techniques are needed to provide new solutions that incorporate
the enhancement of antenna qualities while reducing design complexity. Researchers
have utilized a variety of bio-inspired and other algorithms to improve microstrip patch
antennas. Optimizing the dimensions of the antenna, the feeding point and shorting
pin location, the slot and slit sizes, and the slot position on the antenna will enable the
microstrip antenna to achieve its particular purpose [9]. The common algorithms used in
the literature are genetic algorithms and particle swarm optimization. This dissertation
will optimize and synthesize a microstrip patch antenna using a genetic algorithm because
it does not require prior knowledge about the problem, does not use derivative information
on the cost function, and can be applied to complex and poorly defined problems [10].
Even though a genetic algorithm is computationally expensive and time-consuming, it is
more accurate at handling different electromagnetic difficulties.

1.1 Millimeter wave communication: A background

In wireless communication, more and more bandwidth-intensive applications are emerg-
ing. Millions of wireless devices, including HD TVs, cameras, laptops, household appli-
ances, smartphones, sensors, video surveillance systems, wearable devices, and robots, will
be able to connect, with exponential growth expected soon. Simultaneously, technologies
related to smart grids, smart cities, virtual reality, machine-to-machine communication,
autonomous driving, and e-health are emerging [11]. These new and developing tech-
nologies need tremendous bandwidth to enable the simultaneous movement of massive
volumes of data. Because of bandwidth constraints, the existing microwave spectrum
does not include all of these elements, but millimeter wave (mm-wave) frequencies offer
ample capacity and are projected to meet such high-end needs.
The frequency ranges with a wavelength in millimeters (1–10 mm) are referred to as
"mm-wave frequencies," which encompasses 30-300 GHz. However, because their prop-
agation behavior is similar to that of mm-wave signals, certain frequencies less than 30
GHz are included in the mm-wave spectrum; hence, mm-wave frequencies span from 20
GHz to 300 GHz [12, 13]. On the other hand, spectrum allocation is the most pressing
issue in wireless communication. International standard-setting bodies such as the ITU,
IMT, and FCC have advocated a 20–100 GHz prime mm-wave spectrum for wireless
applications [14, 15]. The behavior of mm-wave bands in wireless communications is
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being investigated. Some frequencies are unsuitable for wireless applications due to a
variety of issues. For land mobile applications, the following mm-wave frequencies have
previously been identified: 27.5-29.5 GHz, 30.0–31.3 GHz, 37.4–42.5 GHz, 43.5–47.2 GHz,
and 47.9–51.4 GHz [16,17]. Unlicensed spectrum in the 57–66 GHz range is reserved for
high data-rate short-range wireless communication systems [18]. Other potential candi-
date frequency bands include 71–76 GHz and 81–86 GHz, which are allocated for radio
navigation-satellite service, radio-location service, mobile-satellite service, broadcasting
service , broadcasting-satellite service, and space research service [19]. Figure 1.1 more
elaborates on the specified allocation of mm-wave frequencies for terrestrial land based
cellular, vehicular, and mobile terminal applications.

Following the exploration and allocation of large amounts of bandwidth for different
wireless applications, a communication system has been efficiently employed to utilize the
available amount of bandwidth. High-performance antenna design is critical in wireless
communication for transmitting signals via electromagnetic waves [20]. The mm-wave
antennas and equipment are intrinsically smaller in size than their counterparts in the
lower microwave range. In addition, the communication link at the mm-wave spectrum
is naturally secure and has less user interference. However, communication lengths in
the mm-wave frequency ranges are limited by significant attenuation due to atmospheric
absorption, are sensitive to blockages, and have tighter fabrication tolerances, which
impede wireless network performance [21]. The Friis equation, presented in equation
(1.1) states that the square of carrier frequency (fc) is directly proportional to free space
path loss (FSPL) [22]. As a result, higher transmission frequencies suffer from more path
loss, resulting in reduced cell coverage in mm-wave communication.

FSPL = (
4πd

c
)
2

f 2
c (1.1)

where d is the transmission distance and c is the speed of light.
Furthermore, wireless communications in this band are susceptible to shadowing any ob-

Figure 1.1: Predicted spectrum of mm wave for wireless communication [16]
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structions in the line-of-sight path and causing a significant fluctuation in the strength of
the signal that the user equipment receives [23, 24]. By employing directional antennas
from both UE and base station terminals, shadowing losses, path losses, and multi-path
fading can be reduced, as proposed in [25,26]. As a result, antennas with a high directive,
excellent gain, and wide bandwidths are required for successful mm-wave communication,
which offers high-data-rate wireless communication [27].
Because mm-wave signals have a short wavelength, additional antenna components may
be incorporated into an array to offer high directivity and gain in a physically limited
space [28]. The intricate feeding system, associated mutual coupling, and spurious ra-
diation, on the other hand, are impeding inspiration. In this regard, microstrip patch
antennas have particular importance for end-user terminal devices due to their low pro-
file. This dissertation focuses on the design, optimization, and synthesis of mm-wave
microstrip antennas with improved performance.

1.2 Statement of the problem

The proliferation of bandwidth-hungry services leads to the current microwave wireless
link in spectrum scarcity. In order to overcome the bandwidth shortage difficulties,
the ITU recommends using the mm-wave spectrum. Following that, researchers are
striving to attain the inquiries of next-generation wireless communication at mm-wave
frequency. Particularly, antenna technologies at mm-wave have faced several expectations
and challenges. This dissertation identified the following articulated problems around
the mm-wave antenna.
Challenges of mm-wave signal propagation: Environmental factors have a signif-
icant impact on the transmission of mm-wave signals. In contrast to microwave signal
transmission, mm-wave antennas will confront additional environmental obstacles such
as high atmospheric absorption, shadowing, susceptibility to blocking, large-scale atten-
uation, and significant propagation loss. Experts in the field advise employing high gain
and high-directivity antennas to address some of these issues. However, modeling and
optimization of high-gain, directional antennas is a difficult problem as well.
Antenna performance: Antennas used for user equipment (UE) terminal applica-
tions must be low profile, compact, and planar-configured; the optimum alternative is
a microstrip patch antenna. However, the traditional microstrip antenna has inferior
gain, reduced directivity, limited functionality, and is less effective. Meanwhile, emerging
wireless technologies consider only a high data rate with low latency communication.
The emerging wireless inquiries are a highly challenging paradox that requires perpetual
research to reconcile. Therefore, it is vital to maintain high efficiency and appropriate
antenna performance to support emerging technologies.
Demand for multi-functional services: Nowadays, multiple services are expected
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from a single device. Multi-band antenna enhancements are essential to meet such high-
end demands. The challenge is determining how a single microstrip patch antenna may
work at many frequencies while maintaining acceptable performance. This dissertation
will look at re-engineering a single-patch antenna for multiple-frequency operation.
The dissertation aims to utilize a binary-coded genetic algorithm to optimize mm-wave
microstrip antennas, resulting in enhanced performance in terms of multiple-band op-
eration, directivity, and bandwidth. This unique approach in the band able to achieve
antenna performance improvement, and has the potential to significantly advance mm-
wave antenna technology and broaden its applications across various disciplines. By
employing the genetic algorithm, the dissertation seeks to overcome the challenges as-
sociated with mm-wave microstrip antenna optimization, ultimately leading to more
efficient and effective antenna designs.
While researchers are actively addressing various challenges associated with mm-wave
microstrip antennas, their approaches often result in increased complexity, larger antenna
sizes due to the addition of parasitic elements or superstrates, and a focus on optimizing
a single parameter of the antenna patch. In contrast, this optimization process aims
to achieve simultaneous improvements in directivity, bandwidth, and multiband per-
formance. By considering multiple performance factors and utilizing an autonomous
optimization tool, this dissertation contributes to the advancement of mm-wave antenna
technology. The proposed approach enables the antenna to operate across different
frequency ranges, concentrate radiation in specific directions, and enhance overall per-
formance while maintaining a simple antenna structure. These advancements have
significant implications for various fields and applications utilizing mm-wave technology.

1.3 Objectives

1.3.1 General objective

• To model, optimize, and synthesize mm-wave microstrip patch antenna for wireless
communication by applying a binary-coded genetic algorithm that will operate at
required multiple frequency bands with improved performances.

1.3.2 Specific objectives

• To model and optimize a microstrip patch antenna for a mm-wave wireless appli-
cation.

• To implement a genetic algorithm for microstrip antenna optimization to improve
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dual-band and multi-band operation in allocated mm-wave bands.

• To investigate a mm-wave dual-band and multi-band microstrip patch antenna using
a genetic algorithm with improved directivity.

• To enhance the bandwidths of mm-wave dual-band and multi-band microstrip patch
antenna while keeping improved directivity in each operating band using a genetic
algorithm.

1.4 Methodology

This dissertation adheres to the following methodologies to attain its objectives. To
obtain adequate antenna performances on the specified frequencies, the reference model
is examined using parametric analysis. Next, divide the patch area of the reference model
into smaller cells and set up the optimization procedure of the genetic algorithm. Lastly,
employ a binary-coded genetic algorithm from MATLAB in combination with HFSS to
synthesize enhanced antenna performances based on the designed fitness function. Then,
analyze the best-fit antenna in terms of measurable antenna parameters. Due to the
lack of mm-wave communication lab facilities at AAiT, this paper solely gives simulation
findings.

1.5 Thesis Contribution

The main contribution of this work is the development of a multiband microstrip patch
antenna designed for wireless applications, specifically targeting the mm-wave frequen-
cies. The dissertation project focuses on enhancing both the directivity and bandwidth
of dual-band microstrip antennas operating in the millimeter-wave spectrum. It also
addresses the challenge of improving the directivity of tri-band antennas while ensuring
suitable impedance bandwidth. Furthermore, the research preferred bandwidth enhance-
ments when the number of operating frequency bands is increased, such as in quad-band
and penta-band microstrip antennas, as these additional bands contribute to the overall
bandwidth of the antenna. The utilization of a genetic algorithm in this dissertation
is a crucial element in improving the directivity and bandwidth of microstrip antennas.
By utilizing this optimization technique, the research makes significant observations and
achieves noteworthy contributions that have substantial implications for various wireless
applications. The dissertation extensively elaborates on the specific contributions of this
study in subsequent sections, providing comprehensive details and valuable insights into
the advancements achieved.
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Model and optimize a microstrip patch antenna for mm-wave wireless appli-
cation:
The development of novel techniques or procedures to create enhanced performances and
a well-designed microstrip antenna with the associated feeding line network at mm-wave
is one of the major contributions of the study. There was an introduction of a unique
patch antenna shape. Each newly synthesized and improved microstrip antenna model
was subsequently validated using HFSS simulation. A study was done on the character-
istics and features of the modeled antenna, including gain, directivity, far-field radiation
pattern, reflection coefficient, return loss, VSWR, surface current distribution, and band-
width. The physical characteristics of microstrip antennas, including their shapes and
sizes, the impacts of various substrates, and the effects of human body models at various
distances, were also investigated in the dissertation.
Implement genetic algorithm for microstrip antenna optimization to improve
multi-band operation in allocated mm-wave bands
Implementing a genetic algorithm for antenna optimization was done as part of this
thesis effort. A mathematical description of the optimization problems in terms of fitness
functions was articulated to find the ideal solutions. A complete MATLAB code was
written in a binary-coded genetic algorithm for microstrip patch antenna optimization.
To improve the effectiveness of the genetic algorithm, crossover, mutation, and selection
operators have been modified for antenna optimization. Then after, integration of the
modified algorithm with the antenna model for optimization was also challenging. The
approach and cost functions were developed for extensive antenna optimization. The
results of simulations on large-scale multi-band, directivity, and bandwidth antenna chal-
lenges are reviewed in terms of efficiency, radiation pattern, return loss, and impedance
matching vs. frequency.
Investigate high directive mm-wave multi-band microstrip patch antenna us-
ing binary coded genetic algorithm
The investigation of a high-directional multi-band microstrip antenna at mm-wave
frequency is another significant contribution of this research. According to [29], the
dissertation enhanced a dual-band microstrip antenna for wireless applications at 28.0
GHz and 46.6 GHz with better directivity from a single element. The peak directivity
achieved was 8.4 dB and 9.0 dB at the resonance frequency. Another dual-band study
that resonates at 28.0 GHz and 31.1 GHz with a peak directivity of 8.6 dB and 10.9
dB were carried out, respectively by circular cell patch geometry optimization, as shown
in [30]. The dissertation also used a genetic algorithm to develop a triple-band microstrip
antenna with improved directivity that resonated at 28.0 GHz, 40.0 GHz, and 47.0 GHz
and had a maximum directivity improvement of 12.15 dB [31].
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Enhance bandwidths of mm-wave multiband microstrip patch antenna while
keeping high directivity in each operating band using genetic algorithm
The patch geometry optimization used in the dissertation examined a multiband mi-
crostrip antenna’s bandwidth while keeping the rest of the antenna’s performance good.
As a result, [32] synthesized and demonstrated a dual-band antenna at 39.1 GHz and
50.2 GHz with a total of 4.9 GHz bandwidth. The proposed antenna was achieved a peak
gain of 7.6 dB and 7.3 dB at resonance frequency. In reference [33], a patch antenna
for quad-band wireless applications was optimized. The engineered antenna has a total
improved bandwidth of 11.5 GHz and resonates at 28.3 GHz, 38.1 GHz, 46.6 GHz, and
60.0 GHz. Finally, using a genetic algorithm, a penta-band wearable microstrip antenna
was optimized to attain 15.11 GHz of total bandwidth, as stated in [34]. The engineered
antenna achieved multi-band operation at 27.8 GHz, 30.3 GHz, 40.1 GHz, 47.2 GHz,
and 56.7 GHz. The study was also conducted on low-cost flexible fabric with different
substrates.
The details of these contributions are published in reputed journals and presented at
international conferences. The optimized antennas and simulation results are explained
in detail in the subsequent chapters of this dissertation.

1.6 Thesis structure

Chapter 1 is the introduction section of the thesis. The objectives of the dissertation,
the methodology, a full explanation of the research challenges, and an overview of mm-
wave wireless communication technology are all included. The research contribution is
also looked at, along with the dissertation’s limitations and constraints.
In Chapter 2, a thorough overview of microstrip antennas is presented, including back-
ground information, feeding methods, design-related mathematical formulations, bene-
fits, and drawbacks. The comprehensive review of performance enhancement strategies
includes ways for improving directivity, gain, and bandwidth. Multi-band synthesizing
methods were also reviewed for the mm-wave spectrum. The performance of multi-band
microstrip antennas was discussed, along with methods for improvement. Finally, strate-
gies for optimizing the performance of multi-band microstrip antennas were presented.
Chapter 3 explains the general implementation procedure of genetic algorithm for an-
tenna optimization specifically a binary-coded genetic algorithm. It addressed how to
optimize microstrip patch antennas in mm-wave frequency using a binary-coded genetic
algorithm, as well as optimization settings, optimization parameters, and implementation
methods. It introduced the fitness function formulation for various antenna problems,
including multi-band antennas with improved directivity and bandwidth. Additionally,
MATLAB and HFSS software integration is discussed in this chapter as it relates to the
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implementation of realized genetic algorithm optimization via an iterative method. In
Chapter 4, a pre-modeled single-band reference microstrip antenna is optimized using
a binary-coded genetic algorithm to create a dual-band antenna with better directivity
and bandwidth. This chapter contains three enhanced dual-band microstrip antennas,
two of which are intended to increase directivity and the third to increase bandwidth.
Chapter 5 discusses the optimization of multi-band microstrip antenna using binary-
coded genetic algorithm for directivity and bandwidth improvement. The approach was
used to change the shape of the patch surface to cover additional frequency bands with
a modified patch geometry optimization configuration. Three enhanced patch antennas
were proposed in this chapter for various wireless applications. The first is an improved
directivity tri-band mm-wave microstrip antenna, while the other two are broader band-
width quad-band and penta-band antennas. Each study problem’s cost function formu-
lation was modified, and iterations were made to develop solutions with a higher degree
of quality. The chapter also explores the impact of the human body model on antenna
performance at various distances from the model as well as the effect of substrate dielec-
tric strength and tangent loss on the proposed antenna.
Finally, Chapter 6 summarizes the investigation’s findings and provides comments on
how this research will go forward. Future research will focus on improving the mm-wave
microstrip antenna’s performance, improving the effectiveness of the genetic algorithm
optimization technique, and expanding the study to terahertz frequencies.
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Chapter 2

A Comprehensive Survey on Microstrip
Antenna

2.1 Introduction

In wireless communication, an antenna serves as an interface between electric currents
flowing through metal conductors and radio waves traveling over space. It acts as a
transmitter or receiver [35]. Using coils of wire connected to galvanometers, antennas
were first employed to detect electromagnetic radiation when Michael Faraday tested the
coupling of electricity and magnetism at the start of the 1830s [36]. Heinrich Hertz ignites
an electrical spark in the gap of a dipole antenna in 1886. For the first time, Marconi
sent a signal across a sizable distance in 1901 using a 200 m wire carried by a kite [37].
Following that, various researchers enhanced antenna technology, including Yagi-Uda in
the 1920s, the horn antenna in the 1930s, the antenna array concept in the 1940s, the
parabolic reflector antenna in the 1950s, patch antenna concepts in the 1970s, and PIFA
in the 1980s [38, 39]. Antenna researchers now focus on the use of customized materials
and shapes to increase performance and adaptability. Printable and small antennas
for personal wireless communication devices are also being developed. Further, other
initiatives are underway to mathematically model antennas to forecast their attributes
before they are built and tested.
Multi-function wireless technologies have demanded significantly in recent years. It
insisted on using newly developed multi-band antenna technology that operates across
multiple frequency bands [40]. Simultaneously, antennas, as a vital component of a wire-
less system, must always be effectively designed and implemented. However, developing
this technology is challenging, especially for portable mm-wave wireless devices. In the
future mm-wave wireless communication, the antenna component is predicted to provide
high directive, broad bandwidth, and multi-band operation to fit customer demand.
Researchers have tried to optimize and improve several topologies of multi-band antennas
for existing wireless services such as LTE, GPS, GSM, PCS, DCS, UMTS, WLAN, and
Wi-MAX bands, as well as recently recognized mm-wave spectrums. The most popular
technique to obtain multi-band service is to put several antennas for each active band
on a device [41]. However, the use of many antennas is restricted by cost and volume
considerations as well as electromagnetic coupling between antennas hindering their per-
formance. Another well-organized multi-band service option is to optimize and improve
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a single antenna to operate at multiple frequency bands at the same time. As a result,
various studies in the literature describe potential multi-band antenna approaches such
as bending, folding, meandering, switching, and wrapping of the main radiator [42]. De-
pending on the application, each method has distinct advantages. However, the primary
limitations of these approaches are their compactness and antenna performance.
Microstrip antennas are gaining popularity as a feasible solution to this challenge. When
deployed on a flat or non-planar surface, these antennas have various advantages, includ-
ing low profile, lightweight, low cost, ease of construction, and mechanical resilience [43].
The antenna’s low profile allows it to be adapted for a range of applications such as
radio locating, satellite communication, space research, radio astronomy, and mobile
communication [44]. Despite these appealing features, microstrip antennas have certain
downsides, including limited bandwidth, poor directionality, low gain, and operating at
a specific frequency.
This review will explain the shortcomings and strengths of the various multi-band an-
tenna techniques, microstrip antenna details, and performance enhancement mechanisms
of microstrip antenna including the directivity improvement, bandwidth enhancement,
and gain meliorations methods presented in the literature. It primarily describes the
strategies, optimization algorithms, and procedures used to improve the multi-band per-
formance of the antenna. The survey also highlighted research gaps and difficulties in
various portrayed comparisons.

2.2 Microstrip Antenna

Following the second world war, new antenna design approaches emerged as microwave
circuits stretched operational frequencies to shorter wavelengths. In between, fundamen-
tal antenna technologies such as dipoles, horns, fractals, spiral, wire, monopoles, and
microstrip patch antennas were introduced. G.A. Deschamps originally introduced the
notion of microstrip radiators in 1953. However, it became practical following additional
development by Robert E. Munson and other researchers in 1970 [45]. After the invention
of printed circuit board (PCB) technology, the antenna became more commercialized by
utilizing a low-loss accessible substrate. Despite certain drawbacks, the microstrip patch
antenna is likely the most successful and groundbreaking antenna technology since it
offers various significant advantages over other types of antenna [46].
The substrate, radiating patch, and ground plane are the three fundamental layers of
a microstrip antenna [47]. It can be built as a metallic patch on top of the dielectric
substrate, with a ground plane beneath the dielectric layer, as illustrated in Figure 2.1. In
the design of a microstrip antenna, the radiating patch can have a variety of geometries.
However, rectangular and circular shapes are the most frequent due to their simplicity
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of analysis and fabrication, as well as their appealing radiation properties, particularly
low cross-polarization radiation [48].
The substrate is a dielectric substance designed for better electrical and mechanical
stability in radiating patches. It can also assist in the generation of displacement current,
which generates a magnetic field that changes over time. Due to Friday’s law, then the
magnetic field results in a time-varying electric field and propagating electromagnetic
field. Therefore, a substrate can improve an antenna’s capacity to radiate. For the
optimum microstrip antenna design, substrate dielectric strengths should be between
2.2 ≤ εr ≤ 12 [49]. Thick substrates with low dielectric constants are optimal for
excellent antenna performance since they offer high efficiency, greater bandwidth, and
loosely bound fields for radiation into space, but at the price of larger antenna size [50].
For microwave circuitry, thin substrates with large dielectric constants are preferable be-
cause they allow for smaller antenna sizes and strongly woven fields to reduce unwanted
radiation and coupling. However, they are less efficient and have relatively narrow band-
widths due to their higher losses.

Figure 2.1: Structure of rectangular microstrip patch antenna

Typically, the feeding lines and radiating patch are photo-etched onto the dielectric
substrate [51]. There are two types of feeding systems for microstrip patch antennas:
contacting and non-contacting. The RF power is delivered directly to the radiating
patch using a connecting device such as a microstrip line or coax cable in the contracting
approach. In the non-contacting strategy, electromagnetic coupling using either the
proximity coupling technique or the aperture coupling approach is used to transmit
power between the feed line and the radiating patch. It is possible to model and analyze
the microstrip antenna mathematically using defined methods based on its structure and
geometry, as explained below.
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2.2.1 Method of analysis

The three most widely used methodologies for modeling and analyzing microstrip an-
tennas are the full wave model, the cavity model, and the transmission-line model. The
simplest model is the transmission-line one, which provides good physical understanding
but is less precise [52]. The cavity model is more accurate than the transmission line
model with higher complexity, whereas the full wave model is the most complex and exact.

2.2.1.1 Transmission Line Model

The transmission line model mimics the microstrip patch antenna by using two slots and
a low-impedance transmission line of length L to divide them. Although it yields less
precision than other approaches, it is still sufficient to initiate the antenna design [53].
It begins the approximation by taking into account the substrate thickness, which is
significantly much greater than the conductor thickness, and the conductor thickness has
no impact on the computation. Therefore, the defined design parameter solely depends
on the substrate’s width (W ), length (L), height (h), predicted resonance frequency (fr),
and dielectric constant (εr), as shown in Figure 2.2.

Figure 2.2: Physical and effective length of a microstrip antenna

The dimensions of the rectangular patch antenna presented in Figure 2.2 are calculated
based on the following procedure for efficient radiation [20].

Figure 2.3: Electric field lines from the radiating patch

1. A practical patch’s width, W, may be estimated using the formula presented in
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equation (2.1), where c is the speed of light in a vacuum.

W =
c

2f r

√
2

εr + 1
(2.1)

2. Figure 2.3 shows that the fringing field from the patch to the ground plane is not
only confined inside across the dielectric but also diffused to the surrounding air.
Therefore, the effective dielectric constant (εreff ), which is somewhat lower than
the dielectric constant of the actual substrate (1 < εreff <εr), is utilized for the field
analysis. When εr ≫ 1 is present, εreff is closer to the substrate’s actual value of
the dielectric constant εr. The derivation of the effective dielectric constant (εreff )
is as follows:

εreff =
εr + 1

2
+

εr − 1

2

 1√
1 + 12h

W

 (2.2)

3. The fringing effect causes the physical length of the patch to appear shorter than
its actual length, as seen in Figure 2.2. Therefore, the effective length of the patch
is 2×∆L longer than the actual physical length. The actual physical length of the
patch is determined by using the formulae presented in equations (2.3).

Leff =
c

2f
√
εreff

(2.3)

4. Patch’s actual length is estimated using

L=Leff−2∆L (2.4)

5. The formula presented in reference [54] is a very well-liked approximation for cal-
culating the extension of the patch’s length ∆L.

∆L = 0.412h
(εreff + 0.3)(W

h
+ 0.264)

(εreff − 0.3)(W
h
+ 0.8)

(2.5)

6. The ground plane should ideally be thought of as an infinitely large component of
the microstrip antenna. However, in practice, this is challenging to implement on
compact and space-constrained devices. Therefore, it is preferred that the dimen-
sions of the ground plane are not less than Lg= 6h+L and W g= 6h+W .

7. The feeding method used in this dissertation is a microstrip line feed. A thorough
explanation of the design, optimization and analysis of the microstrip line feed
system is given in the impedance matching section.
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2.2.1.2 Cavity Model

According to the cavity model, the space between the microstrip patch and ground plane
is a resonant cavity enclosed by magnetic walls along the conductor’s edge and the ceiling
and floor of electric conductors, as illustrated in Figure 2.4 [38, 55].

Figure 2.4: magnetically wall model of microstrip antenna

Figure 2.5: Charge distribution and current density on microstrip antenna

Take a look at the microstrip antenna in Figure 2.5. The charge distribution is estab-
lished on the top and bottom planes of the microstrip antenna after it is connected to
the source. Attracting and repulsive between charges is a governing mechanism of the
distribution of charges. The attractive interaction between the opposite charges on the
patch and ground plane creates a current density (Jb) inside the dielectric [56]. The
tendency of the similar charges to repel one another also generates current density (Jt)
around the patch.
Since the current flow around the edge reduces as h/W drops, it is possible to ignore it
when W ≫ h and the attractive mechanism predominates [57]. This happens because
charges will concentrate inside the dielectric underneath the patch. This would make
it possible to simulate the four side boundaries as ideal magnetic conducting surfaces,
which would ideally not affect the distribution of the electric field underneath the patch
or the magnetic field. The side walls are treated as ideal magnetic conducting walls due
to this accurate approximation of the cavity model.
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When modeling cavities, the following observations are available [58,59]:

• The region encircled by the hollow contains just the three field components Ez, Hx,
and Hy.

• When h ≫ λ, the inner region’s field does not change with z-coordinates for any
frequency.

• At no point in the microstrip patch does the electric current have a component that
is normal to the edge of the patch.

The microstrip with the fringing field may be examined pretty effectively using this
approach. According to Maxwell’s equations for a free source cavity space, the homoge-
neous wave equations (2.6) and (2.7) , which the electric vector potential must meet.

∇2E + k2−→E = −jωµ0

−→
J (2.6)

Particularly, the field in the z-direction is given as:

∇2Ez + k2Ez = −jωµ0

−→
J ž (2.7)

where
k2 = ω2µε (2.8)

−→
J = Electric current density fed by the feed line to the patch and ž is the unit vector
normal to the plane of patch.
Consider that the thickness of the substrate, or h, is quite thin when compared to the di-
mensions W and L; as a result, the z-axis field is constant, and Ex= Ey= 0. Additionally,
it was assumed that the equivalent ideal electric and magnetic wall had no tangential
fields. Thus, for the top and bottom conductors, n̂x

−→
E= 0 , and for the wall, n̂x

−→
H= 0

the wave equation’s potential solutions, and then use the following boundary values .
Ex(0 < x0 < L, 0 < y0 < W, z0 = 0) = Ex(0 < x0 < L, 0 < y0 < W, z0 = h) = 0

Hx(0 < x0 < L, y0 = 0, 0 < z0 < h) = Hx(0 < x0 < L, y0 = W, 0 < z0 < h) = 0

Hy(x0 = 0, 0 < y0 < W, 0 < z0 < h) = Hy(x0 = L, 0 < y0 < W, 0 < z0 < h) = 0

The computed result be summarized as:

Ez = −j
k2
x + k2

y

ωµε
kmncos

(
kxx

′
)
cos
(
kyy

′
)

(2.9)

Hx = −ky
µ
kmncos

(
kxx

′
)
sin
(
kyy

′
)

(2.10)
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Hy =
kx
µ
kmnsin

(
kxx

′
)
cos
(
kyy

′
)

(2.11)

Where kmn represents the amplitude coefficients of each mn mode, The wave numbers
kx, ky equal to:

kx =
mπ

L
m = 0, 1, 2, . .. (2.12)

ky =
nπ

W
n = 0, 1, 2, . .. (2.13)

The values of m and n represent the number of half-cycle field variations along the x and
y directions , respectively.

k2
x + k2

y =
(mπ

L

)2
+
(nπ
W

)2
= k2 = ω2µε (2.14)

The resonant frequencies of the cavity are determined from the equation as follows

fmn
r =

1

2π
√
µε

√(mπ

L

)2
+
(nπ
W

)2
(2.15)

2.2.1.3 Full wave analysis

The full-wave models can handle single elements, finite and infinite arrays, stacked com-
ponents, arbitrarily shaped elements, and coupling. They are also exceedingly accurate
and adaptable. Nevertheless, they are the most complicated models and typically provide
less physical insight. Full wave analysis is used by the commercial electromagnetic sim-
ulation software currently available on the market [60]. Even though they have a simple
shape, microstrip antennas are extremely challenging to evaluate precisely. The method
of moments (MoM) was the first numerical analytic technique to achieve computational
efficiency that allowed for a realistic analysis of microstrip antennas on modern computers
with sufficient memory and CPU power [61]. Now, design experts can employ numerical
techniques like the finite difference time domain (FDTD) method and the finite element
method (FEM), which consume a lot more memory than MoM solutions.

A. Method of Moments (MoM)

Volume-polarized currents in the dielectric material are used to describe fields in the
dielectric slab. The microstrip radiating patch is also modeled by surface current distri-
bution [62, 63]. An integral equation is established for the unexplained currents on the
feed lines, patches, and their representations in the ground plane. The integral equations
are transformed into computer-quickly solvable algebraic problems. This approach pro-
vides a more precise answer because it considers the fringing fields that extend beyond
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the two-dimensional patch’s physical boundaries.

B. Finite Difference Time Domain (FDTD)

The FDTD approach is ideally adapted for modeling the many structural inhomogeneities
avail in microstrip patch antenna layouts, making it ideal for these devices [64]. Addition-
ally, a single simulation is used to forecast the behavior of patch antennas across a large
spectrum. FDTD grids space and time to compute electric and magnetic field solutions.
Based on three Cartesian coordinates, the spatial discretization is assumed to be the
same. Each grid cell contains material properties. An appropriate excitation function
propagates across the structure and excites the cells holding the sources. The desired
location is chosen to determine the fields’ discretized time variations. It is possible to
compute the voltage between the two points using a line integral of the electric field [65].
A loop integral of the conductor’s magnetic field is used to calculate the current, and the
Fourier transform produces a frequency response.

C. Finite Element Method (FEM)

Any volume or planer configuration in FEM is split up into a variety of finite surface
or volume elements, often known as finite elements [66]. In order to solve the wave
equation, the discretized units can be any well-defined geometry that is appropriate
for the integration of a certain base function over the entire patch. In the HFSS field
computational technique at the third chapter of this dissertation, the detailed analysis of
FEM will be explained.

2.3 Performance Metrics

The survey in this part introduces the background information on selective performance
measurement parameters of microstrip antennas that are essential for this dissertation.
The references provide further information on the mathematical derivation of the mi-
crostrip antenna metric parameters.

2.3.1 Radiation pattern

Antenna parameters like the radiation pattern describe how the radiation properties look
graphically and mathematically as they relate to spatial coordinates. A typical patch
antenna’s pattern is wide and has low radiation power based on the equations (2.16)-
(2.18). The magnetic field H is parallel to the strip edge of the patch and the electric
field E is perpendicular to the patch and ground plane [54].
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Prad =
1

2
Re

[∫∫
s

E ×H∗ · ds
]

(2.16)

=
1

2η

∫∫ (
|Eθ|2 × |Eϑ|2

)
r2 sin θdθdϑ (2.17)

...

Prad =
|V0|2

2πη0

∫ π

0

[
sin
(
k0w
2

cos θ
)

cos θ

]
sin3θ dθ (2.18)

Where, V0 the voltage across the slot, w is the width of the path, ko is the wave number,
η is intrinsic impedance.

2.3.2 Directivity and Gain

Directivity is a unit used to describe how well an antenna can focus in a specific direction.
As a result, the antenna’s radiation intensity increases in that direction. Mathematically,
directivity is the ratio of 4π time’s radiation intensity to the total radiated power, as
presented equation (2.19).

D =
4πU(θ,ϑ)

Prad

(2.19)

Where radiation intensity is U(θ,ϑ). The approximate patch size and conductance for a
rectangular antenna are shown below, as presented in references [38, 47,54].

D =
4(k0w)

2

πηGrad

(2.20)

Where ko is the wave number, η is intrinsic impedance, w is the width and the radiation
conductance of the patch is represented by Grad

Gain of an antenna:
As stated in its definition, gain of the antenna is "the ratio of the intensity in a given
direction to the radiation intensity that would be achieved if the power absorbed by the
antenna were emitted isotropically" [53]. It is closely tied to its directivity; it is a mea-
surement that considers the antenna’s effectiveness as well as its directional capabilities
and may be obtained by:

G = eD (2.21)

Where e represents the antenna’s radiation efficiency. Due to the range of efficiency being
from 0 to 1, antenna gain is never higher than directivity.
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2.3.3 Efficiency

Efficiency for a microstrip patch antenna is calculated by dividing the power radiated
from the element by the power received as input. The conductor loss, dielectric loss,
cross-polarized loss, reflected power (Voltage Standing Wave Ratio, VSWR), and power
lost in any loads in the antenna element are the factors that determine the efficiency of
the antenna. Most literature on antennas include references to this study are used the
following generic formulation of radiation efficiency [37,45,52]:

e =
Prad

Prec

(2.22)

Prad is power radiated by the antenna and Prec is power received by the antenna.
In other words, the quality factors of an antenna may be used to represent an antenna’s
efficiency.

e =
Qt

Qrad

(2.23)

Where, Qt (a total quality factor)

1

Qt

=
1

Qrad

+
1

Qc

+
1

Qd

+
1

Qsw

(2.24)

Qc = h
√
πfσµ, is a quality factor due to conduction loss, (σ conductivity of conductor)

Qd =
1

tanδ
, is due to dielectric loss (tanδ loss tangent of a substrate)

Qrad = 2ωεr
hGt/l

, is quality factor due to radiation losses (Gt/l total conductance per unit
length)
The total efficiency of antenna is the ratio of radiated power to the input power.

et =
Prad

Pin

(2.25)

2.3.4 Return loss and Bandwidth

Return loss is a crucial characteristic to consider while evaluating an antenna. It is
associated with maximum power transfer theory and impedance matching. It also eval-
uates how well an antenna transmits power from a generator to an antenna. The power
incident at the antenna pin divided by the power reflected from the antenna (Pref ) is
what determines the amount of return loss (RL), here is the mathematical formula in
dB:

RL = 10log

(
Pin

Pref

)
(2.26)
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For good power transfer, the ratio Pin

Pref
is high and always positive.

Return loss (dB) could also be expressed in another way using the reflection coefficient
as stated in equation (2.26 and 2.27) [67,68].

RL = 10log10

∣∣∣∣1ρ
∣∣∣∣2 = −20log10 |ρ| (2.27)

Where ρ, is the complex reflection coefficient at the input of the antenna. Its value is in
the range of 0 ≤ |ρ| ≤ 1 and can be mathematically computed via equation (2.28).

ρ =
Vref

Vinc

=
Zin − Z0

Zin + Z0

(2.28)

where Zin is the input impedance of the antenna or the load impedance for the transmis-
sion line, Z0 is characteristics impedance of transmission line, Vref is reflected voltage,
and Vinc incident voltage.
Voltage Standing Wave Ratio (VSWR), which is the ratio of the highest voltage to the
minimum voltage in the standing voltage wave, is the other crucial parameter after know-
ing the value of the reflection coefficient, computed based on equation (2.29).

V SWR =
Vmax

Vmin

=
1 + |ρ|
1− |ρ|

(2.29)

S-parameters are used to characterize the input-output link between terminals in an
electrical system. S11 is the most frequently cited S-parameter in relation to antennas.
S11, sometimes referred to as the reflection coefficient measures the amount of power re-
flected from the antenna. An antenna’s operating frequency range with the least amount
of loss is known as its bandwidth, and it may be estimated from the S11 curve. Although
some researcher can use S11 values of less than -6 dB to estimate antenna bandwidth,
the most popular and appropriate method is to use the frequency range where S11 values
are less than -10 dB [60].

2.3.5 Input impedance

The conjugate of the antenna input impedance and the characteristics impedance of the
transmission line should be matched in order to have a maximum radiated power at the
patch.

Z0 = Zin
∗ (2.30)

The goal of the antenna designer is to fit the antenna to the 50Ω transmission line char-
acteristics, which are typically used in RF applications [69]. Therefore, to determine the
width and length of the transmission line that can be fitted to the given antenna topology,
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the majority of experts use the transmission line model analysis. Building transition
lines that are useful to aid the matching may occasionally be necessary because it is not
always possible to find a direct match. Take a look at Figure 2.6, which illustrates a
patch antenna with a parallel counterpart of admittance Y [54].

Figure 2.6: The radiating patch surface and the equivalent transmission line model

Y =
1

Zin

= G+ jB (2.31)

Y1 = Y2 (2.32)

That means G1 = G2, B1 = B2 where the conductance G1 can be expressed as

G1 =
2Prad

|V0|2
(2.33)

Since the total input admittance is real, the resonant input impedance is also real, or

Yin = Y2 + Y2
∗ = 2G (2.34)

and

Zin =
1

Yin

= Rin =
1

2G
(2.35)

Equations (2.31)-(2.35) show that the resonance input resistance of the microstrip patch
antenna primarily depends on the patch’s width (W), which decreases as W increases,
rather than the substrate’s dielectric constant (εr) or its height (h). This is acceptable
as long as the ratio of W/L is under 2, as the aperture efficiency of a single patch starts
to decline when W/L exceeds 2.
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2.3.5.1 Microstrip Line Feeding and impedance matching

This dissertation preferred to employ a microstrip line, one of the four microstrip antenna
feeding technologies, since it is so simple to construct, design, and evaluate [70]. Figure
2.7 depicts a patch antenna feed by a microstrip line. The equation (2.36) below, as

Figure 2.7: Rectangular microstrip antenna with transitional impedance matching line

mentioned in [71], can be used to determine the width of the most 50Ω transmission line.

Z0 =
120π

√
εreff (1.393 +

wf50

h
+ 2

3
ln(

wf50

h
+ 1.444))

= 50Ω (2.36)

The below transition strategies can be used for matching. The transition region should
have the following characteristic impedance:

ZTotal =
√

50 + Zina (2.37)

Where Zina is antenna’s input impedance, approximated as

Zina = 90
εr

2

εr − 1

(
L

W

)2

(2.38)

The width of the transition line is calculated from:

ZTotal =
60
√
εr
ln

(
8h

Wf

+
Wf

4h

)
(2.39)
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The length of the transition line is quarter the wavelength:

l =
λ

4
=

λ0

4
√
εreff1

(2.40)

Where
εreff1 ≈

εr + 1

2
+

εr − 1

2
√
1 + 12h/wf

(2.41)

Where εreff1 is effective dielectric constant of transition line, Wf , l, wf50, h, L, W are all
illustrated in Figure 2.7.

2.4 Performance Improvement Techniques

Microstrip antennas are compatible with MMIC designs, low profile, conformable to pla-
nar and non-planar surfaces, simple and affordable to manufacture using modern printed-
circuit technology, mechanically robust when mounted on rigid surfaces, and very versatile
in terms of resonant frequency, polarization, pattern, and impedance when the specific
patch shape and mode are selected. In addition to the benefits of low profile and simple
integration with other electronic circuits, the antenna would be desirable for many mm-
wave wireless applications if it is operated at many bands with improved directivity and
good bandwidth.
Despite these appealing benefits, microstrip antennas have several drawbacks, such as low
gain, low efficiency, low power handling, poor polarization purity, poor scan performance,
spurious feed radiation, and very narrow bandwidth. Research reveals that some of these
limitations can be overcome by utilizing various techniques, such as slotted patches, thick
substrates, substrates with low effective permittivity, incorporating multiple resonances,
and improving impedance matching [44, 55]. There is a rising need for multiband, wide-
band, miniaturized, and economically viable antennas as a result of the previous decade’s
advancements in communication technology. There is a considerable need for a single
microstrip patch antenna that performs adequately at several resonance frequencies [72].
As a result, many processes and optimization techniques have been put forth in the lit-
erature to enhance certain characteristics of the microstrip patch antenna. The following
are some of the approaches that are addressed in this dissertation.

2.4.1 Gain and Directivity Improvement Methods

High gain and directional antennas are becoming more and more popular as users expect
communication that is quick, reliable, and minimizes path loss. The gain and directivity
of a microstrip antenna can be increased in a variety of methods, including impedance
matching [73], fractal shaping [72], feeding strategies [41], and etching a slot in the ra-
diating patch [74]. Directivity apparently increased by reducing out-of-phase current in
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TModd−0 mode of microstrip patch antenna [75]. In this thesis, several gains and directiv-
ity enhancement methods are theoretically examined and contrasted to determine which
is best for enhancing the performance of microstrip antennas, as described below and
presented in Table 2.1.
Antenna Array
One of the most common and popular practices to boost the directivity and gain of the
microstrip patch antennas are array technologies [76–78]. In an antenna array, individual
antenna components are constructively coupled to work as a single antenna to improve
far-field performance. However, the complexity of the feeding networks, mutual coupling
effects, and array sizes are the cons of the antenna array in the majority of portable
wireless applications. As a result, researchers are looking into alternative methods on a
single antenna rather than an antenna array to attain good far-field gain and directivity
demand.
Metamaterial
A recent technique to increase directivity and gain is to surround the proposed antenna
with metamaterial resonating structures [79], ladder-like directors [80], and polarization
rotation metasurface [81]. When the substrate’s refractive index is higher than that of
the additional structures, the added metamaterial structures function as a director. The
gain and directivity of an antenna are increased by these directors because they reradiate
in the same direction as the antenna. The overall effectiveness of the antenna is described
in multiple works with metamaterial loading [82,83]. For WLAN applications, a high di-
rectivity and gain antenna is reported based on a zero index metamaterial structure [84].
For gain increase, a microstrip patch antenna array filled with Metamaterial SRR is pre-
sented in [85].
Shorting Pins
Researcher reported in reference [86] employed shorting pin to enhance directivity and
gain of microstrip antenna. A square patch radiator measuring 60 × 60 mm2 is sym-
metrically equipped with two sets of metallic pins to produce 9.4 dB of directivity at
1.59 GHz [87]. Shunting inductive loading, in which the ground is connected to the
patch structure using shorting pins, results in an increase in patch area and leads to
improvement in directivity, gain, and bandwidth [88]. Incorporating shorting pins into
the design increases current density and improves surface uniformity. The ground and
patch both have current flowing in the same direction, which causes radiation to be su-
perimposed. The shorting pin not only augments performance but also assists in reducing
cross-polarization magnitude. As a result, the antenna’s gain, directivity, and bandwidth
are boosted.
Superstrate
By superstrate loading on top of the patch and utilizing a high permittivity raggedy sub-
strate to create an in-phase electric field on top [89] and partly reflecting surfaces [90],
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this technique was employed to boost the directivity and gain. At 10.9 GHz, a Cavity
Resonator Antenna with metamaterial superstrate of 65 x 65 mm2 was claimed to in-
crease directivity to 12.5 dB [91]. Multiple dielectric superstrates were reported in the
literature to enhance directivity and gain [92]. Altering the radius of holes drilled into
the superstrate to reduce its permittivity, the phase of radiation can be controlled. Such
antennas are referred to as high-profile antennas since the superstrate size determines
how much gain and directivity are enhanced.
Substrate Removal and Using EBG
Surface waves and dielectric losses are reduced by partial removal of the substrate or by
employing electromagnetic band gap (EBG) or photonic band gap (PBG) structures. A
combination of EBG and Split Ring Resonator (SRR) surface approaches was used to
improve the gain of a compact microstrip antenna operating at dual-band frequency. At
5.4 GHz, the proposed antenna obtained 7.39 dB with a total efficiency of 64.7% [93].
On a 235 x 270 mm2 substrate, a mesh-like EBG structure was substantially eliminated
to obtain 12.2 dB directivity and 11.8 dB gain [94]. The reduction in losses increases the
gain of the microstrip antenna.
Reflectors
The survey also touches on the common practice of enhancing gain and directivity by
including artificial magnetic conductors (AMCs), metallic reflectors, and FSS below the
patch [95]. A two layer FSS having a size of 30 x 60 mm2 was reported to enhance the
gain of a patch 8.1 dB [96]. Another antenna was reported in reference [97] by employing
a 13 x 13 FSS unit cell with the size of 55 x 55 mm2 to achieve a directivity of 13.6 dB
at 10.8 GHz. These structures serve as a reflector and are positioned optimally beneath
the patch antenna to produce in-phase radiation that contributes to the main radiation
and increases the gain and directivity in the bore-sight direction.

2.4.2 Bandwidth Enhancement

As wireless technology develops and demands higher data rates, broadband antennas
become more and more essential. Considering the conventional narrow bandwidth of
microstrip antennas, techniques for increasing antenna bandwidth are vital [98]. Some
of the existing methods for boosting the bandwidth of microstrip antennas are briefly
covered in this study and performances achieved by the researcher are summarized in
Table 2.2.
Slot Technique
Slots of various sizes and shapes formed on the radiation patch are vital to increasing the
impedance bandwidth. Two symmetrically rectangular slots were used for the mm-wave
microstrip antenna to enhance a bandwidth of 4.10 GHz at 28 GHz center frequency [99].
They affect the current distribution and current path length on the radiator. Accordingly,
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Table 2.1: Comparison summary of gain and directivity enhancement techniques

Paper Employed
Method

Antenna
size(mm3)

Resonance
fre-
quency
(GHz)

Achieved
gain
(dB)

Achieved
directiv-
ity (dB)

Remark

[79] Zero
Index
Metama-
terial

90x90x4.54 8.59 7.4 7.65 3x3 meta-
material
superstrate
increases
complexity
and thick-
ness

[49] Near Zero
Index
Metama-
terial

170x170x33.2 0.534 7.27 Not given Large struc-
ture

[90] Superstrate 100x100x35 5.8 6.8 Not given A holey su-
perstrate in-
creases size

[91] Superstrate 65x65x21.52 10.09 12.1 12.5 5 x 5 DASR
superstrate

[87] Shorting
Pins

60x60x0.8 1.59 10.3 10.7 4 symmetri-
cally aligned
pins at the
corner of the
path

[94] Partial
Substrate
Removal

235x270x1.5 3.2 11.8 12.2 mushroom-
like circular
EBG com-
plicated

[93] Partial
Substrate
Removal

98x109.4x3 2.4
5.4

7.39 9.29 Mushroom-
Like EBG
and SRR
surface,
complicated

[96] Reflectors 30x60x19.8 9.1 8.1 Not given Two layer
FSS and
Too much
slots create
spurious
resonance

[97] Reflectors 55x55x18.5 10.8 Not
given

13.6 13 × 13 ar-
ray unit cells
(FSS)

the slots can increase the bandwidth of the antenna. An improved bandwidth is produced

28



by properly designing the slot sizes and geometries on the radiating patch [100]. However,
the radiation efficiency and gain of the corresponding antenna decrease by slots [101].
Adding Parasitic Patch
In staking and co-planer configurations, parasitic patch techniques are used to improve
the bandwidth of the microstrip antenna [102]. The addition of two parasitic components
to an 11.85 x 8.87 mm2 patch antenna increased the bandwidth by up to 12 % [103]. In
addition, the parasitic method can achieve better impedance matching and higher radi-
ation efficiency with the cost of a large size [104].
Thick and Low Dielectric Substrate
Some crucial properties, including bandwidth, efficiency, and radiation pattern of a patch
antenna, are enhanced by selecting the suitable dielectric material for the substrate. The
efficiency and bandwidth may be increased by raising the substrate’s height [105]. The
patch antenna’s bandwidth was increased by 12.6 % at 2.4 GHz resonance frequency
using a thick substrate and low dielectric strength approaches [106]. However, when the
height increases, surface waves are introduced, which degrades the effectiveness of the
antenna. From substrate materials, the air has a lower permittivity that is able to pro-
duce an effective radiation pattern with minimal return loss when utilized as a substrate.
This creates a possibility of a higher amount of input power converted to radiated power
over the range of frequency [107]. This shows air gap is a useful factor in enhancing the
bandwidth and directivity of the microstrip patch antenna [108].
Multiple Feeding
Multiple feeding refers to exciting an antenna at various radiating patch locations. The
technique is utilized to stop some current modes from being excited, which can impair
the polarization characteristics and reduce the antenna’s impedance and gain perfor-
mance [109, 110]. Along with numerous resonance frequency actions, it also enhances
impedance matching and increases radiation efficiency, all of which lead to bandwidth
expansion [111].
Defective Ground Structures In recent years, the idea of "defective ground struc-
tures" has emerged. These structures are created by simply carving a defect of any shape
on the ground plane [112]. The insertion of these structures in the ground plane alters
the current distribution. A patch antenna’s performance at 10 GHz was enhanced using
a mix of DGS and EBG techniques [113]. Additionally, DGS configuration aids in modi-
fying the inductance and capacitance of transmission lines [114,115]. The ground defect
may continually change from a simple to a more complicated shape to attain the desired
performance.
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Table 2.2: Summary of bandwidth improvement techniques with their achievement

Paper Employed
Method

Antenna size
(mm3)

Resonance
fre-
quency(GHz)

Achieved
bandwidth %
S11 ≤ −10dB

Obtained
gain (dB)

[100] Slots on
ground
plane

80x80x1.6 2.4 22.5% 2.185

[99] Rectangular
Slots on
radiator

5.5x4.35x1.6 28.0 14.6% 5.32

[104] Multiple
Parasitic
Patches

36x39x1.6 6.0 17.5% 5.4

[106] Thick sub-
strate and
low dielec-
tric

47.7x47.7x20 2.4 12.6% Not given

[107] Air sub-
strate

10.68x9.06x2 28.0 7.1% 9.45

[112] Defected
Ground
structure

57.8x64.6x0.76 10.5 20.5% 6.9

[113] Defected
Ground
structure
and EBG

36.67x40x1.52410.0 7.7% 9.64

2.4.3 Multi-band Creation Techniques

Recently, a number of intriguing and cutting-edge ideas and methods have been created
to accomplish multi-band antenna designs that can accommodate many wireless com-
munication protocols. Many works were committed to suggesting new, advantageous
pathways or strategies for multi-band antenna design [116–119]. Antennas with fractal
shapes were used to produce multi-band frequencies [98,102]. In reference [84], the unique
feature of metamaterial was used as a benefit to generate three distinct resonant bands
from a single antenna. Furthermore, this technology has greatly simplified the device
structure and satisfies the WLAN/WiMAX application requirements. In reference [120],
a single PIFA was resonated at multiple frequencies by customizing the gridded ground
plane. Size reduction and multi-band operation were both accomplished using such a
gridded ground plane. For multi-band operation, some other re-configurable strategies
are used, including the use of PIN diodes, MEMS switches, and varactor diodes [121–123].
These techniques allow the frequency bands to be electronically adjusted or tweaked to
match the target band without altering the geometry or structure of the antenna. The
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most utilized methods include slot antenna, loading a parasitic element, and using an
optimization algorithm that has been studied.

2.4.3.1 Parasitic Element Method
By including the parasitic element, the multiple-frequency operation has been accom-
plished [124,125]. The parasitic components absorb radiation from the primary radiator
and then reradiate at a frequency that resonates with them. Each parasitic element must
be well optimized in relation to the other antenna structure components using this strat-
egy. Inverted L-shaped and T-shaped parasitic elements are used on microstrip patch
antennas to provide multiband operation [126]. A double U-shaped parasitic element on
a rectangular microstrip antenna for tri-band service was presented in [127]. Additionally,
by including two parasitic components with a rectangular shape, tri-band PIFA antenna
functioning was established [128]. These publications demonstrate the use of a single
antenna for multiple frequency operations. But a parasitic component makes the device
structure heavier and more massive. Additionally, the antennas’ bandwidths are insuffi-
cient, making it challenging to suppress high-frequency harmonics. Table 2.3 describes
the multiband operation with parasitic components presented in the chosen publication.

2.4.3.2 Slot Antenna Methods
Slot antenna approaches have offered several mm-wave multi-band antennas. By de-
signing various slot configurations on the patch antenna, a multi-band operation may
be accomplished using this technique. The slots control various current courses on the
antenna construction, which results in several resonances. Given that the majority of
studies on mm-wave multi-band antennas employ this technique, it would be wise to read
additional literature on both single microstrip patch antennas and patch antenna arrays.
That will make it easier to assess their success in developing mm-wave communication
and plainly show where their research is lacking.
A multi-band patch antenna using a microstrip inset feed line and rectangular slits is
proposed in [129]. The antenna operates in mm-wave bands resonating at 14.66GHz,
23.25GHz, and 28.9GHz. The antenna has an overall size of 17 × 17mm2 printed on an
FR-4 substrate material with a dielectric constant of 4.4. The simulated return loss was
-37.81, -15.58, and -30.44dB at 14.66GHz, 23.25GHz, and 28.9GHz, respectively. The
maximum directivity achieved over the three bands is 5.44dB with a narrow bandwidth.
The other proposed antenna has a size of 20× 20mm2 and resonates at 11.65,13.96 and
17GHz with a return loss of -24.75, -42.06, and -30.48 dB, respectively in [130]. The
different bands of operation has been generated by optimizing the position and size of
the slit. This antenna provides a maximum directivity of 7.41dB, 7.99dB, and 7.3 dB
and impedance bandwidth of 0.8GHz, 1.8GHz, and 0.6 GHz at the resonant frequency.
The 28GHz and 38GHz working bands of a dual-band U-shaped slotted microstrip patch
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Table 2.3: Parasitic element method literature summary

No. Papers Multi-
band
tech-
nique

Reson.
freq.
(GHz)

Research focus Identified gaps

1 [124] Strip-
Parasitic
ele-
ments

2.4
3.5
4.0

Triple bands
Independent
adjustment of
each frequency
Bandwidth
enhancement
Better isolation
vs smaller size

At higher frequency
the pattern starts
to undulate Cannot
achieve omnidirec-
tional goals and Null
occurred
High envelope corre-
lation
Low diversity gain

2 [126] Inverted-
L- and
T-
shaped
para-
sitic
ele-
ments

2.45
2.0175
3.5

Independently
tuned resonant
frequencies
Good band-
width in high
band

Increase the antenna
size
High cross-
polarization in
two low frequency
bands

3 [127] Rectangular
para-
sitic
ele-
ments

2.1
2.6
3.5

Good
Impedance
bandwidth cov-
ering the three
applications

Low gain was
achieved
Difficult to get omni-
directional radiation
pattern
Increase antenna size

antenna with a dimension of 8 × 8.5mm2 are shown [131]. The maximum directivity
provided by this antenna is 6.7dB and 7.92 dB at 28GHz and 38GHz, respectively. The
antenna operates a return loss of -32 dB at 28 GHz and -40 dB at 38 GHz, respectively.
In reference [132], the author attempts to achieve a multiband rectangular microstrip
patch antenna using single-layer geometry by introducing a slot in the feeding line of the
radiating patch in different positions and sizes. The antenna operates at five operational
bands with center frequencies at 23.8 GHz, 39.4 GHz, 66.2 GHz, 81.9 GHz, and 93.9
GHz with a dimension of 8.6 × 9.2mm2. The antenna provides bandwidth of 1.46 GHz,
2.56 GHz, 5.66 GHz, 7.93 GHz, and 11.3GHz with a minimum return loss of -31,51 dB,
-30.36 dB, -38.78 dB, -27.99 dB, and -13.28 dB at each band respectively. The maximum
directivities of the antenna at the operating frequencies are 6.18 dB, 6.52 dB, 7.37 dB,
7.48 dB, and 7.70 dB, respectively.
Microstrip patch antenna proposed with an elliptical slotted circular radiating patch over
a Roger RT-5880 substrate with an overall size of 6×6mm2 [133]. The proposed antenna
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has propagated at 28 GHz with 1.3 GHz bandwidth at maximum directivity of 7.6 dB and
45 GHz with 1 GHz bandwidth at a maximum directivity of 7.2 dB. In reference [134], the
author reported a multi-band antenna using a band-switching mechanism. The antenna
resonates at 27.5 GHz with a bandwidth of 1.9 GHz, and at 39GHz with a bandwidth of
3.29 GHz in terms of S11<-6dB. The antenna has an overall size of 4.2× 4.8mm2 and a
peak directivity of -0.56 dB at 27.5GHz and 5.77 dB at 39 GHz. In reference [135], the
author proposed a single antenna resonating at dual-band frequencies of 28 GHz and 37
GHz with a gain of -17.26 dB and -22.08 dB, respectively. A dual-band is also achieved
by creating a slit antenna and adding shorting pins in the high magnetic field region of
the antenna.
A Tri-band patch antenna using an inset feed with dimensions of 6.1949×7.251mm2 and
a thickness of 0.6mm was attempted in [136]. The antenna was resonant at the frequency
of 23.9 GHz, 35.5 GHz, and 70.9 GHz with directivity of 4.435 dB, 3.6602 dB, and 5.6402
dB, respectively. The other dual-band printed slot antennas for the mm-wave mobile
network communication were proposed in [137]. A circular radiating patch is positioned
non-concentrically inside a circle that has been carved out of the ground plane and makes
up the fundamental antenna design. According to the findings, the suggested antenna
has dual-band operations at 28 and 38 GHz and band-notched operations at 33 GHz. It
also has a directivity of 5.30 dB and 5.6 dB and estimated radiation efficiency of 93 %
and 94 %, respectively.
Figure 2.8 summarizes the aforementioned literature to assess the mm-wave wireless com-
munication standards against the antenna size and desired directivity based on the aver-
age peak directivity of each suggested single-patch microstrip antenna and its matching
patch area size in terms of λ2. The graph shows that the highest average directivity of a
single patch antenna is only 7.56 dB, except the one reported in [75]. Thus, the directiv-
ity of patch antenna has always needed to be improved to a certain acceptable level for
mm-wave wireless communication. Therefore, the majority of studies have recommended
employing antenna arrays to create multi-band high gain and high directivity mm-wave
microstrip antennas, although the array has a lot more drawbacks in terms of complexity
and antenna size.
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Figure 2.8: Summary of peak average directivity vs patch area (λ2) of single patch element

2.5 Current State of the Art

The conventional techniques to boost the microstrip antenna’s directivity, bandwidth, and
resonant frequency have increased its complexity, dubious compactness, and performance-
impairing issues. For instance, forming an array of antennas is a traditional way to boost
directivity and gain [76–78]. However, antenna arrays require a complicated feeding
network, which both increases mechanical complexity and results in spurious radiation
that distorts the intended radiation pattern. To eliminate any undesirable radiation
qualities and achieve the necessary high directive, multi-band, and broad bandwidth
antenna for mm-wave antennas require carefully reconciled optimized dimensions and
geometries [138]. Each of the proposed techniques models a microstrip antenna through
several trial designs with the assistance of the designer’s unique experiences. The full-
wave evaluation computation process is always dawdling of time and squandering limited
resources so scholars proposed several AI-based optimization strategies in the literature.
In an established set of antenna parameters and settings, optimization techniques are
iterative algorithms that seek to solve a user-defined cost function. The outcome is then
utilized to identify a range of geometries and dimensions that meet the specified perfor-
mance requirements. The state-of-the-art methods to optimize microstrip antennas are
modeling several trial designs and picking the best out of a pool of tested solutions from
the solution space being sought. Bio-inspired algorithms have been used and applied in
the recent decade to tackle electromagnetic computing challenges [8]. These approaches
are gaining popularity owing to their ability to manipulate antenna parameters to reach
optimal performance [139, 140]. Many studies have been conducted to improve the
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performance of microstrip antennas using bio-inspired algorithms such as genetic algo-
rithms [141, 142], particle swarm optimization [143], differential evolution [144], invasive
weed optimization [145], wind-driven optimization [146], ant colony optimization [147],
simulated annealing algorithm [148], and tabu search algorithm [149]. Despite the fact
that bio-inspired algorithms have significant challenges in articulating the actual objec-
tive functions that reflect the real problem and are computationally expensive, they are
more accurate and faster in addressing various electromagnetic difficulties.
This dissertation adopted a genetic algorithm to overcome the limitations of a microstrip
antenna and increase its performance in the mm-wave spectrum. The genetic algorithm
offers various benefits over existing microstrip antenna optimization techniques, including
a broader solution space, the ability to handle noisy functions efficiently, and the ability
to solve complicated, multi-modal, and multi-objective problems [147, 150]. It can also
readily find the global optimum or avoid being caught in local optima, employs just cost
function evaluations, is easily changed for new challenges, and does not require knowledge
or gradient information about the response surface [151]. It can handle huge and poorly
understood search spaces and performs well for large-scale optimization issues. In addi-
tion, discontinuities on the response surface have little impact on overall optimization and
performance [152]. The algorithm encountered difficulties in determining the optimum
fitness function for the problems. The algorithm also becomes more complicated and
time-consuming as the population and generation grow [153]. The genetic algorithm is
still superior in examining challenges and improving performances concerning microstrip
antennas.
In this dissertation, the challenges related to genetic algorithm (GA) optimization are
tackled by employing a combination of commercially available software tools, namely
HFSS and MATLAB. This integration allows for a comprehensive approach to address
these challenges effectively. HFSS is utilized for detailed analysis of antenna performance,
leveraging its capabilities in electromagnetic simulation. On the other hand, MATLAB
is used for the efficient implementation of the genetic algorithm, taking advantage of
its mathematical and optimization functionalities. By combining HFSS and MATLAB,
the dissertation benefits from the unique strengths of each tool, resulting in a robust
framework for optimizing mm-wave microstrip antennas.

2.6 Chapter Summary

The chapter went through further theoretical and computational information on mi-
crostrip antennas, as well as the precise performance measurement parameters and their
derivations that are essential to this dissertation. The primary advantages and disadvan-
tages of the antenna were examined. A thorough analysis of performance improvement
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methods was offered, along with comparisons of each methodology supported by research
work in the areas of bandwidth, gain and directivity, and multi-band.
Some of the shortcomings of conventional microstrip characteristics are resolved by uti-
lizing one of the methods or combinations outlined in this chapter. However, there are
still a limited number of usable strategies that face different problems, including the
complexity of the structure and the absence of any relevant but unsolved issues. Thus,
more extensive and appropriate consideration must be given to future developments
in microstrip antennas. It has been found that it is challenging to design microstrip
antennas for multi-band operations with wide impedance bandwidths, high directivity,
and gain, which are crucial for mm-wave wireless communication to overcome high path
loss and offer high data rates and multi-functional services.
The chapter also evaluated a technique that is less complicated but still effective in
achieving goals and solving the challenges indicated in the problem statement. The
state-of-the-art for establishing microstrip antennas for mm-wave applications is covered
in the dissertation. The employment of a genetic algorithm is a potential strategy to
improve the gain, efficiency, bandwidth, directivity, and multi-band characteristics with
multiple radiating and scattering parameters in a straightforward iterative-based patch
geometry adjustment. A single microstrip element may be improved using a genetic algo-
rithm to produce a multiband, high-directive pattern with a broader bandwidth without
the need for an array, a complicated feeding network, or the addition of a complex system.
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Chapter 3

Genetic Algorithm Optimization for
Microstrip Antenna Design

3.1 Introduction

All radio wave communication systems are inseparable from the antenna, and the choice
and layout of the antennas have a direct impact on the overall system performance [37].
Developing an antenna with suitable performance reduces the design complexity and ex-
pense of the complete communication service’s back-end while improving wireless system
performance [154, 155]. Antenna optimization and design are influenced by several el-
ements, including operating frequencies, size, radiation pattern, gain, polarization, and
others [156]. The employment of autonomous algorithms in antenna optimization has
grown significantly to solve the intricate and continuously developing wireless communi-
cation requirements on multi-band, high-directional, high gain, and broadband antenna
operation. This chapter describes the overarching methodology to which this dissertation
adheres to accomplish the predefined goals. Optimization approaches are utilized to over-
come the limitations of microstrip antennas for mm-wave wireless communication with
a less sophisticated structure. As mentioned in chapter two of this dissertation, genetic
algorithms (GA) have been among the most prolific and valuable microstrip antenna
optimization methods during the last two decades [150]. As a result, this chapter will
present the reliability of the algorithm’s optimization parameters, theorems related to the
genetic algorithm, and implementation techniques for microstrip antenna optimization.

3.2 Genetic Algorithm Optimization

The idea of a genetic algorithm is based on Darwin’s theory of evolution. It states that
populations of individuals gradually develop by spreading traits to their offspring that
allow them to thrive and reproduce [8]. The algorithm uses a global search technique to
locate the precise and actual solutions. Bremermann was the first to create the algorithm
in 1958. Holland, on the other hand, promoted the algorithm by introducing the Schema
theorem in 1975 [157]. Several scientists have advanced the genetic algorithm and its
application, including Goldberg in 1989, and others as reported in [158,159]. Throughout
the decades of genetic algorithm advancement, several approaches such as adaptive [160],
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fast messy [161], hybrid [162], independent sampling [163], real-coded, and binary-coded
[164] genetic algorithms have been described in the literature to address a variety of
challenges. In 1997, genetic algorithms were also utilized for antenna development, as
reported in reference [165]. This dissertation employs a binary-coded genetic algorithm
since it is convenient to represent the conduction and non-conduction features of the
antenna.

3.2.1 Binary-Coded GA Terminologies

In a binary-coded GA, a gene is a binary bit with a value of ‘1’ or ‘0’, the chromosome
is a string of bits that represents an individual, and an individual is a single candidate
solution drawn from the solution space [166]. In the search space, a population is a
collection of individuals at any particular time. When the population size clustered as
a single generation becomes large, the algorithm has more search space. However, it
requires much more computational cost, memory, and time [167].

3.2.2 Fitness Function

The fitness function takes a candidate solution as input and determines how to fit the
individual in accordance with the overall targets. Developing an appropriate fitness
function is critical in practical optimization situations. The fitness function is inarguably
more complex to establish in the case of multi-criterion optimization and the fitness
function’s characteristics are not subject to any particular mathematical constraints.
Prior to evaluating the objective function, the chromosome must first be decoded. The
computed value of an objective function for a phenotype determines an individual’s fitness
in a genetic algorithm. Determining the fitness function in antenna optimization aims to
solve problems with the number of operational bands, gain, directivity, and bandwidth
of the antenna [168]. As a result, it might be difficult to describe and represent the
particular problems of the antenna that the algorithm is trying to solve.

3.3 GA Operators and Procedures

An algorithm refers to a set of procedures for fixing problems. A genetic algorithm
is a problem-solving approach that uses genetics as its paradigm [169]. It is a search
technique that handles a large number of optimum and approximation solutions from the
solution space. The first cluster of individuals or generations is generated at random.
At each next stage, GA swaps out fewer fit members of the previous population with
more fit individuals from the current population [170]. Utilizing the cost function, it
is possible to determine each individual’s fitness value. Then, fresh generations can be
produced by mating the fit individuals. It means that the fittest individuals are chosen
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and given increased chances of creating a new population. The method eventually reaches
an optimal individual, which is probably a representation of the idealized solution to the
problem, after several generations [171]. By depending on biologically inspired processes
like selection, crossover, and mutation, a new population is created. The diagram in
Figure 3.1 shows how these processes interact during the reproduction process.

Figure 3.1: Process of reproducing next generation in genetic algorithm [171]

3.3.1 Selection

Selection is a process that arbitrarily selects chromosomes from a population based on
their fitness value. It should be capable of comparing every individual in the group. A
candidate has a better chance of being selected if their fitness value is higher. A value
matching the fitness of the solution is allocated to each chromosome. As competent
parents encourage individuals to seek more effective and appropriate solutions, parent
picking is advantageous to the GA’s convergence rate [172]. Premature convergence can
occur when everyone is compelled to follow a single, incredibly successful solution. In
light of this, GA may continue to succeed by fostering diversity. For proper convergence
in GA operation, it is necessary to choose from a variety of approaches or algorithms.
Roulette wheel, tournament, and rank techniques were all mentioned in the literature as
selection mechanisms [173].
Roulette Wheel Selection
It is the concept of sequential search across a roulette wheel with slots; that are weighted
according to the fitness values of the candidate. A goal metric is selected at random from
the population’s fitness. A physically fit individual will provide higher to the desired
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value. It is critical that the individuals aren’t ordered by fitness value, as it would sig-
nificantly skew the selection. Roulette wheel selection is less challenging to execute but
more disruptive. The variance in fitness value in the population determines the rate of
progression.
Rank Selection
Rank Selection rates the population and then assigns fitness to each chromosome based
on the ranking. It retains diversity, resulting in an effective search. In essence, possible
parents are identified, and a competition is conducted to choose who will become the
parent.
Tournament Selection
Tournament selection is an excellent approach for the refinement of GA search perfor-
mance by applying selective pressure and adjusting population diversity. The victor of
the competition is the one with the highest fitness level. Tournament competitions are
conducted, and the top is subsequently introduced into the selection pool. The com-
petition continues until the mating pool for producing new offspring is depleted. The
breeding pool of the tournament winner has a better existing population fitness. The
selection pressure created by the fitness disparity pushes GA to increase the fitness of the
surviving genes [174]. This approach is more effective and produces the best result.

3.3.2 Crossover

Crossover is the process of creating a newborn from the contributions of two individuals
who are considered as parents. Once the selection is complete, the generation is improved
with more suitable individuals. In an effort to produce superior offspring, the crossover
operator is applied to the mating pool. The genes of the parents are swapped during con-
ception to produce offspring. When mating two distinct strings, the operator randomly
chooses a cross-site, and after the cross-site, the placement values of the two strings
are switched [171, 175]. The three most often employed crossover operators in antenna
optimization are uniform crossover, multi-point crossover, and one-point crossover [176].
Single Point Crossover
The most common crossover operation in GA entails making a single cut at the proper
locations on the two mating chromosomes, then exchanging the sections after the inci-
sion. In this instance, a random crossover point is picked along the length of the matched
strings, and bits near the cross-sites are then switched. The combination of excellent
parents can result in better offspring if the correct site is chosen, but if not, string quality
will be significantly restricted.
Figure 3.2 depicts a single-point crossing and it illustrates a scenario where eight gene
parents are involved in mating. In this particular case, a random cut is made at the
end of the third gene. The crossover operation is then performed by exchanging genetic
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information between the parents, specifically on the second portion of the random cut.
As a result of this crossover, new offspring with a modified genotype are produced, as
depicted in the diagram.
Two Point Crossover

Figure 3.2: Example of single point crossover operation

In addition to single-point crossover, other crossover algorithms have been developed,
sometimes incorporating multiple cut points. When using two-point crossover, the cross-
bred parents choose two cross-sites and exchange information. The performance of the
algorithm is decreased when the number of crossover points is increased since the building
blocks of GA are more vulnerable to disruption. On the other hand, having more crossing
points allows more investigation of the problem space.
Uniform Crossover
In a uniform crossover, each gene in the offspring is generated by copying the relevant
gene from one or both parents using a randomly generated binary crossover mask having
a similar length as the parent’s chromosomes. When the crossover mask includes ’1,’ the
child gene is copied from the first parent, otherwise it is copied from the second parent.
A fresh crossover mask is generated at random for each pair of parents in order to ensure
that each offspring inherits a diverse set of genes from both parents.

Crossover Probability
The crossover probability (Pc) is a metric that specifies how frequently crossover will
occur. If there is no crossover (Pc=0%), the offspring are identical to their parents.
If there is a crossover, portions of each parent’s chromosomes are used to create the
offspring. All children are produced through crossover if the crossover probability is
100%. Crossover is done with the notion that the newborn chromosomes would be better
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since they will have beneficial portions of the old chromosomes.

3.3.3 Mutation

A modest random probability of gene mutation can occur after a particular new offspring
has been created. Mutation keeps the algorithm from being stuck at a local minimum
or avoids early convergence [175, 177]. A mutation is also responsible for restoring lost
genetic material and randomly disrupting genetic information. It introduces new genetic
structures into the population and preserves variety by changing parts of an individual’s
features at random. There exists a wide variety of mutational forms. In binary-coded GA,
the simple mutation method can be achieved by flipping the value of each gene according
to its mutation probability (Pm). Inferred from this is the possibility of flipping part
of the string’s bits from 0 to 1 or vice versa. Figure 3.3 depicts a basic flowchart that
summarizes the iteration of essential GA operations.

Figure 3.3: Genetic algorithm flowchart

3.4 The Schema Theorem

Holland’s scheme theorem underpins GA’s search heuristics and a base for GA opti-
mization. Templates for defining a subset of chromosomes with comparable regions are
specified as schemas. According to the Schema Theorem, "short, low-order schemata with
above-average fitness grow in frequency exponentially in succeeding generations" [178].
It was noticed that only a decent schema will be passed on to future generations, while
those with fitness below the average will decline rapidly and eventually die. Holland
developed an expression that forecasts the number of copies of a certain schema in the
future generation after selection, crossover, and mutation. To prove the schema theorem,
it is better to demonstrate the relationship between the relative selection frequency of
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a schema in the current generation (M(H, g)) and its relative selection frequency in the
next generation (M(H, g+1)). The following derivations are based on the books presented
in [171], [178], [179].
The population’s overall fitness value in a particular generation is calculated as

F (g) =

Npop∑
i=1

f(vi) (3.1)

where Npop is number of population and f(vi) is the fitness value each individual (Vi)
And probability of choosing an individual based on its cost value is

Pi =
f(vi)

F (g)
(3.2)

The schema theorem offers a complete map of how individuals are selected to be parents
for the following generation depending on their fitness value.
Let f(H,g) be the average cost of all strings in the population that meet the schema H.

f (H, g) =

∑p
i=1 f(ui)

P
(3.3)

Where P is the total number of individuals in the population matched by a schema H at
a given generation g.
The average likelihood that individuals matched by schemata H will be chosen.

Pav =
f(H, g)

F (g)
(3.4)

Now investigating the probability of survival of all schemata H(H1, H2, . . ..HN bits)

M (H, g + 1) = M (H, g)× Npop × Pav (3.5)

= M (H, g)× Npop ×
f (H, g)

F (g)
(3.6)

= M (H, g)× f (H, g)

F (g) /Npop

(3.7)

= M (H, g)× f (H, g)

F (g)
(3.8)

F (g) =
F (g)

Npop

(3.9)
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Where
It is the average fitness value of the population. Then, it can be re-write as

M (H, g + 1) = M (H, g)× F (g) + f (H, g)− F (g)

F (g)
(3.10)

Now let,

∈ (g) =
f (H, g)− F (g)

F (g)
(3.11)

M (H, g + 1) = M (H, g)× (1+ ∈ (g)) (3.12)

If ∈ (g) >0 from the generation : M (H, g + 1) is increasing and if ∈ (g) <0 from the
generation : M (H, g + 1) is decreasing.
It implies that any schemata will acquire an increasing number of strings in the following
generation, but that below-average schemata will die off as generation g grows.
When considering crossover, the theorem considers the probability of destruction of a
schema.

Pd (H) ≤ δ(H)

L− 1
) (3.13)

And the probability of survival

PS (H) ≥ 1− δ(H)

L− 1
(3.14)

The schema growth equation with this consideration will modified as

M (H, g + 1) ≥ M (H, g)× f (H, g)

F (g)
(1− δ(H)

L− 1
) (3.15)

When we consider a single bit flipping mutation
Probability of a single bit survival is (no mutation takes place) 1− pm, where pm is the
probability of mutation.

PH (H) = (1− pm)O(H) (3.16)

Finally, when mutation and crossover considers the schemata growth equation is devel-
oped as

M (H, g + 1) ≥ M (H, g)× f (H, g)

F (g)
(1− δ(H)

L− 1
)(1− pm)O(H) (3.17)
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3.5 GA for Microstrip Antenna Optimization

In a typical antenna design, the antenna’s structure is developed from functional proto-
types, and the antenna can only be optimized in terms of the dimensions of its structural
characteristics, such as length, width, spacing, and so forth. By employing this size op-
timization strategy, it is challenging to locate an appropriate antenna shape over a wide
range. On the other hand, GA is an effective optimization approach that has been uti-
lized in the wide area of electromagnetics problems [116]. Literature review shows that
GA has been used to enhance the performance of microstrip patch antennas in multiband
operation, broad-band services, and making them more directive. GA can be utilized for
optimization of microstrip antenna as pointing the best place of shorting pins in patch
antenna [180], finding the best position of feeding especially in coaxial feed microstrip
patch antenna [181], optimizing the size and location of predefined slots and slits on dif-
ferent parts of patch antenna [182], and optimizing dimension of the patch antenna to
meet the required criteria [151].
GA readily captures such antenna difficulties by discretizing a large patch area into tiny
components, and the continuous arrangement of these elements may be approximated as
the original form and surface size [183]. In the binary-coded GA situation, the discretized
antenna surface features are assigned a value of ’0’ or ’1’ depending on their conducting
and non-conducting properties. Where ’0’ indicates that a cell is a non-conducting unit
and ’1’ indicates a conducting cell on the surface, as illustrated in Figure 3.4. It applies
binary coding to the area covered by the range of antenna size. Increasing the number of
grids can enhance computation accuracy, but it will also result in an exponential increase
in calculation time.
By applying binary-coded GA to selectively remove or add smaller radiating cells from/on
the patch, and at the end, non-intuitive shapes or geometry of the patch antenna can be
produced. The presence or absence of the patch on each cell is represented by ‘1’ and
‘0’ in each GA chromosome [138]. When two cells are touching at the corner there is a
creation of infinitesimal points of connection. This may pose a connection problem in
manufacturing the microstrip patch due to the tolerances of the fabrication [184]. To
overcome this problem, this dissertation uses the overlaps between adjacent cells to avoid
cells contacting each other by infinitesimal points and to ensure electrical contact in such
patterns in the fabricated antenna.
In the patch geometry optimization based on GA, multiple objectives need to be con-

sidered, and the corresponding fitness function is similar to a multimodal problem. This
dissertation is going to improve the multi-band operation, the directivity of multi-band,
bandwidth of the patch antenna, the fitness is designed not only an improvement of the
reflection coefficient of the antenna but also includes other additional antenna parameters
enhancement based on the objective of the design.
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Figure 3.4: Gridded rectangular patch surface

3.6 Interfacing Ansys HFSS and MATLAB

One commercially accessible electromagnetic simulator is the Ansys High-frequency struc-
ture simulator (HFSS). MATLAB, on the other hand, is used to code any type of math-
ematical problem and analysis depending on the approach defined by the analyst. As
a result, two very efficient software are merged in this dissertation to create an efficient
solution. Before delving into the integration, the HFSS computational system is briefly
explained below.

3.6.1 HFSS computation methods

The finite element approach is one of the most efficient full-wave numerical model-
ing techniques used by HFSS (FEM). This approach divides the antenna construction
into several smaller subsections known as finite elements (tetrahedral in HFSS) [185].
Once the fields within the finite element are solved, these fields are integrated to fulfill
Maxwell’s equations across inter-element boundaries by creating a field solution for the
entire, original structure. Equation (3.18) is used by HFSS to solve for the electric field
E under excitation and boundary conditions:

∇×
(

1

µr

∇× E

)
− k0

2εrE = 0 (3.18)

Where

k0
2 = ω2ε0µ0 (3.19)
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HFSS determines the magnetic field H using equation
(3.20),

H =
1

ωµ
∇× E (3.20)

The constitutive relationships between the electric and magnetic fields are used to obtain
the remaining electromagnetic quantities. The above field equations are employed to
construct a finite element matrix. The next step is to use tetrahedral elements to divide
the structure into a finite element mesh. Lastly, defining a test function Wn for each
tetrahedron, resulting in thousands of fundamental functions [186]. The field equation
presented in equation (3.18) is multiplied by a test function (Wn) and integrated by
volume, as shown in equation (2.21)-(2.24).∫

v

wn.

(
∇×

(
1

µr

∇× E

)
− k0

2εrE

)
dv = 0 (3.21)

This procedure yields thousands of equations for n=1, 2, . . . , N. Manipulating the N
equations, using Green’s theorem and the divergence theorem yields:∫

v

[
(∇× wn) .∇×

(
1

µr

∇× E

)
− k0

2εrwn.E

]
dv =

∫
s

(boundary terms) ds (3.22)

If electric field E is given as

E =
N∑
m

Xmwn, n = 1, 2 . . . . . .M (3.23)

The general equation is rewritten as below

∑
xm

∫
v

[
(∇× wn) .∇×

(
1

µr

∇× wm

)
− k0

2εrwn.wm

]
dv =

∫
s

(boundary terms) ds

(3.24)
This can be simplified as

∑
XmAn,m = bn, n = 1, 2 . . . .N (3.25)

Ax = b (3.26)

Where A is the N × N matrix, which includes boundary conditions, the port excitation,
voltage, current sources, and incident waves applied. The only unknown matrix in the
above equation is x; nevertheless, once the value of x is solved, the value of E becomes
known. The above approach reveals that the HFSS solution process is easy and relatively
simple. HFSS’s field solution technique, on the other hand, is iterative.
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3.6.2 Implementing GA

The full procedure of GA starts from gene creation on the surface of the patch antenna,
which is called cells. This dissertation employed patch area division to create the genes.
Then the string of genes produce a proposed individual antenna or a chromosome in GA.
A collection of individuals at a time creates a generation (population). Accordingly, the
patch area is divided into n × m cells. The conducting or non-conducting property of
each cell is defined using binary encoding. If a cell is conducting, then the corresponding
gene is assigned 1, and if a cell is non-conducting, it is assigned 0. Then the optimization
and implementation steps in this dissertation are summarized as follows:
Step 1: It is necessary to establish GA parameters such as chromosomal size, population
size, and the total number of generations utilized for antenna shape optimization.
Step 2: A fitness function must be built to accomplish a specific objective based on
issue criteria such as high directivity, multi-band operation, and increased bandwidth. It
can be done by extracting individual antenna performance from HFSS and exported to
MATLAB.
Step 3: The first generation of individuals is generated at random to provide a start-
ing point for the optimization process in MATLAB. Each individual antenna detail was
coded into a Visual Basic Script file (VBS file) and then called in HFSS software for the
computation of all necessary antenna parameters in the required frequency band.
Step 4: The main function of the optimizer in MATLAB was then called with each
candidate antenna attribute and performance determined in HFSS. The algorithm starts
to evaluate the fitness value of each individual based on the defined cost function. All
findings from the fitness value of each individual will be an input for GA operators. The
fitness values are executed from the fitness function. A MATLAB and HFSS interfacing
is presented in Figure 3.5.
Step 5: At this stage, GA operators began to put up their best effort to reproduce the

Figure 3.5: Iterative implementation GA using HFSS and MATLAB

following generation. The selection operator is used based on one of the recommended
selection mechanisms to pick the fittest individual to serve as parents.
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Step 6: Once the parent individuals have been identified based on the selection operator,
a crossover operation is carried out between the parents to generate offspring of the next
generation.
Step 7: Further, a mutation operator was used on the newborns to diversify the popu-
lation and ensure the search for globally optimal solutions. Following mutation, a new
generation is formed in the same number of individuals as the original population.
Step 8: The fitness values of the offspring again computing. The offspring and individ-
uals of the previous generation again sort according to their fitness values.
Step 9: Up until the termination requirements are met, steps 3 through 8 will be re-
peated. When the fitness value stays the same, the iteration will end following the in-
tended criterion, which may be the maximum number of generations. More information
on the GA processes and implementation methodologies in this dissertation is provided
in the flow chart in Figure 3.6.

3.7 Chapter Summary

This chapter presents the general flowing methodology of the dissertation to resolve the
multi-band, high directive, and widen the bandwidth of mm-wave microstrip antenna,
which is about binary-coded genetic algorithm. The idea of the schema theorem was
introduced, which is a fundamental principle of new offspring production in a genetic
algorithm. The operators such as selection, crossover, and mutation are responsible
for the creation of new candidate solutions in antenna optimization. In addition, the
chapter’s discussion includes the general procedure of implementing a genetic algorithm
for microstrip antenna, the combination operation of HFSS and MATLAB software, and
the overall flowchart of the genetic algorithm. The idea of gene/ small cells was introduced
in the chapter. After having the whole procedure in this chapter, it is easy to synthesize
the multiple band antennae with improved detail performance will be discussed in the
subsequent chapters.
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Figure 3.6: The proposed Genetic Algorithm optimization flowchart
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Chapter 4

Synthesis of Dual-band Microstrip
Antenna based on GA

4.1 Introduction

In the dynamic field of wireless communication, an increase in the number of required
services from a single device opens up a new avenue for research into a new multi-band
antenna technology. For optimal exploitation of the available resource at the band, the
mm-wave spectrum necessitates a high-directive, broad-bandwidth antenna. It is not a
simple effort to design and synthesize a dual-band microstrip antenna particularly for
mm-wave wireless communication, as there are several performance-improving aspects.
As a result, developing a high directional, broad bandwidth, dual-band patch antenna in
the mm-wave spectrum is a difficult challenge.
A number of techniques to advance a patch antenna for dual-band service were reported
in the literature. Dual-band antenna were designed based on artificial magnetic conduc-
tor [187]. Moreover, C and O slot structures also were presented [188]. A dual-band
elliptically slotted circular radiating patch antenna resonating at 28 GHz and 45 GHz
is proposed [133]. Another investigation on dual-band antenna designed using branch
fractal bionic antenna [189], and employing bow tie structure [190] was described. Dual-
band optimization of patch antenna using genetic algorithm in microwave frequency is
presented [142]. This chapter also presents three dual-band patch antennas for mm-wave
frequency using a binary-coded genetic algorithm optimization with improved directivity
and bandwidth.

4.2 Dual-band with Improved Directivity

High-directional antenna technology may be one of the most important aspects in over-
coming some of the propagation issues of mm-wave communication, boosting spectrum
efficiency, and enabling larger data rates for wireless broadband services. A number of
techniques to improve the dual-band directivity of patch antenna were reported in the
literature. Among them, slot antenna methods [131, 191], fractal shaped geometry were
presented in [74, 192], and frequency selective surface (FSS) were reported in [193, 194].
Most commonly, the directivity of an antenna can also be improved by implementing
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an antenna array [195, 196]. Besides the above, directivity improvement was also done
using TModd-0 modes, as reported in [75]. Adding a superstrate zero-index metama-
terial [197, 198] and genetic algorithm (GA) also presented [141, 199]. GA is preferable
since it does not need a complex feeding network and has no detrimental impact on
antenna size [61]. This dissertation proposes two methods for enhancing the directiv-
ity of a dual-band patch antenna using a binary-coded genetics algorithm. The surface
of the patch is split into small rectangular cells as one choice and circular cells as the other.

4.2.1 Employing Small-rectangular Cells

Antenna Configuration

A rectangular microstrip radiating patch is designed on the top of λ × λ substrate with
patch dimension of Lxp= 3.6 mm (0.34λ) and Wyp= 5.0 mm (0.47λ) and made of thin
copper having thickness (0.0003266 λ ≫ λ; where λ the free space wavelength at 28
GHz). In the proposed design, the Roger RT/duriod 5880 (tm) substrate is used with
a dielectric constant of 2.2, a tangent loss of 0.0009, and thickness 0.028 λ (0.3 mm) is
employed on finite ground plane Lxg × Wyg size as shown in Figure 4.1. Table 4.1 also
summarizes all dimensions of the reference microstrip patch antenna.

Table 4.1: summary of dimensions of reference microstrip patch antenna

Parameter Lxp Wyp h Lxg Wyg Wf L_feed
Dimension
(mm)

3.6 5.0 0.3 10.7 10.7 0.7 3.5

GA Optimization Setup

In order to optimize the patch geometry using a genetic algorithm, the patch area is
divided into 64 genes or cells (8 x 8) as shown in Figure 4.2.

The fitness function is designed based on maximizing the directivity (D (f) in dB)
and negative of reflection coefficient (S11 (f) in dB) in two desired bands, as presents in
Equation 4.1. Optimizing the difference involves increasing the directivity towards more
positive and decreasing the reflection coefficient towards more negative in the specifically
optimised band, which is the main goal of this antenna optimization. To eliminate the
algorithm’s narrow band convergence, the fitness function sets any reflection coefficients
smaller than -10 dB to -10 dB, as shown in Equation 4.2.

Fittness function =
∑
f

[D (f)− S11(f)] (4.1)
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Figure 4.1: Single patch antenna top view at 28.0 GHz on finite substrate

Figure 4.2: 8 x 8 division of the reference microstrip patch surface

S11 (f) =

{
S11, if S11 > −10 dB

−10dB, if S11 ≤ −10 dB
(4.2)

The population size clustered as a generation is set to 20 individuals and each individual
is represented by 64 genes. A single point crossover with a 70 % probability and a 0.02
mutate rate has been used to create a diversity of the population in each generation.
The tournament selection mechanism has been applied to select individual parents that
are fit to reproduce offspring for the next new generation.
The strategies for optimization are based on the principles and phases described in Chap-
ter 3. GA optimizes the patch geometry by deactivating certain cells from the patch’s
surface due to the cells’ non-conductive properties, as implemented by the binary-coded
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genetic algorithm. The algorithm underwent 100 generations, during which it contin-
uously reviewed the fitness function. It consistently employed a greedy approach to
search for the best antenna design that maximizes directivity and minimizes reflection
coefficient within the specified frequency bands, as determined by the fitness function,
The best-fit individual is shown in Figure 4.3.

Figure 4.3: Genetically optimized proposed patch geometry

Results and Discussion

The proposed reference antenna and optimized antennas were simulated using HFSS
software. The simulated results show that the proposed reference antenna is resonated
only on a single frequency at 28.0 GHz with S11= -17.2 dB and with S11 < -10 dB
bandwidth (BW) of 2.1 % as shown in Figure 4.4.
The directivity of reference antenna was examined at θ=00 and ϕ = 900 as 6.8 dB which

is expected from a single conventional microstrip patch antenna in broadside direction.
Figure 4.5 shows the radiation pattern of this antenna.
Genetically engineered microstrip antenna shown in Figure 4.3 was simulated in a similar

platform that proves improvement in directivity and resonance at dual-band.
As Figure 4.6 illustrates the reflection coefficient of optimized antenna becoming dip at
two frequencies 28.0 GHz and 46.6 GHz with BW=1.8 % and BW=1.5 %, respectively.
Furthermore, a broadside direction directivity of 8.4dB at 28.0GHz, θ=00 and ϕ = 900 is
demonstrated at Figure 4.7-a and higher directivity also verified at 46.6 GHz, θ=00 and
ϕ = 900 which is 9.0 dB in broadside direction as shown in Figure 4.6(b). Besides the
above directivity improvement, the antenna is also too compact. The overall performance
of the antenna is summarized in the Table 4.2
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Figure 4.4: Simulated results of reference antenna magnitude of S11 resonating at 28.0
GHz

Figure 4.5: Radiation pattern plot of reference antenna at 28.0 GHz

Table 4.2: Summary of performance of proposed and reference antenna

Overall Size
of antenna
(mm3)

Resonant
frequency(GHz)

BW(%,
S11 ≤-10
dB)

Directivity

Reference
patch

10.7x 10.7x0.3 28.0 2.1% 6.8 dB

GAO
Patch

10.7x10.7x0.3 28.0
46.6

1.8%
1.5%

8.4 dB
9.0 dB
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Figure 4.6: S11 result of genetically optimized patch antenna

Figure 4.7: Directivity of genetically optimized patch antenna (a) at 28.0 GHz and (b)
directivity at 46.6 GHz

4.2.2 Employing Circular Cells

Antenna Modeling

The dimension of the radiating patch is Lxp=3.36 mm and Wyp= 5.26 mm where the patch
is made of thin copper having thickness of 0.00032 λ ≪ λ (λ is free space wavelength at 28
GHz) located on the top side of a thin non-conducting substrate with the size of λ×λ. In
the proposed design, the Roger RT/duriod 5880 (tm) substrate with a dielectric constant
of 2.2, a tangent loss of 0.0009, and a thickness of substrate is 0.3 mm was employed on
a finite ground plane with the size of Lxg ×W yg. The dimensions of the microstrip patch
antenna shown in Figure 4.8, which is proposed for the genetic algorithm, are summarized
in Table 4.3.
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Table 4.3: Proposed antenna dimension summary

Parameter Lxp Wyp h Lxg Wyg L_feed Wf

Dimensions(mm)3.36 5.26 0.30 10.7 10.7 3.52 0.74

(a)

(b)

Figure 4.8: Reference patch antenna element operating at 28.0 GHz printed on a substrate
(a) top view and (b) side view.

GA Optimization Setup

In order to optimize the patch geometry, an array 10 x 10 of random and non-uniform
small circular cells is positioned on the patch surface as shown in Figure 4.9. The prob-
ability of the diameter of the cell to be 0.35 mm is 0.8 and 0.27mm is 0.2. This helps
to create varieties of circular geometries on the patch surface. These cells are subtracted
from the rectangular patch if and only if they are non-conducting. The conducting and
non-conducting cell is defined by a binary coding algorithm as discussed in chapter three
of this dissertation. According to the GA principle, the initial generation is generated
at random, and the subsequent generations are reproduced in this research work by
using tournament selection, single-point crossover, and random single-bit operation. In
this dissertation, binary ’0’ represents the patch’s non-conductive surface, and binary ’1’
represents the conducting cells, which exist in both random and reproduced individuals.
Thus in this research task, the fitness function is defined to maximize the directivity D
(f) and negative of reflection coefficient S11 (f) in the two bands (27.5 GHz-29.5 GHz
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and 31 GHz-31.5 GHz) of frequencies.

Fitness function =
∑
f

[D (f)− S11(f) (4.3)

S11 (f) =

{
S11, if S11 > −10 dB

−10 dB, if S11 ≤ −10 dB

Figure 4.9: Placement of 100 circular cells on rectangular patch surface

The population size clustered as a generation is set to 20 individuals and each individual
is represented by 100 genes. A single point crossover with a 70 % probability and a 0.02
mutate rate has been used to create a diversity of the population in each generation. The
tournament selection mechanism has been applied to select individual parents that are
fit to reproduce offspring for the next new generation. The simulation is carried out until
150 generations. The simulation convergences after 130 iterations as shown in Figure
4.10 and the best-fit individual is shown in Figure 4.11.

Results and discussion

The proposed genetically engineered patch antenna shown in Figure 4.11 was simulated
using HFSS. The result proves that the directivity of the antenna was improved and it
resonates at two frequencies. As Figure 4.12 illustrates the reflection coefficient of the
reference antenna resonates at 28.0 GHz only with S11 =-17.9 dB whereas genetically
optimized antenna resonates at two frequencies of 28.0 GHz and 31.1 GHz with BW=2.9
% and BW=1 % respectively. At both ranges of frequencies (27.6 - 28.4 GHz and 31.0
– 31.3 GHz); VSWR is less than 2. Furthermore, in Figure 4.13 directivity improvement
in both operating bands was verified. A broadside direction directivity of 8.6 dB at 28.0
GHz, is demonstrated in Figure 4.13-a, and a directivity of 10.9 dB was verified at 31.1
GHz along broadside direction Figure 4.13-b.
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Figure 4.10: average fitness value of a generation vs number of generation

Figure 4.11: genetically optimized microstrip radiating patch geometry

The surface current distribution of the reference antenna at 28 GHz is presented in
Figure 4.14-a. The surface current distributions of the genetically optimized antenna at
28 GHz and 31.1 GHz are shown in Figure 4.14-b and Figure 4.14-c, respectively.

4.2.3 Comparison with Related Works

The radiating patch area division in patch geometry optimization was portrayed in both
random circular cells and smaller rectangular cells. The better directivity from circular
cells is owing to the increased number of genes and generations used in optimization,
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Table 4.4: Overall performance of genetically optimized proposed antenna

Overall Size
of antenna
(mm3)

Resonant
fre-
quency

Bandwidth
(%,
S11<-10dB)

Directivity

Reference patch an-
tenna

10.7x10.7x0.3 28.0
GHz

2.1% 6.8 dB

Genetically opti-
mized patch antenna

10.7x10.7x0.3 28.0
GHz
31.1
GHz

2.9%
1%

8.6 dB
10.9 dB

Figure 4.12: Simulated S11 of the GAO dual-band patch antenna resonates at 28.0 GHz
and 31.1 GHz

Figure 4.13: Directivity of genetically optimized patch antenna a) at 28.0 GHz b) at 31.1
GHz

although it required more computation time. However, as shown in Figure 4.9, the
radiating patch is not entirely covered by the gene of the generation in the circular
cell division method, so optimization cannot cover the whole patch area. In this sense,
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(a)

(b) (c)

Figure 4.14: Surface Current distribution: a) reference antenna at 28 GHz, b) GAO
antenna at 28 GHz, and c) GAO antenna at 31.1 GHz

rectangular cells are preferable for assessing the entire surface of the patch during genetic
algorithm optimization.
Table 4.5 compares the directivity of the proposed dual-band antenna with relevant
research in the literature. According to the fractal geometry techniques used, the peak
directivity is 7.09 dB with a double superstrate from a single antenna element. The
suggested antennas in this dissertation, on the other hand, attained a peak directivity
(1.4-3.9 dB) greater than the peak in [192]. The 8 patch element array obtained in [196]
likewise had less directivity than the works presented in this dissertation.
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Table 4.5: Comparison of proposed works with related simulated results

Papers Employed
method

Area of
patch
(λ2)

Dual-
Resonance
freq.
(GHZ)

Directivity
(dB)

Bandwidth
(MHz)

Remark
and
(Drawback)

[192] Fractal ge-
ometry

0.39 x
0.51

10.89
15.92

7.09
6.56

0.67
1.07

Double
substrate

[191] Slot antenna
method

0.72 x
0.72

27.3
39.75

5.42
6.25

-
-

Complex
structure

[194] Frequency
selective
surface

0.59 x
0.59

28
39

5.68
6.93

0.8
0.8

FSS adds
size

[197] Zero-index
metamate-
rial

1.2 x 0.9 2.4
3.5

2.8
3.8

-
-

Superstrate
adds size

[196] Patch array 3.73 x
1.47

29.5
38

8.4
9.3

1.32
1.36

8-element
array

This
work-
1

Rectangular
cell GA

0.33 x
0.47

28.0
46.6

8.4
9.0

0.5
0.7

GAO

This
work-
2

Circular cell
GA

0.31 x
0.49

28.0
31.1

8.6
10.9

0.8
0.3

GAO

4.3 Dual-band Antenna with Enhanced Bandwidth

Large bandwidth antennas are necessary for dense users to connect at once in wireless
communication and achieve a high data rate. To overcome mm-wave propagation obsta-
cles and satisfy the needs of wireless communication, it is essential to consider dual-band
antennas with strong bandwidth and directivity capabilities. In the literature, many ways
for advancing a patch antenna for bandwidth enhancement of dual-band operation were
published. A dual-band U-shaped slotted microstrip patch antenna that resonates at 28
GHz and 38 GHz with bandwidth improvement is presented [131]. Dual-band antenna
is also modeled using varieties of optimization algorithms such as auto-context broad
learning system [200], deep Gaussian process model [201], and genetic algorithm [202]. In
reference [203] the author presented a dual-band single antenna using a band switching
mechanism and the antenna resonates at 27.5 GHz and 39 GHz. A slot patch antenna
was presented for dual-band service at 28 GHz and 38 GHz [204]. In [142], a dual-band
optimization of a patch antenna in microwave frequency using a genetic algorithm is
described. This particular study proposes dual-band patch antenna optimization for
the mm-wave frequency with enhanced antenna bandwidth using a binary-coded genetic
algorithm.
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4.3.1 Antenna Modeling

A rectangular microstrip patch antenna with a dielectric constant of 2.2, tangent loss
of 0.0009, and thickness of 0.5 mm is proposed and designed on a 10x10mm2 Roger
RT/duriod 5880 (tm) substrate. The initial dimension of a reference model, a rectangular
microstrip antenna was calculated using the standard formula presented in chapter two
of this dissertation. However, the estimated dimensions do not have adequate antenna
performance at a specified center frequency and band. Therefore, parametric analysis
was used to determine the actual length and width of the radiating patch. Accordingly,
the length of the patch was varied in the four stages from 5.2 to 5.8 mm, while the width
of the patch was adjusted in 0.2 mm increments from 6.2 to 6.8 mm. When the antenna
is desired to resonate at 39 GHz center frequency, the optimal length is 5.6 mm and the
width is 6.6 mm. A 50-ohm microstrip feed line having a length of 2.6 mm and width of
0.75 mm is connected to the patch. The antenna’s dimensions of the reference model are
shown in Figure 4.15, which is ready for patch geometry optimization with a binary-coded
genetic algorithm.

4.3.2 GA Optimization Setup

In order to optimize the patch geometry, the patch surface is segmented into 10 x 10
tiny random and uniform rectangular cells to optimize the patch shape, as illustrated in
Figure 4.16. A binary coding scheme defines the cell’s conducting and non-conducting
features as presented in chapter three of this dissertation. The goal of this optimization
is to look into improving the operating bandwidth with dual-band resonance. As a result,
the fitness function is developed by increasing the sum of the operating bandwidth of
the antenna and the sum of the negative reflection coefficient at theses operating bands.
The purpose of maximizing the cost function is to provide bandwidth enhancement while
maintaining appropriate radiation qualities, as illustrated in equation (4.4)-(4.7).

Fitness fucntion =
1

N

N∑
i=1

(BwT − S11(fi)) (4.4)

Where BwT is the total bandwidth of the antenna in GHz and S11(f i) is the reflection
coefficient of the antenna in dB.

BwT = Bw1 +Bw2 (4.5)

Bw1 = fH1 − fL1 (4.6)
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(a)

(b)

Figure 4.15: patch antenna element operating at 39.0GHz printed on a substrate (a) top
view and (b) side view.

Bw2 = fH2 − fL2 (4.7)

BwT =

{
5 GHz if BwT ≥ 5 GHz

BwT if BwT ≤ 5 GHz
(4.8)

Where S11(fi) is designed as.

S11(fi) =

{
S11(fi) if S11(fi) ≥ −10 dB

−10 dB if S11(fi) ≤ −10 dB
(4.9)

where
N : the number of sample frequencies in the band, fi: the sample frequency at each
100MHz interval, S11(fi) : the reflection coefficient of the antenna, BwT : total operating
bandwidth of antenna, Bw1 : bandwidth of antenna at the first operating band, Bw2 :
bandwidth of antenna at the second operating band, fH1: higher operating frequency in
a first band, fH2: higher operating frequency in a second band, fL1: Lower operating
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frequency in a first band, fL2: Lower operating frequency in a second band.

Figure 4.16: Placement of 100 rectangular cells on the patch surface

The genetic algorithm optimization setup has been arranged and summarized in Table
4.6.
The solution space has a capacity of 2100 = 1.3 x1030 individuals in it. If the computing

Table 4.6: Summary of optimization setup

No. Parameter Value
1 Population Size 30
2 Number of gene

(represent an indi-
vidual)

100

3 Number of Genera-
tion

125

4 Crossover Type Single
point

5 Crossover probabil-
ity

0.7

6 Mutation Single bit
7 Mutate rate 0.02

time of each individual design is 1 second, the overall computation time to find the
best-fitting individual will be 1.2 x 1024 years. However, owing to applying the genetic
algorithm, the best-fit individuals are picked in around 44.86 hours by utilizing a core I7,
8 GB RAM, and a 2.7 GHz processing speed computer. The simulation converged after
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48 iterations as shown in Figure 4.17 and the iteration continued until 125 iterations to
see the consistency of the convergence. Lastly, the best-fitted individual is presented in
Figure 4.18.

Figure 4.17: average fitness-value vs number of generation

Figure 4.18: Genetically optimized radiating patch geometry (fittest individual candidate)
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4.3.3 Results and Discussion

ANSYS HFSS was used to simulate the reference and the genetically modified antennas.
The reference antenna resonated at a 39 GHz single frequency band and had a covered
impedance bandwidth of 1.2 GHz. The baseline antenna operates in a single band and
has a covering impedance bandwidth of 1.2 GHz at 39 GHz. The reference model’s peak
S11 value at 39 GHz is -17.6 dB, where the antenna’s greatest actual gain is 5.4 dB.
The suggested genetically engineered antenna, nevertheless, operates at two separate
frequencies: 39.1 GHz and 50.2 GHz. The outcomes demonstrated that the antenna’s
bandwidth has increased in both bands. The antenna’s directivity and gain are also
sufficient for mm-wave wireless applications. The antenna resonates at 39.1 GHz and
50.2 GHz, as shown in Figure 4.19, with a peak value of return loss S11 =-12.6 dB and
S11 = −26.0dB, respectively. When S11< − 10dB is taken into account, bandwidth
improvement in the two resonant bands is visible. At 39.1 GHz center frequency, the
antenna has a fractional bandwidth of 4.1 % or 1.6 GHz and 6.6 % or 3.3 GHz at 50.2
GHz. VSWR is less than 2 in both operational bands (38.5 GHz – 40.1 GHz) and (49.0
GHz - 52.3 GHz).
Furthermore, directivity enhancement in both working bands was seen in Figure 4.20.

Figure 4.19: Simulated S11 of the GAO dual-band patch antenna resonates at 39.1 GHz
and 50.2 GHz

At 39.1 GHz, broadside direction peak directivity was 7.9 dB, while at 50.2 GHz, direc-
tivity was 7.4 dB.
The 3D gain plot of antenna is presented in Figure 4.21 at two operating frequencies. At
39.1 GHz, the max gain of the optimized antenna is 7.6 dB, and 7.3 dB at 50.2 GHz. The
radiation pattern of the antenna is projected in broadside direction in both frequency
bands as plotted in Figure 4.22. The pattern plot includes both the E-plane and the
H-plane.
The antenna has an overall efficiency of 89.3% at 39.1 GHz and 98.8% at 50.2 GHz as
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Figure 4.20: Directivity versus frequency plot of genetically optimized antenna ϕ=’900’
and θ=’00’

(a) (b)

Figure 4.21: 3D gain plot of the optimized antenna (a) at 39.1 GHz and (b) at 50.2 GHz

(a) (b)

Figure 4.22: E-plane and H-plane 2D radiation pattern cut of the optimized antenna (a)
at 39.1 GHz and (b) at 50.2 GHz

presented in Figure 4.23.
As indicated in Table 4.7, the antenna performance parameter was compared to several

relevant works. The band switching approach in [203] is used to acquire a comparable
bandwidth. The antenna’s bandwidth, on the other hand, is examined when S11<-6 dB

68



Figure 4.23: total and radiation efficiency of engineered antenna

at the same time the antenna has poor directivity in comparison to this study. Addition-
ally, this study achieves a gain of 7.6 dB, which is 2.5 dB greater than the maximum gain
reported in the literature. When compared to previous relevant studies, the originality of
this work can be seen in the bandwidth improvement, gain enhancement, and directivity
improvement of a single antenna with dual-band frequency operation by employing a
binary-coded genetic algorithm optimization. Where the antenna performance parame-
ters were compared this reveals the uniqueness of this work. It also demonstrates that
the antenna is adequate for mm-wave wireless communication.

Table 4.7: Performance comparison of this work and related works

Paper Patch
area
(λ2)

Reson.
freq.(GHz)

Bandwidth
(S11<-
10dB)

Directi
vity(dB)

Gain
(dB)

Employed
Tech-
niques

[131] 0.74x0.79 28
38

0.3
0.5

6.7
7.9

-
-

U-
shaped
slot

[190] 0.26x0.14 28
60

0.4
3.1

-
-

3.5
4.6

Bow-tie
array

[205] * 0.56x0.56 28
45

1.3
1.0

7.6
7.2

-
-

Elliptical
slot

[203] 0.38x0.44 27.5
39

1.9**

3.29
0.56
5.77

Band
switch

[204] 0.93x0.93 28
38

1
3

-
-

4.73
5.13

Slot
method

This
work

0.73x0.86 39.1
50.2

1.6
3.3

7.9
7.3

7.6
7.1

Genetic
Algo-
rithm

** Bandwidth is measured when s11 <-6dB is considered
* Results are based on prototype measurements
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The current distribution on the surface of the engineered antenna is presented in Figure
4.24 at 39.1 GHz and 50.2 GHz resonance bands. On the edges of cells and around the
junction points between the feed line and the optimized patch, a greater degree of current
dispersion is visible.

(a) (b)

Figure 4.24: Surface Current distribution of genetically optimized antenna (a) at 39.1
GHz and (b) 50.2 GHz

4.4 Chapter Summary

This chapter proposes three dual-band microstrip mm-wave antennas with enhanced
directivity and bandwidth using a binary-coded genetic algorithm. The proposed geneti-
cally optimized antennas are simulated in HFSS and compared to the reference antennas,
related works in literature, and each other. Fortunately, in this situation, the circular
cell method performs better directivity than the rectangular cell distribution. However,
the circular cells did not cover the entire surface of the patch (refer to Figure 4.9) for the
whole execution.
Directive antennas are vital to solve some propagation challenges of mm-wave signals. At
the same time, dual-band antennas for mm-wave applications are becoming a good glance
for research due to the increasing demand for multi-functional services. This dissertation
presents two microstrip antennas for dual-band services with improved directivity using
genetic algorithm optimization. The results presented in this chapter explore that the
optimized antennas are operated in two distinct bands. A proposed circular cells patch
geometry optimization was used to improve the directivity to 8.6 dB and 10.9dB at
28.0 GHz and 31.1 GHz, respectively. The proposed rectangular cell patch antenna also
resonates at 28.0 GHz with 8.4 dB directivity and 46.6 GHz with 9.0dB directivity. In
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general, the genetic algorithm has been used successfully to improve the directivity of
dual-band mm-wave microstrip patch antenna.
This chapter has also examined the usage of a genetic algorithm to boost bandwidth as
well as the dual-band features of a microstrip antenna for mm-wave wireless communica-
tion. The antenna is optimized to resonate at 39.1 GHz and 50.2 GHz. At 39.1 GHz, the
improved antenna obtained 1.6 GHz bandwidth and 7.6 dB gain, while at 50.2 GHz, the
optimized antenna reached 3.3 GHz bandwidth and 7.4 dB gain. This study can also be
compared to other relevant studies and the proposed mm-wave reference antenna. The
antenna performs admirably in terms of bandwidth, gain, return loss, radiation pattern,
and efficiency, making it a viable option for mm-wave wireless applications.
Having gained expertise with dual-band enhancements such as increased directivity and
bandwidth, the following chapter will expand the work into various multi-band possibil-
ities for a variety of mm-wave applications.
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Chapter 5

Synthesis of Multi-band Microstrip
Antenna with Improved Directivity and

Bandwidth based on GA

5.1 Introduction

Recent advancements in wireless integrated technologies have made it possible to com-
bine several distinct apps that operate on many channels into a single device. As a
result, having multi-band antennas that can support many wireless signal protocols is
turning into a crucial design need. Due to the demands and difficulties of 2G/3G/4G/5G
coexistence, multi-band antennas have caught the attention of many operators for usage
in their networks, and antenna firms are obliged to develop multi-band antennas to meet
customers’ needs.
Many studies in the literature were intended to enhance the antenna’s multi-functionality
and directivity while maintaining its bandwidth. Multi-stacking or multi-shorting pins,
multi-feed, fractal-shaped, parasitic loading, and meta-material loading are only a few
of the techniques [130, 131, 133]. These methods are complicated and complex to build,
ineffective, and difficult to install for portable devices. Therefore, finding a suitable
multi-band approach for numerous operating devices remains a vital research area, espe-
cially in mm-wave wireless communication.
This chapter discusses three unique multi-band antennas developed using binary-coded
genetic algorithms. The directivity of a tri-band antenna was increased, and the band-
width augmentation quad-band antenna was examined. The penta-band antenna is
intended for wearable applications with increased bandwidth, and it has been tested on
a variety of substrates. The chapter covers reference antenna design specifications, opti-
mization procedures, simulated results, and descriptions of genetically altered antennas.
A comparison of the proposed works with relevant works in the literature has been given
for each individual proposed antenna.
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5.2 Tri-band Antenna with Directivity Improvement
The optimization and synthesis of a tri-band antenna by employing a binary-coded
genetic algorithm will be explained in this section. A tri-band antenna, which uses a
single antenna to operate at three different frequencies, has several applications. These
include satellite, military, maritime, mobile communication, sensing, and imaging applica-
tions. However, it is challenging to achieve high-performance and low-profile triple-band
antennas using conventional designing techniques. Thus it is necessary to investigate a
revolutionary methodology beyond the usual antenna designing mechanism. Innumerable
mechanisms have been reported in the literature to develop tri-band mm-wave microstrip
patch antennas. Particle swarm optimization was used to obtain ideal patch size and
slot positions on the patch surface, resulting in triple frequency resonance [156, 206].
To achieve tri-band operation, genetic algorithm optimization was also implemented by
different approaches [139], [183], [207]. Alternative techniques such as slot, slit, or a
loading stub on one of the patch antenna structures viz. radiating patch, substrate, or
ground plane were employed to enhance tri-band functionalities of antenna [129,136,140].
Specifically, this research focuses on mm-wave wireless communications. The signals in
this spectrum are agonizing atmospheric fascination and high path loss, thus the outline
of the mm-wave antenna with additional high directivity concerns to minimize the impact
of them [137]. The majority of studies related to directivity improvement of microstrip
patch antenna are linked to patch arrays [208,209]. However, the antenna’s performance
is hampered by the intricate array feeding network, the antenna size, and mutual cou-
pling. As a result, researchers suggested a variety of methodologies and optimization
strategies for improving antenna directivity and expanding triple functionality while
avoiding the convoluted feeding network [141, 190, 210]. In order to avoid an array of
antennas, numerous methods to improve the directivity of multiband microstrip antennas
can be found in the literature, such as frequency selective surface (FSS) [96, 97], frac-
tal inspired antennas [74, 211], and zero-index metamaterial [102] are all increasing the
complexity and size of antenna. The better approach this literature has got is a genetic
algorithm optimization technique [150], [212]. The proposed tri-band antenna has been
synthesized to resonate at the center frequencies of mm-wave wireless applications at 28
GHz, 40 GHz, and 47 GHz with directivity improvement. The design and optimization
procedures are described in the following subsequent sections.

5.2.1 Antenna Modeling

In this particular study, a rectangular patch microstrip antenna with microstrip line
feeding has been considered. In the reference antenna design, the finite ground plane is
made of copper having a dimension of Ls x Ws was employed. The selected substrate
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material is FR4- epoxy with a thickness of 0.6 mm, dielectric constant of 4.4, and loss
tangent of 0.02 in the size of the ground plane due to its availability and affordability.
The research has been started with a conventional microstrip patch antenna design
which resonates at a center frequency of 28 GHz. The maiden sub-optimal dimensions
of the microstrip antenna were computed using the governing standard design formulae
presented in chapter two. A proportional modification has been done on dimensions
to obtain an adequate antenna performance at a proposed center frequency using para-
metric analysis. The analysis was carried out to determine reference antennas’ optimal
dimension by a possible decrease of reflection coefficient at the resonating frequency (28
GHz). The engagement of a specific antenna variable is investigated at a time, while all
other parameters are maintained at sub-optimal values in the computation. The length
of the patch dimension was varied from 3.8 mm to 4.6 mm in five stages, while the width
of the patch was varied from 6.2 mm to 7.0 mm with a 0.2 mm gap to get the ideal value
of 4.4 mm length (Lp) and 6.6 mm width (Wp).
The rectangular patch antenna is fed by a characteristics impedance of 50 Ω microstrip
line feeder with a total feed length of 3.3 mm and a width of 0.7 mm. The feed-line width
is constructed in three segments for input impedance matching, and the starting width
of the feeding line is 0.7 mm. Figure 5.1 shows the final model of a proposed reference
rectangular microstrip patch antenna that is ready for patch shape optimization, and
Table 5.1 summarizes the optimal dimensions of antenna parameters.

Since the aim of this research is to develop a tri-band patch antenna with enhanced

Figure 5.1: The front and perspective view of reference microstrip patch antenna on finite
ground plane

74



Table 5.1: Summary of dimensions for the referenced antenna model

Parameter substrate Patch Feed line
Length
(L)

Width
(W)

Thickness
(h)

Length
(Lp)

Width
(Wp)

Length
(Lf )

Width
(Wf )

Value (mm) 8.2 10.2 0.6 4.4 6.6 3.3 0.7

directivity, genetic algorithm optimization is applied on the patch surface in order to
create various current paths that will assist the antenna in attaining multiple resonating
mm-wave frequencies.

5.2.2 GA Optimization Setup

To perform a binary coded genetic algorithm optimization, the reference antenna’s patch
surface is partitioned into 10 x 10 uniform small rectangular cells. As indicated in Figure
5.2, each chromosome in the population is represented by 100 genes. The first generation
was twisted at random, and subsequent generations are made up of more fit individuals
depending on the cost function’s scrutiny. In order to avoid infinitesimal points contacting
each other at the corner of a cell as presented in Figure 5.2-a, overlapping was done by
shifting cell dimensions as illustrated in Figure 5.2-b. The size of a rectangular cell is
0.44 mm x 0.66 mm and the overall pattern of the gridded patch surface is presented in
Figure 5.2-c.
The main goals of this optimization are to improve the broadside directivity and achieve

the best possible reflection coefficient of the antenna at three pre-defined frequencies. As
a result, the fitness function is defined as increasing the negative sum of the reflection
coefficient S11(fi) and maximizing the directivity D(fi) over the desired frequency range,
as presented in equation (5.1).

Fitness Function =
1

N

M∑
j=1

N∑
i=1

[D(fi)−S11(fi)] (5.1)

Where
N: total number of sampling points at each band,
M: Desired number of the operating band , in this case, three
fi: the sampling frequency, the sampling period was taken as 100 MHz
D(fi): directivity of the antenna at sample frequency in dB
S11(fi): reflection coefficient at sample frequency in dB
Taking S11(fi) =-10 dB if its value is less than -10 dB avoids the narrow impedance
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(a) (b)

(c)

Figure 5.2: (a) Conventional building blocks with infinitesimal connections. (b) Proposed
overlapping outline, (c) cell distribution on the patch surface

bandwidth at the center frequency.

S11 (fi)=

{
S11 (fi) if S11 (fi)> −10 dB

−10 dB if S11 (fi)≤−10 dB
(5.2)

This dissertation focuses on the objectives of the research work vs the algorithm’s time
of convergence while setting up optimization parameters in GA. When the algorithm
utilizes a high number of generations, an extensive population, and chromosomal size,
the exploration potential of GA in the solution space rises; nevertheless, it requires more
computing time and resources. The summary of optimization parameters for this research
task is presented in Table 5.2.
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Table 5.2: Summary of genetic algorithm optimization setup

No. Optimization parameter Values Remarks
1 Number of cell/genes in a

chromosomes
100 10 X 10

2 population size 30 Individuals
3 Maximum number of gen-

erations
200

4 Crossover type Single point
5 Probability of crossover 0.7
6 Mutation Single bit
7 Mutation rate 0.2
8 Selection Type Tournament se-

lection

5.2.3 Results and Discussion

As previously highlighted, each patch geometry is represented by 100 genes, resulting in
2100= 1.27 x 1030 potential solutions according to the binary coded genetic algorithm.
Each individual candidate is modeled and simulated in HFSS with the finite element
method. The individuals are run through a fast sweep computation from 25 GHz to
50 GHz with a 100 MHz sampling frequency and the far field radiation sphere setup
of 00-3600 for both θ and ϕ components in a 100 step size. If each simulation takes 1
second to compute, the total computing time to address the whole solution space is 4.02
x 1022 years. However, thanks to the genetic algorithm, it was able to search for the
fittest individual from the solution space in 6.25 days using a Core-I7 computer with 8
GB RAM and a processor speed of 2.7 GHz.
On each iteration, the patch cell’s (gene in a chromosome) ’on’ and ’off’ states were
maintained. The algorithm evaluates the fitness function and runs its process indefinitely
until a new radiating patch model meets the termination conditions. The algorithm’s
fitness value increases dynamically until convergence is obtained at the 160th generation,
as illustrated in Figure 5.3-a. The optimization procedure is carried out until the 200th

generation in order to demonstrate the consistency of the fitness value over the next
40 generations. Finally, after 200 generations, the best-fitting individual antenna is
returned, as shown in Figure 5.3-b.

The simulated results of both the optimized and reference antennas are given and
compared after optimization is completed. Figure 5.1 shows a reference rectangular
microstrip patch antenna that was simulated and found to resonate at 28 GHz, resulting
in a single frequency resonance with a 1.7 % bandwidth, as seen in Figure 5.4. The
directivity of this antenna is 6.8 dB, which is adequate for a traditional rectangular
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(a) (b)

Figure 5.3: (a) convergence rate of genetic algorithm and (b) The best fitted individual
patch antenna structure

microstrip antenna. However, this is insufficient for mm-wave wireless communication.
Therefore, optimization was applied to hoist directivity and tri-band operation.
The simulated results depicted that the genetically engineered antenna operates at three

Figure 5.4: Simulated S11 results of both reference model and genetically optimized
antenna

distinct frequency bands: 27.8 GHz-28.3 GHz, 38.4 GHz -40.6 GHz, and 46.8 GHz -47.2
GHz, as shown in Figure 5.4. The antenna resonates at a center frequency of 28 GHz
with peak S11 value of -18.8 dB, at 40 GHz with peak S11 of -48.1 dB, and at 47 GHz with
peak S11 of -26.89 dB. When considering S11 ≤ −10dB, the bandwidth augmentation of
the antenna has been visualized when compared to the reference model and previously
stated antennas. It is delineated that the impedance bandwidth is realized 500 MHz at
28 GHz, 2.2 GHz at 40 GHz, and 400 MHz at 47 GHz. Table 5.3 shows that the proposed
antenna outperformed the reference antennas in terms of reflection coefficient across all
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operational bands. In working bands, the optimized antenna has a reflection coefficient
that is roughly 1.23 - 3.14 times lower than the reference antenna. The lesser the value
of the return loss, the better the outcome.

The input impedance should be close to 50 Ω according to the specifications of this

Table 5.3: Performance of the reference and optimized antennas

Resonating
frequency
(GHz)

S11

(dB)
Bandwidth
(MHz)

Fractional
Band-
width
(%)

Directivity
(dB)

Radiation
Efficiency
(%)

Reference
antenna

28 -15.3 480 1.7 6.8 80.8

Genetically
optimized
antenna

28
40
47

-18.8
-48.1
-26.9

500
2200
400

1.8
5.5
0.85

7.7
12.1
8.2

73.1
71.6
75.2

optimizer. The input impedance of the genetically optimized antenna is 49.69 + j11.29
Ω, 50.23 + j0.41 Ω, and 48.5- j3.85 Ω at 28 GHz, 40 GHz, and 47 GHz, respectively. This
shows how the antenna’s input impedance matching level has improved. The conven-
tional microstrip antenna in the reference model has an input impedance of 44.36-j14.29
Ω at 28 GHz resonant frequency. The antenna’s impedance matching is enhanced to this
level because the method is utilized to study a lower level of the reflection coefficient.
Furthermore, the antenna’s directivity is improved when compared to a conventional
antenna. When the maximum peak directivity larger than 10 dB is considered, it is ob-
served that the techniques presented in [129] provide a better directivity in the literature
for a single antenna, however, this paper presents 12.15 dB using genetic optimization.
As shown in Figure 5.5, which is the directivity versus frequency cut at ϕ = 900 and θ =
00, the optimized antenna has a peak broadside directivity of 7.7 dB at 28 GHz, 12.1 dB
at 40 GHz, and 8.2 dB at 47 GHz. In an mm-wave multi- functional wireless network
directivity improvement of the antenna is essential to resist the propagation attenuation
in the link. In all three operational bands, the proposed antenna produced a broadside
radiation pattern, as shown in Figure 5.6. The pattern in the figure was cut when ϕ =
900 at three distinct resonant frequencies with all theta values. As a result, the optimized
antenna has the upper hand in all three operating bands.

Figure 5.7 shows that a proposed tri-band antenna has a radiation efficiency of 62.2
% at 28 GHz, 45.1 % at 40 GHz, and 61.9 % at 47 GHz. However, radiation efficiency
can be improved by employing low-loss dielectric material [212]. For instance, radiation
efficiency is enhanced to 90.3 % at 28 GHz, 93.5 % at 40 GHz and 89.7 % at 47 GHz when
tanδ = 0.002 is considered. As a result of this, mm-wave antennas are not recommended
to use lossy substrate material, as it highly hinders their efficiency.
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Figure 5.5: Directivity in dB Versus frequency plot at ϕ=900 and θ=00

Figure 5.6: Polar plot of directivity in dB at three resonant frequencies when ϕ=900

The antenna also has a gain melioration of 5.6 dB, 8.7 dB, and 6.1 dB at 28 GHz, 40
GHz, and 47 GHz respectively. The realized gain of the genetically engineered antenna
at each resonance frequency is presented in Figure 5.8 in the polar plot. As seen from
the figure, the pattern has a comparable beam width for both ϕ = 00 and ϕ = 900. The
pattern also reveals a null propagation at θ = 1800 for the two operational bands 28
GHz and 47 GHz. However, at 40 GHz when ϕ = 900, a little back lobe appears. At
47 GHz, the antenna’s wider beam width is detectable, but the narrow beam width is
also visible at 40 GHz. From the far field radiation parameters, it can be seen that the
genetically optimized antenna significantly outperforms the reference antenna in terms of
the number of operation bands, directivity and gain.
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Figure 5.7: Optimized antenna total and radiation efficiency plot in different tangent loss.

The surface current distribution of the reference antenna and genetically engineered

(a) at 28 GHz (b) at 40 GHz (c) at 47 GHz

Figure 5.8: Polar plot of gain in dB when ϕ = 00 and ϕ = 900

antenna at the intended frequency is presented in Figure 5.9. The engineered antenna
operates in three frequency bands due to the availability of several current routes on the
optimized patch shape. As the figure depicts the current distribution of the reference
antenna at 28 GHz is greater closer to the microstrip line and patch edge. At 28 GHz,
the edge of the cells on the left side of the optimized antenna has the highest current
distribution, whereas, at 40 GHz, the edge of the cells on the right side has the highest
current distribution. The current distribution is high on the center and right cells at 47
GHz.
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(a) (b)

(c) (d)

Figure 5.9: Surface current distribution of (a) reference antenna at 28GHZ and optimized
antenna (b) at 28GHZ, (c) at 40GHz and (d) at 47GHz

5.2.4 Comparison with Related Works

The table below compares the findings of this study to those of other researchers in the
literature (Table 5.4). As indicated in the table’s remark section, these papers investi-
gated a variety of techniques to increase antenna performance, while the antenna in this
research utilizes a genetic algorithm. The proposed antenna is able to operate in three
distinct bands and is compared to multiband related works. The comparison demon-
strates that the proposed work outperforms the rest of the literature by more than 2 dB
in directivity at 40 GHz resonance frequency. The survey also reports that the maximum
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peak realized gain of a single antenna achieved by fractal shaped structure is 7.67 dB
in the microwave frequency range while the gain of the proposed antenna is higher than
nearly 1 dB in mm-wave frequency at one of the operating frequency. In addition, the
antenna has a wide bandwidth in all three working bands when compared to others. The
antenna’s performance was realized by employing a binary-coded genetic algorithm for
patch geometry optimization. To the best of my knowledge up until the completion of
this dissertation report, no research has been conducted utilizing genetic algorithms to
enhance the performance of microstrip antennas operating in the millimeter-wave fre-
quency range.

Table 5.4: performance comparison of this work with other related works

Papers Patch size
in λ2

Reson.
freq.
(GHz)

BW
(GHZ)

Gain(dB) Directi-
vity(dB)

Remark

[129] 0.48x0.48 14.66
23.25
28.9

–
–
–

5.44|max 10.0
|max

Inset feed
+ rectan-
gular slit,

[141] 1.1 x0.95 25.4
34.6
38

7.34
4.04
3.3

6.4
5.88
7.04

6.9
6.3
7.5

Semi-
circular
slot,

[130] 0.24x0.26 11.65
13.96
17

0.8
1.8
0.6

–
–
–

7.41
7.99
7.3

Slit po-
sition
optimiza-
tion

[156] 0.43x0.43 2.6
6
8.2

0.410
0.840
4.84

5.42
6.52
7.67

elliptical
shape
fractal
geometry

[213]* 1.75x1.68 42
51.5
60

5
8.4
5.5

5.8
3.9
5.3

PSO

[214] 0.53x0.57 23.9
35.5
70.9

–
–
–

4.43
3.66
5.64

–
–
–

Inset feed
Low gain
and direc-
tivity

This
work

0.41x0.61 28
40
47

1.8
5.5
0.85

5.64
8.7
6.17

7.7
12.15
8.25

Genetic al-
gorithm

* The results are based on prototype measurement
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5.3 Bandwidth Enhancement of Quad-band Antenna
It is easily observable that the dissertation has accomplished triple band operation in
the preceding portion of this chapter. Let us now extend the study challenge to quad-
band operation. As a result, it is critical to focus on antenna technology optimization
to overcome propagation obstacles and enhance the quad-functionality, bandwidth, gain,
and directivity of mm-wave antennas [131]. Low-profile quad-band antennas with high
bandwidth, gain, and efficiency, in particular, can meet the requirements of current and
next-generation wireless communication [215]. However, creating quad-band microstrip
patch antennas is a difficult undertaking.
Numerous mechanisms in advancing a patch antenna for quad-band operation are pub-
lished in the literature. Quad-band antenna for mobile communication was designed by
a combination of three-quarter wavelength monopoles antenna resonates at 0.4 GHz, 0.9
GHz, 1.6 GHz, and 2.75 GHz [216]. A compact microstrip antenna with inverted T
in combination with three L stubs resonated at 2.54/3.5/4.38/5.3 GHz quad-band fre-
quencies is reported in [217]. A quad-band circularly polarized antenna was reported by
combining ring and stubs on the patch and inserting an open-ended C-shaped gap in the
ground surface [218]. A quad-band antenna which resonates at 1.78 GHz, 3.28 GHz, 4
GHz, and 4.3 GHz was configured by using a defected ground structure (DGS) inspired
by meta-material [219]. A millimeter wave dielectric resonator antenna propagates at
quad-band (28 GHz, 34 GHz, 38 GHz, and 42 GHz) with enhanced gain was proposed
in [220]. In [221, 222], the authors introduced a four-port quad- band MIMO antenna
that resonates at mm-wave frequencies (28 GHz, 43 GHz, 52 GHz, and 57 GHz). Three
slanted strips and a square slot proximity feed were used to create a circularly polarized
multi-band microstrip antenna for 5G applications that resonate at 28 GHz, 38 GHz, 60
GHz, and 73 GHz [223] and the use of a cross slot on the patch for multi-band operation
was described in [224].
This particular study presents a quad-band patch antenna for mm-wave frequencies with
improved impedance bandwidth with adequate gain and directivity using a binary-coded
genetic algorithm. The method seeks the best-fitted antenna for diverse wireless appli-
cations based on the established anticipated operating center frequencies of 28.3 GHz,
38.1 GHz, 46.6 GHz, and 60.0 GHz. The reference and proposed antenna designs, the
optimization process and settings, and the results of the proposed antenna will all be cov-
ered in this section. The paper also compares the proposed antenna to previous similar
studies.

5.3.1 Antenna Modeling

A proposed microstrip patch antenna was designed on a 15 mm x 15 mm size RT/duriod-
5880(tm) substrate. The substrate has a 2.2 dielectric constant, 0.0009 tangent loss, and
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0.5 mm thickness. The initial dimension of the reference model was modeled based on the
transmission line as presented in chapter two. However, the antenna with the estimated
dimensions does not have sufficient antenna performance at the desired frequency bands.
Therefore, a parametric study was used to fine-tune the dimension of the radiating patch.
Accordingly, the patch’s length was varied in four stages from 7.6 to 8.2 mm, while its
width was adjusted in 0.2 mm increments from 9.2 to 9.8 mm. When the antenna
resonates around 38 GHz, the optimal length is 0.73 λ and the width is 0.9λ. A 50 Ω
microstrip feed line with dimensions of 3.4 mm x 0.9 mm is connected to the patch. The
reference antenna model and its optimal size are presented in Figure 5.10. The reference
antenna was used for patch geometry optimization with a binary-coded genetic algorithm.

(a)

(b)

Figure 5.10: Reference patch antenna model on a substrate (h=0.5 mm,ϵr =2.2, tanδ=
0.0009) (a) top view, (b) side view.

5.3.2 GA Optimization Setup

The patch surface is segmented into 6 × 6 tiny random and uniform rectangular cells
to optimize the patch shape, as illustrated in Figure 5.11. Table 5.5 organizes and
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summarizes the genetic algorithm optimization setup.
The goal of this optimization is to look into the development of a quad-band resonance

Figure 5.11: Divided patch surface in rectangular cells

Table 5.5: Optimization setup for genetic algorithm

No. Parameters Specified Values
1 population size 30
2 Genes in a chro-

mosomes
36

3 Maximum num-
ber of genera-
tions

100

4 Type of
crossover

Single-point

5 Crossover proba-
bility

0.8

6 Mutation Single-bit
7 Rate of mutation 0.01
8 Selection

method
Tournament

antenna. As a result, the fitness function is defined as increasing the negative reflection
coefficient at four demanded frequencies.

Fittness Function = − 1

N

N∑
i=1

S11(fi) (5.3)
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Where S11 (fi) is designed as.

S11 (fi) =

{
S11 (fi) if S11 (fi) ≥ −10 dB

−10 dB if S11 (fi) ≤ −10 dB
(5.4)

Where
fi: the sample frequency at each 100MHz interval
S11 (fi): the reflection coefficient of the antenna
N: number of sample frequencies in each band

5.3.3 Results and Discussion

The simulation converged after 40 iterations, as shown in Figure 5.12-a, and the iteration
continued for the next 60 generations to demonstrate the consistency of the convergence.
Finally, Figure 5.12-b depicts the most fitted individual antenna based on the algorithm.
The solution space has a capacity of 236=6.8x1010 individuals in it. If each individual
computing time is 1 second, the overall computation time taken to find the best-fitting
individual will be 2.1x103 years. However, thanks to a genetic algorithm, the best-fit
individuals are picked in only 40.3 hours only by utilizing a RAM of 8 GB, core I7, and
2.7 GHz processing speed computer.
Both the reference model and the genetically engineered antenna were simulated using
ANSYS HFSS. The reference antenna resonated at 38 GHz single frequency band and
had a covered impedance bandwidth of 1.2 GHz. The peak S11 value of the reference
model at 38 GHz is -38.4 dB, whereas the antenna’s maximum directivity is 6.1 dB.
On the other hand, the proposed genetically optimized antenna works at four distinct
frequencies: 28.3 GHz, 38.1 GHz, 46.6 GHz, and 60.0 GHz. The outcomes demonstrated
that the antenna’s bandwidth has also improved.
As shown in Figure 5.13, the antenna operates in quad-band, with a peak value of return
loss S11 = -21.4 dB at 28.3 GHz, S11 = -18.1 dB at 38.1 GHz, S11 = -13.8 dB at 46.6
GHz, and S11 = -22.1 dB at 60.0 GHz. When S11 < -10 dB is taken into account,
bandwidth improvement of the antenna in the operating bands is visible. At 28.3 GHz
center frequency, the antenna has a fractional bandwidth of 3.2 % or 0.9 GHz, 6.0 % or
2.3 GHz, 3.4 % or 1.6 GHz and 11.1 % or 6.7 GHz at 28.3, 38.1, 46.6, and 60.0 GHz,
respectively.
All operational bands (27.9 GHz-28.8 GHz, 37.1 GHz-39.4 GHz, 45.9 GHz-47.5 GHz,

and 57.8 GHz-64.5 GHz) have a voltage standing wave ratio (VSWR) of less than 2.
Figure 5.14 illustrates that the VSWR is typically less than 1.5 at most resonant fre-
quencies. According to the plot, the VSWR values at 28.3 GHz, 38.1 GHz, 46.6 GHz,
and 60 GHz are respectively 1.18, 1.28, 1.51, and 1.45. As a result, it can be shown that
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(a) (b)

Figure 5.12: a) genetically optimized proposed patch geometry, b) fitness value vs. num-
ber generation

Figure 5.13: Simulated results of S11 for genetically optimized antenna and reference
model

there is a good chance of matching or just a slight mismatch loss at the antenna’s feed
in four resonant bands.

Figure 5.15 displays the real and imaginary input impedance plot of the optimized
antenna. It demonstrates that there are only minor differences between the antenna’s
input impedance and the characteristic impedance of the transmission line. The input
impedance of the engineered patch antenna at 28.3 GHz is 44.31+j5.64, at 38.1 GHz is
44.1-j10.28, at 46.6 GHz is 65.65-j18.39, and at 60.0 GHz is 51.92+j7.95. Despite having
a low reactance value, their real impedance value is close to the characteristic impedance.
The findings indicate that the antenna and transmission line are nearly matched.
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Figure 5.14: VSWR result of genetically optimized antenna

Figure 5.15: Real and imaginary impedance plot

The directivity and gain are better than the reference model and sufficient for mm-wave
wireless applications. The antenna’s 3D gain plot at four operational frequencies is shown
in Figure 5.16. The optimized antenna demonstrates excellent performance characteris-
tics. It achieves a maximum gain of 8.6 dB at a frequency of 38.1 GHz, outperforming
the conventional microstrip antenna model. Even at 60.0 GHz, the optimized antenna
maintains a minimum gain of 6.9 dB, which is superior to the conventional model. Fur-
thermore, the proposed antenna exhibits impressive peak gains of 7.7 dB at 28.3 GHz
and 7.2 dB at 46.6 GHz.

Figure 5.17 depicts the antenna’s directivity pattern in the planes of θ= 00 and ϕ=
900, which is almost projected in a broadside orientation. Furthermore, the directivity
enhancement in all working bands was observed. At 38.1 GHz, the maximum peak
directivity of the optimized antenna is visualized as 8.8 dB at θ = 00, while at 28.3 GHz,
46.6 GHz, and 60.0 GHz, peak broadside directivity of 7.8 dB, 7.3 dB, and 7.1 dB were
observed, respectively.
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(a) (b)

(c) (d)

Figure 5.16: The 3D gain plot of the proposed antenna in dB (a) at 28.3 GHz (b) at 38.1
GHz, (c) at 46.6 GHz, (d) at 60.0 GHz.

(a) (b) (c) (d)

Figure 5.17: The 2D radiation pattern plot of the proposed antenna in dB (a) at 28.3
GHz (b) at 38.1 GHz, (c) at 46.6 GHz, (d) at 60.0 GHz.

The antenna’s total efficiency and radiation efficiency are additional crucial metrics to
describe antenna performance. Mismatch loss is not taken into consideration by radiation
efficiency; however, it is by total efficiency, which is the product of radiation efficiency
and mismatch loss. The radiation efficiency of the improved antenna is 96.3 %, 95.4 %,
97.7 %, and 94.8 %, respectively, at 28.3 GHz, 38.1 GHz, 46.6 GHz, and 60.0 GHz, as
depicted in Figure 5.18. However, the mismatch loss at resonant frequencies has little
impact on the antenna efficiency since the reflection coefficient is small relative to other
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frequencies. In light of this, the improved antenna has a total efficiency of 95.8% at 28.3
GHz, 93.8 % at 38.1 GHz, 93.4 % at 46.6 GHz, and 94.2 % at 60.0 GHz, respectively. It
is evident from these radiation properties that the genetically engineered antenna is able
to meet the needs of mm-wave wireless communication systems terminals in quad-band
applications.

Figure 5.19 depicts the surface current distributions of the entire patch antenna to

Figure 5.18: Total efficiency and radiation efficiency of the optimized antenna

further clarify the quad-band operation properties of the optimized antenna at 28.3,
38.1, 46.6, and 60.0 GHz. The graphic clearly shows that the current distributions differ
across the four bands. The majority of current distributions are located near the feed
point and the cell’s edges on the optimized patch surface.
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(a) (b)

(c) (d)

Figure 5.19: Current distribution on the surface of the optimized antenna (a) 28.3GHz
(b) 38.1GHz, (c) 46.6 GHz, (d) 60.0 GHz.

5.3.4 Comparison with Related Works

Almost all of the related works mentioned in the literature employ a complex antenna
structure to generate a quad-band. For instance, [218] and [220] are employed sophis-
ticated superstrate and slots structures for quad-band creation. In contrast, this work
employs a very simple antenna structure that is simple to model and manufacture. The
optimized antenna performance was compared with several relevant works in the litera-
ture, as shown in Table 5.6. As presented in the table, a 4x4 hexagonal patch MIMO
antenna operating in quad-band achieves a peak gain of 8.0 dB [222]. The bandwidth of
the antenna, on the other hand, receives less attention. At the same time, that antenna
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has low directivity in comparison to this study. Furthermore, using a single optimized
antenna, this study achieves a gain slightly higher than its maximum gain. A work pre-
sented in [217] achieves a peak gain of 1.98 dB in microwave frequency, but the gain is
significantly lower than that of this optimized antenna. When compared to previous rel-
evant studies, the uniqueness of this work can be seen in the improvement of bandwidth,
gain, and directivity of a single antenna with quad-band resonance frequency using a
binary-coded genetic algorithm optimization. Moreover, the antenna performance is suf-
ficient for mm-wave wireless communication

Table 5.6: Performance comparison of this work with related simulated works

Paper Patch
size
in λ2

Reson.
freq.
(GHz)

BW (GHz)
(S11≤-10
dB)

Directi
vity(dB)

Gain
(dB)

Techniques

[217] 0.2x0.25 2.54 0.24 - Max. By adding
3.51 0.28 - gain inverted L
4.38 0.2 - 1.98 and T stub
5.3 0.57 -

[220] 1.12x1.02 28 Total - 6.9 DRA with
34 around - 7.4 slotted
38 10 - 8.5 ground and
42 - 7.5 superstrate

[222] 0.93x1.68 28 0.6 - 7.3 4x4
45 2 - 7.03 hexagonal
51 1.8 - 7.2 patch
57 1.3 - 8.0 MIMO

This 0.73x0.9 28.3 0.9 7.8 7.7 Genetic
work 38.1 2.3 8.8 8.6 algorithm

46.6 1.6 7.3 7.2
60.0 6.7 7.1 6.9
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5.4 Penta-band Antenna with Bandwidth Improve-

ment for Wearable Applications

In recent years, there have been a number of investigations on wireless monitoring of
human attributes. Several services are anticipated from wearable devices addressing the
ever-growing customer requirements. Designers and researchers in the field of wearable
antennas continue exploiting antenna technology to meet client needs. Globally, extensive
research has been undertaken towards innovative and tiny wearable antennas capable of
wirelessly communicating human body parameters to a nearby accessible network. As
wearable antenna technology advances, new and diverse applications such as medical
monitoring, smart diagnosis, aging care, battle-field personal care, astronaut monitoring,
child protection, and location-based services have emerged [204]. Such devices are used
in sports medicine to track the characteristics of athletes in training. Wearable antennas
are often employed in hazardous areas to manage the work environment [225]. The wear-
able antenna in a well-designed system has appropriate operating bandwidth, acceptable
radiation characteristics for human tissue, and high enough gain and directivity to suit
the requirements [226]. The antenna, on the other hand, must be light, flexible, compact
in size, inexpensive, resistant to damage, and comfortable to wear. Microstrip antennas
are an attractive option for mm-wave multi-band wearable antennas [227]. Even though
the microstrip antenna has low gain and narrow bandwidth with some other deficiencies
in its performance, the antenna is advantageous over other antennas due to its low profile,
easy manufacturing, and planar structure.
The dynamic development of wireless communication derives coexisted multiple stan-
dards that increase the demand for multi-functional antennas. Refereeing to Chapter
One, mm-wave bands are part of the radio frequency spectrum between 30 and 300
GHz, corresponding to a free space wavelength ranging from 10 to 1 mm. Because of
the plenty of bandwidth available at mm-wave frequency, numerous applications such as
wireless networks, mobile communication, and internet of things, wireless human moni-
toring systems, and machine-to-machine communications will be facilitated and become
more prevalent in the band for the next-generation technologies [228]. In the case of
human monitoring systems, networks in the band are critical because they allow data
transmission over small ranges of cellular systems. As the photon energy is insufficient to
take an electron from an atom at the mm-wave spectrum, the radiation from this band
is not ionized. Instead, the absorption of electromagnetic mm-wave energy by tissues
results in the primary physiologic consequence of heat [229]. Thus, antennas in mm-wave
for a body-centric network should be optimized according to the rules and guidelines of
specific absorption rate to protect the human tissue from injuries.
This section of the chapter presents a wearable penta-band mm-wave microstrip antenna
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using a binary-coded genetic algorithm for the wireless human monitoring system. For
operational reasons, antennas of this type should use fabric substrates for easy integration
with clothes [230]. Simultaneously, the bandwidth of such an antenna should be as broad
as possible to allow for abundant data transfer in the link in all operating bands. The
research will discuss the optimized antenna in free space simulation by varieties of the
fabric substrate, on body simulation with different distances from the human phantom
model.

5.4.1 Antenna Modeling

An appropriate wearable antenna design should be considered to minimize losses in wear-
able scenarios. The geometric configuration of the reference rectangular microstrip an-
tenna suitable for GA optimization is illustrated in Figure 5.20. The antenna’s radiating
patch and ground plane are composed of a 0.035 mm thick perfect electric conductor
(PEC). A 0.6 mm thick fabric Polytetrafluoroethylene (PTFE) substrate with a dielectric
constant of 2.05 and loss tangent of 0.0017 is employed. It is advantageous to minimize
the surface wave losses by utilizing a substrate with a low dielectric constant, which si-
multaneously enhances impedance bandwidth [50]. The overall dimension of the textile
substrate is 18 x 18 x 0.6 mm3. The antenna radiating patch is 10.8 mm x 14.6 mm in
size and is fed by a 50 Ω microstrip line that is 3.6 mm long and 0.9 mm wide. Besides
the standard procedures used to calculate these dimensions presented in chapter two,
the parametric analysis was utilized to articulate the patch dimensions in the interest of
appropriate reference antenna performance at 39.5 GHz center frequency. The antenna
was modeled and simulated using HFSS software. The dimensions of the reference model
are summarized in Table 5.7.

Table 5.7: Summary of the size of reference antenna

Antenna compo-
nent

Parameter Substrate Radiating
Patch

Feed
Line

Width
(mm)

18 14.6 0.9

Length
(mm)

18 10.8 3.6

Thickness
(mm)

0.6 0.035 0.035

Material
type

PTFE PEC PCE
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Figure 5.20: Proposed reference microstrip antenna model on finite ground plane

5.4.2 GA Optimization Setup

In this research, GA optimization is used to optimize the patch geometry. In the pro-
posed solution space, the radiating patch geometry has a variety of shapes, and only a
few of these configurations perform well. The GA is greedy since it continually seeks
the best-fitting individual to ensure the continuation of the generation. In this opti-
mization problem, the surface of the patch is gridded into 8 x 8 small rectangular cells
having the size of 1.3 x 1.82 mm2, as shown in Figure 5.21. When using a binary-coded
genetic algorithm, it is evident that 264 unique candidates are available in the solution
space. Every rectangular cell on the surface has its corresponding conducting and non-
conducting properties. During the "on" and "off" stages of the cell, vertical overlapping
was employed to protect the infinitesimal connection between cells on the patch surface as
presented in chapter three. The geometry of the patch surface is varied in each iteration,
resulting in a new antenna with a new fitness value for each. Therefore, the performance
of the antenna is updated.
The crucial role in the GA optimization process is the formulation of a good fitness func-

tion while considering the desired performance criteria. This work formulated the fitness
function considering all the performance factors and their target values. The primary goal
is to develop a penta-band mm-wave microstrip antenna that can operate at five unique
frequencies with broad bandwidth for wearable devices. As a result, the fitness function
is designed to minimize the reflection coefficient and increase the antenna’s working
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Figure 5.21: Division of patch surface for binary-coded genetic algorithm

bandwidth. The fitness function, as depicted in Equation 5.5, is formulated by summing
the total operating bandwidth within the available frequency range and minimizing the
reflection coefficient within each individual band. This fitness function is designed to
optimize the antenna’s performance by simultaneously enhancing the bandwidth and
reducing the reflection coefficient across multiple frequency bands. By combining these
two objectives, the fitness function ensures that the antenna operates effectively over
a wide range of frequencies while minimizing signal reflections and maximizing signal
transmission efficiency. To expedite the computation process, an upper bound of 8 GHz
is imposed on the maximum bandwidth allowed for a single band. This limitation helps
reduce the computational time required for optimization. Weighting coefficients (Ck)
are also utilized to eliminate any overlaps or interference between the operating bands
of the antenna. These coefficients are determined by dividing the band of interest by
the upper bound of the bandwidth. The resulting value of the weighting coefficient
ensures that each band is appropriately prioritized and contributes to the overall opti-
mization process. By computing and assigning an appropriate weighting coefficient for
each band, the optimization algorithm can effectively balance the performance across
different frequency bands: 27.5-28.5 GHz, 31.0-31.5 GHz, 38.5-40.5 GHz, 46.5-48.0 GHz,
and 54.0-62.0 GHz, mitigating overlaps and achieving desired performance characteristics.
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Fittness function =
M∑
k=1

(
CkBw (k)− 1

N

N∑
i=1

ρ(fi)

)
(5.5)

Bw(k) =

{
Bw(k) if Bw ≤ 8 GHz

8 GHz if Bw > 8 GHz
(5.6)

ρ (fi) =

{
ρ (fi) if ρ ≥ −10 dB

−10 dB if ρ ≤ −10 dB
(5.7)

Where N is the number of sampling frequencies in a given band and M is the number of
the operating band. The sampling frequency (fi) is in the 50 MHz used with the analysis
sweep and ρ(fi) is the reflection coefficient value in dB at each sampling frequency. Ck

assigns the kth bandwidth weighting factor, and Bw(k) is bandwidth at the kth band in
GHz.
The patch surface of the reference model is optimized using the following algorithm
configurations. The total number of population clusters in a particular generation is 15
individuals. In a population, a single chromosome is represented by 64 genes. Single-
point crossover with a probability of 0.8 and single-bit mutation with a mutation rate
of 0.01 were used. Throughout 250 generations, the selection operator employed the
tournament selection approach.

5.4.3 Results and Discussion

The optimization and simulation of the proposed penta-band antenna were carried out
using commercially available electromagnetic simulation software HFSS in combination
with MATLAB. The geometry of the shape was optimized by providing ‘on’ and ‘off’
states for the rectangular cells on the patch surface until the final structure was obtained
using a binary-coded genetic algorithm. The total computing performance of the multi-
iterative optimization approach is influenced by the time required for electromagnetic
simulation. GA returns the best out of 264 = 1.84 x1019 solution space in 4.3 days at
the 250 generations using core I7, 8 GB RAM, and 2.7 GHz processor speed, as shown
in Figure 5.22-a. If we think a second for each aspirant solution, the computation time
would be 5.85 x 1011 years. Hence, GA started to converge after 103 generations, as
shown in Figure 5.22-b.

Free Space Simulation

The optimized antenna with a fabric PTFE substrate was simulated in free space. The
simulated S11 curve for both the reference and optimized antennas is presented in Figure
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(a) (b)

Figure 5.22: (a) The fitted genetically optimized patch geometry (b) Fitness value versus
number of generation

5.23. The figure demonstrated that the reference model resonated only at a single fre-
quency of 39.5 GHz, with a minimum peak S11 value of -20.6 dB. Whereas, the optimized
antenna resonates at five distinct bands with center frequencies of 27.7 GHz, 30.3 GHz,
40.0 GHz, 47.2 GHz, and 56.7 GHz and peaks S11 values of -34.5 dB, -20.1 dB, -35.2 dB,
-22.4 dB, and -25.8 dB, respectively. The VSWR was determined to be less than 2 for all
five operational bands, indicating that the proposed antenna was well matched to a 50 Ω

microstrip line that transmits the maximum power between the feed line and antenna.
The bandwidth of the reference model is 0.9 GHz since it operates in the range of (39.0-
39.9 GHz) when considering S11 < -10 dB is considered. However, the optimized antenna
achieved a better bandwidth in all five operating bands: 0.69 GHz (27.43 - 28.12 GHz),
2.32 GHz (28.94 - 31.26 GHz), 2.22 GHz (39.27 - 41.49 GHz), 1.76 GHz (46.44 - 48.2
GHz), and 8.11 GHz (53.83 - 61.94 GHz). These bandwidth improvements were made by
employing genetic algorithm optimization.
The 3D gain pattern of the optimized antenna at all five resonant frequencies is presented

in Figure 5.24. The antenna has achieved gain values of 10.2 dB, 8.4 dB, 7.7 dB, 9.5 dB,
and 8.4 dB at resonating frequencies of 27.7 GHz, 30.3 GHz, 40.0 GHz, 47.2 GHz, and
56.7 GHz, respectively. As seen from the 3D pattern, they are almost in the broadside
direction with slight distortions in higher frequency bands.
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Figure 5.23: S11 curve for the genetically optimized antenna and the reference antenna

(a) (b) (c)

(d) (e)

Figure 5.24: The 3D gain of the optimized antenna at all five resonance frequencies (a)
27.2 GHz, (b) 30.3 GHz, (c) 40.0 GHz, (d) 47.2 GHz, and (e) 56.7 GHz

Simulation with Different Substrate

For further analysis and investigation of the improved antenna’s performance, the free
space simulation was carried out by substituting the PTFE substrate with various textiles.
Polyester, silk, jeans, and cotton fabrics were used as substrates with dimensions similar
to PTFE. The dielectric constant and tangent loss parameters of fabric substrates are
described in Table 5.8. Figure 5.25 displays the simulation result of their S11 values. The
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results indicate that the optimized antenna operates in five frequency bands for all fabric
substrates. When the dielectric constant decreases, the resonant frequency slightly shifts
towards a higher frequency, and the total operating bandwidth of the antenna increases.
The cotton-based optimized antenna has a bandwidth of 3 GHz more than the PTFE
antenna. Polyester substrate performs closely to the initial PTFE optimized antenna due
to the closer dielectric constants. According to simulation results, all of the evaluated
substrates exhibited a gain of higher than 8 dB in each band. Table 5.9 summarizes the
free space performance study of the improved antenna with various fabric substrates and
the performance of the reference model.

Table 5.8: The dielectric constant and the loss tangent value of the selected fabric sub-
strates

No. Textile
material

Dielectric
constant

Loss
Tangent

1 Cotton 1.6 0.04
2 Polyester 1.9 0.0045
4 Jeans 1.67 0.073
5 Silk 1.75 0.012
6 PTFE 2.05 0.0017

Figure 5.25: S11 result of the genetically optimized antenna with various fabric substrates
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Table 5.9: performance of the optimized antennas

Substrate
type

Resonance
Frequency
(GHz)

S11 Peak
directivity

Peak
gain

Bandwidth
(GHz)

PTFE 27.8
30.3
40.1
47.2
56.7

-34.5
-20.1
-35.2
-22.4
-25.8

10.3
8.5
7.8
9.6
8.9

10.2
8.4
7.7
9.5
8.4

0.69
2.32
2.22
1.76
8.11

Silk 29.1
31.9
41.5
48.9
58.2

-18.1
-16.6
-16.9
-14.5
-38.6

9.5
9.6
8.9
8.4
8.3

9.3
9.3
8.7
8.2
8.1

0.75
2.72
2.35
2.01
9.23

Polyester 28.8
30.8
39.6
47.1
57.9

-17.8
-17.1
-23.6
-16.7
-32.2

8.8
8.7
7.8
8.9
8.8

8.7
8.4
7.5
8.7
8.1

0.68
2.3
2.12
1.89
8.74

Jeans 29.7
32.2
41.3
49.0
59.5

-15.2
-16.7
-15.4
-13.2
-38.6

9.3
9.4
7.7
9.0
8.7

8.9
9.0
7.4
8.9
8.3

1.06
3.02
2.16
2.02
9.78

Cotton 30.1
32.6
41.6
49.5
59.6

-17.3
-16.6
-15.2
-13.7
-34.8

9.6
8.9
9.5
8.1
8.8

9.1
8.6
9.3
7.8
8.4

0.99
2.76
2.22
2.35
9.82

Figure 5.26 (a-e) and Figure 5.27 (a-e) depict the optimized antenna’s gain pattern in E
and H planes with various fabric substrates, respectively. The gain patterns of the E and
H planes exhibit only slight differences. The patterns guided in the broadside direction
show a significant distortion at a few angles, particularly at higher frequencies.
Figure 5.28 (a-e) showcases the surface current distributions at resonance frequencies,
emphasizing the electromagnetic radiation properties of the optimized antenna within its
operating bands. Notably, when the proposed antenna operates at resonance frequencies,
significant surface current density is observed at the junction of the feed line and patch,
as well as the corner points of each slot. This indicates high energy distribution and
strong radiation from these specific points. Additionally, there is a moderate current
distribution over the surface of each active rectangular cell, which contributes slightly to
the far-field radiation properties.

102



(a) (b) (c)

(d) (e)

Figure 5.26: 2D gain pattern in E-plane of the optimized antenna in various fabric sub-
strate

(a) (b) (c)

(d) (e)

Figure 5.27: 2D gain pattern in H-plane of the optimized antenna in various fabric
substrate
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(a) (b) (c)

(d) (e)

Figure 5.28: Current distribution on the patch surface of the optimized antenna with
PTFE substrate at different resonance frequencies

On-body Simulation

In the case of wearable contrivances, the antenna should be simulated conjointly with
the proximity of the human body model. The human body model should be discretized
into small resolutions during the joint simulation. The computational time and memory
requirement are high when the model’s size is much larger than that of the operating
wavelength. As mm-wave signals cannot penetrate human skin more than 0.5 mm,
most research studies employ a three-layer phantom representation [231, 232]. The het-
erogeneous and lossy nature of the human body has a direct influence on the antenna
performance when it works nearby.
A three-layered phantom that consists of muscle, fat, and skin is designed in HFSS, as
shown in Figure 5.29-a. At 40 GHz, the average permittivity and conductivity of these
layers are specified for muscle (ϵr=52.79; tanδ =1.705), fat (ϵr=5.28; tanδ =0.1) and skin
(ϵr=31.29; tanδ =5.0138) [233]. In this model, the thickness of muscle, fat, and skin lay-
ers are 5mm, 3 mm, and 2 mm, respectively. The proposed optimized wearable antenna
is fixed on a 20 x 20 x 10 mm flat body phantom to study its radiation characteristics in
three proximity levels to the human body. The antenna was positioned at three different
distances from the phantom to analyze the antenna performance in wearable scenarios.
Starting from 2 mm, the antenna gradually moved away to 10 mm from the phantom.
Figure 5.29-b shows the antenna’s position at variable proximity from the model.
Figure 5.30 shows the S11 performance curves of the optimized PTFE substrate antenna

corresponding to various proximity placements from the human body model. When the
antenna is placed 2 mm, 5 mm, and 10 mm away from the phantom, the center frequency
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(a) (b)

Figure 5.29: (a) Human body model and its dimensions [229] (b) placement of the opti-
mized antenna in variable proximity(S)

Figure 5.30: S11 performance of the optimized antenna at various proximity from the
human model

shifts toward lower, as shown in the graph. At the same time, the antenna resonates at
five distinct frequencies in each level of proximity. The shifting was not noticeable when
the antenna was close to free space at 10 mm proximity. The bandwidth of the optimized
antenna was highly affected at 2 mm placement, resulting in about 10.9 GHz over all
penta-band operations, which is 28 % lower than the free space bandwidth coverage.
The gain and radiation efficiency were adversely affected when the antenna operated close
to the human body model. When the gap between the antenna and the phantom model
gradually increases, radiation efficiency and gain also increase. At a distance of 2 mm, the
minimum gain value was observed, which is 4.7 dB. The maximum gain in the on-body
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simulation was 8.4 dB at 10 mm proximity. However, this value was substantially lower
when compared to the free space findings due to the lossy nature of human tissues. Table
5.10 summarizes the results of the on-body simulation of the optimized antenna with a
PTFE substrate. The gain pattern of the antenna in the E-plane and H-plane for various
distances are shown in Figure 5.31 and Figure 5.32, respectively. The radiation patterns
don’t change much with multiple antenna placements except for power level variations.

Table 5.10: On-body simulation performance of the optimized antenna at various dis-
tances from the body model

Placement Resonance
Frequency
(GHz)

Bandwidth
(GHz)

Gain
(dB)

Directivity
(dB)

On-body
2 mm

26.1
29.4
38.9
46.6
56.4

0.4
0.8
2.9
1.4
5.4

5.1
5.2
4.8
4.7
5.8

7.4
7.6
6.3
6.5
8.1

On-body
5 mm

26.9
28.7
39.2
46.5
55.9

0.4
1.7
1.3
1.1
7

5.8
5.7
5.2
6.0
6.2

7.3
7.1
6.4
8.2
7.8

On-body
10 mm

27.3
29.1
39.7
46.8
56.2

0.4
1.9
1.6
1.3
7.6

6.7
7.2
6.1
8.4
7.5

8.0
8.4
6.8
8.9
8.8

Free space 27.8
30.3
40.1
47.2
56.7

0.69
2.32
2.22
1.76
8.11

10.2
8.4
7.7
9.5
8.4

10.3
8.5
7.8
9.6
8.9

5.4.4 Comparison with Related Works

Table 5.11 summarizes the results of genetically improved antennas and some other sim-
ilar research studies. The originality of this work has been recognized in terms of its
pentaband operation and other performance metrics. For example, in reference [230] a
wearable UWB antenna for mm-wave devices was proposed. The antenna was only capa-
ble of operating in a single band with a bandwidth of 12.1 GHz. However, this genetically
modified wearable antenna can operate in five frequency bands with a total bandwidth
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(a) (b) (c)

(d) (e)

Figure 5.31: On-body H-plane 2D gain pattern of in various distances from human body
model

(a) (b) (c)

1em
(d) (e)

Figure 5.32: On-body H-plane 2D gain pattern of in various distances from human body
model
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of 15.1 GHz. Nevertheless, the proposed antenna has a maximum gain of 10.2, which
indicates its superiority. Aside from the fact that the improved antenna utilizes a flexible
textile-based substrate, it also outperforms related works in both free space and on-body
simulations, making the optimized antenna a strong choice for wearable devices.

Table 5.11: Performance comparison of this work with similar works in the literature

Papers Size of
the
patch

Resonance
Frequency
(GHz)

Bandwidth
(GHz)

Gain(dB)
Free
space

Optimizing
Method

Material

[230] 53.6x46 2.403 0.17 5.94 Parametric Jeans
[228]* 11x6.5 60 12.1 8.62 Parametric FR4-

epoxy
[225] 40x34 2.4 0.6 3.8 U shape

slites
Cotton

[226] 43.2x43.2 5.2
5.8

0.36
0.15

8.0
8.2

Metasurface
based

RO4003

[227] * 50mm
diame-
ter

1.8
2.5
3.6
5.8

-
-
-
-

2.5
6
2.6
5.9

Pareto–
Estra algo-
rithm

DuPont
Pyralux

This
work

14.6x10.8 27.8
30.3
40.1
47.2
56.7

0.69
2.32
2.22
1.76
8.11

10.2
8.4
7.7
9.5
8.4

Genetic
algorithm

PTFE

* Results are based on prototype measurement

5.5 Chapter Summary

This chapter contains a compilation of completed works based on the dissertation’s core
objectives: which are multi-band, bandwidth, and directivity improvement. The com-
putations and simulations were done using a combination of MATLAB and HFSS. The
optimization procedure and the comparison of results with relevant previous studies were
discussed. The algorithm has demonstrated the capacity of increasing a single antenna
to function in several bands, as presented in tri-band, quad-band, and penta-band mi-
crostrip antennas.
The proposed tri-band antenna operates at 27.8-28.3 GHz, 38.4-40.6 GHz, and 46.8-47.2
GHz with peak directivity of 7.7 dB, 12.1 dB, and 8.2 dB at the center frequency, re-
spectively. In optimization of a quad-band microstrip antenna for mm-wave wireless
communication, the proposed antenna resonates at four distinct bands: 27.9 GHz–28.8
GHz, 37.1 GHz–39.4 GHz, 45.9 GHz–47.5 GHz, and 57.8 GHz–64.5 GHz. In all the
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operating bands, a genetically optimized microstrip antenna performs admirably. The
penta-band antenna work aimed to optimize and analyze a novel mm-wave textile-based
antenna for wearable applications. A binary-coded genetic algorithm was utilized to op-
timize the reference patch geometry targeted to enhance the multi-band operation and
widen the bandwidth. The improved antenna was simulated in free space and at various
distances from a phantom human body model. In free space simulation, the antenna
operates in five bands: 27.43-28.12 GHz, 28.94-31.26 GHz, 39.27-41.49 GHz, 46.44-48.2
GHz, and 53.83-61.94 GHz a total bandwidth of 15.11 GHz. The broadside directivity
was 10.3, 8.5, 7.8, 9.6, and 8.9 dB in the respective bands. The gain was highly affected
when the antenna was close to the human body model compared to free space findings.
In addition, the antenna was tested on various flexible textile substrates such as cotton,
jeans, silk, and polyester. The result shows that the antenna has adequate bandwidth
coverage in all five distinct bands with sufficient gain.
In a nutshell, genetic algorithms were applied for the optimization of a multi-band mi-
crostrip antenna to maximize directivity and minimize return losses at desired frequencies
by avoiding complicated feeding systems and losses caused by the antenna array.
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Chapter 6

Conclusion and Recommendation for
Future work

6.1 Conclusions

The need for high directive, broadband, multi-band microstrip antennas to accommodate
the exponential increase in mm-wave wireless communication at a small size, affordable
price, and acceptable performance served as the driving force behind the research detailed
in this dissertation. The primary focus of this dissertation is the synthesis, optimization,
and analysis of multi-band, high directive, and broadband microstrip patch geometry
structures for mm-wave wireless communications applications.
The dissertation starts by outlining the reader via motivational points and research prob-
lems surrounding the mm-wave antenna. The research then provided a comprehensive
review of the low-profile, low-cost, simply integrated, and well-built microstrip antenna.
The antenna is investigated from various perspectives, including performance indica-
tors, design principles, analytical approaches, and performance improvement strategies.
Numerous optimization strategies and methods for increasing performance have been re-
ported. Furthermore, the dissertation focuses on how to use a binary-coded representation
in genetic algorithm optimization approaches. It describes phases of a genetic algorithm
and optimization processes for microstrip antennas, as well as HFSS and MATLAB in-
terface.
The proposed optimization algorithm has proven to be a feasible method for reducing
design time while merely boosting the provided performance parameter of a microstrip
antenna. The convergence of the optimization technique records a better understanding
of the influence of the microstrip patch antenna design variables by providing an eval-
uation of the performance impact compared to candidate variables. As a result, many
multi-band microstrip patch antennas with varying performance are synthesized using
the optimization technique, and parametric analysis is carried out to ensure the optimal
design of the reference antenna from a single element. In this dissertation, six distinct
multi-band antenna designs are synthesized with bandwidth and directivity improvement.
Throughout the study time, the author’s original work included a full set of binary-coded
genetic algorithm optimization algorithms suited for improving microstrip patch antennas
modeled in the HFSS simulation software. Using a combination of MATLAB and HFSS,
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the algorithm can create and evaluate advanced microstrip patch antenna configurations.
The binary-coded genetic algorithm optimizer was successful in driving microstrip anten-
nas to resonate at the desired frequencies while also enhancing operating bandwidths and
directivities. Different binary-coded GA runs revealed that the patch surface division size
of the antenna, position of conducting and non-conducting cells on the patch surface, and
dimensions of cells in the radiating element all play an important role in determining the
microstrip patch antenna performance. The binary-coded GA optimizer exhibited signif-
icant advantages in quickly assessing whether the provided parameters are suitable for
optimization and what is possible with antenna configurations. The optimizer liberates
researchers from the time-consuming and unpredictable trials of manual optimization,
allowing them to be faster, more inventive, and more efficient when optimizing antennas
for future mm-wave wireless communications.
The dissertation proposes and investigates three dual-band microstrip antennas with di-
verse patch geometry layouts for mm-wave wireless applications. The GA optimizer was
developed to generate a high-directional dual-band patch antenna element from a range of
cell shapes, including rectangular and circular cells. The circular cells model resulted in a
high-directivity antenna with a directivity of 8.6 dB and 10.9 dB at resonance frequencies
of 28.0 GHz and 31.1 GHz, respectively. The proposed antenna, which was designed by
small rectangle cells, achieved 8.6 dB and 9.0 dB at their respective center frequencies
of 28.0 GHz and 46.6 GHz. Patch geometry optimization is heavily influenced by the
distribution of genes used to represent an individual. There is also a research task to es-
tablishing a dual-band microstrip antenna with bandwidth improvement. It was achieved
by optimizing a 0.73 x 0.86 λ2 patch antenna. The overall operational bandwidth is 4.9
GHz across both working bands (38.5 GHz - 40.1 GHz and 49.0 GHz - 52.3 GHz), with
adequate additional performance. To summarize, a binary-coded genetic algorithm was
effectively applied to increase the directivity and bandwidth of a dual-band mm-wave
microstrip patch antenna.
An extension of optimization was conducted for a tri-band mm-wave rectangular mi-
crostrip patch antenna using a binary-coded genetic algorithm with the added quality
of a high directive investigation. In the finding, a genetically engineered antenna was
achieved with a triple band operation at working bands of 27.8-28.3 GHz, 38.4-40.6 GHz,
and 46.8-47.2 GHz. The tri-band antenna operates at the center frequency of 28 GHz, 40
GHz, and 47 GHz with peak directivity of 7.7 dB, 12.15 dB, and 8.25 dB, respectively.
The corresponding total efficiencies of a proposed antenna were 61.2 % at 28 GHz, 44.5
% at 40 GHz, and 59.3 % at 47 GHz. However, the efficiencies of the antenna can be
enhanced by employing a low-loss tangent substrate. The study also reveals that a lossy
substrate isn’t recommended for mm-wave antennas. Another study in the dissertation
was conducted by employing GA with a small number of genes and forcing them to
resonate at quad-band using a simplified fitness function and low processing time. The
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quad-band microstrip antenna was developed via 36 genes in 40.3 hours over 100 gener-
ations. The quad-band antenna could work at four distinct frequencies: 27.9 GHz-28.8
GHz, 37.1 GHz-39.4 GHz, 45.9 GHz-47.5 GHz, and 57.8 GHz-64.5 GHz. It has a maxi-
mum total bandwidth of 11.5 GHz with broadside directivity of 7.8 dB, 8.8 dB, 7.3 dB,
and 7.1 dB at resonance frequencies of 28.3GHz, 38.1GHz, 46.6GHz, and 60.0GHz. The
proposed antennas have adequate bandwidth, gain, and radiation patterns. As a result,
the improved antennas are a viable option for wireless mm-wave applications.
This dissertation described a novel genetically generated penta-band mm-wave microstrip
antenna configuration with increased bandwidth. The synthesized antenna is particularly
optimized for mm-wave wearable wireless applications. The radiating patch was 10.8 mm
long by 14.6 mm wide and placed on a PTFE flexible fabric substrate. The study was car-
ried out in both free space and on-body simulation. In free space simulation, the antenna
operates in five bands: 27.43-28.12 GHz, 28.94-31.26 GHz, 39.27-41.49 GHz, 46.44-48.2
GHz, and 53.83-61.94 GHz. At five resonance center frequencies of 27.8 GHz, 30.3 GHz,
40.1 GHz, 47.2 GHz, and 56.7 GHz, the optimized antenna attained peak broadside di-
rectivity of 10.3, 8.5, 7.8, 9.6, and 8.9 dB, respectively. It implies that the optimized
antenna achieves the bandwidth augmentation objective besides the penta-band operat-
ing stipulation on the fabric substrate with acceptable directivity.
The study was expanded to evaluate the enhanced antenna performance in other flexible
fabric substrates such as cotton, silk, polyester, and jeans. The results reveal that the
optimized antenna resonated in five distinct frequency bands across all textiles, notwith-
standing a little shift caused by the dielectric properties of other fabrics compared to
the PTFE substrate. The optimized antenna has enough bandwidth coverage and good
directivity in all working bands. The on-body simulation was also performed to assess
the modified antenna’s performance. It was accomplished by building a human phan-
tom model with three distinct layers: skin, fat, and muscle, each with thicknesses of 2
mm, 3 mm, and 5 mm. The simulation was carried out at various distances from the
phantom model. The finding indicated that the human body’s lossy nature drastically
impacted the performance of wearable antennas when simulated close to the phantom
model against free space simulation. In general, the optimized antenna is suitable for
wireless penta-band mm-wave wearable device
Finally, the dissertation investigated the different structures of microstrip antennas by
employing a binary-coded genetic algorithm that can be most appropriate for mm-wave
wireless communication. It is believed that this research is vital and can assist researchers,
antenna designers, and engineers to easily synthesize, optimize, analyze, and design mi-
crostrip antennas for mm-wave wireless communication. In summary, a binary-coded
genetic algorithm was applied to improve the performance of the microstrip antenna in
terms of its multi-band properties for multi-functionality, bandwidth improvement, and
high directivity from a single antenna element. The algorithm greedily searches for the
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best-fitted individual antenna based on the designed cost function, which will minimize
the design complexity and losses caused by different structures added to enhance the
performance of the microstrip antenna.

6.2 Challenges and Limitations

The study of practical wireless system design and measurement at mm-wave frequencies
is still in its infancy. The AAiT laboratory does not have the RF testing equipment
for mm-wave wireless systems, such as a Vector Network Analyzer (VNA), connectors,
adapters, cables, an echo chamber, etc. Even yet, this dissertation has only offered
simulation findings since laboratory materials are both too expensive and unavailable.
Even in the country, there is no opportunity for the prototype fabrication and testing
of the optimized antenna. This issue has prevented testing and actual measurements at
mm-wave frequencies from validating improved antennas and their uses for the current
study.

6.3 Recommendation for Future Work

For future work, the investigation and conclusions acquired in this thesis may be separated
into two sections. Some work remains to be done in phase one to improve the optimization
effectiveness and efficiency of the established genetic algorithm. In phase two, various
potential future research pathways for improving the performance of microstrip antennas
in the mm-wave frequency range and beyond will be investigated

6.3.1 Increasing Efficiency and Effectiveness of GA

Despite the fact that the suggested binary-coded genetic algorithm optimization strategy
is insufficient to deal with the increasing complexity of antenna challenges, it remains a
promising tool that might be improved in the future by upgrading the methodology to
fit more demanding applications. Many of the expansions and adjustments published in
the literature may be used for this optimization approach to strengthen its resilience and
ability to optimize more complicated antenna designs and challenges, such as multi-band,
high directive, and broadband antennas. As a result, the following ideas and concepts
may be used to explain future work on the proposed algorithm:

Parallel genetic algorithm:

The concept of parallel GA has been proposed in the literature that using multiple pop-
ulations increases the quality of genetic algorithm findings and reduces computational
time when compared to results generated using a single population genetic algorithm. A
parallel genetic algorithm model divides the population into several sub-populations that
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are assigned to different processors. A typical basic genetic algorithm is applied individu-
ally to each processor’s subgroup. Individuals periodically move among sub-populations
to exchange between the group. However, the concept of parallel GA hasn’t been im-
plemented yet, particularly in antenna optimization. Hence, the future studies of this
dissertation will include multiple parallel populations processed at a time to increase the
qualities and search accuracy, and to decrease the processing time of genetic algorithm
in optimization microstrip antenna.

Multi-objective GA:

In complicated problems, it isn’t possible to include many objective functions into a single
cost function. So it is demanded to use multi-objective optimization instead of the usual
single-objective cost function. In the context of antenna refinement, multiple objectives
may be incorporated in terms of improving multi-band, gain, bandwidth, radiation effi-
ciency, antenna size, input impedance, and directivity. Rather than addressing antenna
problems separately using single objective methods as usual, it is preferable to improve
the notion of GA through multi-objective optimization in order to tackle more antenna
problems at once in the future.
Incorporating other feasible approaches to the binary-coded genetic algorithm may be
improved further to minimize computing time and boost searching speed. To solve in-
creasingly complex issues rapidly and with greater computational efficiency, the ideas of
multi-objective genetic algorithm and parallel genetic algorithm were created. Future
work will concentrate on the high-level genetic algorithm-based optimizations required to
handle increasingly complicated problems with varying objective costs utilizing compu-
tationally efficient machines.

6.3.2 Further Improving Performance of mm-wave antenna

The mm-wave antennas examined throughout this research have been made using the mi-
crostrip patch antenna technique with a finite metallic ground plane. Even though mm-
wave wireless communication uses microstrip antennas because of their many benefits,
these technologies still need to be improved in terms of gain and directivity, bandwidth,
and multiband operation in various techniques. Alternative concepts outside genetic al-
gorithms or approaches in combination can be taken into consideration as future work to
minimize the complexity and size of the antenna without suffering a penalty for decreas-
ing bandwidth and directivity. Beyond what this dissertation has accomplished, future
studies need to focus on expanding the number of operational bands beyond penta-band
with outstanding performance and improving the directivity and bandwidth of microstrip
antennas.
Future research will need to focus on improving antenna performance by combining ge-
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netic algorithms with other performance-improving techniques, such as changing the
ground plane with electromagnetic bandgap (EBG) structures, applying the idea of a
high impedance surface with a photonic band gap (PBG), or using metamaterial struc-
tures, which are periodic structures that may stop electromagnetic waves from traveling
in specific directions and frequency ranges. A great contender for creating low-profile,
high-efficiency antennas is the high-impedance surface because it aids in suppressing sur-
face waves on the ground plane of the antennas. This results in high radiation efficiency
with minimal backward radiation.
As an outstanding contender for next-generation communication, terahertz frequencies
could be included in our future study. In order to further increase microstrip antenna per-
formance in the terahertz region, particularly for multi-band behavior, terahertz antenna
difficulties, and performance improvement strategies could be studied during a future
phase of research.
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