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ABSTRACT

This study presents the development of a wearable leather graphene antenna aimed at
advanced communication applications. With the rising demand for sustainable energy
solutions, there is a growing interest in harvesting ambient electromagnetic energy using
antennas. This research tackles the challenge of designing a high-performance antenna
optimized for a specific frequency spectrum, targeting enhancements in self-sustaining
wireless sensor networks and low-power electronic devices. The research employed a
thorough design and analysis methodology, utilizing CST Microwave Studio for antenna
design. This electromagnetic simulation tool enabled the optimization of antenna geometry
to achieve the desired bandwidth and high efficiency. Following the simulation, various
antenna designs were fabricated and subjected to empirical testing. Key performance
parameters, including return loss and efficiency, were rigorously measured. The optimized
antenna design demonstrated a return loss below -10 dB across the frequency range of 7 GHz
to 8 GHz, confirming its effectiveness in targeted communication applications. This
significant development contributes to the energy harvesting field by introducing a viable
antenna design capable of operating within a specified frequency range. The successful
implementation underscores the potential for practical applications in remote sensing,
medical implants, and the Internet of Things (IoT). Future research should focus on further
enhancing the antenna's performance and exploring scalable manufacturing techniques to

facilitate widespread adoption.



ABSTRAK

Kajian ini membentangkan pembangunan antena graphene kulit boleh pakai yang ditujukan
untuk aplikasi komunikasi maju. Dengan peningkatan permintaan untuk penyelesaian tenaga
lestari, terdapat minat yang semakin meningkat dalam menuai tenaga elektromagnetik
ambien menggunakan antena. Penyelidikan ini menangani cabaran dalam merancang antena
berprestasi tinggi yang dioptimumkan untuk spektrum frekuensi tertentu, bertujuan untuk
meningkatkan rangkaian sensor tanpa wayar yang berdikari dan peranti elektronik berkuasa
rendah. Penyelidikan ini menggunakan metodologi reka bentuk dan analisis yang teliti,
dengan menggunakan CST Microwave Studio untuk reka bentuk antena. Alat simulasi
elektromagnetik ini membolehkan pengoptimuman geometri antena untuk mencapai lebar
jalur yang diingini dan kecekapan tinggi. Setelah simulasi, pelbagai reka bentuk antena telah
dibina dan diuji secara empirikal. Parameter prestasi utama, termasuk kehilangan pulangan
dan kecekapan, diukur dengan teliti. Reka bentuk antena yang dioptimumkan menunjukkan
kehilangan pulangan di bawah -10 dB dalam julat frekuensi 7 GHz hingga 8 GHz,
mengesahkan keberkesanannya dalam aplikasi komunikasi yang disasarkan. Pembangunan
penting ini memberi sumbangan kepada bidang menuai tenaga dengan memperkenalkan
reka bentuk antena yang boleh beroperasi dalam julat frekuensi yang ditetapkan.
Pelaksanaan yang berjaya ini menekankan potensi untuk aplikasi praktikal dalam penderiaan
jauh, implan perubatan, dan Internet Perkara (10T). Penyelidikan masa depan perlu memberi
tumpuan kepada peningkatan prestasi antena dan meneroka teknik pembuatan berskala

untuk memudahkan penerimaan secara meluas.
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CHAPTER 1

INTRODUCTION

1.1 Background

The idea of using antennas for advanced communication applications has
significantly evolved, with a focus on the development of wearable leather graphene
antennas. Since the 1960s, research on antennas has shifted towards improving performance
and efficiency, alongside reducing their physical size and cost. These antennas aim to
address communication challenges by capturing specific ranges of electromagnetic waves
for use in low-power electronic devices [1].

Mobile technology, in the form of low-frequency radio devices, has evolved in
recent years, enabling the development of wearable antennas in sensors, which will play a
key role in the future of digital healthcare. Wearable antennas, which can be printed with
ease, provide a practical solution to energy harvesting at scale. This advancement has
enabled sustainable and efficient energy harvesting for portable and wearable electronic
devices.

Wearable antennas have a broad range of applications, including use in cell phones,
portable devices, medical technologies, military, and defense. Antennas are expected to
become even more efficient and scalable due to continued research and development, which
will enhance their viability as power sources for low-power electronic devices. By
developing and analyzing a unique wearable leather graphene antenna for effective

communication applications, this work aims to contribute to these advancements.



1.2 Addressing Global Issues

The research on the development of wearable leather graphene antennas for
advanced communication applications addresses a range of global challenges. One primary
concern is the need for environmentally sound communication solutions. Wearable leather
graphene antennas offer a sustainable approach by enabling efficient data transmission and
reception, thereby reducing reliance on traditional communication infrastructures and
promoting an eco-friendly approach to connectivity. These antennas effectively support low-
power electronic devices, reducing energy consumption and waste, aligning with global
efforts to minimize energy usage.

Another advantage of wearable leather graphene antennas is their environmentally
friendly operation, as they generate no emissions. This makes them a valuable tool in
addressing the climate crisis by advocating for sustainable communication solutions.
Furthermore, these antennas enable efficient data transmission across specific frequency
ranges with minimal energy loss, which enhances global connectivity. This capability is
particularly beneficial for linking medical, emergency, and police services in remote areas,
improving communication and coordination.

Importantly, the development of wearable leather graphene antennas also enhances
communication security by providing a reliable and sustainable communication source,
reducing dependence on external infrastructures, and increasing the resilience of
communication systems. These antennas can be manufactured using inexpensive materials
and methods, making them accessible and adaptable for a wide range of applications. Their
scalability ensures they are suitable for various uses, from small wearable devices to

communication systems in targeted applications.



Consequently, advancements in wearable leather graphene antenna technology have
spurred innovations in communication and wireless connectivity, driving progress in related

technological fields while supporting global sustainable development.

1.3 Problem Statement

The widespread adoption of wearable devices has fueled the demand for wireless,
battery-independent wearable electronics. Developing antennas for wearables presents
several challenges, including the need for flexibility, lightweight design, low cost, low power
consumption, and high efficiency. This project aims to address these challenges by designing
a wearable leather graphene antenna tailored for advanced communication applications. The
antenna must effectively capture electromagnetic waves from the surrounding environment
to supply small electronic devices.

Material selection is critical in antenna design, with conventional materials such as
copper presenting limitations in terms of flexibility, cost, and durability. Hence, alternative
materials such as graphene nanomaterials will be explored for their potential to enhance
flexibility, resistance to degradation, and overall performance.

The integration of conductive nanomaterials into flexible substrates, particularly
leather, poses a significant challenge. This study will investigate the feasibility of
incorporating graphene-based conductive layers onto leather surfaces using silk printing
techniques, with a focus on achieving uniformity and effectiveness in RF signal capture.
Additionally, the impact of different materials, such as copper and graphene, on electrical
conductivity and antenna performance will be assessed.

Furthermore, current circuit designs for power conversion may not be optimized for
future applications, necessitating the exploration of new materials, such as graphene, for

integration with the antenna to improve wireless communication efficiency. The project will



involve the design and simulation of the antenna using computational tools like CST.
Fabrication will utilize flexible and lightweight materials such as leather and drill fabric,
alongside copper and FR4 for comparison purposes. Experimental characterization will
assess the antenna's performance, aiming for high efficiency and suitability for integration

into wearable electronics.

1.4 Project Objective

The main focus of this study is to develop and optimize an antenna system using the
wearable leather graphene type for advanced communication applications. In detail, the
project's objectives are as follows:

a) To design an efficient wearable leather graphene antenna at the right
frequencies so that the RF signals coming from the surroundings can be
effectively used for communication purposes.

b) To optimize the performance of the wearable leather graphene antenna by
exploring various design parameters, including antenna geometry, material
selection, and integration strategies for efficient signal capture.

c) To fabricate wearable leather graphene antennas based on the optimized

design parameters derived from simulation and experimental findings.



1.5

Scope of Project

The scope of this project are as follows:

a)

b)

d)

Design and optimization of an antenna capable of capturing electromagnetic
signals from ambient RF sources within a specific frequency spectrum, with a
primary focus on frequencies ranging from 7 to 8 GHz.

Utilization of graphene nanomaterials as conductive patches and flexible
substrates such as leather to ensure lightweight and flexibility characteristics.
Alternatively, the use of copper patches and FR4 substrates for comparative
analysis in the second antenna design. Fabrication of antenna prototypes based
on the optimized design parameters derived from simulation and experimental
findings.

Employing Computer Simulation Technology (CST) Studio Suite software for
the design and optimization of antennas, ensuring broad bandwidth and high
efficiency.

Conducting empirical testing to characterize the performance of the fabricated
antenna prototypes. Optimization of efficiency and power consumption through
iterative testing and refinement of design parameters. Integration of the antenna
with small wearable electronic devices to demonstrate wireless power transfer
capabilities.

Investigating potential applications of the developed antenna technology in
various fields, including healthcare, sports, and military applications. Addressing
the demand for battery-free, flexible, and lightweight power sources in these
application areas. Contributing to the reduction of environmental waste

associated with disposable batteries by promoting sustainable solutions.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In recent years, the development of wearable leather graphene antennas for
advanced communication applications has gained significant attention. These antennas,
integrated with cutting-edge materials like leather and graphene, offer promising solutions
for wearable communication systems [18]. By combining the flexibility of leather with the
conductivity of graphene, these antennas are poised to enhance wireless communication
performance in diverse environments [4]. This shift towards wearable antennas presents a
unique opportunity to improve data transmission, support high-speed wireless
communication, and enable new applications in fields such as healthcare, military, and the
Internet of Things (loT) [2].

The literature on the design and optimization of wearable antennas for advanced
communication applications is extensive, addressing various aspects such as antenna
materials, size reduction, and propagation analysis. A comprehensive review of existing
research provides valuable insights into the challenges, advancements, and potential

applications of wearable antenna technology, especially in flexible communication systems.



2.2 Understanding Global/Current Issue

This section explores how projects centered on the development of wearable leather
graphene antennas contribute to advancing communication technology and addressing
global challenges. Research into wearable antennas for advanced communication
applications has demonstrated their potential to enhance wireless connectivity and improve
the efficiency of wearable devices [3]. By integrating flexible materials such as leather and
graphene, these antennas provide reliable, high-speed data transmission, offering an
appealing solution for supporting wearable technology in healthcare, military, and loT

sectors.
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Figure 2.1: Wearable devices for medical monitoring.

The development of wearable antennas for communication purposes addresses
several global concerns, including the need for reliable connectivity in remote or
underdeveloped areas, the rise of the Internet of Things (IoT), and the increasing demand for
personal health monitoring systems [11]. These antennas offer a path forward by integrating
seamlessly into wearable devices, ensuring high performance in environments where
traditional communication infrastructure may not be viable. This capability is especially

critical in addressing global health crises, such as telemedicine for underserved populations,



where communication technology is crucial for delivering care and monitoring patients
remotely [12].

Moreover, wearable leather graphene antennas can also play a role in reducing the
environmental impact of traditional communication networks. As global demand for data
and connectivity continues to grow, there is an increased need for more efficient
communication systems that do not require extensive infrastructure or large amounts of
energy [13]. These antennas can contribute to this by offering low-power solutions that
reduce the strain on current energy resources while supporting high-speed data transfer,
reducing reliance on traditional, energy-intensive communication infrastructure [14].

The integration of flexible materials such as graphene and leather in wearable
antennas also opens up opportunities for sustainable technology, offering solutions that are
both environmentally friendly and highly effective in terms of performance. These materials
allow antennas to be seamlessly incorporated into wearable devices, making them
comfortable and convenient while enhancing their efficiency and functionality [15].

Understanding the current and global issues related to communication technology,
such as access to reliable networks, sustainability concerns, and the need for efficient data
transfer, is critical for addressing future challenges. Wearable leather graphene antennas
provide valuable insights into how communication technologies can evolve to meet these
needs, offering scalable and adaptable solutions for a range of applications. Researchers and
engineers are playing a vital role in advancing these technologies to not only solve current
problems but also to build a more connected, sustainable, and resilient global communication

network [19].



2.3 Wearable Antenna

Wearable antennas are specialized antennas designed to be integrated into clothing
and accessories, enabling wireless communication for wearable devices [20]. These antennas
are essential components in the burgeoning field of wearable technology, which
encompasses a range of applications from health monitoring systems and fitness trackers to
smartwatches and various other personal devices. The primary characteristic of wearable
antennas is their flexibility and conformability, which allow them to adapt to the contours of
the human body [21]. This flexibility ensures that the antennas remain comfortable and
functional when embedded in fabrics or attached directly to the skin. Additionally, these
antennas are designed to be lightweight and have a low profile, making them unobtrusive

and comfortable for everyday wear [22].

Figure 2.2: Example of wearable antenna.

The design of wearable antennas involves careful consideration of several factors.
Material selection is crucial, with common choices including conductive textiles, flexible
polymers, and thin metallic films [19]. Conductive threads can be woven or embroidered
into fabrics to create the antenna structure [23]. The frequency range is another important
aspect, as wearable antennas need to operate over specific bands depending on their

application, such as Bluetooth, Wi-Fi, cellular networks, and medical frequency bands [24].



Furthermore, the radiation pattern of the antenna must be optimized for reliable
communication, considering the proximity to the human body, which can affect performance
[25]. Integration methods vary, including embedding antennas into fabrics, attaching them
using adhesives or snap-on mechanisms, and incorporating them into accessories like

wristbands or belts.

2.4 Antenna Design Materials

Designing a wearable leather graphene antenna for advanced communication
applications necessitates the use of materials that exhibit high electrical conductivity,
flexibility, and lightweight properties. Traditional conductive materials, such as copper,
often lack the necessary flexibility, which limits the antenna's ability to conform to various
shapes and applications, particularly for wearable devices. To address this limitation,
researchers have turned their attention to innovative materials like graphene, a two-
dimensional carbon allotrope known for its exceptional electrical and mechanical properties
[26].

Graphene stands out as an ideal candidate for the main conductive material in
wearable antenna designs due to its superior electrical conductivity and inherent flexibility.
These properties make graphene well-suited for the development of antennas that need to
efficiently capture ambient RF energy within a specific frequency range, from 7 GHz to 8
GHz. By utilizing graphene, the performance of the antenna can be significantly enhanced,
enabling more efficient energy harvesting and better integration into various applications,
including wearable electronics [27].

To produce flexible and efficient wearable antennas, researchers propose printing
graphene onto suitable substrate materials, such as specific types of leather or flexible

polymers [28]. This approach not only leverages graphene's conductive properties but also

10



ensures that the antenna maintains the necessary flexibility and lightweight characteristics
essential for wearable applications. The combination of graphene with advanced substrate
materials facilitates the creation of antennas that can seamlessly integrate with the human
body or other flexible surfaces, enhancing the practicality and usability of energy harvesting
devices [29].

The following section delves deeper into the properties and advantages of graphene
as a conductive material for wearable antennas, highlighting its role in advancing the field
of electromagnetic energy harvesting and its potential impact on the development of

sustainable and efficient power solutions.

2.4.1  Overview of Graphine

Graphene is a nanomaterial that consists mostly of two-dimensional (2D) carbon
sheets of varying sizes, layered structures, thicknesses, and chemical modifications to their
surface areas [30]. The properties of graphene nanomaterial include excellent thermal and
chemical stability, strong mechanical strength, outstanding optical behavior, and a large
surface area. These properties make graphene and related materials attractive prospects for
a variety of high-tech applications, including energy storage materials, photonics, composite
materials, as well as biomedical applications, specifically in tissue engineering, biosensors,

and cell imaging [31].

11
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Figure 2.3: Various methods to create or obtain graphene from graphite
crystals or molecules.

2.4.1.1 Properties of Graphene

Among the diverse properties of graphene, the ones that stand out most are its high
thermal and electrical conductivity, elasticity, toughness, lightness, and resistance. These
characteristics offer significant potential for innovation across various sectors and represent
a true revolution. Graphene's high electrical conductivity could extend the useful life of
batteries by a factor of ten and enable faster charging times, translating into improved
autonomy [32]. It is only a matter of time before graphene replaces a large portion of the
lithium batteries currently in use. This property is particularly advantageous for energy
storage applications, such as supercapacitors and batteries, where efficiency and capacity are
critical. Graphene's lightness makes it suitable for manufacturing batteries for drones,
making them lighter and more durable. Energy storage components are among the heaviest
in technology, and reducing their weight with graphene could significantly enhance drone
performance, addressing one of the major limitations of current drone technology by

minimizing the weight of the energy storage systems.
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OF GRAPHENE-BASED NANOMATERIALS
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Figure 2.4: Simplifications of the characteristics and properties of graphene.

Graphene is a transparent material that absorbs only about 2% of light [33].
Combined with its flexibility, this makes it ideal for manufacturing flexible screens for
various devices. Graphene can be folded like cling film, reducing the likelihood of breakage.
This property could revolutionize the production of cellphones, televisions, vehicles, and
other devices that require durable, flexible screens. In addition to being an excellent electric
conductor, graphene is incredibly resistant [34]. This characteristic promises significant
advancements in the lighting sector, such as the development of graphene light bulbs that
could enhance the lifespan of each bulb and consume less energy than the current LED lights.
Its resistance also means it can withstand physical stress and environmental conditions better
than many existing materials.

Graphene's high thermal conductivity makes it an excellent material for applications
requiring efficient heat dissipation, particularly in electronics where managing heat is crucial
for maintaining performance and longevity. Its elasticity and toughness allow it to withstand
significant deformation without breaking, making it beneficial in applications requiring
mechanical flexibility and strength, such as wearable technology and advanced composites.
Overall, graphene's unique combination of properties positions it as a transformative
material with the potential to impact numerous industries, from electronics and energy

storage to transportation and consumer goods. Ongoing research and development into
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graphene continue to reveal new possibilities, ensuring its role as a key material in future

technological advancements.

2.4.1.2 Application of Graphene

Graphene's high elasticity and mechanical strength provide it with a wide range of
applications, from electronics to energy storage. The market for nanomaterial products is
expanding due to graphene’s unique properties, such as its virtual transparency, which makes
it ideal for touch screens, and its high conductivity, which is beneficial for supercapacitors.
Numerous products have been improved by graphene, and new discoveries continue to
present graphene as a superior alternative to many current materials [35].

Graphene's small size allows for multiple uses in electronics, potentially
outperforming current silicon-based products. The semimetal material has an electron
mobility of 200,000 cm?*/'V-s, which is six times higher than copper, potentially increasing
microprocessor speeds beyond 30 PHz. Its high intrinsic mobility at room temperature

enables greater switching speeds in electronics.

Figure 2.5: Graphene ink.



Graphene is also playing an increasing role in energy storage. Supercapacitors,
which can store 10 to 100 times more energy and release it quickly, are often costly.
However, graphene's cost efficiency and exploitable properties make it a promising
component in energy storage systems. It can charge and discharge energy much more quickly
and potentially store more energy than lithium-ion batteries. VVarious methods are used to
produce graphene oxide, which is applied in supercapacitors, including the Modified
Hummer’s Method (H method) and the Staudenmaier Method (S method).

Batteries are enhanced by graphene due to its lightweight nature and high-capacity
energy storage ability. Graphene adds conductivity and has a higher surface area with better
chemical tolerance and energy density compared to other batteries. In lithium-ion battery
anodes, graphene improves durability and charge capacity, enabling faster, easier, and
reversible insertion and extraction of Li+ ions. The ability to shorten charging times and
sustain high-capacity energy storage positions graphene as one of the most miraculous
materials known.

Graphene's characteristics make it one of the most promising materials of this
century. Companies and university research laboratories have invested significant time and
resources into making this material more adaptable for everyday use, from electrical devices
to batteries, contact lenses to structural support for preserving antiquities. The continued
cycles of research and discovery into graphene, in both theoretical and practical domains,
remain strong. There is little doubt that this wonder material will be integral to many future

scientific and societal advancements.

2.4.1.3 Advantages of Graphene

Graphene offers a multitude of significant advantages across various industries. Its

remarkable properties, such as being the thinnest and strongest material known, consisting
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of a single layer of carbon atoms while remaining pliable and transparent, make it highly
versatile. Graphene's superb conductivity of heat and electricity enables the production of
high-speed electronic devices, driving technological advancements. Additionally, it serves
as a crucial component in chemical sensors capable of detecting explosives and membranes
for more efficient gas separation through nano-scale pores. Graphene-based transistors
operate at higher frequencies than conventional ones, further enhancing electronic
performance.

Furthermore, graphene's utilization has led to lower production costs of display
screens in mobile devices by replacing indium-based electrodes in OLEDs, resulting in
reduced power consumption. Its application extends to lithium-ion batteries, enabling faster
recharge rates by utilizing graphene on the anode surface. Graphene also plays a vital role
in storing hydrogen for fuel cell-powered cars and facilitating low-cost water desalination
through graphene with nano-sized holes for ion removal. Additionally, graphene-based
condoms offer increased sensation and enhanced thinness compared to latex condoms,
showcasing its potential for various consumer applications. Overall, graphene's myriad
advantages underscore its significance in driving innovation and addressing challenges

across multiple sectors.

2.4.1.4 Graphene Printed on Fabric

Graphene printed on fabric is an exciting development in wearable technology and
smart textiles. This involves applying a thin layer of graphene, a super-strong and highly
conductive material, onto fabrics. Common methods for this include inkjet printing, which
allows for precise patterns, screen printing for larger areas, and transfer printing for high-
quality coatings. These graphene-coated fabrics have excellent electrical and thermal

conductivity, mechanical strength, flexibility, and are lightweight [36]. This makes them
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perfect for various uses, such as in wearable electronics, where they can create flexible

circuits integrated into clothing for health monitoring and fitness tracking.

Figure 2.6: Example of graphene based antenna.

2.5 Leather

In the context of designing wearable leather graphene antennas, the choice of
substrate material plays a crucial role in determining the performance and practicality of the
antenna design. In this project, leather is proposed as a potential substrate material for
wearable antenna designs. Leather, known for its durability and resilience, offers several
characteristics that make it well-suited for this application. Its natural strength and robustness
ensure that the antenna remains durable even in challenging environmental conditions,

making it suitable for long-term use across various settings.
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Figure 2.7: Sample of the proposed leather substrate.

Moreover, leather exhibits a distinct texture and aesthetic appeal, adding a
sophisticated and timeless element to the antenna design. This characteristic is particularly
desirable for wearable applications, where merging technology with fashion is increasingly
valued. By utilizing leather as the substrate, the antenna can seamlessly blend into clothing
and accessories, enhancing its usability and visual appeal.

Additionally, leather provides excellent flexibility, allowing the antenna to conform
to different shapes and contours of the body. This flexibility is essential for wearable
applications, ensuring comfort and unrestricted movement. The lightweight nature of leather
further enhances its suitability for wearable antenna designs, ensuring that the device
remains comfortable to wear for extended periods without being obtrusive.

Furthermore, leather is available in a variety of colors and finishes, offering
designers abundant options for customization and personalization. This versatility enables
the creation of antennas that not only perform optimally but also complement the wearer's
style and preferences.

Overall, the use of leather as a substrate for wearable leather graphene antennas
presents a compelling alternative to traditional materials. Its durability, flexibility, aesthetic
appeal, and customization options make it a promising choice for enhancing the performance

and usability of wearable energy harvesting devices. Further exploration and
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experimentation with leather as a substrate hold potential for driving innovation in the field

of communication applications.

2.6 Antenna

Antennas are essential components in modern communication systems, serving as
the interface between radio waves propagating through space and electrical signals in a
circuit. They are used to transmit and receive electromagnetic waves, enabling wireless
communication over various distances. Antennas come in various shapes and sizes, each
designed for specific frequencies and applications.

The basic principle behind an antenna is the conversion of electrical power into
electromagnetic waves and vice versa. When used for transmission, an antenna takes an
electrical signal from a transmitter, converts it into an electromagnetic wave, and radiates it
into the surrounding environment. Conversely, when used for reception, an antenna captures
electromagnetic waves from the environment and converts them back into electrical signals

that can be processed by a receiver.
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Figure 2.8: Working principle of antenna.

Antennas can be broadly classified into two types: omnidirectional and directional.
Omnidirectional antennas radiate and receive signals equally in all directions, making them
suitable for applications where the direction of the signal source varies. Examples include

whip antennas used in mobile phones and Wi-Fi routers. Directional antennas, on the other
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hand, focus the signal in a specific direction, providing higher gain and longer range.
Examples include parabolic dish antennas used in satellite communications and Yagi-Uda
antennas used in television reception.

The performance of an antenna is characterized by several key parameters, including
gain, directivity, radiation pattern, bandwidth, and efficiency. Gain measures how well an
antenna directs the signal in a particular direction compared to an isotropic radiator.
Directivity indicates the ability of the antenna to focus energy in a specific direction. The
radiation pattern describes how the signal strength varies with direction. Bandwidth defines
the range of frequencies over which the antenna operates effectively. Efficiency measures

how much of the input power is successfully radiated as electromagnetic waves.

2.6.1  Microstrip Antenna

A microstrip antenna, often referred to as a microstrip patch antenna, is a type of
antenna with a single-layer design that typically consists of four main components: the patch,
the ground plane, the substrate, and the feeding part. It is classified as a single-element
resonant antenna, meaning that once the operating frequency is determined, characteristics

such as the radiation pattern and input impedance are fixed.
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Figure 2.9: Microstrip antenna.

The radiating element of the antenna, known as the patch, is a very thin metal strip

or an array of strips. This patch is typically made of a thin layer of copper plated with a
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corrosion-resistant metal like gold, tin, or nickel. The patch is located on one side of a non-
conducting substrate, while the ground plane, made of the same metal as the patch, is located
on the other side of the substrate. The thickness of the patch is much smaller than the free-
space wavelength (Ao) of the operating frequency.

The substrate layer, which has a thickness typically ranging from 0.01 to 0.05 of the
free-space wavelength, serves to provide mechanical support and appropriate spacing
between the patch and the ground plane. High dielectric-constant materials are often used to
reduce the size of the patch. It is crucial for the substrate material to have a low insertion
loss, with a loss tangent of less than 0.005. In this context, materials like Arlon AD 410 with
a dielectric constant of 4.1 and a tangent loss of 0.003 are commonly used.

Substrate materials can be categorized based on their relative dielectric constant (er)
into three main groups:

1. Materials with er in the range of 1.0-2.0, such as air, polystyrene foam, or dielectric
honeycomb.
2. Materials with er in the range of 2.0-4.0, primarily fiberglass-reinforced Teflon.

3. Materials with er between 4 and 10, including ceramic, quartz, or alumina.

Microstrip antennas offer several advantages, including their small size, low profile,
and lightweight nature, which makes them conformable to both planar and non-planar
surfaces. They require minimal volume when mounted and are simple and inexpensive to
manufacture using modern printed-circuit technology. However, they also have some
disadvantages, such as low efficiency, narrow bandwidth (typically less than 5%), and low
RF power handling capacity due to the small separation between the radiating patch and the

ground plane, making them unsuitable for high-power applications.
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2.6.2  Types of Patch Antenna

Microstrip patch antennas come in various shapes, each designed to achieve specific
characteristics suited to particular applications. The most common shapes for millimeter
wave frequencies are rectangular, square, and circular patches. The rectangular patch is the
most used due to its simplicity in design and ease of analysis, offering a good balance
between performance and ease of fabrication. The square patch, essentially a rectangular
patch with equal length and width, shares similar advantages but with symmetrical
properties, making it easier to design for certain applications. The circular patch is favored
for its rotational symmetry, maintaining consistent performance regardless of the antenna'’s
orientation, and is useful in applications requiring circular polarization or where the
antenna'’s orientation may change.

Triangular patches are used when a smaller size is desired compared to rectangular
or circular patches, often in compact and integrated systems where space is at a premium.
The elliptical patch provides a compromise between rectangular and circular patches,
offering better bandwidth and efficiency in certain applications while maintaining a
relatively simple design. Ring-shaped patches, designed to achieve specific resonant
frequencies, can provide multiple frequency bands, useful in applications requiring multi-
band performance. More complex shapes, like hexagonal or fractal patches, are designed for

specific performance characteristics, such as wider bandwidth or multi-frequency operation.
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Figure 2.10: Common shapes of patch antennas.

The choice of substrate material is crucial in the design of microstrip patch antennas,
considering factors such as temperature, humidity, and other environmental conditions to
ensure reliable performance. The thickness of the substrate (h) significantly affects the
resonant frequency (fr) and bandwidth (BW) of the antenna. Increasing substrate thickness
can enhance the bandwidth, but there are limits; beyond a certain point, the antenna may
cease to resonate properly. Therefore, the careful selection of shape and substrate parameters

Is essential to optimize the antenna's performance for specific applications.

2.6.3  Feeding Methods

Feeding methods for microstrip antennas are crucial for determining their
performance and efficiency. The most popular methods include microstrip line, coaxial
probe, proximity coupling, and aperture coupling. The microstrip line method uses a
conducting strip directly connected to the patch's edge, making it simple to design and
fabricate, though it may cause spurious radiation and limit bandwidth. The coaxial probe
method connects a coaxial cable to the patch, offering good impedance matching and

reduced spurious radiation, but it can be challenging to fabricate, especially for thin
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substrates. Proximity coupling places the microstrip line close to the patch without direct
contact, providing high bandwidth and reduced spurious radiation, though it requires precise
alignment and is complex to design. Aperture coupling uses a slot in the ground plane to
couple energy from the feed line to the patch, improving performance and bandwidth while
reducing spurious radiation, but it involves more complex fabrication due to additional
layers.

Feeding the antenna from the other side of the substrate or from the side of the
element is straightforward because the antenna radiates from one side. The key factor in
choosing a feeding method is maximizing power transfer by matching the feed line with the
antenna's input impedance. Poor feeding methods can significantly reduce the total
efficiency of the antenna, even if the design has good characteristics and high efficiency.
Thus, careful consideration of the feeding method is essential for ensuring optimal

performance and efficiency in microstrip antenna designs.
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Figure 2.11: Type of feeding methods.
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2.7  Antenna Properties

Antennas, used in communication applications, possess several key properties that
are essential for their function. Here are some important properties of antennas:

1. Antenna Efficiency: The efficiency of the antenna is a critical factor in ensuring
reliable communication. In wearable leather graphene antennas, this efficiency
allows for optimal signal reception and transmission within a specific frequency
range, which is essential for maintaining high-quality, high-speed data transfer in
communication systems. Efficient antenna design ensures minimal signal loss and

maximizes the range and clarity of communication.

2. Bandwidth: The bandwidth of an antenna is particularly important as it determines
the range of frequencies over which the antenna can operate. Wearable leather
graphene antennas are designed to capture and transmit signals within a targeted
frequency range, enabling high-speed data transmission and reducing interference.
This targeted bandwidth is particularly valuable for wearable devices, where
communication channels may be required to support diverse applications (e.g., health

data monitoring, GPS, and real-time communication).

3. Matching Impedance: In wearable communication devices, impedance matching is
crucial to ensure the antenna works efficiently with the rest of the system. Proper
impedance matching minimizes signal reflection and loss, ensuring maximum data
throughput and efficient communication between the antenna and the device it is
integrated with. This is essential for maintaining high performance and reliability in

wearable systems that rely on constant connectivity.
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4. Miniaturization and Flexibility: In many applications, especially wearable devices,
antennas need to be compact, lightweight, and flexible to conform to the shape of the
device or the human body. Miniaturization and flexibility enable seamless integration

into various wearable and portable electronics.

5. Durability and Reliability: Antennas should be designed to withstand environmental
factors such as temperature variations, humidity, and mechanical stress. Ensuring
durability and reliability is essential for the long-term performance of antennas in

real-world applications.

6. Cost-effectiveness: Cost is a crucial consideration in the commercial viability of
wearable communication devices. Designing antennas using cost-effective materials
and fabrication techniques helps make them more accessible and commercially

viable.
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2.8 Previous Recent Project

The field of electromagnetic communication using antennas has seen significant advancements over the past few decades, driven by the

growing demand for efficient and high-performance wireless systems. Previous research has extensively explored the design and optimization of

antennas, particularly focusing on their application in enhancing data transfer and wireless connectivity. This section reviews notable previous

works in the development of wearable leather graphene antennas for communication applications, highlighting key innovations and findings that

have contributed to the current state of the technology.

Table 2.1: Related previous projects.

Author (Year) Research Paper Antenna Design Frequency/Band Materials Type of Cloth Limitations
Algadami et al. Flexible Dual-band, Ultra-wideband Polymer Flexible Limited to head
(2020) electromagnetic | flexible wideband imaging

cap for head Antenna array applications,
imaging based on polymer may not be
technology suitable for

other body parts
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Abdi et al. (2020) | Electrically Small Spiral planar Ultra-wideband Not specified Not specified May have
Spiral PIFA for | inverted-F antenna limitations in
Deep Implantable (PIFA) deep
Devices implantable
devices
Kanagasabai et al. Miniaturized Circularly Ultra-wideband Not specified Not specified May have
(2022) circularly polarized UWB limited
polarized UWB antenna bandwidth and
antenna for body- efficiency
centric compared to
communication non-circularly
polarized
antennas
Vatti et al. (2021) | Gain enhancement Hexagonal Ultra-wideband Not specified Textile May have
by utilizing reflector based limited
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hexagonal
reflector based
optimized textile

antenna

optimized textile

antenna

application due
to specific
design

requirements

Simorangkir et al.

(2018)

UWB wearable
antenna with a full
ground plane
based on PDMS-
embedded

conductive fabric

Wearable UWB
antenna with
PDMS-embedded

conductive fabric

Ultra-wideband

PDMS,

conductive fabric

Wearable

289 may not be
suitable for all

applications

Li et al. (2018)

A reconfigurable

triple notch band

antenna integrated
with defected

microstrip

Reconfigurable
triple notch band

antenna

Ultra-wideband

Not specified

Not specified

May have
limited
bandwidth and
efficiency

compared to
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structure band-

stop filter for

non-

reconfigurable

ultra-wideband antennas
cognitive radio
applications
Wang et al. Flexible UWB Flexible UWB Ultra-wideband Polyimide Flexible Limited by
(2019) antenna fabricated | antenna fabricated substrate
on polyimide on polyimide material and
substrate by substrate fabrication

surface
modification and
in situ self-
metallization

technique

technique, may
not be suitable
for all

applications
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Mustagim et al. Ultra-wideband Ultra-wideband Ultra-wideband Not specified Not specified May have
(2019) antenna for antenna limited
wearable Internet bandwidth and
of Things devices efficiency
and wireless body compared to
area network non-ultra-
applications wideband
antennas
S. N. Mahmood, | Full ground ultra- | Rectenna with full Ultra-wideband Not specified Textile Limited to
A. J. Ishak, T. wideband ground plane and breast cancer
Saeidi et al. wearable textile textile substrate and WBAN
(2021) antenna for breast applications,
cancer and potential
wireless body area performance

degradation due

31




network

to bending or

applications deformation
Du, C., Yang, Z., A compact Coplanar Ultra-wideband Not specified Flexible Focus on the
& Zhipeng, Z. S. coplanar waveguide-fed antenna design
(2022) waveguide-fed slot antenna with

band-notched
four-port flexible
ultra-wide band-
multi-input-multi-
output slot
antenna for
wireless body area
network and
Internet of Things

applications

band-notched

characteristics

rather than

rectenna per se
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Soerbakti, Y., Improvement of Microstrip Ultra-wideband DNG Not specified Focus may be
Syahputra, R. F., low-profile antenna with metamaterial more on
Gamal, M. D. H., | microstrip antenna | hexagonal-shaped antenna
Irawan, D., Putra, | performance by SRR structure enhancement
E. H., & Darwis, | hexagonal-shaped than rectenna

R. S. (2022) SRR structure specifics
with DNG
metamaterial

characteristic as

UWB application
Zou, Q., & Jiang, A compact Compact flexible Ultra-wideband Not specified Flexible May not delve

S. (2021) flexible fractal fractal UWB deeply into

ultra-wideband antenna rectenna design

antenna with band

or material

specifics
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notch

characteristic

Limited

Chakraborty, S.,
Dutta, S.,
Mukhopadhyay,

A., etal. (2020)

Cavity-Backed
SIW Antenna
With X Shaped
Slot for Satellite
Communication

Frequency Band

Cavity-backed

SIW antenna with

X-shaped slot

Satellite
communication

frequency band

Not specified

Not specified

Not specified

adaptability to
different

frequencies

Limited

Lu, C., etal.

(2019)

"Design and
Optimization of a
Miniaturized
Ultra-Wideband
Rectenna for

Energy

Miniaturized

rectenna

3.1-10.6 GHz

Silicon, Copper

efficiency due

to small size
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Harvesting

Applications™

Kim, J., et al. "Flexible Ultra- Flexible rectenna 3.1-10.6 GHz Graphene, Silver Textile Limited power
(2020) Wideband generation in

Rectenna for low RF
Ambient RF environments

Energy
Harvesting"
Wu, Y., etal. "A Compact Compact rectenna 3.1-10.6 GHz Aluminum, Fabric Limited
(2021) Ultra-Wideband Polyimide bandwidth due

Rectenna for to compact

design

Wireless Power
Transfer and
Energy

Harvesting"
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Zhang, S., et al. "Design of a High-efficiency 3-10GHz Silicon, Not specified Limited
(2018) High-Efficiency rectenna Aluminum harvesting
Ultra-Wideband capability in
Rectenna for RF low power
Energy environments
Harvesting"
Park, H., et al. "Fabrication of a | Low-cost rectenna 3.1-10.6 GHz Copper, PET Textile Limited
(2019) Low-Cost Ultra- durability in
Wideband harsh
Rectenna for environmental
Ambient RF conditions
Energy
Harvesting"
Li, Z., etal. "Design and Dual-polarized 3-10 GHz Aluminum, Fabric Limited
(2022) Characterization rectenna Polymer efficiency under
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of a Dual-
Polarized Ultra-
Wideband
Rectenna for

Wireless Power

varying

polarization

Transfer"
Wang, Y., etal. | "Integration of an Integrated 3.1-10.6 GHz Copper, Fabric Textile Limited power
(2023) Ultra-Wideband rectenna generation in

Rectenna with
Wearable Textile
Antennas for loT

Applications™

low RF density

environments
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2.9 Summary

This literature review explores the core concepts of energy harvesting, antenna
technology, and the current advancements in wearable leather graphene antenna
development for electromagnetic energy harvesting. It underscores the significance of
energy harvesting for powering wearable devices, addressing the limitations of traditional
batteries, and highlights the potential of antenna technology to harness energy from ambient
RF waves.

The review delves into various aspects of antenna design, including frequency
response, efficiency, polarization, gain, directivity, and design geometry. It also examines
the materials used in antenna fabrication, emphasizing how their properties influence overall
performance. Particular attention is given to flexible and lightweight materials, such as
graphene and leather, that are suitable for wearable applications.

Overall, this literature review provides a comprehensive overview of the
advancements in wearable leather graphene antenna technology, emphasizing the
importance of energy harvesting and efficiency in wearable electronics. It identifies potential
areas for future research and development aimed at enhancing the efficiency, practicality,

and integration of wearable antenna technology.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

The methodology section outlines the development and fabrication processes for
designing a wearable leather graphene antenna aimed at advanced communication
applications. The primary objective is to create an efficient antenna that can capture RF
energy within a specific frequency range (7 GHz to 8 GHz) and convert it into usable
electrical power for wearable devices. This methodology involves several key steps to
achieve this goal.

The first step involves using CST (Computer Simulation Technology) software to
design the antenna. This software helps in analyzing the antenna's efficiency, frequency
response, polarization, gain, and directivity. The next step is fabricating the antenna using
leather fabric and FR-4 as substrate materials, with graphene and copper as the conductive
materials. This involves preparing the substrate and depositing the conductive materials.

Finally, the performance of the antenna is characterized by using various
measurement techniques to evaluate its efficiency, frequency response, polarization, gain,
and directivity. This step ensures the antenna meets the desired performance criteria and

validates the simulation results.
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Figure 3.1: Flowchart of Antenna.

3.3 Antenna Design

Designing an antenna using CST (Computer Simulation Technology) involves
several systematic steps, each crucial for achieving the desired performance characteristics.
First, begin by setting up a new project in CST Microwave Studio. Define the basic
parameters such as the frequency range. Specify other initial settings like the units of

measurement, for example, millimeters for length and gigahertz for frequency.

B csTstudio Suite X

Create Project Template

Choose an application area and then select one of the workflows:

neY Mic
2 “a\’e Rou, s Antennas
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3
N Circuit & Components
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{")“.‘ Optical Applications
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Next > Cancel
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EMc/EM)

Figure 3.2: Application area and the workflow.
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B csTStudio Suite

Create Project Template
MW & RF & OPTICAL | Antennas

Please select a workflow:

)

. N ~
Waveguide (Horn, Cone, Planar (Patch, Slot, etc.) Wire Phased Array, Unit Cell
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\ J . J o\ J
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(Phone, Wearable, etc.)
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Figure 3.3: Workflow settings.

Bh CST Studio Suite

Create Project Template

MW & RF & OPTICAL | Antennas | Planar (Patch, Slot, etc.) | Solvers | Units | Settings | Summary

The recommended solvers for the selected workflow are:

Time Domain

for wideband or muftiband antennas

E Freguency Domain

for resonant antennas

N

? Multilayer
assumes infinite dielectrics and groundplanes, fast for 0
thick metals |

< Back

Figure 3.4: Solvers settings.
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B csT studio Suite

Create Project Template

MW & RF & OPTICAL | Antennas | Planar (Patch, Slot, etc.) | Solvers | Units | Settings | Summary

Please select the units:

Dimensions: mm

Frequency: GHz v
Time: ns v
Temperature: oz B
Voltage: v v
Current: A v
Resistance: a v
Conductance: s v
Inductance: nH v
Capacitance: oF v

Figure 3.5: The units.

Bl 5T Studio Suite

Create Project Template

MW & RF 8 OPTICAL | Antennas | Planar (Patch, Slot, etc.) | Solvers | Units | Settings | Summary

Please select the Settings

Frequency Min.: 3 GHz

Frequency Max.: 10 GHz

Monitors: E-field & H-field B Farfield () Power flow [J Power loss
Define at 3;6.5;10 GHz

Use semicolon as a separator to specify multiple values,
e.g. 20;30;30.1;30.2;30.3

< Back Next > Cancel

Figure 3.6: The frequency settings.
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B csTstudio suite

Create Project Template
MW & RF & OPTICAL | Antennas | Planar (Patch, Slot, etc.) | Solvers | Units | Settings | Summary

Please review your choice and click "Finish' to create the template:

Template Name: Antenna - Planar_11
Solver units Settings
ﬁ - Dimensions: mm - Frequency Min.: 3 GHz
- Frequency: GHz - Frequency Max.: 10 GHz
Time Domain - Time: ns - Monitors: E-field, H-field, Farfield
- Temperature: °C - Define at: 3;6.5;10 GHz
-

Antennas which consist of flat radiating elements, e.g. printed
microstrip, PIFA, slot, spiral or monopole geometries.

< Back Finish Cancel

Figure 3.7: The review of setting the antenna.

Proceed by creating the antenna geometry. Start by defining the substrate using
leather fabric, inputting its dielectric properties and thickness. Then, design the spiral shape
on the substrate, employing the appropriate drawing tool in CST to create this unigque

geometry. Ensure the dimensions and turns of the spiral align with the desired performance

characteristics.

Figure 3.8: Substrate.
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Figure 3.9: Patch.

Figure 3.10: Feed Line.

Optimization parameters are variables in a model or simulation that can be adjusted
to achieve desired outcomes or improve performance metrics. During the optimization
process, these parameters are systematically varied and analyzed to find the best combination
that meets specific goals, such as maximizing antenna gain, minimizing reflection
coefficients, or obtaining specified frequency response characteristics. This involves setting
initial parameter values and ranges, defining a clear objective function, and using an
optimization algorithm to explore the parameter space. Different simulation tools, like CST
Studio Suite, offer specific modules for optimization, each with unique constraints and

capabilities. The process iterates through various parameter sets, running simulations and
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evaluating results to guide adjustments and converge on the optimal solution. In practice,
this means tweaking dimensions, material properties, and operational conditions to enhance

performance according to the desired objectives.

3.4 Design and Simulation of Antenna using CST

Simulation of a wearable leather graphene spiral-shaped antenna design using CST
software involves several key steps, from defining the antenna geometry to evaluating its
performance through electromagnetic (EM) simulation techniques. This explanation is
tailored to a specific design that includes the use of a brick shape for the patch and the
transformation function to create a spiral.

To begin, a new project is initiated in CST Microwave Studio, and the necessary
parameters are defined, including the frequency range, around 7 GHz to 8 GHz. The units of
measurement are specified, such as millimeters for length and gigahertz for frequency. Next,
the initial brick-shaped patch is created. The CST drawing tools are used to define a
rectangular patch on the chosen substrate. This substrate will be designed with properties
resembling leather fabric, ensuring that its relative permittivity and thickness are accurately
represented.

After defining the brick shape, the transform function in CST is utilized to convert
this shape into a spiral. This involves subtracting parts of the brick in a patterned manner to
achieve the desired spiral geometry. The transform function allows precise control over this
process, enabling the creation of a complex spiral shape that meets the design specifications.
Once the spiral geometry is established, material properties are assigned to each component.
The leather fabric is defined as the substrate material, and the conductive properties for the

spiral-shaped patch are specified.
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The next step involves configuring the excitation setup. A suitable feeding method
for the spiral antenna, such as a microstrip line feed, is selected and placed at an optimal
location to ensure efficient excitation of the spiral geometry. A mesh for the structure is then
generated. Meshing divides the antenna geometry into small elements that the CST solver
uses for simulations. The mesh resolution should be fine enough to capture the intricate

details of the spiral geometry, particularly around critical areas like the feed point and edges.

(a)

(b)
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Figure 3.11: Proposed antenna (a) Front view (b) Back view (c) Side view.

Simulation parameters are set up, defining the frequency range and selecting the
appropriate solver based on the required analysis. The simulation is executed to analyze the
spiral antenna's performance. CST will compute parameters like return loss, radiation
pattern, and efficiency. The simulation results are reviewed to ensure the spiral antenna
meets the desired specifications. Key performance metrics, such as impedance, VSWR
(Voltage Standing Wave Ratio), radiation pattern, and gain, are analyzed. If necessary, CST's
optimization tools are used to adjust the design iteratively, refining dimensions, materials,
or other design elements to enhance performance.

After optimizing the antenna design through simulation, the fabrication phase
begins. A physical prototype of the spiral-shaped wearable leather graphene antenna is built,
and experimental tests are conducted to confirm its performance. Properties such as
impedance, VSWR, radiation pattern, and gain are evaluated, and the test results are

compared with the simulation outcomes to validate the design's accuracy and effectiveness.
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Table 3.1: Expected simulation results for wearable antenna.

Parameters Expected Value
Frequency Range 7 GHz to 8 GHz
Bandwidth >1 GHz (to cover the specific frequency
range)
Return Loss <-10 dB across the entire frequency
range
Gain >3 dB
Directivity >5 dBi

3.5  Antenna Manufacturing Process

The methodology for this project involves a systematic and iterative approach to
achieve the goal of manufacturing antennas with copper and graphene patches. The

substrates used will be FR-4 material and leather fabric.

35.1 Fabrication Process

The fabrication process for the copper antenna involves several critical steps to
ensure the design and functionality of the antenna are optimized for electromagnetic energy
harvesting. Using copper as the patch materials and FR4 as the substrate, the process
meticulously integrates various techniques to achieve a high-performance wearable antenna.

Below are the detailed steps involved in the fabrication process:
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3.5.1.1 Design Process

The suggested antenna design is first created using CST Studio Suite or similar
software. The design, specifically the spiral-shaped patch, is meticulously crafted and

optimized within the software. Once the design is finalized, it is exported and printed on a

clear sheet using CorelDraw, focusing only on the patch layer of the antenna's top layer.

N2

@
k\ o

Figure 3.12: Printing process using CorelDraw.

3.5.1.2 Material Preparation

The chosen substrate material, FR-4, is trimmed to the necessary size. The substrate
is then thoroughly cleansed of any dirt, wax, oil, and dust. This step is crucial to ensure

optimal adhesion and performance of the conductive material during subsequent steps.
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Figure 3.13: Choosing Substrate.

3.5.1.3 Lamination

A lamination machine applies a light-sensitive photoresist to the substrate board.
This process involves carefully laminating the substrate to ensure even coating and

adherence of the photoresist, which is vital for the accuracy of the design transfer.

Figure 3.14: Lamination Process.

3.5.1.4 Pattern Transfer

The printed design is placed on the photoresist layer, and the board is positioned

within a UV exposure machine. Ultraviolet (UV) light passes through the photo tool mask,
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transferring the antenna design onto the photoresist layer. Precise alignment and exposure

times are critical to ensure the fidelity of the design transfer.

Figure 3.15: Printing into photoresist layer.

3.5.1.5 Developing

The board is placed in a developing tank to remove the photoresist from areas not
covered by the design, thereby exposing the underlying copper layer. The developing
process should be closely monitored and typically takes about 120 seconds. Overdeveloping

can lead to a reduction in resist thickness and potential issues in the etching phase.
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Figure 3.16: Developing process.
3.5.1.6 Spray Washing
Immediately after developing, the board is subjected to a spray wash to remove any

remaining developer residue. This step is essential to prepare the board for etching and

ensure that no residual chemicals interfere with the next stage.

Figure 3.17: Washing the board.
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3.5.1.7 Etching

The circuit board is loaded into the etching machine. An etching solution is sprayed
onto the board to dissolve and remove the exposed copper, leaving only the desired antenna
design. The duration and concentration of the etching solution must be carefully controlled

to achieve precise patterning without under- or over-etching.

Figure 3.18: Etching process.

3.5.1.8 Stripping

The residual photoresist is stripped away to reveal the completed etched antenna
component. This is done using a stripping solution that removes all photoresist, ensuring that

only the copper design remains.
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3.5.1.9 Drying

The fabricated antenna is placed in a drying oven to ensure that all components are
completely dried. Proper drying prevents moisture-related issues that could affect the

antenna's performance.

Figure 3.19: Drying process.

3.5.1.10 Cutting

The board is carefully cut to the precise dimensions required for the final antenna.
Accurate cutting ensures that the antenna fits correctly within its intended application and

maintains its designed electrical characteristics.
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Figure 3.20: Cutting process.

3.5.1.11 Soldering

The final step in the fabrication process involves soldering the port to the antenna
feedline. This ensures a solid electrical connection, which is crucial for the antenna's
performance. Proper soldering techniques are employed to avoid any cold solder joints or

damage to the components.

Figure 3.21: Copper antenna soldered with SMA connector.
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3.5.1.12 Testing

The fabricated antenna undergoes rigorous testing using a multimeter and other RF
measurement tools to verify its continuity, impedance, VSWR, radiation pattern, and gain.

This ensures that the antenna operates correctly and meets the design specifications.

35.2 Fabrication Process for Wearable Antenna

The fabrication process for a leather-based spiral-shaped antenna involves several
meticulous steps to ensure the antenna meets design specifications and performance criteria.
This process uses silk screen printing with graphene ink to create the antenna on a leather

fabric substrate. The following steps outline the detailed fabrication process:

3.5.2.1 Design Printing

The physical layout of the spiral-shaped antenna design, created in CST Studio
Suite, is converted into a drawing format using Corel Draw software. This design is then
printed onto a transparency positive film using a laser jet printer, which will serve as the

stencil for the silk screen printing process.

3.5.2.2 Material Preparation

The leather fabric substrate is trimmed to the necessary size and cleaned to remove
any dirt, oil, or dust. This ensures proper adhesion of the graphene ink during the printing

process.
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3.5.2.3 Emulsion Coating

A mesh screen is evenly coated with a photosensitive emulsion using an emulsion
scoop coater. Both sides of the screen are treated to ensure even coating. The emulsion

hardens upon exposure to light, creating a stencil of the antenna design.

Figure 3.22: Emulsion coating process.

3.5.2.4 Stencil Preparation

The printed transparency positive film is placed on the coated screen and exposed
to UV light. The light hardens the emulsion in the exposed areas, while the areas covered by
the design remain in liquid form. After the appropriate exposure time, the screen is washed
with high-pressure water to remove the unhardened emulsion, leaving a clear stencil of the

antenna design.

3.5.2.5 Screen Printing

The prepared stencil screen is placed over the leather fabric. Graphene ink is applied

to the top portion of the stencil screen and spread across the screen using a squeegee at a
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slope angle. This forces the ink through the stencil's exposed areas, transferring the design

onto the leather fabric.

Figure 3.23: Screen painting process.

3.5.2.6 Drying

The printed leather fabric is dried in a vacuum oven to ensure the graphene ink is
fully set and adhered to the substrate. This step is crucial to maintain the integrity of the

printed design.

3.5.2.7 Hot-Pressing

To ensure the antenna's dimensions match the simulation design, the printed leather
fabric undergoes a hot-pressing procedure using a heat press machine. This step ensures that

the height of the patch antenna is accurate and the ink is firmly set.
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Figure 3.24: Drying process.

3.5.2.8 Soldering

An SMA connector is soldered to the feedline and ground of the antenna. This
connection is essential for testing and integrating the antenna with other electronic

components.

Figure 3.25: Graphene antenna soldered with SMA connector.

3.5.2.9 Testing

The fabricated antenna undergoes rigorous testing to verify its performance.
Parameters such as impedance, VSWR, radiation pattern, and gain are measured to ensure
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the antenna operates as designed. The test results are compared to simulation results to

confirm the accuracy and effectiveness of the design.

3.6 Antenna Measurement

The copper antenna and the graphene antenna are then undergo return loss testing
on the Vector Network Analyzer. The designed antenna is then testing at the chamber room
as shown to measure the antenna performance such as gain, directivity, efficiency, radiation

pattern, and etc.
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Figure 3.26: Radiation Pattern Measurement in Anechoic Chamber.
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3.7  Summary

This chapter provides a comprehensive explanation of the methodology for
designing and fabricating a copper and graphene-based antenna. The methodology
encompasses both the simulation and practical fabrication processes, focusing on achieving
high efficiency and optimal performance.

The initial phase involves designing a spiral-shaped wearable antenna using CST
Studio Suite. The simulation process includes defining the antenna geometry, selecting
appropriate materials, and optimizing parameters to ensure high gain and efficiency across
the specific spectrum. Detailed simulations are conducted to analyze the antenna's
performance, including parameters such as return loss, radiation pattern, and bandwidth. The
simulation results are validated against theoretical expectations to ensure accuracy and
reliability.

Following the simulation, the antenna is fabricated using silk screen printing
techniques on leather fabric. This process includes converting the design into a stencil,
applying graphene ink through the stencil onto the fabric, and ensuring precise layer
deposition. The printed antenna is then dried and pressed to match the simulation design
before attaching the necessary connectors for testing. The fabrication process is meticulously
monitored to ensure that the physical antenna closely matches the simulated model, thereby

ensuring optimal performance.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction

The design technique for an antenna was examined in the previous section. This
chapter focuses on the simulation and practical results of the spiral-shaped wearable antenna
for advanced communication applications. Using CST Studio Suite, the antenna was
meticulously designed and optimized to achieve high performance within the specified
frequency range of 7 GHz to 8 GHz. The design process involved detailed simulations to
evaluate key parameters such as return loss, bandwidth, gain, efficiency, and Voltage
Standing Wave Ratio (VSWR). These parameters were thoroughly analyzed and compared
to theoretical expectations to validate the antenna’'s communication performance.

In the experimental phase, the antenna was fabricated using advanced silk screen
printing techniques on leather fabric, ensuring precise replication of the simulated design.
The fabricated antenna underwent rigorous testing to measure its performance metrics,
including return loss, bandwidth, gain, efficiency, and VSWR. These measurements were
compared with the simulation results to assess the accuracy and reliability of the design.

Experiments were conducted to produce the required results, with measurements
taken for each antenna design to analyze their performance and compare the outcomes. The
chapter provides a comprehensive analysis of the performance of the wearable antenna,
highlighting its capabilities and potential improvements. The results demonstrate the
effectiveness of the antenna design in practical energy harvesting applications, offering

valuable insights into its performance.
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4.2  Copper Spiral-Design Antenna

For this research project, a copper antenna in the shape of the spiral is designed.
Table 4.1 shows the design specifications for this copper antenna. The front and back views
of the antenna, which featured a radiated patch, ground, and feedline, were represented in

Figures 4.1. Figure 4.2 depicts a copper antenna printed on a FR-4 substrate.
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Figure 4.1: Simulated antenna (a) Front view (b) Back view (c) Side view.

Table 4.1: Parameter of the copper antenna design.

Parameters Value
Width of the substrate 24.0 mm
Length of the substrate 26.0 mm

Height of substrate 1.6 mm
Width of patch 21.0 mm
Length of patch 18.0 mm
Height of patch 0.05 mm

Width of feedline 2.0 mm

Length of feedline 4.0 mm
Length of ground 4.5 mm
Height of ground 4.0 mm
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Figure 4.2: The copper antenna (a) Front view (b) Back view.

4.3  Graphene Spiral Design Antenna

For this research project, a graphene-based spiral-shaped is designed. Table 4.2
shows the design specifications for this graphene antenna. The front and back views of the
wearable antenna, which featured a radiated patch, ground, and feedline, were represented

in Figures 4.3. Figure 4.4 depicts a wearable antenna printed on a leather substrate.
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Figure 4.3: Simulated antenna (a) Front view (b) Back view (c) Side view.

Table 4.2: Parameter of the graphene antenna design.

Parameters Value
Width of the substrate 28.0 mm
Length of the substrate 30.0 mm

Height of substrate 1.6 mm
Width of patch 25.0 mm
Length of patch 20.0 mm
Height of patch 0.07 mm

Width of feedline 2.0 mm

Length of feedline 4.0 mm

Length of ground 4.5 mm
Height of ground 4.0 mm

(a)
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(b)

Figure 4.4: The graphene antenna (a) Front view (b) Back view.

4.4  Results and Analysis

4.4.1  Spiral-shaped Antenna

The results and analysis section focuses on comparing the simulated and measured
performance of the spiral-shaped wearable antenna. The antenna was simulated using CST
Studio Suite and measured using a Vector Network Analyzer (VNA) and a radiation pattern

measurement setup in an anechoic chamber.

4.4.1.1 Return Loss and Bandwidth

Return loss, also known as S11, is a critical parameter in evaluating antenna
performance. It measures how much power is reflected back from the antenna when it is fed
with a signal. A lower return loss value (more negative in dB) indicates better impedance
matching and less power being reflected, which means more power is radiated or received

by the antenna.
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In the simulation results, the return loss at 7.442 GHz is -40.23 dB. This value
indicates that at this frequency, the antenna is highly efficient in radiating or receiving power,
with very minimal reflection. A return loss value of less than -10 dB is generally considered
acceptable for most antenna applications, and in this case, the simulated return loss is far
better than this threshold. The bandwidth of the antenna, defined as the range of frequencies
where the return loss is below the -10 dB threshold, spans from approximately 7 GHz to 8
GHz. This wide bandwidth demonstrates the suitability of the simulated copper antenna for

applications, making it a strong baseline for wearable antenna development.
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Figure 4.5: Results of Copper S-Parameters (Simulated).

In the measured results indicate that the return loss reaches a minimum of -37.52 dB
at 7.228 GHz, which demonstrates excellent impedance matching and minimal power
reflection. This frequency is very close to the simulated resonant frequency, which occurs at
7.438 GHz with a return loss of -40.23 dB. The return loss value is well below the acceptable
threshold of -10 dB, ensuring efficient power radiation or reception at this frequency. The
measured bandwidth, defined as the range of frequencies where the return loss remains
below -10 dB, spans approximately from 6.9 GHz to 7.5 GHz. This bandwidth indicates
good performance for the copper antenna within this range. While the measured results are
slightly different from the simulation, they align more closely than before, showing

improved agreement between the two datasets.
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Figure 4.6: Results of Copper S-Parameters (Measured).

The comparison highlights the similarities and slight discrepancies between the
simulated and measured results for the copper antenna on an FR4 substrate. The simulation
predicts a resonant frequency at 7.438 GHz with a return loss of -40.23 dB, while the
measurement reveals a resonant frequency at 7.228 GHz with a return loss of -37.52 dB.
Both results indicate excellent performance, as the return loss values are significantly below
the -10 dB threshold, demonstrating strong impedance matching in both cases.

The bandwidth in the simulation is slightly broader, spanning approximately 7 GHz
to 8 GHz, compared to the measured bandwidth, which spans approximately 6.9 GHz to 7.5
GHz. This slight narrowing of the measured bandwidth can be attributed to real-world factors
such as fabrication tolerances, material inconsistencies, or environmental testing conditions,

which are not accounted for in the idealized simulation environment.
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Figure 4.7: Copper Antenna Return Loss Comparison.

The comparison chart illustrates the return loss performance of the graphene-based
antenna in both simulated and measured conditions. The simulated result shows a minimum
return loss of -42.81 dB at 7.452 GHz, indicating excellent impedance matching and minimal
reflected power at this resonant frequency. Similarly, the measured result demonstrates a
minimum return loss of -41.81 dB at 7.298 GHz, which is also indicative of strong
impedance matching and high efficiency.

Although the resonant frequency in the measured results is slightly shifted
downward compared to the simulation, the close alignment between the two results validates
the accuracy of the design and its implementation. The difference in resonant frequency,
approximately 154 MHz, can be attributed to real-world factors such as fabrication
tolerances, variations in the material properties of the graphene and substrate, or

environmental conditions during testing.
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Figure 4.8: Graphene Antenna Return Loss Comparison.

4.4.1.2 Voltage Standing Wave Ratio (VSWR)

VSWR, or Voltage Standing Wave Ratio, is an important parameter that measures
the efficiency of power transmission from the transmission line to the antenna. It is a ratio
that represents how well the antenna impedance is matched to the transmission line
impedance. The ideal VSWR value is 1, indicating perfect impedance matching with no
reflected power. However, practical VSWR values below 2 are generally acceptable and
indicate good performance.

In the simulation results for the copper antenna on an FR4 substrate, the VSWR
achieved at 7.445 GHz is 1.018. This value is very close to the ideal value of 1, demonstrating
excellent impedance matching and minimal reflected power at the operating frequency. A
VSWR of 1.018 suggests that almost all of the power is being radiated or received by the

antenna, contributing significantly to the efficiency of the antenna system.
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Figure 4.9: Results of VSWR (Simulated).

The measured VSWR result indicates that the antenna achieves a minimum VSWR
of 1.325 at 7.445 GHz. This value is well below the acceptable threshold of 2, indicating
good impedance matching and minimal reflected power at this frequency. While the
measured VSWR is slightly higher than the simulated result, it still signifies efficient power
transmission from the transmission line to the antenna. The antenna's ability to maintain a
VSWR below 2 across a range of frequencies further highlights its suitability for

communication applications.
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Figure 4.10: Results of VSWR (Measured).

The VSWR result for the graphene-based antenna indicates excellent impedance
matching, with a minimum VSWR value of 1.015 at 7.445 GHz. This value is very close to

the ideal VSWR of 1, signifying near-perfect impedance matching and minimal reflected
74



power at the operating frequency. The graphene antenna demonstrates good performance
across a broad frequency range, with the VSWR remaining below the acceptable threshold

of 2 from approximately 6.8 GHz to 7.7 GHz, ensuring efficient power transmission in this

range.
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Figure 4.11: Results of VSWR (Graphene).

The comparison chart highlights the VSWR performance of the simulated, copper-
based, and graphene-based antennas. All three antennas exhibit their lowest VSWR values
near the resonant frequency of 7.445 GHz, but with slight variations in performance.

The simulated antenna achieves a VSWR of 1.018 at 7.445 GHz, reflecting ideal
performance without real-world losses. The copper antenna shows a slightly higher VSWR
of 1.325 at the same frequency, indicating minor mismatches due to fabrication and material
tolerances. Meanwhile, the graphene antenna demonstrates the best performance among the
three, with a VSWR of 1.015 at 7.445 GHz, closely matching the simulated ideal
performance.

Across the broader frequency range, the graphene antenna maintains a VSWR below

2 over a slightly wider range compared to the copper antenna, emphasizing its superior
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impedance matching and efficiency. The simulated antenna exhibits consistent performance

over the entire range, as expected in an idealized environment.
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Figure 4.12: VSWR Comparison.
4.4.1.3 Gain

The gain comparison chart presents the performance of the simulated, copper-based,
and graphene-based antennas across the frequency range of 5 GHz to 8.5 GHz, providing a
clear view of their respective gains at various frequencies. The simulation shows a peak gain
of 6.062 dB at 7.445 GHz, representing the ideal performance of the antenna without the
impact of real-world losses. This result establishes the baseline for evaluating the practical
prototypes.

The copper antenna on FR4 exhibits a slightly lower peak gain of 5.395 dB at 7.445
GHz, reflecting the expected losses introduced by practical factors such as substrate
attenuation, material imperfections, and fabrication tolerances. Despite this reduction, the
copper antenna demonstrates consistent performance across the frequency range,

underscoring its reliability and suitability for use as a benchmark.
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The graphene-based antenna, on the other hand, significantly outperforms the other
two designs in terms of peak gain, achieving 11.7 dB at 7.445 GHz. This dramatic
improvement is indicative of graphene's exceptional electrical conductivity and material
properties, which enhance radiation efficiency. However, the graphene antenna's gain curve
is sharper than those of the simulation and copper antenna, with a rapid decline in gain
outside the peak frequency. This suggests that while the graphene antenna excels at its
resonant frequency, its performance is more frequency-sensitive, which might impact its

usability in broader-band applications.
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Figure 4.13: Gain Comparison.

4.4.1.4 Directivity

The chart compares the directivity of the simulated, copper-based, and graphene-
based antennas over the frequency range of 5 GHz to 8.5 GHz. Directivity is a critical
parameter that measures the antenna's ability to focus energy in a specific direction, which

is crucial for efficient communication systems.
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The simulated antenna shows consistent directivity across the frequency range, with
a value of 7.71 dB at the resonant frequency of 7.445 GHz. This result represents the ideal
performance of the antenna in an idealized environment without material or fabrication
losses. The simulation provides a baseline for evaluating the practical antennas.

The copper-based antenna demonstrates slightly lower directivity compared to the
simulation, with a value of 7.65 dB at 7.445 GHz. This small reduction reflects the practical
limitations of the copper material and the FR4 substrate, such as higher losses and substrate
inefficiencies. The copper antenna's directivity curve remains relatively flat, indicating
consistent performance across the frequency range.

The graphene-based antenna significantly outperforms both the simulation and the
copper antenna, achieving a peak directivity of 16.4 dB at 7.445 GHz. This substantial
improvement highlights graphene's superior electrical and material properties, allowing for
enhanced radiation efficiency and highly focused energy. However, the graphene antenna’s
sharp directivity peak near the resonant frequency also demonstrates its higher frequency

sensitivity compared to the other two designs.
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Figure 4.14: Directivity Comparison.
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4.4.1.5 Efficiency

The chart compares the efficiency of the simulated, copper-based, and graphene-
based antennas across the frequency range of 5 GHz to 8.5 GHz. Efficiency measures the
ability of the antenna to convert input power into radiated power, a crucial metric for
evaluating antenna performance.

The simulated antenna achieves the highest efficiency, peaking at 85.6% at 7.445
GHz. This high value reflects the idealized conditions in the simulation, free from material
imperfections and fabrication losses. The efficiency curve rises steadily to the resonant
frequency and then gradually decreases, following the expected behavior of an optimized
design.

The copper-based antenna demonstrates an efficiency of 69.9% at 7.445 GHz, which
is lower than both the simulated and graphene-based antennas. The reduced efficiency is
attributed to the higher losses associated with the FR4 substrate and copper's inherent
material limitations. Nevertheless, the copper antenna exhibits stable efficiency across the
frequency range, making it a reliable baseline for practical applications.

The graphene-based antenna achieves an efficiency of 71.34% at 7.445 GHz,
slightly higher than the copper-based antenna at the same frequency. This result highlights
graphene's potential to outperform copper in terms of efficiency, thanks to its superior
electrical properties. The graphene antenna also maintains a relatively consistent efficiency

curve, comparable to that of the copper antenna.

79



Efficiency Comparison

100
90 7.445,71.34
80 N
70
60
50
40
30
20
10

7.445, 85.6

7.445, 69.9

Simulation

......... Copper

Percentage (%)

Graphene

5 6 7 8
Frequency (Hz)

Figure 4.15: Efficiency Comparison.

4.4.1.6 Analysis of Antenna Radiation Pattern

The radiation patterns of the copper with FR4 substrate antenna and the graphene
with leather substrate antenna reveal notable differences in performance due to the
contrasting properties of their substrates. In the E-plane (phi = 0°), the copper with FR4
substrate antenna exhibits a highly symmetric pattern, with excellent alignment between the
simulated and measured results. This consistency can be attributed to the rigidity of the FR4
substrate, which ensures the antenna maintains its geometry during testing, resulting in
predictable and stable radiation behavior.

Similarly, the graphene with leather substrate antenna demonstrates a relatively
symmetrical E-plane radiation pattern. However, there is a slight misalignment between the
simulated and measured results. This discrepancy likely arises from the flexibility of the
leather substrate, which introduces minor variations in the antenna’s shape during fabrication
or testing. These variations affect the current distribution on the antenna, leading to small

deviations in the measured pattern compared to the simulation.
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In the H-plane (phi = 90°), the copper with FR4 substrate antenna delivers a compact
and centered radiation pattern with strong agreement between the simulation and
measurements. The rigidity of the FR4 substrate prevents any structural deformation,
ensuring consistent current distribution and radiation characteristics. This stability is
particularly beneficial for applications requiring precise and reliable antenna performance.

Conversely, the graphene with leather substrate antenna displays a noticeable shift
and distortion in the H-plane radiation pattern. The measured results deviate more
significantly from the simulated ones, highlighting the influence of the leather substrate's
flexibility. Leather, being a bendable and conformable material, is susceptible to
deformation during testing or operation, which affects the antenna's geometry and alters its
current distribution. This deformation causes the observed shift in the H-plane radiation

pattern, a characteristic inherent to flexible antennas.
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Figure 4.16: Radiation Pattern a) Copper b) Graphene.

4.5 Summary

This chapter presents a detailed analysis and comparison of the performance of
copper-based and graphene-based antennas, with a focus on their suitability for wearable
communication applications. Various parameters such as return loss, VSWR, gain,
directivity, efficiency, and radiation patterns were evaluated for both materials, alongside
simulation results for ideal performance benchmarks.

Overall, both the copper and graphene antennas demonstrate good performance,
with return loss and VSWR values indicating efficient impedance matching and minimal
reflected power. While the copper antenna performs reliably and serves as a strong baseline,
the graphene antenna exhibits superior performance in several aspects, including higher gain,
enhanced directivity, and more consistent radiation patterns. Graphene's advanced material
properties, such as its excellent conductivity and lightweight, contribute to its improved
efficiency and focused radiation characteristics, making it highly suitable for wearable

communication systems.
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Despite graphene's advantages, some challenges remain, including its slightly lower
efficiency compared to the simulated ideal performance and sharper frequency sensitivity,
which limits performance outside the resonant frequency. The copper antenna, on the other
hand, demonstrates more stable performance across a wider frequency range, underscoring
its reliability for practical applications.

In conclusion, this chapter highlights the potential of graphene-based antennas as a
promising alternative to conventional copper antennas for advanced communication
systems. The results validate the feasibility of graphene for wearable antenna designs and

emphasize the importance of further optimization to fully leverage its unique properties.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

51 Conclusion

This report thoroughly examines the development of a wearable leather graphene
antenna for advanced communication applications, focusing on both the design and practical
implementation aspects. Throughout this project, various methodologies and technologies
were employed to ensure optimal performance of the antenna in wearable scenarios.

The project began with extensive design and simulation phases to optimize the
antenna's performance before fabrication. CST Studio Suite was utilized for antenna design
simulations, allowing for the analysis of key parameters such as return loss, VSWR, gain,
directivity, and efficiency. These simulations provided valuable insights into the antenna's
theoretical performance and helped identify potential challenges in the design process.

The fabrication process played a critical role in this project. The antenna was
constructed using graphene on a leather substrate, emphasizing its suitability for wearable
applications. Graphene was selected for its superior electrical conductivity, lightweight
properties, and flexibility, making it ideal for wearable designs. The use of leather as a
substrate further ensured the antenna's comfort, durability, and compatibility with wearable
technologies. These material choices align with the project's goal of creating an efficient,
practical, and durable antenna for advanced communication systems.

Performance analysis revealed that the graphene antenna demonstrated excellent
results, including superior gain, directivity, and radiation patterns compared to traditional
copper-based designs. While minor deviations between simulated and measured results were

observed, these discrepancies are expected due to real-world factors such as fabrication
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tolerances and material variations. Overall, the graphene-based antenna outperformed
copper-based designs, validating its potential for wearable communication systems.

In conclusion, this project successfully developed a wearable graphene antenna
capable of meeting the demands of advanced communication applications. The combination
of cutting-edge simulation tools, innovative material choices, and thorough performance
analysis has resulted in a wearable antenna design that is efficient, flexible, and well-suited
for practical use. Future work can focus on refining the fabrication process, improving
efficiency, and expanding the antenna’s operational bandwidth. This research lays a strong
foundation for the advancement of wearable communication technologies and contributes

significantly to the field of next-generation wearable electronics.

5.2 Future Works

While this project successfully developed a wearable leather graphene antenna for
advanced communication applications, several areas can be explored and improved in future
research to enhance the performance, practicality, and applicability of the design.

Firstly, material optimization can be further pursued by exploring advanced
graphene composites or hybrid nanomaterials that offer improved conductivity, flexibility,
and durability. Investigating alternative wearable substrates beyond leather, such as bio-
compatible polymers or smart textiles, could enhance comfort and adaptability for various
wearable scenarios. Additionally, exploring ways to reduce the antenna's size without
compromising performance is essential for seamless integration into compact wearable
devices. Techniques like advanced substrate integration, innovative antenna geometries, and
metamaterial structures can be investigated to achieve miniaturization while maintaining

efficiency.
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Future work can also focus on enhanced fabrication techniques, such as inkjet
printing, laser etching, or roll-to-roll processes. These methods could improve the precision,
repeatability, and scalability of antenna production, making it suitable for commercial
manufacturing. Furthermore, adopting multilayer fabrication or complex geometries could
increase the bandwidth and operational frequency range of the antenna, enabling it to
perform efficiently in diverse environments and applications.

Performance optimization is another crucial area for exploration. Developing
techniques to further improve the antenna’s efficiency, gain, and directivity, particularly
under wearable conditions, could enhance its applicability. Incorporating adaptive tuning
mechanisms or reconfigurable designs may allow the antenna to operate across multiple
frequency bands or adjust to environmental changes dynamically. Conducting
comprehensive in vivo testing on actual human subjects is also essential to assess the
antenna’s real-world performance, including factors such as flexibility, comfort, durability,
and interference from the human body.

To make the antenna more practical for wearable communication systems, future
research should explore antenna-system integration with other electronic components, such
as wireless transceivers, sensors, and power management systems. Investigating the thermal
performance of the antenna in wearable applications is crucial to ensure user safety and
device longevity. Utilizing heat-dissipating materials or integrating thermal management
solutions can address this issue effectively.

Finally, enhancing the environmental durability of the antenna is vital for its
usability in real-world applications. Exploring protective coatings, encapsulation techniques,
or self-healing materials could improve resistance to moisture, sweat, and temperature

variations. Collaborating with interdisciplinary experts in areas such as materials science,
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electronics, and biomedical engineering can drive innovation and lead to groundbreaking
improvements in the antenna’s design and functionality.

By addressing these areas, future research can further refine the wearable graphene
antenna, making it more efficient, reliable, and versatile for a wide range of advanced
communication and wearable applications. These developments will contribute significantly

to the advancement of next-generation wearable technologies.

5.3  Project Potential

The development of a wearable leather graphene antenna for advanced
communication applications holds significant potential for various industries and
technological advancements. This project demonstrates the feasibility of creating efficient
and flexible antennas that can seamlessly integrate into wearable systems, revolutionizing
the way communication technologies are deployed.

One of the most promising applications is in the healthcare sector, where wearable
medical devices such as ECG monitors, blood pressure sensors, and health trackers are
becoming increasingly prevalent. The integration of a graphene-based antenna into these
devices can enable reliable and high-speed communication for real-time monitoring and data
transmission. The lightweight, flexible, and comfortable design ensures that the antenna can
be worn for extended periods without compromising user comfort. This is especially
valuable for remote patient monitoring in underserved or rural areas, enhancing the
accessibility and quality of healthcare.

In the field of consumer electronics, the antenna offers significant opportunities for
innovation in wearable devices like smartwatches, fitness bands, and AR/VR headsets. The
use of graphene provides superior performance in terms of gain, directivity, and radiation
patterns, enabling these devices to operate with higher efficiency and better connectivity.
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The antenna’s flexible design makes it ideal for integration into wearable gadgets, paving
the way for more compact, versatile, and aesthetically pleasing designs. This can drive
innovation in the consumer electronics market and create new opportunities for advanced
communication-enabled devices.

The project also holds substantial potential in the Internet of Things (loT)
ecosystem. loT networks often rely on efficient, low-power communication for devices
deployed in remote or challenging environments. A graphene-based antenna can support
these requirements by providing reliable and high-speed communication across a broad
frequency range. This enables the development of self-sustaining loT systems for
applications such as environmental monitoring, smart agriculture, and intelligent
infrastructure management, where wearable or embedded antennas can play a crucial role.

The advancement of smart textiles and wearable technology is another area where
this project can have a transformative impact. By embedding graphene antennas into clothing
or accessories, it is possible to create smart fabrics capable of transmitting and receiving
data, monitoring physiological parameters, and even powering integrated electronic
components. Such technology could be utilized in sports, military, and everyday
applications, offering innovative products that blend functionality and comfort.

Beyond its technological applications, the project contributes to the broader goals
of sustainability and energy efficiency. The lightweight and eco-friendly nature of graphene-
based antennas aligns with efforts to minimize the environmental impact of electronic
components. By enabling efficient communication in wearable systems, the project supports
the development of energy-conscious technologies that reduce power consumption and
promote greener solutions in various industries.

In conclusion, this project holds immense potential to revolutionize multiple sectors

by providing a high-performance, flexible, and sustainable communication solution. Its
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applications in healthcare, consumer electronics, 10T, and smart textiles highlight its
versatility and far-reaching impact. The advancements achieved through this work pave the
way for a future where wearable communication technologies become integral to daily life,
driving progress and innovation in a wide range of industries while supporting global

sustainability efforts.
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