
24 GHz Wearable Antenna

Design for Wireless Body Area

Networks: An Investigation of

On-Body Channel

Characterisation and Zigbee

Protocol at 24 GHz

Mubasher Ali

School of Engineering

University of Kent

Thursday 10th August, 2023



Abstract

User-centric networks drive the evolution of wireless communication, demanding

constant connectivity and services across various domains. MM-wave (24 GHz ISM

band) frequencies emerge as a promising solution for WBAN, overcoming chal-

lenges posed by the on-body radio channel and achieving reliable communication

in diverse environments. This thesis uses multiple antennas to characterise the

mm-wave (24 GHz) radio propagation channel for body-centric communication.

The aim is to design compact antennas insensitive to human skin and structural

deformation, exploring system-level modelling of Zigbee’s PHY and MAC layers

in the context of mm-wave (24 GHz) Body Area Networks (BWAN).

The first part introduces innovative on-body antenna designs, incorporating split

square-ring electromagnetic bandgap (EBG) structures and bow-tie slot antennas,

demonstrating high insensitivity to body proximity and bending. The study also

proposes Koch fractal antennas backed by EBG structures for improved perfor-

mance and stable radiation patterns suitable for on-skin mounting. The second

part analyses 24 GHz on-body communication system performance and path loss

modelling, considering various antenna types. Measurement campaigns confirm

the significance of antenna diversity and position in mm-wave propagation on

the human body, predicting potential performance for 24 GHz ISM band WBAN

systems. The third part evaluates Zigbee protocol performance in body-centric

wireless communication within the 24 GHz channel model. Results show good

radio link quality for physiological sensor nodes, with lower performance observed

in NLOS and PLOS scenarios due to body tissue obstruction. Throughput per-

formance highlights the importance of sensor positioning and MAC layer optimi-

sation.

This thesis advances 24 GHz ISM band WBANs through innovative antennas,

introducing 24 GHz path loss modeling, and insights into Zigbee (physical layer

and MAC) protocol. It drives future research in advanced designs, propagation

modelling, and protocol enhancements, boosting on-body wireless communication

capabilities.
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Chapter 1

Introduction

The evolution of wireless communication is being driven by user-centric networks

that require constant and reliable connectivity and services across a range of do-

mains. One such network is the wireless body area network (WBAN), which

significantly differs from conventional wireless systems due to its utilisation of the

on-body radio channel for communication. Wireless body area networks (WBANs)

refers to networking over the body and body-to-body with the use of wearable and

implantable wireless sensor nodes [1]. Wireless body area networks (WBANs) has

got numerous applications in everyday life including healthcare, entertainment,

space exploration, military, and so forth [2].

Body-centric wireless networks are generally partitioned into three domains, off-

body, on-body, and in-body communication. Fig.1.1 presents the typical diagram

of the operational framework of the wireless body area network. WBANs are

mainly categorised into 3 tiers, Tier 1 is the intra-BAN network in which sensors

are placed on the body to monitor the physiological data of the patients and

forward the monitored data to the coordinator node. Tier 2 is the inter-BAN

network in which the coordinator node transmits the data to the off-body access

point. Tier 3 is the beyond-BAN network, in which off-body access points forward

these physiological data to healthcare professionals through dedicated internet

communication links [3]. Each type of physiological data of the patient is entirely

different from other categories of physiological data. So, each body sensor data

12



13

Figure 1.1: Typical WBAN network

requires different processing methods by the medical team. Therefore, body sensor

data is considered heterogeneous [4].

However, the human body presents challenges for radio propagation, necessitating

a thorough understanding of its impact on antenna elements, radio propagation

channel parameters, and overall system performance. WBAN devices must also

possess characteristics such as low power consumption, compactness, and the abil-

ity to maintain high data rates and robust performance in challenging environ-

ments, even at low signal-to-noise ratios (SNR). In this context, the mm-wave (24

GHz ISM band) frequencies emerge as a highly promising solution for meeting the

unique requirements of WBAN.

Wireless body area networks (WBANs) using mm-wave (24 GHz) technology are

relatively new, but they hold considerable potential for enhancing healthcare and

various other applications. In the latter half of the 20th century, numerous com-

munication and sensing applications began to draw attention to the usage of

millimeter-wave frequencies, especially those in the 24 GHz range. In the con-

text of body-centric applications, researchers started looking at the potential of

mm-wave frequencies for short-range communication systems. In the early 2000s,

mm-wave WBAN research and development picked up momentum. Researchers

from academic institutions and businesses started looking into the viability, diffi-

culties, and potential uses of employing mm-wave frequencies for WBANs. The
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Institute of Electrical and Electronics Engineers (IEEE), among other standard-

isation organisations, began creating mm-wave WBAN-specific standards. There

are various benefits to using mm-wave frequencies, like those in the 24 GHz range,

in WBANs. WBANs at mmWave have the following challenges [5]:

1. Frequency: The mmWave band, with its high-frequency spectrum resources,

facilitates faster data transfer rates in MMWave-based WBANs. This sup-

ports significantly higher data rates, enabling the real-time transfer of large

data volumes, particularly advantageous for applications like high-resolution

medical imaging. However, the short wavelength of mmWave signals results

in a limited range, making them susceptible to signal attenuation and ob-

struction by objects like walls, furniture, and human bodies. As a result,

mmWave-based WBANs are designed for short-range communication within

a few meters.

2. Antenna design: In mmWave-based WBANs, antenna design is critical. An-

tennas must be more directed and smaller because of the reduced wavelength

to focus the signal on the intended receiver. EBG structures can be employed

to make the antenna highly insensitive to body proximity and shape confor-

mity.

3. Power consumption: WBAN devices require effective power control. mmWave

communication may use more power than lower frequency bands since it of-

ten involves higher data rates.

Overall, by offering high-speed, real-time wireless communication for monitor-

ing and diagnostics, mmWave-based WBANs have the potential to revolutionise

healthcare and related fields. However, they also present particular challenges

which indicate the need for careful system design and technological improvements.
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1.1 Research Motivation

Current WSN technologies used for WBAN have some major shortcomings and

problems as BAN works in extremely volatile environments. Body tissue’s ab-

sorption of Electromagnetic energy and cluttered working circumstances increases

path loss. Intrinsic and stringent constraints of sensor design, placement of the

sensor on the body, movement artifacts, pose of the human body, sensor mal-

function, and interference could bring about inaccurate and incomplete reception

of information. The rigorous requirement of size, flexibility, and regulations of

SAR (specific absorption rate) and power radiation made antenna design quite

challenging [6].

On the other hand, deficiency in the available frequency spectrum has been dras-

tically increasing due to fast-growing new wireless technologies. Because of Con-

gestion, Interference caused by coexisting multiple wireless systems drastically

degraded performance and lower energy efficiency [7]. Therefore, Spectrum utili-

sation efficiency is an important factor to be considered in the design process.

The human body’s motion significantly affects the accuracy of estimated physio-

logical parameters due to the large size and weight of the sensor device. Sensor

devices obstruct the usual activity and movement of the human body [8]. There-

fore the size, weight, and flexible material should be considered in the development

of sensor devices. Steps should be taken to miniaturize the sensor devices and pre-

vent any chemical and physical harm to the body in the pursuit of long-term use.

As in E-Health real-time monitoring system, the sensor node is supposed to be at-

tached to the human body for a long duration. There is still work remains related

to motion and body posture challenges in body-centric wireless communication

systems [9]. Especially for applications such as monitoring of daily human activ-

ities and sportsperson training as motion and body postures cause some serious

problems in communication. Therefore, the routing protocol must consider these

body movements and postures as these might introduce channel fading, interfer-

ence with neighboring WBAN, and increases BER [10].
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On the other hand, mm-waves frequencies offer many benefits such as large data

rates for real-time transmission, low latency, reduction in interference due to the

uncongested spectrum, miniaturization of devices, and unlicensed frequency bands.

These advantages are now attracting researchers to explore the mm-wave frequen-

cies as an alternative venue for WBAN [5]. Furthermore, because of the advance-

ment in CMOS technology, low-cost power-efficient mm-wave transceivers (which

occupy an area of a few mm) made it feasible for very short-distance high data

rate applications such as WBAN.

Conventional MAC layer protocol design fundamentals may need a thorough re-

consideration as mm-Wave systems have severe channel attenuation, stringent

hardware constraints, directional communication, vulnerability to obstacles, re-

duced interference footprint, and potentially high signaling overhead. In the

literature, up to now, PHY and propagation issues received far more attention

as compared to the medium access control (MAC) layer. However, Differences

between existing communication technologies and mm-Wave networks challenge

conventional design approaches [11].

1.2 Research Aims and Objectives

The objective of this thesis research is to analyse and characterise on-body radio

propagation in the 24 GHz ISM band using both single and multiple antennas.

The choice of 24 GHz frequencies is motivated by their potential for high data

rates, reduced interference in the uncongested spectrum, device miniaturization,

and the availability of unlicensed frequency bands. A combination of measure-

ment campaigns and simulations was conducted to analyse and investigate the

performance of potential MAC (CSMA) protocol for WBAN at 24GHz.

The main objectives of the study include:

• Design and develop various types of antennas with specific radiation pat-

terns, including directional (end-fire) and omnidirectional patterns. These
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antennas should possess characteristics such as compactness, flexibility, and

ease of wearability on the human body. Additionally, it is crucial for these

antennas to exhibit high insensitivity to human skin and structural defor-

mation.

• Characterise the on/off-body radio channel at 24 GHz and develop an em-

pirical path loss model specifically for body-centric wireless communication.

The research will particularly focus on analysing the waist-to-torso link in a

typical indoor environment. Furthermore, the impact of the antenna radia-

tion pattern will be incorporated into the modeling of the on-body channel.

• Investigate and analyse the performance of the Zigbee protocol, specifically

its physical layer and MAC (Media Access Control) components, under the

influence of the 24 GHz on-body propagation path-loss model in the ISM

band.

1.3 Overview of Thesis

Aligned with the research objectives, the remaining sections of the thesis are struc-

tured as follows:

Chapter 2 provides an overview of the essential concepts related to wireless body

area networks (WBANs). It includes a concise introduction to wearable antennas,

electromagnetic band gap structures, mm-wave channel models, mm-wave multiple

access transmission schemes (MAC), and the Zigbee architecture.

Chapter 3 provides an introductory overview of wearable antennas specifically

designed for Wireless Body Area Networks (WBANs) operating at 24 GHz. This

chapter showcases various types of antennas that are flexible, thin, and compact

in nature. The first is a low profile thin layered bow-tie antenna integrated with

a dual split square ring EBG structure. The second antenna highlighted in this

chapter is a compact circular antenna featuring radial stubs and meandering slits.

It is specifically designed for on-body WBAN applications within the 24 GHz
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ISM band. Moreover, this chapter delves into the exploration and evaluation of

planar end-fire array and tapered slot antenna configurations for their suitability

in mm-wave wearable applications.

Chapter 4 introduces two iterations of Koch fractal geometry applied to the de-

sign of a bow-tie slot antenna backed by an Electromagnetic Band Gap(EBG)

structure. The proposed antenna geometry incorporates Koch fractal-based bow-

tie slots on a radiating monopole, complemented by a compact 5x5 cell EBG

structure. This arrangement exhibits both bandgap characteristics and the neces-

sary phase reflection required at the 24 GHz ISM band. As a result, surface waves

and the back-lobe of the antenna are significantly reduced. The performance of the

prototyped EBG-backed antenna is thoroughly analysed in Chapter 4, considering

parameters such as the reflection coefficient (S11), radiation pattern, suitability

for on-body operations, resistance to structural bending, and Specific Absorption

Rate (SAR). It is worth noting that the proposed Koch fractal bow-tie slot anten-

nas are the thinnest EBG-backed antennas reported in the K band.

Chapter 5 focuses on conducting an extensive examination of sectorized 24 GHz

on-body radio propagation channels in indoor environments. The goal is to deter-

mine the propagation parameters, such as the path loss exponent and shadowing

factor, for on-body communication systems. Additionally, this chapter investi-

gates the influence of various antenna types on the performance of these systems.

To explore the significant characteristics of antennas that should be incorporated

for on-body channels, four antenna types are selected for this investigation: Bow-

tie, EBG-backed Bow-tie, Yagi Uda, and Vivaldi antennas. The selection of these

antennas aims to demonstrate their distinct radiation propagation characteristics

and their impact on the performance of on-body communication systems.

Chapter 6 provides a comprehensive examination and analysis of the system-

level modeling for the Zigbee protocol, specifically focusing on its physical layer

and MAC components when applied to the mm-wave radio architecture for body-

centric communications. This chapter builds upon the performance analysis of
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the Carrier Sense Multiple Access (CSMA) protocol in the context of the 24 GHz

channel model, which was previously presented in Chapter 5.

Chapter 7 offers a comprehensive summary of the primary contributions and

findings derived from the study, effectively concluding the completed work. Addi-

tionally, this chapter presents potential avenues for future research activities.
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Chapter 2

Background and Literature

Review

2.1 Introduction

Research in wireless body area networks often focuses on unlicensed frequency

bands, including the ISM bands at 434 MHz, 915 MHz, and 2.45 GHz, and the

ultra-wideband (UWB) from 3.1 GHz to 10.6 GHz [ [1]- [14], [15]- [27]]. The

IEEE 802.15.6 standard encompasses these frequency bands. Each band has its

advantages and disadvantages. Lower frequencies exhibit minimal attenuation

and better penetration into the human body, but offer limited bandwidth and

increased interference. Additionally, larger antennas are required due to the longer

wavelength. Higher frequency bands reverse these characteristics. Hence, the

selection of the operational frequency necessitates a careful equilibrium between

considerations such as propagation losses, antenna dimensions, the potential for

interference, and the demands of data transmission speed.

22
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Figure 2.1: The basic structure of the microstrip patch antenna

2.2 Fundamental Concepts and Principles

Certain fundamental Concepts and theories are presented prior to delving into the

topic of wireless body area networks, and these foundational Concepts are applied

throughout the subsequent chapters.

2.2.1 Microstrip Antennas

The concept of microstrip patch antennas emerged from the use of printed cir-

cuit technology, where both the radiating components and circuit elements are

integrated. The initial suggestion was made by Deschamps [28], but it received

little attention until the 1970s. Since then, extensive research and development

have been conducted on microstrip patch antennas, resulting in numerous books,

papers, and review articles on the subject [ [30]- [37]].

The fundamental structure of a microstrip patch antenna is illustrated in Fig.

(2.1). It consists of a metalized area placed above a ground plane and supported

by a thin dielectric substrate, with proper grounding. While the patch shape

can be theoretically arbitrary, practical designs often take the form of a circle,

rectangle, equilateral triangle, or annular ring. Fig. (2.2) illustrates four different

feeding strategies for microstrip patch antennas: proximity feed, aperture-coupled
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Figure 2.2: Four common feeding methods of microstrip patch antenna

feed, coaxial probe feed, and microstrip line feed. The use of microstrip line

and co-planar waveguide-fed techniques are more suitable for Wireless Body Area

Networks (WBANs). These feeding methods offer increased ease in the wearability

of antennas on the body. The region beneath the patch acts as a resonant cavity

with open circuits on the sides, initially receiving electromagnetic radiation. When

a portion of the energy escapes the cavity, it radiates into space, thus forming the

antenna structure.

2.2.2 S parameters / Two-port network

The term ”two-port network” pertains to an electrical circuit or device equipped

with two sets of terminals intended for connection to external circuits. A port is

formed by two terminals when the currents flowing into one terminal are equal to

the currents flowing out of the other terminal on the same port. This fundamental

principle, known as the port condition, ensures the conservation of electric current

within the two-port network [38].



25

Figure 2.3: Illustration Involving a two-port network and S-parameters

In circuit analysis, the two-port network model is commonly employed to isolate

specific sections of larger circuits. A ”black box” representation is utilized, where a

matrix of integers describes the properties of the two-port network. This approach

eliminates the need to solve for internal voltages and currents within the network,

simplifying the computation of its response to applied signals at the ports. The

two-port networks considered in this thesis include a two-port travelling wave

antenna and the radio channels.

Y1

Y2

 =

S11 S21

S12 S22

X1

X2

 (2.1)

The behavior of the two-port network is characterised using incident and reflected

waves at the ports, which are defined by S-parameters. S-parameters are partic-

ularly useful at UHF and microwave frequencies, where it becomes challenging

to directly measure voltages and currents. They provide an effective means of

analysing the network’s performance and understanding signal transmission and

reflection within the system.

In the context of a two-port network, the symbols ”Xi” represent the incident

waves at port i, while the symbols ”Yi” denote the reflected waves at port i. This

relationship between incident and reflected waves can be visualised in Fig. (2.3),

which illustrates an example of a two-port network along with its corresponding

S-parameters.
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2.2.3 Propagation Loss

Path loss, also known as attenuation, refers to the reduction in power density

experienced by an electromagnetic wave as it propagates through space. This

concept is widely used in radio propagation and wireless communications. Several

factors contribute to path loss, including free-space loss, refraction, diffraction,

reflection, aperture-medium coupling loss, and medium absorption. In the context

of Wireless Body Area Networks (WBANs), the attenuation of signal strength,

known as path loss, is additionally impacted by factors such as the shape of the

terrain, the characteristics of the environment, the medium through which signals

propagate (specifically, the human body), fluctuations in the distance between

the transmitter and receiver due to bodily motions, as well as the elevation and

positioning of antennas across various body regions.

A direct line-of-sight trajectory across clear and unobstructed surroundings, devoid

of objects that could reflect or diffract the signal, results in what is termed as free-

space path loss (FSPL). This phenomenon denotes the decline in the strength of

an electromagnetic wave as it propagates through space. The FSPL equation is:

FSPL = (
4πd

λ
)2

In the given equation, λ represents the wavelength of the signal, f denotes the

frequency of the signal, d represents the distance from the transmitter, and c

represents the speed of light in a vacuum.

The Free-Space Path Loss (FSPL) acts as a reference point for estimating the

anticipated signal strength between a transmitter and a receiver, disregarding

the influence of obstacles, reflections, or diffractions. However, in the context of

Wireless Body Area Networks (WBANs), the applicability of free-space path loss

diminishes due to the unique challenges posed by the on-body environment. In

WBAN scenarios, the presence of the human body and its dynamic movements

introduces signal attenuation and reflection.
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2.3 Wearable Antenna design

Wearable antennas must satisfy three key criteria. Initially, the antennas need to

possess a sleek, lightweight design that seamlessly conforms to the body. Following

that, the antennas must demonstrate a lack of sensitivity to the immediate pres-

ence of the human body. Additionally, they should showcase a radiation pattern

that minimises signal loss and interference, all the while adhering to established

guidelines for human safety in terms of radiation absorption, such as the specific

absorption rate (SAR). In the design of wearable antennas, essential factors like

antenna efficiency and proper impedance matching become critical due to the close

proximity of the human body, which has the potential to significantly influence

the antenna’s operational performance.

In most wearable antenna designs, either a ground plane or an electromagnetic

band-gap (EBG) backing layer is employed to provide shielding for the radiating

components against the body, thus leading to an enhancement in antenna effi-

ciency. However, for wireless body area networks, challenges arise concerning the

antenna’s emission pattern and its effect on perceived path gain. Measurements

have shown that the link shape and antenna type significantly influence the path

gain. Moreover, the positioning of antennas also plays a vital role in determining

how electromagnetic waves propagate. For instance, The connection between the

head and waist is primarily characterised by the propagation of surface waves or

creeping waves, as mentioned in reference [53]. On the other hand, the link from

the waist to the wrist primarily encounters the propagation of space waves when

there are no obstacles between the transmitting and receiving points.

2.3.1 Wearable antennas

Research has explored various types of antennas suitable for applications worn

on the body, such as planar dipoles, monopoles, planar inverted-F antennas (PI-

FAs), and microstrip patches. [ [54], [21], [22]]. The effectiveness of monopole

antennas in reducing path loss and fading in on-body communication channels,
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when compared to other antenna types, can be attributed to their advantageous

characteristics such as a simple design, vertical orientation, and resistance to fad-

ing. Planar inverted-F antennas ranked second in on-body performance. However,

other antennas like dipoles, loops, and printed-F antennas exhibited high losses

near the body. Microstrip patch antennas, while low profile and conformal, typi-

cally provide off-body radiation patterns.

To address size constraints, miniaturization techniques were employed, such as

multiple folded arms, inductive and capacitive loading, and the use of high per-

mittivity or permeability materials [ [55]- [57]]. However, these techniques some-

times compromise antenna efficiency and directional radiation patterns. Antenna

arrays were explored for on-body applications, but their large size and limited

beam control posed challenges in achieving high angular resolution of the radia-

tion pattern at these frequencies [ [58], [59]]. Despite these difficulties, researchers

have proposed innovative solutions, such as a high-mode microstrip patch antenna

launching creeping waves and a surface wave antenna applying Yagi-Uda princi-

ples [2]. These advancements continue to improve on-body antenna design and

address the unique challenges of wearable communication systems.

Recent efforts have also been dedicated to exploring UWB wearable antenna de-

signs, considering the need for good impedance matching, radiation characteristics,

and preservation of pulse shape [ [22]– [25]]. Additional parameters, such as im-

pulse response, frequency domain transfer function, and time spread, are crucial

in UWB antenna design. The majority of UWB antennas suggested for Wireless

Body Area Network (WBAN) communications are adaptations of monopole/dipole

antennas and slot antennas, as noted in reference [60]. Additionally, researchers

delve into the examination of antenna effectiveness when situated near the human

body, with a specific emphasis on aspects like signal integrity, specific absorption

rate (SAR), and radiation efficiency [61]. UWB antennas offer advantages, in-

cluding smaller size with increasing frequency and the potential for achieving high

gain, with some UWB Vivaldi antennas reaching up to 10 dBi gain. While beam-

forming techniques have been reported in the literature, Antenna arrays equipped
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with beamforming capabilities are still too bulky for use in wearable applications

on the body [62].

Antennas based on textile materials have gained significant attention worldwide

due to their comparable performance to conventional antennas, along with be-

ing lightweight, flexible, and easy to integrate into clothing [ [63]- [66]]. These

attributes render them as potential contenders for integration into wireless body

area networks. Diverse traditional antenna models, spanning microstrip patch

antennas, slot antennas, dipole antennas, PIFA, loop antennas, and spirals, have

effectively been incorporated into textile substrates to cater to both narrowband

and ultra-wideband (UWB) applications. [ [67]- [71]]. Table 2.1 provides the pros

and cons of The above-mentioned antennas. They are not very popular and have

a lot of challenges as textiles, owing to their flexibility, can undergo deformation,

impacting the performance of integrated antennas, as these antennas typically

require the maintenance of specific shapes and dimensions for optimal function-

ing. Additionally, the presence of conductive textiles or body tissues can lead to

detuning, altering the resonant frequency of the antenna.

Challenges also arise in seamlessly integrating textile antennas with electronic

components while preserving flexibility and wearability. The proximity of multiple

antennas may result in mutual coupling, influencing the performance of individual

antennas. Furthermore, textile antennas must exhibit durability for withstanding

washing and typical wear associated with clothing. Finally, the absorption of RF

energy by the human body can impact the on-body antennas’ overall performance.

Nevertheless, incorporating an electromagnetic band-gap (EBG) ground plane can

alleviate these impacts and reduce the specific absorption rate (SAR) associated

with the antenna [72].
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Table 2.1: Pros and cons for different types of antennas when integrated into
textile substrates

Antenna Type Pros Cons

Patch Antenna Lightweight, low-profile, and
conformable to textile sub-
strates.

Limited bandwidth, sensitiv-
ity to bending, potential for
detuning due to textile prop-
erties, and mutual coupling.

Slot Antenna Simple design, low profile,
and can be integrated directly
into the fabric.

Limited bandwidth, sensitiv-
ity to bending, and potential
for mutual coupling.

Dipole Antenna Simple structure, easy inte-
gration into textiles, and rel-
atively wide bandwidth.

Limited compactness, sensi-
tivity to bending, and poten-
tial for radiation pattern dis-
tortion.

PIFA (Planar In-
verted F Antenna)

Compact design, low profile,
and can be easily integrated
into textile substrates.

Limited bandwidth, sensitiv-
ity to bending, and poten-
tial for detuning due to the
presence of nearby conductive
materials.

Loop Antenna Low profile, compact design,
and can be integrated into
clothing or accessories.

Limited bandwidth, sensitiv-
ity to bending, and potential
for mutual coupling.

Spiral Antenna Compact and planar struc-
ture, suitable for wideband
applications.

Limited efficiency, sensitivity
to bending, and potential for
detuning.

2.4 Radio channel characterisation for WBANs

In order to develop future communication standards and design efficient transceivers

for Wireless Body Area Network (WBAN) systems, it is essential to have a compre-

hensive understanding of the characteristics of the propagation channels used. In

WBAN applications, the optimal utilisation of propagation channels is of utmost

importance due to the compact size and limited battery power of the devices. The
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positioning of antennas on or within the body, user movements, and environmen-

tal factors all play a significant role in determining the behavior of propagation

channels.

Considering the diverse range of WBAN applications, different methods of commu-

nication may be required. Generally, three distinct types of transmission channels

can be identified [ [5]– [16]]:

Off-body channel: This involves communication between an external device

located on a body-worn device and another body-worn device attached to an item

or another person. Examples include communication between a smartwatch and

a smartphone, or between a wearable fitness tracker and a wireless headset.

On-body channel: This refers to the interaction between two gadgets mounted

on the same person’s body. For instance, communication between a chest-worn

electrocardiogram (ECG) monitor and a wrist-worn activity tracker falls under

the category of on-body channels.

In-body channel: This type of channel involves communication between a device

located on the surface of the body and an implanted device within the human body.

Examples include wireless communication between a wearable insulin pump and

a glucose monitoring implant.

In practice, body area network channels are often categorised based on the lo-

cations of the transmit and receive antennas on the body, commonly referred to

as ”on-body channels.” Examples of these on-body channels include abdomen-to-

head or abdomen-to-chest channels, which offer valuable insights into the specific

placement of devices for achieving optimal signal propagation. Considerable re-

search efforts have been directed towards studying the characteristics of on-body

channels connecting a communication hub located on the abdomen with positions

on the head, wrist, chest, back, and ankle, as documented in references [3] and

[4].
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2.4.1 Measurements of communication channels and em-

pirical modelling

Many propagation investigations outlined in existing literature have predominantly

adopted an empirical methodology. [ [1]– [20], [23], [24]– [27]]. These investiga-

tions are commonly conducted in indoor environments [ [3], [4], [6], [10], [11]],

although certain studies have explored anechoic chambers [ [11], [16]] and outdoor

settings [ [11], [39]].

In most cases, researchers have employed network analysers to measure trans-

mission loss [ [3], [10], [11], [16]]. This approach provides a combination of

high precision and an extensive dynamic range made available by network anal-

ysers. However, it has the drawback of requiring the connection of antennas to

the network analyser through coaxial cables, which can introduce measurement

distortions [ [10], [40]– [43]]. To address this issue, a few research groups have

implemented fiber optic cables to link the antennas with the network analyser

[ [42], [44]].

Others have utilised small wearable transmitters and receivers to record received

signal strength indicator (RSSI) and measure propagation path loss [ [27], [30],

[45]]. This method also has some issues as well like ensuring synchronised data ac-

quisition between wearable transmitters and receivers is crucial for accurate RSSI

measurements. Asynchronous data collection may introduce errors in path loss cal-

culations. Achieving accurate and consistent RSSI measurements across different

devices and scenarios requires proper calibration and standardisation procedures.

The lack of standardized methods can lead to inconsistencies in path loss models.

Significant efforts have been dedicated to investigating Ultra-Wideband (UWB)

propagation channels [ [23], [25]– [26]], as UWB technology is considered a promis-

ing candidate for future Body Area Network (BAN) standards, Offering high data

rates for communication links within both on-body and in-body contexts, however,

current Body Area Network (BAN) standards function within limited frequency
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ranges, notably around 400 MHz and 2.45 GHz. As a result, research into propa-

gation channels at these frequencies, as well as other license-free bands, has been

undertaken. Various research groups in the UK, Belgium, Japan, and Australia

have extensively explored measurement studies across diverse Industrial, Scientific,

and Medical (ISM) frequency bands. [ [1]– [22]].

2.4.1.1 Narrowband channel characterisation

Propagation near the human body experiences a blend of space waves, surface

waves, and diffracted waves. The prevalence of each kind hinges on antenna po-

sitions and bodily motions. In scenarios with an unobstructed view between an-

tennas, space wave propagation takes place. Conversely, when antennas encounter

blockages or shadows, propagation entails surface wave and diffracted wave mech-

anisms. A research endeavor conducted at 2.45 GHz illustrated the relationship

between on-body path gain and the distance between antennas, revealing that

direct line-of-sight (LOS) connections followed a power law attenuation trend as

distance increased, while non-line-of-sight (NLOS) links displayed exponential at-

tenuation. [ [20]]. Another study derived a model to describe the variation of path

loss with frequency and distance [13]. Measurements of path loss around the torso

were performed and showed an exponential increase in the shadow region [ [10],

[16]]. Furthermore, a model was put forth to encompass the fluctuation in path

loss encircling the torso, taking into account the waves that are reflected by the

surroundings. [10].

2.4.1.2 UWB channel characterisation

Extensive investigations of Ultra-Wideband (UWB) propagation channels have

been carried out by numerous research teams worldwide [ [23], [46]– [52]]. Most

of these studies utilised a network analyser for measurements, except for a few

exceptions [ [46]]. Numerous studies have calculated the average path loss spanning

the complete UWB spectrum, and they have investigated how the average path loss
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changes as the distance between antennas is altered in various locations encircling

the torso [ [46]- [52]]. The typical approach to representing the change in path loss

with distance involved using linear or logarithmic fitting to logarithmic path loss

data [ [46], [47], [52]].

2.4.1.3 60 GHz mm-wave channel characterisation

Several groups have focused their efforts on different aspects of 60 GHz indoor

communications to ensure their inclusion in the IEEE 802.11ad standard [113].

One such endeavor in [114] involves characterising human mobility using a random

walk model combined with knife-edge diffraction. This approach has resulted in

the development of a cluster blockage probability that is easy to implement within

the standard.

Additionally, [115] presents measurements conducted in an indoor environment

with the aim of determining the most significant attenuation caused by human

occlusion. Furthermore, [116] evaluates the likelihood of connection blockage

for a transmitter positioned on the ceiling. More recently, cylindrical models of

the human body have been proposed and examined in [117] as part of ongoing

research efforts in this domain. Studies have shown that a perfect electric con-

ductor (PEC) cylinder can effectively approximate the human anatomy, with no

significant differences observed between circular and elliptic cylinders. Utilising

such simplified body geometry, researchers have developed analytical models for

60 GHz body area networks [118].

Investigations into the influence of clothing on signal propagation have been car-

ried out in [119], revealing the minimal impact on path loss caused by various

garment layers and styles. Moreover, the same group of researchers has developed

an electro-textile with unique electric characteristics, exhibiting high conductivity,

which resulted in a notable reduction in route loss [120]. Due to recent advance-

ments in numerical phantoms of the human body [121], it is now possible to create

a model with a sub-millimeter mesh.
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2.5 Millimeter wave communication and a MAC

layer perspective

Wireless communication at centimeter-wave or mm-wave frequencies is considered

the best option to achieve high data rates in upcoming future wireless networks.

However, these very high-frequency waves undergo huge attenuation, deafness, and

blockage, and may require microwave or sub-GHz networks for synchronisation and

fallback support.

mm-Wave communication systems have special hardware constraints and propaga-

tion characteristics that introduce new challenges for efficient MAC and physical

layer design. The hardware structure of a millimeter-wave transceiver based on

an antenna array is intricate and encompasses numerous RF analog elements. Of

particular significance, these analog components are often subject to imperfections

stemming from manufacturing anomalies. Consequently, various hardware flaws

such as phase noise, non-linear behavior in power amplifiers, IQ imbalance, and

similar issues, tend to arise, particularly in millimeter-wave frequencies [73].

While the traditional hardware limitations are present in sub-6 GHz wireless sys-

tems, their effects become more pronounced in millimeter-wave (mm-Wave) sys-

tems. Additionally, in mm-Wave systems, the challenges of extensive real-time

baseband signal processing become more prominent due to the utilisation of large

bandwidths. These factors compound the issues associated with hardware imper-

fections like phase noise, non-linearities in power amplifiers, IQ imbalances, and

more. Consequently, the performance of mm-Wave systems is considerably sus-

ceptible to these hardware limitations and imperfections. Hence, conducting a

comprehensive analysis and design, along with the exploration of potential solu-

tions, becomes crucial in mitigating these challenges [74].

mm-Waves experience high path loss, and high penetration loss, and possess large

available bandwidth. Due to very small wavelengths, large numbers of antenna

elements can be implemented in the given size of radio chips. This increases the

attainable antenna gain at the expense of extra signal processing. The high gain
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antenna array can completely compensate for the large path loss of mm-Wave sys-

tems without any increase in transmission power. Deafness and blockage are the

main issues in mm-Wave networks due to vulnerability to obstacles and directional

communications [76]. Deafness is the non-line of sight position of antennas of the

transmitter and the receiver preventing the initiation of a directional communi-

cation link. Blockage refers to enormous attenuation due to obstacles (e.g., the

human body attenuates signals up to 35 dB [76]) that cannot be compensated by

extra transmission power or using the high-gain antennas.

Numerous operations within a network, including tasks like establishing communi-

cation links, discovering neighboring devices, sharing routing details, and coordi-

nating access to channels, heavily rely on the exchange of signaling messages over a

designated control channel. The unique attributes of millimeter-wave (mm-Wave)

communication introduce certain dilemmas related to fallback and directionality.

Specifically, the fallback trade-off refers to the decision-making process between

transmitting control messages via either an mm-Wave or microwave channel. The

challenge arises due to the potential blockage issue faced by mm-Wave channels,

leading to reduced reliability of the control channel. As a result, the deployment

of a dedicated microwave control channel emerges as a solution for enhancing net-

work synchronization and broadcast capabilities. However, this solution comes

with an increased hardware complexity and power consumption, as it entails the

addition of an extra microwave transceiver for managing the control channel [77].

2.5.1 Medium Access Control (MAC):

A set of rules and processes used in the MAC layer to control how devices access

the common communication medium are referred to as MAC protocols, also known

as Media Access Control protocols. These protocols specify how devices compete

for the right to send data, how they handle collisions when several devices try to

transmit at the same time, and how they make sure network resources are used

fairly and effectively. For example, CSMA/CD - Carrier Sense Multiple Access

with Collision Detection - and CSMA/CA - Carrier Sense Multiple Access with
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Collision Avoidance - are MAC protocols that are specifically made for Ethernet

and Wi-Fi, respectively. To ensure efficient and reliable communication between

networked devices, each MAC protocol has its own processes and techniques for

restricting access to the shared medium and managing the flow of data.

The MAC protocol maximizes power efficiency and enhances performance and net-

work reliability by reducing the effects of collisions. Several researchers proposed

many energy-efficient MAC protocols for WBANs. The proposed MAC protocol

[78] displays fundamental techniques (such as low-power listening, scheduled chan-

nel polling, and periodically turn on/off radio) for generic wireless sensor networks

to attain small delay and low throughput.

In reference [79], collision, overhearing, and idle listening were identified as chal-

lenges to Energy efficiency in wireless sensor network MAC protocol. Medium

access control protocols are generally classified as contention-based and contention-

free. Contention takes place when two or more sensor nodes of the network seek

to access the same communication channel simultaneously. It is very likely to

happen when traffic is frequent and correlated, and it reduces the lifespan of WSN

[80]. The contention-free MAC protocol does not allow any data collisions. In

literature, almost all proposed contention-free MAC protocols considered the sce-

nario of time-synchronized sensor nodes. However, this is not possible for large

sensor networks. Contention-based MAC protocols are typically based on random

access principles; however, these protocols often incorporate certain refinements

when compared to purely random access schemes like Aloha. In contention-based

MAC, sensor nodes access the channel without any coordination with each other.

After the collision of data, both nodes have to wait for some random duration and

attempt again [80].

In the literature, many researchers presented examples of contention-based and

contention-free MAC protocols [79]. FDMA based MAC is not suitable for wire-

less sensor networks, although it provides collision-free communication. That’s
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because of challenging front-end hardware design, especially filters. CSMA/CA-

based MAC has a simple structure, better reliability, and quite high energy con-

sumption. Conversely, TDMA-based MAC is energy efficient. However, TDMA

is not scalable and requires node synchronization. The auxiliary radio channel

is used to wake the scheduled node for transmission. This alternate method in-

volves out-of-band communication channels to minimize idle listening and power

consumption [80].

Conventional MAC layer protocol design fundamentals may need a thorough re-

consideration as mm-Wave systems have severe channel attenuation, stringent

hardware constraints, directional communication, vulnerability to obstacles, re-

duced interference footprint, and potentially high signaling overhead [75]. In the

literature, up to now, PHY and propagation issues received far more attention

as compared to the medium access control (MAC) layer. However, Differences

between existing communication technologies and mm-Wave networks challenge

conventional design approaches.

The properties of mm-wave signals cause a lot of challenges like misalignment of

transceivers due to the deafness problem, which further complicates the control

channel selection technique in node position identification and link establishing

with node. Therefore control channel selection mechanism necessitates deciding

the adoption of either mm-wave or microwave and the antenna type (Omni, semi,

or directional) for the control channel. Line of sight blockage and node movements

can disrupt the connection and pose challenges to link robustness.

2.5.2 Literature related to WBANs MAC

In the E-health monitoring system, Each distinct vital sign category is associ-

ated with a specific type of medical data, setting it apart from other vital signs.

In the context of body sensor networks, several resource limitations come into

play, including inadequate energy, processing capabilities, and limited memory.

Consequently, devising an effective medium access protocol presents a significant



39

challenge within Wireless Body Area Networks (WBANs). [83]. In the litera-

ture, various MAC protocols have been presented related to slot allocation issues

in WBANs. In MAC protocols, time is divided into discrete periods or frames

known as MAC superframes. These superframes serve to organise data trans-

mission and manage information within the network, comprising various smaller

frames. Typically, data frames, acknowledgment frames, and beacon frames are

included as components of the superframe. Generally, the super-frame structure

and multiple access (MA) schemes are the two main design decisions that have

been made in MAC protocols.

The important factors while designing of MAC super-frame structure are frame

format, classifications of data, and multiple access schemes. IEEE 802.15.4 and

IEEE 802.15.6 both standards support super-frame structure. Multiple access

schemes contain scheduling schemes and their combinations, which include Time

Division Multiple Access (TDMA), Aloha, carrier sense multiple access with col-

lision avoidance (CSMA/CA), Slotted Aloha, and Frequency Division Multiple

Access (FDMA). The slot allocation approach is not a suitable solution for medi-

cal emergency data. It degrades the MAC protocol performance in terms of delay,

the frequent demand of beacon interval (BI), limited slots for physiological data,

retransmission of lost data packets, higher energy consumption, and small interval

of Super-frame and slots.

A survey on scheduling access schemes, channel interferences, and energy consump-

tion of IEEE 802.15.4 and IEEE 802.15.6 is performed in [84]. They investigate

the challenges and issues related to the design and development of low-powered

biomedical sensors (BMSs) for monitoring of physiological data of a person in

several applications [85]. However, they did not recognise the limitations of the

super-frame structure of IEEE 802.15.4. Fig.2.4 provides MAC Super-frame struc-

tures of IEEE standards 802.15.4, 802.15.6 and 802.15.3c

The Super-frame structure has been categorised into contention, TDMA, and low

power listening device-based MAC protocols studies. The majority of MAC pro-

tocols have been formulated with a focus on wireless sensor networks (WSNs).
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Figure 2.4: MAC Super-frame structures of; a) IEEE 802.15.4, b) IEEE
802.15.6 and c) IEEE 802.15.3c

Typically, wireless sensor networks exhibit a consistent type of data. However,

the distinctive heterogeneity of physiological data in Wireless Body Area Net-

works (WBANs) results in disparate demands. This variation extends across the

PHY, MAC, network, transport, and application layers, which have been scruti-

nized in the context of Super-frame structures within IEEE 802.15.4 and IEEE

802.15.6 standards for WBANs [86]. They examined the layers to establish an

association between Super-frame structure using CSMA/CA, TDMA, and Slotted

Aloha. This section classifies MAC Super-frame structures into IEEE 802.15.3c,

IEEE 802.15.4 and IEEE 802.15.6 as shown in Fig.2.5.

Several IEEE standards like 802.11, 802.15, and 802.15.1 do not support the moni-

toring of abnormal conditions of patients. However, IEEE 802.15.4 can detect and

monitor the abnormal conditions of patients and communicate physiological data

with better data reliability [87]. Numerous researchers have tried to redesign the

Super-frame structure of 802.15.4 MAC to use it for a body area network. Table



41

Figure 2.5: Classifies MAC Super-frame structures into IEEE 802.15.3c, IEEE
802.15.4 and IEEE 802.15.6

2.1 presents a comparison of WSN standards based on super-frames which include

802.15.4, 802.15.6, and 802.15.3c [88].

2.5.3 Taxonomy of MAC protocols

The challenges related to the design of an effective MAC protocol for mm-wave

body-centric communications have attracted huge interest from researchers. In this

section, we introduce a taxonomy of the potential MAC protocols for the mm-wave

body area network as proposed in the literature, as illustrated in Fig. 2.6. These

MAC protocols can be broadly classified into two architectures: directional and

non-directional antenna-based.

The non-directional antenna-based protocols have been presented for WBAN at

the microwave frequency range, and they can also be considered potential can-

didates for mm-wave WBAN. On the other hand, the directional antenna-based

protocols have primarily been proposed for WPAN (Wireless Personal Area Net-

work) in the mm-wave communication network. However, they too hold promise

as potential candidates for mm-wave WBAN applications.
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Table 2.2: Comparison of different features of WSN standards 802.15.4,
802.15.6, and 802.15.3c

Characteristics 802.15.4 802.15.6 802.15.3c

Domain Sensors appli-
cations

WBAN appli-
cations

Personal Area
Network

Data type Homogenous Heterogeneous Heterogeneous

Range 10 to 100 meter 3 to 6 meter -

Coverage Extendable Medium Small

Max of sensors 10-65k 3-256 -

Power 15-30 mW 0.02-42 mW 400mW

Frequency ISM(2.4 GHz) UWB (3-10
GHz)

60 GHz

Data Rate 20-250 kb/s 0.05-10 Mb/s 7 Gb/s

MA scheme CSMA/CA,
TDMA,
FDMA, Aloha

CSMA/CA,
TDMA,
FDMA, Aloha

CSMA/CA,
TDMA,
OFDMA

Channel allocation
technique

Contention,
polling-and
alert based

Contention and
post allocation

-

2.5.4 Evaluation and Comparison of Medium Access Schedul-

ing Schemes

In the wireless body area network, multiple access schemes are responsible for

scheduling the data transmission between body sensor nodes and coordinator [89].

In the literature, most researchers suggest a TDMA with a CSMA/CA scheduling

access scheme for slot allocation in CFP and CAP periods. The low throughput,

higher delay, data collision, and high power consumption deteriorates the per-

formance of Multiple access scheme protocol during contention for sensor nodes
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Figure 2.6: Taxonomy of MAC protocols in terms of directional and non-
directional antenna-based architectures for WBANs and WPANs

for accessing the channel. In Time-division multiple access (TDMA), each body

sensor node has allocated time slots, and nodes wait and transmit data in their

predefined time slots. Therefore because of long waiting interval and contention,

both TDMA and CSMA/CA schemes are not suitable for emergency scenarios.

In table 2.2, Different characteristics of scheduling schemes such as Energy con-

sumption, bandwidth, packet delivery, traffic, and synchronisation are compared

[ [90]- [91]]. However, the energy consumption of the TDMA access scheme is

smaller as compared to CSMA/CA.

In summary, this chapter discusses different aspects of Wireless Body Area Net-

work (WBAN) literature, covering things like wearable antenna designs, empirical

channel characterization, and how devices communicate at microwave (2.4 GHz)
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Table 2.3: Comparison between TDMA, CSMA/CA and FDMA

Function TDMA CSMA/CA FDMA

Power consumption Low High High

Preferred Traffic level High Low High

Bandwidth utilisation Maximum Low Maximum

Dynamic network Average Good Good

Packet failure Effect Latency Low -

Synchronisation Mandatory - Not-
Mandatory

and millimeter-wave (60 GHz) frequencies. It highlights the challenges addressed

in the literature that still exist today. The authors noticed a lack of research on

the 24 GHz ISM band in WBAN. This thesis aims to fill that gap by exploring

how radio signals travel on the body at 24 GHz using both single and multiple

antennas. The choice of 24 GHz is because it offers the potential for high data

rates, less interference, smaller devices, and uses unlicensed frequency bands. The

study uses measurements and simulations to analyse how well a communication

protocol (CSMA) works for WBAN at 24 GHz.
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Chapter 3

24 GHz Flexible antennas for

On-body communication

3.1 introduction

Lately, wireless communication networks have been driven towards the mm-wave

frequencies due to a large amount of available bandwidth, and the capability to

achieve high throughput. Therefore, mm-wave frequencies have attracted the wire-

less body area network community as it offers great potential to further improve

health care and remote sensing application [1] - [3]. The mm-wave spectrum

provides plenty of advantages like reduced interference due to uncongested band-

width, compact devices, and large data rates [4]. Recently, A 24 GHz ISM band

Yagi Uda antenna has been developed on a flexible substrate using inkjet printing

[5]. Moreover, a 60 GHz wearable end-fire antenna has been proposed for on-body

communication [6]. However, these wearable antennas have high backward ra-

diation which causes a potential hazard to the human body. Millimeter waves

have very short wavelengths, therefore penetration depth of mm-wave frequencies

is restricted to 1 mm. Due to the very close proximity of human skin tissue with

the antenna, the performance of the antenna is further reduced [7]. To over-

come this challenge, good isolation is required between the human skin and the
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antenna. Electromagnetic bandgap (EBG) structures are widely used to suppress

the surface waves and back lobe radiations of the antenna [18]. A square-shaped

EBG printed on textile material has been proposed for a 26 GHz antenna which

enhances the gain by 19% [8] - [9].

The first part of this chapter reports a design published by the author [10]. A

low profile antenna integrated with a dual split square ring EBG structure with

the thickness of 0.02λ0 is presented. The presented antenna is a slotted bow-tie,

backed by an array of 5 × 5 cell EBG structure demonstrating the required phase

reflection at 24 GHz, which substantially reduces the backward radiation of the

antenna.

The Second antenna introduced in this chapter is a compact circular antenna for

on-body WBAN applications in the 24 GHz ISM band. The antenna is made from

a vinyl polymer-based PTFE material called Rogers 5880 and uses radial stubs

and meandering slits to increase its electrical length without increasing its size.

This makes the antenna more compact than other antennas currently available.

The dimensions of the proposed antenna are 16.612 × 11.228 × 0.127 mm³. To

test the antenna’s conformability, it was tested under different curvature radii,

resulting in only 0.8% frequency detuning. This is due to the use of meandering

slits, which reduce the antenna’s mechanical spring constant, making it more flex-

ible. All simulated results were calculated using the CST Microwave Studio 3-D

electromagnetic solver. The effects of bending on the antenna’s performance were

analyzed in detail to predict its on-body performance. Finally, an experimental

evaluation was performed on a 29-year-old male volunteer to assess the antenna’s

on-body performance.

This chapter also focuses on exploring and evaluating planar end-fire array and ta-

pered slot antenna configurations for use in mm-wave wearable applications, with

the goal of identifying a design that offers good performance in terms of direc-

tional gain and radiation efficiency while being straightforward to fabricate and

integrate. By using a simple planar structure, the presented end-fire array design
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Figure 3.1: EBG geometry

could potentially pave the way for the development of practical and cost-effective

wearable antennas for various wireless communication and sensing applications.

This chapter is organized as follows: In each section, the design and geometry of

the antenna will be presented. Following that, in each subsection, the experimental

and simulation results of the prototyped antenna. This will include information

on radiation patterns, free space, and on-body reflection coefficient (S11), as well

as structural deformation analysis. Finally, the conclusions are in the last section.

3.2 EBG backed bow-tie antenna

A unit cell based on a dual split square ring resonator with an area of 3.18 ×

3.18 mm2 was designed and fabricated on a Rogers 5880 dielectric substrate with

a relative permittivity of 2.2 and a thickness of 127 µm, with a ground plane

beneath it. The proposed unit cell structure is derived from the basic rectangular

split-ring resonator and is subsequently optimized for the best performance in

the required frequency band. The unit cell was simulated using CST Microwave

Studio, with periodic boundary conditions (PBCs) applied to accurately model

its behavior. The design was optimized to achieve the desired phase reflection

response at 24.125 GHz.

The proposed geometry of the outer and inner split square ring resonator, with

coupling gaps on two corners, was found to provide a 0◦ phase shift from the
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Figure 3.2: Phase reflection diagram

reflected wave, as shown in Fig.3.2. This behaviour allows the unit cell to func-

tion as an artificial magnetic conductor (AMC), which can reflect electromagnetic

waves with high efficiency and low loss. The AMC effect arises due to the resonant

coupling between the two split ring resonators, which causes a current distribution

that mimics that of a magnetic conductor.

3.2.1 Antenna Design and Integration with EBG

Figure 3.3: Bow-tie slot antenna geometry
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The co-planar waveguide (CPW)-fed bow-tie slot antenna was fabricated with

dimensions and geometry shown in Fig.3.3. The antenna is designed to have a sin-

gle metallization layer, making its construction straightforward. For ungrounded

CPW feeding, the antenna is fed directly without any ground plane. However,

when the electromagnetic bandgap (EBG) array is attached underneath the an-

tenna, grounded CPW feeding is used because the EBG has a ground plane. To

accurately model and simulate the full EBG-backed antenna structure, the time-

domain solver of CST studio was used with a 50Ω SMA connector included in the

model. The inclusion of the SMA connector improves the comparison of simulation

and measurement results. The chemical etching technique was employed in the

prototyping and fabrication of the antenna. The resultant antenna has dimensions

of 16.19 × 16.19 × 0.254 mm3, and its configuration is shown in Fig.3.4. The

Figure 3.4: Integration of EBG with antenna

antenna has an edge mount integration with a connector and no air gap between

the antenna and EBG. This configuration improves its suitability for wearing on

the surface of the human body and facilitates integration with the connector.



64

Figure 3.5: Return loss of simulated EBG backed antenna (Fig. 3.4) with and
without connector and measured S11

3.2.2 Free Space performance Evaluation

To evaluate the performance of the EBG-backed antenna, in-house testing was

carried out, and the measured reflection parameters were compared with simula-

tion results. The measurements were performed using a 40 GHz Vector Network

Analyzer (VNA) (HP 8722ES), and the comparison is shown in Fig.3.5, which

indicates the effect of the SMA connector. The S11 values of the EBG-backed

antenna are less than -10 dB in the desired frequency band, and the measured S11

in the ISM band (24 - 24.250 GHz) is around -17 dB.

The measured E- and H-plane radiation patterns are shown in Figs.3.6 and 3.7,

with the bold solid line representing the pattern with EBG and the dashed line

representing the pattern without EBG. The integration of the EBG structure with

the antenna significantly reduces backward radiation by 12.2 dB at 24 GHz and

10.5 dB at 24.250 GHz, while the realized gain increases by 2.6 dB to 5.5 dBi and

2.5 dB to 4.8 dBi at 24 GHz and 24.25 GHz, respectively.

The results demonstrate the effectiveness of the EBG structure in suppressing back

lobe radiations that are directed toward the human body. This is particularly

important for wearable devices, where the antenna is in close proximity to the



65

Figure 3.6: Radiation polar plots of bow-tie slot antenna (Fig.3.4) with
EBG/AMC measured (bold solid-line), with EBG/AMC simulated (green dash-

line) and without EBG/AMC measured (dash-line) at 24 GHz

Figure 3.7: Measured radiation polar plots of bow-tie slot antenna (Fig.3.4)
with EBG/AMC (bold solid-line) and without EBG/AMC (dash-line) at 24.250

GHz

body. The use of the EBG structure not only improves the radiation pattern

and gain but also reduces interference from other devices operating in the same

frequency band.

3.2.3 Structural bending analysis

Since the human body has many curved surfaces, the antenna may experience

some structural deformation. Therefore, a further investigation was performed to

determine the antenna’s ability to withstand structural bending while retaining
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Figure 3.8: Measured reflection coefficients of the antenna (Fig.3.4) when bent
along the X and Y-axis.

comparable reflection and radiation performance. To evaluate this, the S11 mea-

surements of the antenna were taken while it was bent along the X- and Y-axis

with radii of curvature of 15 and 30 mm, as shown in Fig.3.8. The antenna under

consideration is bent along two different radii on a cylindrical structure, resulting

in two distinct orientations. This configuration produces four distinct return loss

curves. Notably, all four curves demonstrate satisfactory return loss within the

desired ISM band. The results indicate a slight shift in center frequency when bent

on a 30 mm radius cylinder along the X- and Y-axis. However, a larger shift is

observed when bent on a 15 mm radius cylinder along the X- and Y-axis. Despite

this, the S11 value remains better than -10 dB at 24.125 GHz.

Additionally, the radiation pattern of the EBG-backed antenna under bending

scenarios (for Rx, Ry = 15 mm along the y-axis and x-axis) is reported in Fig.3.9,

and 3.10. The results indicate that the directivity is maintained at around 1.5 dBi
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Figure 3.9: Measured radiation polar plots of EBG backed antenna (Fig.3.4)
when bent on 15 mm radius cylinder along X-axis (black solid line), Y-axis (blue

solid-line) and without bent (dash-line) at 24 GHz.

Figure 3.10: Measured radiation polar plots of EBG backed antenna (Fig.3.4)
when bent on 15 mm radius cylinder along X-axis (black solid line), Y-axis (blue

solid-line) and without bent (dash-line) at 24.250 GHz.

while separately bent at Rx and Ry = 15 mm, although the reflection coefficients

at Ry = 15mm are slightly detuned from the desired band. This suggests that the

antenna can withstand some bending without significantly affecting its radiation

performance. When the antenna is severely bent along a cylinder, it introduces

perturbations to its radiation pattern, resulting in more ripples or distortions

compared to its traditional, flat configuration. This occurs because the bending

of the antenna can impact its resonant properties, leading to alterations in the

distribution of electromagnetic fields around it.
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3.2.4 SAR and body loading effects

To further investigate the body-loading performance of the prototype antenna,

S11 measurements were performed on a male volunteer who was 178 cm tall and

weighed 61 kg at various positions, such as chest, finger, forehead, hand, and

wrist, as shown in Fig.3.11. Due to the varied dielectric constant values and

capacitive behavior of different human tissues, there were differences in the S11

curves measured at different positions. Without an EBG, the structure was highly

lossy, and significant energy was dissipated in the human tissues. All the reflection

curves were detuned, even though the measured S11 was at < -10 dB over the

desired 24 GHz ISM band, except for the wrist. The challenge of placing an

antenna on the curved surface of the human body arises because, in most locations

where the antenna is positioned, the entire antenna structure is not fully adhered

to the skin. This is due to the connector, which is relatively large compared to the

antenna structure, creating a slight gap between a small portion of the antenna and

the skin. However, in the case of the wrist location, the connector is well-adjusted,

and a significant portion of the antenna structure is in close contact with the skin.

Consequently, the return loss is worse for the wrist skin location. After integrating

the EBG structure with the antenna, as shown in Fig.3.12, the reflection response

of the structure was tuned for the 24GHz ISM band for all mounting sites.

The proposed prototype covers only the 24GHz ISM band and reduces the un-

wanted absorption of EM energy in skin tissues outside the ISM band. The gap

between the antenna aperture and the skin layers was 3 mm in both scenarios,

with and without EBG. The dielectric properties of human tissue layers were ob-

tained from the Italian National Research Council’s website [11]. The ICNIRP

Basic restrictions for electromagnetic field exposure from 100 kHz to 300 GHz, for

averaging intervals 6 min Whole-body average SAR is 0.4 W/kg.

In CST MWS, the IEEE/IEC 62704-1 averaging method was used for SAR calcu-

lation for 1g of tissue volume, and Fig.3.13 presents the SAR distribution when

the EBG was and was not attached to the antenna. The maximum SAR values

were 1.93 W/kg and 28.1 W/kg at 100 mW input power, respectively. Hence,
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Figure 3.11: Measured reflection coefficients of the antenna (Fig.3.4) on the
human body without EBG.

Figure 3.12: Measured reflection coefficients of the antenna (Fig.3.4) on hu-
man body with EBG.

the EBG shield reduced 93% of the radiation absorption rate compared to direct

exposure from the antenna, which indicates that the proposed antenna structure

is safe for human use.

Table 3.1 presents a comparison of different features of the proposed antenna with

previously published K-band EBG-integrated antennas. The proposed antenna is

the thinnest and smallest in size. This antenna covers a 24GHz ISM band when
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Figure 3.13: SAR distribution of prototype antenna (Fig.3.4) with EBG and
without EBG

Table 3.1: Comparison with previously published K band EBG antennas

Ref Frequ
-ency
GHz

Dimen -
sion λ0

Thick -
ness λ0

Gain
dBi

On-
body
S11

BW%

S11

shift
MHz/
mm

Gain
dBi/
bend-
ing

SAR
Re-
duc-
tion
%

This
Work

24 (1.29×1.29)0.02 5.5 2.58 80/30 1.5/15 93

[13] 26 (2.79×1.91)0.032 8.65 2.3 400/30 NA 69.9

[14] 28 (2.67×3.14)0.065 7.9 40 1500/30 NA NA

[15] 24 (2.16×2.16)0.05 6 3 400/60 *5.36/60NA

[16] 28 (1.9×1.9) 0.14 5 **3.3 NA NA NA

attached directly to the skin, and shows a minimal shift in S11 while bending, and

a significant decrease in SAR percentage.
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3.3 Circular Patch antenna with radial stub

The antenna in Fig.3.14 comprised of a standard circular patch with a complete

ground plane, but it was relatively larger than other antennas designed for the 24

GHz ISM band. To reduce its size, meandering slits were introduced to increase

the electrical length of the antenna and lower its operating frequency, achieving the

desired compactness. Meandering slits parallel to the patch feed were also added

to increase the flexibility of the laminated metal and polymer stack. The final

proposed design is a microstrip-based circular antenna with radial stubs on the

feed, which exhibits the desired bandwidth (23.7-24.9 GHz) to operate in the 24

GHz ISM band. It has a good radiation pattern and satisfactory Front-back-ratio

(FBR), making it suitable for flexible body-worn devices. The top metallic copper

layer contains a modified circular patch with four meandering slits, fed using a 50

Ω impedance inset feed line with radial stubs.

In order to assess the performance of the antenna, a connector (large size) is

required to be attached to the antenna which is shorted with the radial stubs. As

a result, the feed line was extended and optimized to achieve the necessary return

loss. However, this extension of the feed line led to an increase in the size of the

antenna. The final optimized antenna dimensions are 16.612 × 11.228 × 0.127

mm3 (length, width, and thickness). The dimension and geometry of the antenna

are presented in Fig.3.14. The antenna is fabricated using a polymer-based flexible

substrate Roger RT/duroid 5880 with a thickness of 0.127 mm. The conductive

parts are etched on copper cladding with an expected conductivity of 5.96 × 107

S/m and a thickness of 35 µm. The Rogers substrate has an estimated dielectric

constant of 2.20 and a tangent loss of 0.0009 at the operational frequency band.

3.3.1 Return Loss evaluation

The antenna prototype was chemically fabricated and fed using a standard 50 Ω

SMA connector via an inset feed. To test the prototype, a two-port RF network

analyzer (KEYSIGHT P9377B) was employed, and reasonable good agreement was
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Figure 3.14: Geometry of the circular patch antenna

observed between the numerical and experimental return losses of the fabricated

prototype, as demonstrated in Fig.3.15. However, there were slight variations

in the measurements, which could be attributed to fabrication tolerances and

numerical errors [12]. The large size of the connector, positioned very close to

the radial structure at the feedline, contributes to the discrepancy between the

simulation results (without the connector) and the measured results.
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Figure 3.15: a) Prototype of the circular patch antenna. b) Measured reflec-
tion coefficients of the antenna.

3.3.2 Structural bending

In body-worn applications, it is crucial for an antenna to have structural con-

formability, meaning it should be able to withstand a certain degree of structural

deformation and easily conform to the curved surface of the human body. To

test the structural conformability of our antenna design, an experimental bending

analysis was conducted with 14 mm curvature radii along the X-axis and Y-axis, as

depicted in Fig.3.16. The results presented in Fig.3.16 demonstrate the matching

of measured reflection coefficients of the antenna within the entire 24 GHz ISM

band for the chosen curvature radii.

The maximum measured percentage of frequency shift was approximately 0.8%,

indicating that the radial stubs were effective in minimizing frequency detuning

caused by 14 mm bending radii. These findings demonstrate that our antenna

design is highly conformal and a suitable choice for body-worn devices.

3.3.3 Radiation Pattern

To evaluate the performance of the designed antenna, we measured the far-field

radiation patterns in the antenna lab of the School of Engineering, University
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Figure 3.16: a) Antenna bent onto the cylinder along the X and Y axis. b)
Measured reflection coefficients of the antenna while bending along the X and

Y axis on the 14mm cylinder.

of Kent, using an anechoic chamber. The radiation patterns were measured at

the center frequency of the ISM band, i.e., 24 GHz, with and without bending,

as shown in Fig.3.17. The results indicate that the antenna has good radiation

patterns, with a satisfactory front-to-back ratio (FBR) and a maximum gain of

4.067 and 2.06 dBi with and without bending, respectively. These results show

that our designed antenna is a suitable choice for on-body Wireless Body Area

Network (WBAN) communication.
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Figure 3.17: Measured radiation patterns of the antenna with and without a
bend in free space and on-body. (a) xz plane and (b) yz plane at 24 GHz.

Additionally, we presented the free space gain against frequency in Fig.3.18, which

provides further insight into the antenna’s performance characteristics. Overall,

our measured results demonstrate the suitability and effectiveness of the proposed

antenna for on-body WBAN communication.
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Figure 3.18: Gain vs Frequency plot of the circular patch antenna Fig.3.14

3.3.4 On-body Performance evaluation

To evaluate the performance of a flexible antenna when placed on the human body,

a 28-year-old male volunteer was used. The volunteer’s weight was measured to

be 64 kg, and his overall height was 173 cm. The proposed antenna was tested

on four different locations on the volunteer’s body, as shown in Fig.3.19. The

antenna was placed directly on the body without any separation. The measured

reflection coefficients in free-space were compared for each location. The results

show a slight shift in the resonant frequency, indicating that the human body has

a small loading effect on the proposed antenna.

The antenna’s impedance bandwidth covers the entire frequency spectrum at the

24 GHz ISM band. This slight variation in frequency is due to the high permittivity

and lossy nature of the human body, which could be worsened without radial

stubs. The radial stubs provide closely match the impedance of the antenna with

the feedline even in the presence of human body biological tissues.

3.4 Planner Quasi-Yagi antenna array

The Yagi-Uda antenna is a type of directional antenna commonly used in wireless

communications and remote sensing applications. It has a moderate gain and is
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Figure 3.19: a) Antenna Placement on the body and b)Measured reflection
coefficients of the antenna on the human body.

typically linearly polarized, meaning that it radiates electromagnetic waves in a

single plane. The antenna’s structure consists of several linear dipole elements,

with one element acting as the ”driver” and the others as ”directors”. The driver

element is directly connected to the feedline and receives the input signal, while the

directors are arranged in a specific pattern behind the driver. The mutual coupling

effect between the driver and directors causes current to induce in the remaining

dipole elements, resulting in a directional radiation pattern [19]. This antenna

is particularly useful in wearable applications where high directionality is desired,

such as for tracking or communication purposes [17]. Compared to broadside

arrays, end-fire arrays typically exhibit better performance in terms of directional
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gain and radiation efficiency [20]. Therefore, in the design of millimeter-wave

(mm-wave) wearable antennas, end-fire arrays can be a suitable option for achiev-

ing high gain and directionality in a compact form factor. However, the challenge

lies in finding an end-fire antenna array with a simple structure that can be im-

plemented using planar technology.

3.4.1 Structure Design / Geometry

In the presence of dielectric material, an optimized driven element is resonant at

0.24λ from the center of the feed line as shown in Fig.3.20). The bottom layer of the

antenna contains a reflector element that also acts as a ground plane for the feed

line, which helps to improve its performance. As shown in Fig.3.14, the antenna

also includes seven parasitic elements called directors, which are designed to have

different lengths than the feed elements. The directors have lengths ranging from

0.35λ0 to 0.33λ0, and the spacing between the dipole elements is less than 0.22λ0.

This design helps to improve the gain and directivity of the antenna, which are

important characteristics for many applications.

Figure 3.20: Planar Yagi Uda antenna geometry and dimensions
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In addition, the antenna is optimized to achieve a large impedance bandwidth,

which is necessary to overcome the degradation in return loss performance that

can occur when the antenna is in close proximity to human tissue. However, there

is a trade-off between gain and impedance bandwidth, as increasing the bandwidth

can reduce the obtainable gain [21]. Therefore, it is important to carefully balance

these factors when designing an antenna for use in wearable or implantable devices,

where the antenna must perform well in the presence of biological tissues.

3.4.2 Performance analysis

To evaluate the performance of the designed antenna, both simulation and mea-

surement techniques were used. The return loss of the antenna was computed

using CST Microwave Studio and than a prototype was measured using a 60-

GHz vector network analyzer (VNA) (Anritsu 37397c) in the 20-28 GHz band. As

shown in Fig(3.21, there is a good agreement between the simulated and measured

performance, indicating that the antenna design is accurate and reliable.

Figure 3.21: a) Planar Yagi Uda Antenna Prototype. b)Free space Yagi Uda
antenna S11 performance.

The return loss of the antenna was found to be well below -10dB (23.8 to 26 GHz)

in the 24 GHz ISM band, which is a free frequency band for wireless communication
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systems. This suggests that the antenna has 2.2 GHz bandwidth and is suitable

for use in a wide range of applications that operate within this band.

3.4.3 On-body performance

To assess the performance of the on-body antenna, S11 measurements were taken

on a 61 kg, 178 cm tall male volunteer on four different mounting sites: chest,

forehead, thigh, and wrist. The on-body reflection coefficient of the antenna is

shown in Fig.3.22. It is observed that the varied capacitance and dielectric constant

values of human tissues at different mounting sites result in distinct curves.

Figure 3.22: Return loss performance of Yagi Uda antenna when placed in
different positions on the human body

The prototype antenna has a 2.2 GHz bandwidth and is optimized for the 24

GHz ISM band. The robust S11 response of the antenna when attached to the

body makes it an excellent choice for wearable applications within this band. The

antenna is capable of maintaining a low return loss even when mounted on different

parts of the body, which is essential for reliable signal transmission and reception.

The ability to maintain a stable S11 response on different mounting sites is crucial

for wearable applications, where the antenna is in close proximity to the body

and may experience varying loading conditions. The on-body measurements on
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the male volunteer demonstrate the suitability of the antenna for use in such

scenarios, where reliable and robust performance is essential.

3.4.4 Effect of bending

The human body has many curved surfaces, which can cause structural deforma-

tion in wearable antennas. To evaluate this, S11 measurements of the antenna

were taken while it was bent along the X- and Y-axis with radii of curvature of 15

mm, as shown in Fig.3.23.

Figure 3.23: a) Planar Yagi Uda Antenna bent along a 14 mm radial cylinder.
b)Reflection coefficients of Yagi Uda antenna when bending along a 14 mm radial

cylinder.

The results of the investigation show that there is a slight shift of 400 MHz from

the center frequency when the antenna is bent along the X-axis. However, a severe

shift and degradation in the S11 performance is observed when it is bent along the

Y-axis. Despite this, the S11 value remains better than -10 dB at 24.125 GHz,

which is well within the ISM band. The shift in center frequency may be due

to the change in the effective length of the antenna caused by the bending. The

investigation demonstrates the antenna’s ability to withstand structural bending

while maintaining its performance within the 24 GHz ISM band. However, it is



82

important to note that the level of deformation that the antenna can withstand

may depend on its design and materials. Therefore, further optimization may

be required to ensure that the antenna can withstand more significant bending

without compromising its performance.

3.4.5 Radiation pattern

Figs.3.24 and 3.25 display the measured E- and H-plane patterns of the antenna,

which illustrate its directional characteristics. At 24 GHz, the realized gain is

measured to be 10 dBi, indicating that the antenna is highly efficient at con-

verting input power into radiated power. The results indicate that the radiation

pattern of the antenna is predominantly in the forward direction. The presented

Yagi antenna array has the potential for increased directivity with the addition

of more array elements. The primary objective of this antenna is to function as

a transmitter for off-body communication in subsequent path loss propagation

modeling. Due to the intended application and the high frequency of operation

(24GHz), on-body radiation pattern simulations and measurements were not con-

ducted. Performing such simulations and measurements at this frequency would

necessitate a substantial amount of computational resources.

Figure 3.24: measured E-Plane radiation patterns of Yagi Uda antenna
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Figure 3.25: measured H-Plane radiation patterns of Yagi Uda antenna

3.5 Microstrip-based Vivaldi antenna

A microstrip-fed Vivaldi antenna was designed comprising of a conductive dielec-

tric substrate, specifically Rogers 5880, which has an exponentially tapered slot in

its metallization. In Fig.3.26, it can be seen that the antenna has a short length

of slot line that connects a circular slot line cavity to the flared end of the tapered

slot line. On the other side, the antenna has a microstrip line that terminates in

a broadband radial quarter wave stub, with the base of the stub crossing the slot

line near the circular cavity. The microstrip to slot line feed is used for excitation,

which is terminated by a circular slot line cavity.

The radiation pattern of the Vivaldi antenna is end-fire, with a forward gain char-

acteristic. If the taper profile, flare height, flare length, cavity diameter, substrate

height, cavity diameter, and dielectric constant are selected appropriately, as il-

lustrated in Fig.3.25, it can generate a symmetric beam in the E- and H- planes

over a wide bandwidth. The design of the Vivaldi antenna allows for a broad

frequency range with excellent gain and radiation pattern characteristics, making

it an attractive option for various applications in the field of antenna technology.

Additionally, Fig.3.27 illustrates the antenna’s performance in terms of the free



84

Figure 3.26: Geometry and dimensions of Vivaldi antenna

space reflection coefficient over a bandwidth of 2.5 GHz. Furthermore, the mea-

sured radiation pattern of the antenna is depicted in Figs.3.28 and 3.29. This

pattern gives an indication of how the antenna’s signal propagates in different

directions, which is important for optimizing antenna placement and orientation.

Finally, the realized gain of the antenna, which is a measure of how much power

is radiated by the antenna compared to a theoretical isotropic radiator, is approx-

imately 7 dBi. This value is useful for comparing the performance of different

antennas and for determining the range and coverage area of the antenna.

3.5.1 On-body performance

In order to evaluate the performance of the on-body antenna, S11 measurements

were taken on a male volunteer who was 61 kg and 178 cm tall. The antenna

was mounted on four different sites on the volunteer’s body: the chest, forehead,

fingers, and wrist. Fig. (3.30 shows the on-body reflection coefficient of the
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Figure 3.27: a) Vivaldi Antenna Prototype. b)Free space Vivaldi antenna S11

performance.

Figure 3.28: measured E-Plane radiation patterns of Vivaldi antenna

antenna, which reveals distinct curves due to the varied capacitance and dielectric

constant values of human tissues at different mounting sites.

The prototype antenna has a 2.5 GHz bandwidth and is optimized for use in the

24 GHz ISM band. The robust S11 response of the antenna when attached to the

body makes it well-suited for wearable applications within this frequency range.

Furthermore, the antenna is capable of maintaining a low return loss even when
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Figure 3.29: measured H-Plane radiation patterns of Vivaldi antenna

Figure 3.30: On-body return loss performance of Vivaldi antenna

mounted on various parts of the body, which is essential for ensuring reliable signal

transmission and reception. This feature enhances the versatility of the antenna,

making it suitable for use in a wide range of wearable devices.

3.5.2 Effect of bending

To evaluate this, S11 measurements were taken while the antenna was bent along

the X- and Y-axes with radii of curvature of 15 mm, as illustrated in Fig.3.31.
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Figure 3.31: a) Vivaldi Antenna bent along a 14 mm radial cylinder.
b)Reflection coefficients of Vivaldi antenna when bending along a 14 mm ra-

dial cylinder.

The investigation revealed that the antenna experiences a slight shift in the center

frequency of 300 MHz when bent along the X-axis. However, a significant shift in

the S11 performance was observed when the antenna was bent along the Y-axis.

Despite this, the S11 value remained better than -10 dB at 24.125 GHz, which is

well within the ISM band.

The shift in center frequency may be attributed to the change in the antenna’s

effective length resulting from the bending. These findings demonstrate the an-

tenna’s ability to withstand structural bending while maintaining its performance

within the 24 GHz ISM band. This characteristic is crucial for wearable applica-

tions, where antennas may experience deformation due to the movements of the

body, ensuring reliable signal transmission and reception.
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3.6 Conclusion

This chapter presents on-body antennas designed for wireless body area networks

operating at the 24 GHz ISM band. These antennas will be utilized for charac-

terizing the on-body path loss channel later on. First, a low-profile thin-layered

split square-ring EBG structure is presented at 24 GHz ISM band. A 5 × 5 ele-

ment EBG array is investigated then placed beneath a bow-tie slot antenna. This

antenna is the thinnest (0.02λ0) EBG-backed antenna reported in the K band

according to the authors’ knowledge. Radiation measurements in the anechoic

chamber show an increase in the gain by 2.6 dB and in the front-to-back ratio by

14.83 dB. High insensitivity to body proximity is observed from the on-body S11

performance of the EBG backed antenna.

Furthermore, insignificant variation in bandwidth and center frequency is noticed

in the results when the proposed antenna is bent over curves of 30 and 15 mm.

Also, measurements of the radiation patterns in bending scenarios show gain and

directivity are not significantly altered. Finally, the SAR investigation in CST

studio shows a 90% decrease in absorption rate because of the EBG shield under

the 100mW input power. The proposed first antenna performance demonstrates

its suitability for 24 GHz ISM band wearable applications.

The second antenna showcased a wearable, thin, and low-profile design, featur-

ing radial stubs, for the 24 GHz ISM band. The antenna’s size was effectively

reduced, and its bandwidth improved by employing meandering slits. The an-

tenna’s impedance bandwidth was measured at 5%, spanning from 23.7 to 24.9

GHz, and it exhibited a peak gain of 4.1 dBi. To further test its performance, the

antenna underwent structural deformation experiments under various curvature

radii.

Results showed minimal frequency detuning, with a maximum of 0.3% along the

X-axis and 1.04% along the Y-axis. Additionally, the bandwidth remained almost

constant, making it highly suitable for flexible applications. In summary, the

proposed antenna design is ideal for wearable and flexible devices due to its stable
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performance, ability to withstand human body loading, and improved bandwidth

and structural stability.

The goal of developing the aforementioned antennas was to utilize them for 24

GHz ISM band on-body channel characterization purposes. The novelty of the

presented antennas lies in their ultra-thin structure, while simultaneously main-

taining on-body performance under rigorous environmental tests within the re-

quired 24GHz ISM band. To achieve this objective, two additional antenna types

were chosen, namely the Yagi Uda and Vivaldi antennas. These antennas were

selected for their forward gain radiation patterns, with the Vivaldi antenna pos-

sessing a wider beam width than the Yagi antenna.

The Yagi antenna prototype demonstrated a gain of 10 to 12 dBi and a bandwidth

of 5.8 GHz. In contrast, the Vivaldi antenna showed a stable on-body reflection

coefficient with a bandwidth of 2.15 GHz. The measured pattern of the Vivaldi

antenna indicated a wide beam directional radiation, with a realized gain of ap-

proximately 7 dBi.

Both antennas exhibited a robust S11 response when attached to the body and

bent along a 14 mm radial cylinder in both the X and Y axes. Thus, these antennas

are suitable for use in channel characterization applications due to their reliable

performance and ability to withstand human body loading.
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Chapter 4

EBG backed Fractal

geometry-based antenna for 24

GHz ISM band WBAN

4.1 Introduction

Nowadays, wireless networks for wearables have gained substantial attention within

both academic and industrial communities as they offer the potential to further en-

hance the usage in military applications, navigation, remote monitoring of health-

care systems, and sporting performance [1, 2]. The millimeter-wave (mm-wave)

spectrum offers many benefits such as large data rates, larger channel multiplexes,

reduction in interference because of the uncongested spectrum, miniaturization of

devices, and unlicensed frequency bands [3]. Choosing a 24 GHz (ISM) band

over 60 GHz enables a lower path loss environment, less shadow fading, and the

use of lesser directive antennas. However, wearable antennas for body-centric ap-

plications have been mostly studied in the microwave spectrum rather than at

mm-wave frequencies [4, 5]. Recently, two different inkjet-printed multilayers,

multidirector mm-wave Yagi-Uda antennas have been developed on thin flexible

material for 24.5 GHz (ISM) band applications [6]. In [7], a wearable end-fire
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antenna has been proposed for 60 GHz on-body communication. However, these

mm-wave body-worn antennas pose a potential radiation hazard to the human

body because of high backward radiation (>5 dBi). The penetration depth of

mm-waves to the human body is small due to the very short wavelength, and this

restricts the risk to the skin. The value of the power transmission coefficient is ex-

tremely high in human tissues at mm-waves as compared to sub-6 GHz frequencies.

Consequently, much of the electromagnetic energy is absorbed into human skin.

This issue can drastically decrease the efficiency of the antenna as well as cause a

risk to the wearer’s safety. Therefore, adequate isolation is necessary between the

antenna and the human tissues [8]. An electromagnetic bandgap (EBG) structure

is considered an effective approach to reducing harmful radiation by suppressing

the back lobe and surface waves [9]. An EBG array in a phone case has been

developed to minimize human exposure at microwave frequency in terms of SAR

by 24%. This further reduces the effects of the proximity of the human body and

thereby enhances the gain of the antenna by 19% [10]. A textile-based square

EBG has been developed at 26 GHz that improved the gain by 2.52 dB [11].

This chapter presents 2 iterations of Koch fractal geometry on the bow-tie slot

antenna backed by the EBG/AMC structure. A 1st iteration Koch fractal base

antenna has been published in [12] which Presented an ultra-thin Koch fractal

geometry-based antenna integrated with a compact EBG/AMC structure having

a total thickness of 0.02λ0. The proposed antenna geometry consists of Koch

fractal-based bow-tie slots on a radiating monopole, backed by a compact 5 × 5

cell EBG structure demonstrating both bandgap and required phase reflection at

24GHz ISM band, which significantly reduces surface waves and the back-lobe of

the antenna, respectively. The proposed structure uses an extremely thin (127

um) substrate of rogers 5880 which made it flexible enough to fit on any shape

or part of the human body. both the two iteration fractal structures are compact

and electrically thinner than comparable structures in the literature. They also

possess good bandwidth when attached directly to the skin, a minimal shift in S11

while bending, a high front-to-back ratio (FBR) with a 30% decrease in thickness,

and the largest decrease in SAR percentage when compared with existing wearable
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EBG-backed antennas in K band. The chapter is organized as follows: Section

4.2 presents the design and characterisation of the EBG/AMC structure. Section

4.3 discusses the 1st iteration Koch fractal bow-tie antenna structure design and

the performance of the prototyped EBG-backed antenna in terms of the reflection

coefficient S11, radiations pattern, on-body operations, structural bending, and

SAR. Section 4.4 presents the 2nd Iteration Koch Fractal-based Antenna Design,

Integration with EBG Surface, and on-body performance.

4.2 Electromagnetic band gap structure

This section provides the geometry and structure of an EBG structure. A split

square ring resonator-based EBG geometry is designed and investigated. A unit

cell ofW×W = 3.18×3.18mm2 on a Rogers 5880 dielectric substrate (ϵr = 2.2) and

thickness of 0.127 mm over a ground plane was simulated in CST Microwave Studio

using periodic boundary conditions (PBCs), Fig.4.1. The proposed EBG unit cell

consists of an approximately one wavelength perimeter split square ring resonator

with coupling gaps on two corners. The proposed unit cell is also optimized to

achieve good return loss performance under the proposed fractal geometry-based

slot antenna, and that is why it has a different structure than presented in the

previous chapter. The EBG structure is symmetric along both X and Y-axis as

shown in Fig.4.1 and the proposed geometry acts as a two-dimensional electric

filter within the 24 GHz ISM band where the surface exhibits high impedance.

The change in the dimension of trace width and coupling gap varies the operating

region, i.e., a decrease in the trace width and slot gap shifts the band gap region

to lower frequencies. The unit cell was optimized to obtain the required phase

reflection response at 24.125 GHz.

This configuration provides 0o phase shift from the reflected wave and behaves

as an artificial magnetic conductor (AMC) [19]. Fig.(4.2) presents the simulated

reflection phase diagram of a normally incident plane wave on the unit cell sur-

face. The resonant frequency is 24.125GHz, and the bandwidth is approximately
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Figure 4.1: Proposed EBG geometry

250MHz. The AMC is a single layer and does not require vias which simplifies the

fabrication and reduces cost.

Figure 4.2: Phase reflection diagram

The characteristics of periodic electromagnetic bandgap (EBG) structures can be

investigated by employing two different techniques: the dispersion diagram and

the suspended transmission line method. We analyse the bandgap region using

both approaches. To calculate the dispersion diagram from the unit cell, periodic

boundary conditions and an appropriate phase shift are applied to the sides. The

unit cell repeats infinitely with periodicity Px, Py, and lattice angle α. The impact

of a finite structure in calculating a dispersion diagram arises from the use of
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periodic boundary conditions to simulate an infinite repetition of the unit cell.

Firstly, edge effects can occur at the boundaries of the finite unit cell, introducing

reflections and interactions that differ from those in an infinite structure. Secondly,

the periodic boundary conditions may not perfectly replicate the actual behavior

of the finite unit cell, particularly in regions where the assumptions of periodicity

break down. Finally, size-dependent phenomena and the finite nature of the unit

cell can lead to deviations in the dispersion diagram. The CST Eigenmode Solver

is used to generate the dispersion response in Fig.4.3. The vertical axis shows

frequency, while the horizontal represents transverse wavenumbers, specifically

Γ, X, and M as indicated in the inset. The hexahedral mesh type is used and

JDM (Jacobi-Davidson Method) eigenmode solver is chosen, which is found to

be faster for the given example. Dispersion diagram calculations often prefer the

Jacobi-Davidson method due to its effectiveness in efficiently solving the large

and sparse eigenvalue problems commonly encountered when analysing intricate

periodic electromagnetic structures. An EBG bandgap region from 23.9 to 24.48

GHz is observed, and surface waves will be suppressed in this band. Therefore,

the interaction between the fields and the skin at the structure edge is reduced.

The AMC characteristic improves the forward radiation, while the EBG effect

improves the decoupling of the structure from the skin.

Figure 4.3: Dispersion diagram
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The dispersion diagram represents the relationship between the frequency (or

wavelength) and the propagation constant of these modes. mode 1 corresponds

to the primary mode with the lowest frequency or longest wavelength that can

propagate through the structure. Mode 2, being the second mode, has a higher

frequency (or shorter wavelength) compared to mode 1.

To further verify the bandgap region, the suspended transmission line approach

was modeled using a 0.5 mm wide microstrip line placed 0.02λ0 above a 5×5 EBG

array. The simulated transmission coefficient is presented in Fig.4.4. The S21 is

below -20 dB between 23.962 GHz and 24.353 GHz.

Figure 4.4: EBG suspended transmission line S parameters

4.3 First Iteration Koch Fractal based Antenna

Design and Integration with EBG Surface

In this subsection, the Koch fractal geometry-based slotted bow-tie antenna is

presented in Fig.4.5. To achieve flexibility, the antenna is kept the EBG (no gap

between EBG and antenna), reducing the impedance bandwidth. Then, the band-

width of the proposed antenna is further enhanced by adding fractal repetition [13]
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along the resonant length of the patch. This fractal bow-tie slot antenna has sin-

gle metallization and dielectric layers, such that ungrounded coplanar waveguide

feeding is a suitable option in terms of fabrication. After the integration of the

antenna with the EBG structure, grounded CPW feeding was chosen as the EBG

array has a metal ground plane. The female type 50 Ω SMA edge mount connector

(HRM(G)-300-467B-1 specified to 28 GHz) was simulated with the full structure

to improve comparison with measurement. The fractal bow-tie slot antenna sim-

ulations were performed using the CST time domain solver and a prototype was

fabricated using chemical etching.

Figure 4.5: Koch fractal based Bow-tie slot antenna geometry, a = 0.72, b =
0.67 and c = 0.75 mm

A 5×5 EBG structure was placed underneath the slot antenna. Fig.4.6 shows the

dielectric and metal layer stack of the antenna-EBG structure, this prototype has

an edge-mounted connector and no air gap between the layers. The EBG-backed

antenna was shown by measurement in Fig.4.6 to be well isolated from the skin

meaning the design process was valid without accounting for body loading. This
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configuration is suitable for wearing on the surface of the body as the resultant

antenna is ultra-thin with overall dimensions of 16.19× 16.19× 0.254mm3.

Figure 4.6: Integration of EBG with antenna

4.3.1 Results and Discussions

This section presents simulated and measured S11 and radiation patterns together

with a consideration of body loading and a deformation study.

4.3.1.1 Reflection Coefficient Evaluation

The prototype was tested in-house, and the measured reflection parameters were

taken with a 65 GHz VNA (Anritsu 37397c). Fig.4.7 shows the S11 values are

less than -10 dB from 22.6 GHz to 25. 35 GHz (bandwidth of 2.75 GHz). The

shaded bar in Fig.4.7 shows the simulated and measured reflection coefficient of

the EBG-backed antenna is below -15 dB in the ISM band (24 - 24.250 GHz).

Owing to the unavailability of a comprehensive whole-body skin model at 24 GHz

and the significant computational resources required for simulating the skin model,
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Figure 4.7: S11 of EBG backed antenna shown in Fig. 4.6.

including the antenna structure, we have opted to forego the simulation of the an-

tenna under a whole-body skin model. Instead, we rely on measured results, as

they provide a more accurate representation of the antenna’s behavior when inter-

acting with human skin. This approach ensures efficiency in resource utilisation

while maintaining the reliability of our findings. This investigation considers the

antenna for application in the 24 GHz ISM band, so although the structure is a

wider band, this additional performance is not required here.

4.3.1.2 Far-Field Radiation Properties

The far-field radiation measurements were taken in an anechoic chamber. Fig.4.8

and 4.9 shows the H- and E-plane polar plots with and without the EBG/AMC

array structure at 24 GHz. Placing the EBG/AMC structure underneath the

antenna suppresses the back lobe by 12.6 dB at 24 GHz, whereas the realized gain

increases by 2.3 dB to 5.1 dBi at 24 GHz. The results indicate the effectiveness

of the EBG/AMC structure in suppressing surface waves and reflecting radiation

away from the human body. Simulated radiation patterns on and off the skin

are included in Fig.(4.8 and 4.9). Given the ultra-thin structure of the antenna,
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Figure 4.8: Measured and simulated E Plane radiation polar plots of EBG
backed antenna shown in Fig. 4.6.

Figure 4.9: Measured and simulated H Plane radiation polar plots of EBG
backed antenna shown in Fig. 4.6.

obtaining accurate measurements of the radiation pattern poses a considerable

challenge. The difficulty lies in achieving a straight and conforming surface for

the antenna, directed towards the transmitter. This inherent challenge introduces

inaccuracies in both the simulation and measured results. It can be seen that the

EBG reduces the skin loading effect such that the difference at a given angle in

the rear hemisphere is within about 10 dB.
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Figure 4.10: Measured reflection coefficients of the antenna on the human
body without EBG shown in Fig. 4.5.

4.3.1.3 On-body Performance

As the proposed EBG suppresses backward radiation, the prototype antenna

should be tolerant to human tissue loading. On-body measurements were per-

formed on the chest, forehead, thigh, and wrist of a male volunteer who weighed

61 kg and was 178 cm in height. The S11 of the human body-loaded antenna is

presented in Fig.4.10. The curves differ due to the varying capacitive and dielec-

tric constant values of human tissues at different mounting sites. However, apart

from the thigh, all measured S11 were at < -10 dB over the desired 24 GHz ISM

band. Fig.4.10 illustrates that without an EBG/AMC, the structure is highly lossy

across the entire measured band, and the antenna is detuned in all cases. Utilis-

ing only a ground plane beneath the antenna exacerbates the return loss, thereby
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demonstrating the enhanced effectiveness of the proposed Electromagnetic Band

Gap (EBG) structure.

Figure 4.11: Measured reflection coefficients of the antenna on the human
body with EBG shown in Fig. 4.6.

When the EBG/AMC is added, in Fig.4.11, the structure is tuned for the ISM

band for all mounting sites, and the out-of-band loss decreases by around 5 dB.

The prototype not only covers the 24 GHz ISM band but has 2.7 GHz bandwidth.

Hence, this optimized EBG-backed Koch fractal bow-tie slot antenna with stable

S11 response when attached to the body is a suitable candidate for 24 GHz ISM

band wearable applications.
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Figure 4.12: Reflection Coefficient of the EBG-backed antenna (Fig. 4.6.)
when bent on 14 mm radial cylinder along ”Y” and ”X” axis.

4.3.1.4 Structural Conformability

The chosen antenna placement positions can be considered relatively flat. How-

ever, the capability to bear some structural deformation while retaining radiation

performance with close conformance to the curved surface of the body is impor-

tant for on-skin mounting. Therefore, the structure was further investigated under

bending conditions. Fig.4.12 shows the reflection coefficient measurements when

the antenna is bent around a polystyrene foam cylinder separately along the X and

the Y-axis. The dielectric constant of the available polystyrene is between 1.3 to

1.6. A tissue phantom was not used, as it has been shown that the antenna is not

strongly loaded by the body and therefore the curvature effect would dominate.
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Due to the reduction in resonant length while bending, a slight shift in center fre-

quency can be seen from the plot when bent along the X-axis. A severe detuning

and a shift of 400 MHz are observed when bent along the Y-axis. Bending along

the ’y-axis exerts a more significant impact, as it results in greater deformation of

both the radiating patch element and the feeding portion of the antenna compared

to bending along the x-axis. However, even with a 14 mm radius of curvature,

the EBG-backed bow-tie slot antenna still achieves reasonable reflection coefficient

values (< –10 dB) at the 24 GHz ISM band.

Furthermore, Fig.4.13 presents the radiation patterns under bending for radii Rx

and Ry = 14 mm along the Y- and X- axis. The directivity is seen to be around

-2.1 dB for both axes of curvature.

4.3.1.5 Specific Absorption Rate Evaluation

To investigate the performance of the antenna in terms of specific absorption rate

(SAR), a rectangular three-layer skin-fat-muscle block model (Fig.4.14c) is used

in CST MWS. Table 4.1 presents the dielectric properties of dry skin, fat, and

muscle layers, which were obtained from the online website of the Italian National

Research Council [14]. The total size of the three-layer tissue model was 50 ×

30 × 6 mm3. For the SAR evaluation, there was a 2mm gap between the skin

and the EBG ground plane due to the height of the connector. Fig.4.14 presents

the SAR distribution using the IEEE/IEC 62704-1 averaging technique for 1 g of

tissue volume. The maximum SAR values were 6.14 W/kg and 50.93 W/kg at

200mW input power, with and without EBG respectively. Thus, in the EBG case,

the maximum SAR was reduced by 90% compared to direct exposure from the

antenna. The ICNIRP basic restrictions for electromagnetic field exposure from

100 kHz to 300 GHz, for averaging intervals 6 min Whole-body average SAR is

0.4 W/kg.

To further analyze the effectiveness of the EBG structure, the rear ground plane

without an EBG element array is placed underneath the antenna. The proposed
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Figure 4.13: Measured radiation polar plots of EBG backed antenna (Fig.
4.6) when bent on 14 mm radius cylinder along X-axis (Red dash-line), Y-axis

(orange dash-line) and without bending (solid-line) at 24 GHz

antenna becomes 3.57 mm thick to get the required reflection coefficient perfor-

mance at 24 GHz and a significant decrease in the front-to-back ratio has also

been observed.
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Figure 4.14: SAR distribution of prototype antenna (a) without EBG (b)
with EBG (c) placement setting of tissues. Note, different scales are used in (a)

and (b) owing to large variations in peak values.

Table 4.1: Material properties of skin, fat, muscle tissues at 24 GHz

Material Dielectric
Constant
ϵr

Loss Tangent
tanδ

Penetration
depth(mm)

Conductivity
(S/m)

Thickness
(mm)

Skin 18.99 0.90073 1.097 22.841 1.5

Fat 3.84 0.29076 7.053 1.489 2

Muscle 27.39 0.80483 1.008 29.437 2.5

4.4 2nd Iteration Koch Fractal based Antenna

Design and Integration with EBG Surface

The bandwidth of the 1st iteration fractal antenna has been further increased in

the design (Section 4.3) by adding 2nd iteration fractal repetitions along the res-

onant length of the patch. The 2nd iteration of the Koch fractal geometry-based

slotted bow-tie antenna is depicted in Fig.4.15. A fabricated prototype antenna

uses a 127µm thick, polymer-based flexible substrate called Roger RT/duroid 5880.
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The conductive components of the antenna are etched onto a 35µm thick copper

cladding with an anticipated conductivity of 5.96 ×107 S/m. The Rogers sub-

strate has an estimated dielectric constant of 2.20 and a tangent loss of 9 ×10–4

within the operational frequency band. The antenna’s design focuses on achieving

flexibility by keeping the antenna height low, which results in reduced impedance

bandwidth. Similar to the 1st iteration (Section 4.3), the 2nd iteration fractal

bow-tie structure also features single metalization and dielectric layers, making

ungrounded co-planar wave-guide feeding a suitable option for fabrication. After

integrating the antenna with an EBG array, grounded CPW feeding was chosen as

the EBG array includes a metal ground plane. To improve comparison with mea-

surements, a female type 50 Ω SMA edge mount connector (HRM(G)-300-467B-1

specified to 28 GHz) was simulated with the full structure using the CST time

domain solver.

Figure 4.15: 2nd Iteration Koch fractal based Bow-tie slot antenna geometry

The integration of an EBG array with an antenna is an effective way to improve

microstrip-based antenna performance. Similar to the 1st iteration fractal antenna

(Section 4.2), a 5x5 EBG array was placed underneath the 2nd iteration fractal,



110

forming an antenna-EBG structure. The dielectric and metal layer stack of this

structure is illustrated in Fig.4.16. This prototype features an edge-mounted con-

nector, and there is no air gap between the EBG and the antenna. The EBG-

backed 2nd iteration fractal antenna was also assessed for its isolation from the

skin, which is an important parameter when designing antennas that will be worn

on the body. As shown in Fig.4.17, the return loss performance of the 2nd itera-

tion fractal EBG-backed antenna exhibits significant isolation from the skin. This

means that the antenna design process was valid without accounting for body

loading, and the antenna is suitable for use on the surface of the body.

Figure 4.16: Integration of EBG with antenna

Additionally, this integration results in an ultra-thin antenna with overall dimen-

sions of 16.19× 16.19× 0.254mm3 (same as 1st Iteration). The compactness and

thinness of the antenna is an essential factors when designing wearable technol-

ogy, where users require lightweight, comfortable, and unobtrusive devices. There-

fore, the integration of an EBG array with a proposed fractal geometry-based slot

antenna is a promising technique for enhancing the antenna performance while

maintaining a small form factor.
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4.4.1 Results and Discussions

In this section, we present a comprehensive analysis of the 2nd Iteration fractal an-

tenna design, which includes both simulated and measured results. The reflection

coefficient, S11, is evaluated to determine the impedance matching of the antenna.

Additionally, the radiation patterns of the antenna are investigated, taking into

account the effects of body loading and deformation.

4.4.1.1 Reflection Coefficient Evaluation

The 2nd iteration Koch fractal prototype was evaluated through in-house test-

ing, and the reflection parameters were measured using a 65 GHz VNA (Anritsu

37397c). The results of the measurements are shown in Fig. 4.17, which demon-

strates that the measured S11 values are less than -10 dB within the bandwidth

of 3.02 GHz, ranging from 22.38 GHz to 25.4 GHz. This indicates that the pro-

posed antenna has good impedance matching and can operate efficiently within

this frequency range. To further evaluate the performance of the EBG-backed

antenna, the simulated and measured reflection coefficient within the ISM band

(24 - 24.250 GHz) is shown in the shaded bar in Fig.4.17. It is noteworthy that

the reflection coefficient is below -15 dB, which indicates that the antenna has

excellent reflection characteristics in the 24 GHz ISM band, making it suitable for

applications within this frequency range.

Although the proposed structure is a wider band, the investigation is primarily

focused on the 24 GHz ISM band application. Therefore, the additional perfor-

mance that the antenna offers beyond this frequency range is not necessary for the

proposed application. Overall, the results demonstrate that the EBG-backed an-

tenna has a good impedance match and performs well within the desired frequency

range, making it suitable for use in 24 GHz ISM band applications.
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Figure 4.17: S11 of EBG backed antenna shown Fig.4.16

4.4.1.2 Far-Field Radiation Properties

To further evaluate the performance of the proposed 2nd iteration fractal-based

EBG antenna, far-field radiation measurements were conducted in an anechoic

chamber. The H- and E-plane polar plots with and without the EBG/AMC ar-

ray structure at 24 GHz are presented in Fig.4.18 and 4.19. The results of these

measurements demonstrated that placing the EBG/AMC structure beneath the

antenna significantly suppressed the back lobe by 11.0 dB at 24 GHz while in-

creasing the realized gain by 2.49 dB to 4.25 dBi at 24 GHz. These results show

the efficacy of the EBG/AMC structure in reducing surface waves and deflecting

radiation away from the human body. 2nd iteration fractal-based EBG antenna

has more bandwidth and better performance under severe conformal deformation

than 1st iteration.

Figs.4.18 and 4.19 present both actual and simulated radiation patterns on and off

the skin. These patterns demonstrate that the EBG is effective in minimizing the

skin loading effect, as the discrepancy at a specific angle in the back hemisphere is

approximately 9.6 dB or less. This implies that the radiation pattern is relatively
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Figure 4.18: Measured and simulated E Plane radiation polar plots of EBG
backed antenna shown Fig.4.16

insensitive to the presence of the human body, and the antenna can maintain a

stable performance even when worn on the body.

4.4.1.3 On-body Performance

The proposed EBG (Section 4.2) in the antenna design helps to suppress backward

radiation, making the prototype antenna more tolerant to human tissue loading.

To test this, on-body measurements were conducted on various parts of a male

volunteer’s body, and the S11 of the human body-loaded antenna was plotted in

Fig.4.20. The curves varied extremely due to differences in capacitive and dielectric

constant values of human tissues at different mounting sites. However, except for

the thigh, all measurements showed S11 below -10 dB over the desired 24 GHz

ISM band, indicating good performance. Without the EBG/AMC, the antenna

suffered from high losses and detuning across the entire band, as shown in Fig.4.20.

However, with the addition of the EBG/AMC, as seen in Fig.4.21, the structure is

well-tuned for the ISM band at all mounting sites, and out-of-band loss decreased



114

Figure 4.19: Measured and simulated H Plane radiation polar plots of EBG
backed antenna shown Fig.4.16

by around 5 dB. The optimized EBG-backed Koch fractal bow-tie slot antenna not

only covers the 24 GHz ISM band but also has a 3.2 GHz bandwidth, making it

a suitable candidate for wearable applications in this frequency range. Therefore,

this prototype antenna with a stable S11 response when attached to the body could

be used in various wearable technologies that operate in the 24 GHz ISM band.

4.4.1.4 Structural Conformability

The antenna placement positions are relatively flat, but for on-skin mounting, it is

important to have antennas that can withstand some structural deformation while

maintaining good reflection and radiation performance that conforms to the curved

surface of the body. Therefore, the prototype antenna was further investigated

under bending conditions. Fig.4.22 shows the reflection coefficient measurements

when the antenna is bent around a polyethylene foam cylinder along the X and Y

axes separately. The dielectric constant of the available polyethylene is between
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Figure 4.20: Measured reflection coefficients of the antenna (Fig.4.15) on the
human body without EBG

Figure 4.21: Measured reflection coefficients of the antenna (Fig.4.16) on the
human body with EBG

1.3 and 1.6. As the antenna is not strongly loaded by the body, a tissue phantom

was not used, and the curvature effect dominates.

A slight shift in center frequency can be noticed when the EBG-backed 2nd Iter-

ation fractal antenna is bent along the X-axis, due to the reduction in resonant
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Figure 4.22: Reflection Coefficient of the EBG-backed antenna when bent on
14 mm radial cylinder along ”Y” and ”X” axis.

length caused by the bending. On the other hand, when bent along the Y-axis, a

small detuning and a 260 MHz shift are observed. Despite having a 14 mm radius

of curvature, the antenna still performs reasonably well in the 24 GHz ISM band,

as depicted in Fig.4.22, with reflection coefficient values remaining below -10 dB.

Additionally, Fig.4.23 shows the radiation patterns under bending for radii Rx and

Ry = 14 mm along the Y- and X- axis. The directivity is approximately -2.96 dB

for both axes of curvature. These results indicate that the optimized EBG-backed

2nd iteration fractal antenna can tolerate some degree of bending while still main-

taining good performance, which is crucial for on-skin mounting. Therefore, this

antenna design can be used for wearable devices that require on-skin mounting

and operate in the 24 GHz ISM band.

4.4.1.5 Specific Absorption Rate Evaluation

In order to assess the performance of the antenna in terms of specific absorption

rate (SAR), a three-layer skin-fat-muscle model was used in CST MWS. The model
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Figure 4.23: Measured radiation polar plots of EBG backed antenna (Fig.4.16)
when bent on 14 mm radius cylinder along X-axis (Red dash-line), Y-axis (or-

ange dash-line) and without bending (solid-line) at 24 GHz

consisted of dry skin, fat, and muscle layers, and the dielectric properties of each

layer are mentioned in Table 4.1. The total size of the tissue model was 50 ×

30 × 6 mm3, and there was a 2mm gap between the skin and the EBG ground

plane due to the connector height. The SAR distribution was obtained using

the IEEE/IEC 62704-1 averaging technique for 1 g of tissue volume, and Fig.4.24

shows the results. The maximum SAR values were 4.68 W/kg and 35.2 W/kg at

200mW input power, respectively. Compared to direct exposure from the antenna,
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Figure 4.24: SAR distribution of prototype antenna (Fig.4.15)(a) without
EBG (b) with EBG (c) placement setting of tissues. Note, different scales are

used in (a) and (b) owing to large variations in peak values.

the EBG case reduced the maximum SAR by 87%. To evaluate the effectiveness

of the EBG structure, the rear ground plane without an EBG element array was

placed underneath the antenna. This resulted in a thicker structure, with a sig-

nificant decrease in the front-to-back ratio. Therefore, the proposed EBG element

is responsible for the ultra-thin structure of the antenna.

4.5 Conclusion

The chapter presents two novel, ultra-thin, and compact two-iteration Koch frac-

tal antennas backed by an EBG structure that exhibits both AMC and EBG

characteristics in the 24 GHz ISM band. To achieve this, a 5 x 5 element EBG

array is evaluated beneath both Koch fractal bow-tie slot antennas, which are the

thinnest (0.02λ0) EBG-backed antennas reported in the K-band. Table 4.2 com-

pares the proposed antenna’s different features with previously published K-band

EBG-integrated antennas, demonstrating that the proposed antennas are not only

the thinnest but also the smallest in size.
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Table 4.2: Comparison of proposed antenna (Fig. 4.15) with previously re-
ported K-band EBG antennas

Ref Freq.
GHz

Dimension
λ0

Gain
dBi

Antenna
body
gap

On-
body
S11 BW
(GHz/%)

SAR
decline

S11

shift
MHz/
radii
mm

FBR
(Front
to back
ratio)

1st
Iter.

24 1.29×1.29
×0.02

5.08 On Skin 2.7/
11.3%

90% 400/14 14.9 dB

2nd
Iter.

24 1.29×1.29
×0.02

4.25 On Skin 3.2/
13.3%

87% 260/14 13.5 dB

[15] 26 2.79×1.91
×0.032

8.65 On Skin 0.6/
2.3%

69.9% 400/30 2 dB

[16] 28 2.67×3.14
×0.07

7.90 Adhesive
Fabric

10/ 40% N/A 1500/30 15 dB

[17] 24 2.16×2.16
×0.05

6 Fabric 0.7/ 3% N/A 400/30 9.9 dB

[18] 28 1.9×1.9
×0.14

5.2 N/A 0.9/
3.3%

N/A N/A N/A

The proposed antennas have several key features that make them suitable for

on-skin mounting in WBAN applications. The 1st and 2nd iteration fractal struc-

ture exhibits a large bandwidth of 11.25% and 13.3%, when attached directly to

the skin. Additionally, the proposed antennas show a minimal shift in S11 while

bending, making them more resistant to deformation while still maintaining good

performance. They also have a high front-to-back ratio (FBR), indicating that

they can transmit and receive signals more effectively away from the body. Fi-

nally, the proposed EBG-backed Koch fractal geometry-based antennas are shown

to reduce SAR by 90% and 87% compared to direct exposure from the antennas,

making them safe for use in close proximity to the human body.

The anechoic chamber measurements of the EBG-backed Koch fractal geometry-

based antennas also show significant improvements in gain and front-to-back ratio,

with a gain increase of 2.3 dB and 1.9 dB, respectively and a front-to-back ratio

increase of 14.9 dB and 13.5 dB. The return loss performance of the 2nd iteration

fractal antenna with EBG while attached to the human skin is better than the 1st
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iteration fractal antenna, showing better insensitivity to body proximity.

Moreover, when the EBG-backed antennas are subjected to structural deformation

over a curve of 14 mm radius, the 2nd iteration fractal antenna shows slight detun-

ing (260 MHz) of the center frequency and insignificant variation in bandwidth.

On the other hand, the 1st iteration fractal antenna shows slight detuning (260

MHz) of the center frequency. The radiation pattern of the curved EBG antennas

also exhibits reasonable directivity and gain of -2.1 dB and -2.8 under bending.

Overall, the proposed EBG-backed 1st iteration Koch fractal antenna structures

exhibit excellent performance characteristics, making them highly suitable for on-

skin mounting in WBAN applications, especially in the 24 GHz ISM band.
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Chapter 5

Empirical propagation path loss

model for on-body

communication at 24 GHz ISM

band

5.1 Introduction

Body-centric wireless communication networks can have a direct and great impact

on the socio-economic betterment of society. Therefore, on-body propagation stud-

ies attract substantial attention and recognition in both academic and industrial

communities [1] - [3]. In general indoor/outdoor wireless communication, the

human body is only taken into account as a source of fading and electromagnetic

scattering. On the other hand, in on-body or body-centric wireless communica-

tion networks (BCWNs), the surface of the human body is used as a transmission

medium or path for electromagnetic waves [4] - [6]. BCWNs are an attractive

low-cost solution that can be used in healthcare, sports, and lifestyle monitoring

applications enabling constant health screening and access to patients regardless
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of their current location or activity. Devices like ECG (Electrocardiogram) mon-

itors, pulse oximeters, blood pressure sensors, insulin pumps, and blood glucose

monitors can be coupled with wireless and wearable communication devices. Many

BCWN antennas and on-body propagation studies have been focused on the 2.4

GHz, 5.8 GHz, and UWBs (Ultra Wide Bands) [1], [7] - [9].

Greater bandwidth is needed for some body-centric wireless applications, such as

real-time transmissions of uncompressed HD (High-definition) video [10]. Explor-

ing a higher frequency band for BCWNs is crucial because the frequency band

below 10 GHz is already crowded. For high-speed wireless communications, it

is desirable to use the mmWave (millimeter wave) frequency bands; e.g. the 24,

28, and 38 GHz bands are suitable candidates for BCWNs. At 2.45 GHz, the

free space attenuation across a 50 cm link is 34 dB; at 24 GHz, 60 GHz, and 94

GHz, it is 54 dB, 62 dB, and 66 dB, respectively. Due to this higher path loss

at mmWave frequencies compared to microwave frequencies, security is enhanced.

This crucial property enables the confinement of wave propagation in close prox-

imity to the human body, limiting the possibility of system interference and, in

the case of military and defense applications, lowering the risk of interception by

hostile forces [11]. On-body mmWave BCWNs face challenges: first, substantial

propagation attenuation is experienced, caused by both high free-space attenua-

tion and low mmWave diffraction and penetration capability. These factors limit

the radio signal’s ability to propagate around obstacles and bend around the edges

of the human body, leading to signal blockage and reduced communication range.

The dispersive nature of human tissue can cause signal distortion, which may fur-

ther affect the accuracy of the channel characterisation. Dispersion can result in

frequency-dependent signal attenuation, phase shifts, and delay, which can cause

signal distortion, such as inter-symbol interference, and affect the signal-to-noise

ratio. The human body poses a scattering medium with extremely large electrical

dimensions due to the short wavelength at mmWaves. As a result, massive fades

due to shadowing effects are introduced. Due to the preceding reasons, mmWave

propagation may be highly attenuated in the on-body environment. Furthermore,
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as demonstrated by [12] - [13], The curvature of the surface of the human body can

have a significant impact on the performance of wireless communication channels.

Furthermore, the frequencies, 24 GHz, 60 GHz, and 94 GHz are of special interest

to BCWNs because widespread use is likely to be encouraged by the possibility

of license-free operation. Propagation losses in free space for various separations

relevant to body-centric systems operating at 24 GHz have been calculated using

Matlab [14], as shown in Table 5.1. On the other hand, despite the fact that

atmospheric absorption rises with frequency [15], it is not significant to the on-

body link at the distances being considered. In order to plan reliable mmWave

BCWNs, the propagation channel’s characterisation is critically required. So far,

full-wave simulations based on the finite-difference time-domain (FDTD) approach

and measurement campaigns have been the major techniques used to model the

propagation channel up to the X band [16], [17] - [22].

Table 5.1: Free space path loss and Atmospheric absorption at 24 GHz
Vapor density = 8g/m3, Air pressure = 102× 105Kpa, Temperature = 23◦C

Distance
(cm)

Free Space
Path Loss
(dB)

Atmospheric
Absorp-
tion(dB)

30 49.59 5.60×10−5

50 54.02 9.34×10−5

100 60.04 1.87×10−4

150 63.54 2.80×10−4

200 66.06 3.74×10−4

In this chapter, The objective is to conduct a preliminary study to determine the

path loss for on-body communication at the 24 GHz ISM band. Additionally,

the study aims to assess the difference between LOS (line-of-sight), partial LOS,

and NLOS (non-line-of-sight) links by dividing the waist-to-torso receiver grid into

three distinct zones. As the antenna plays a crucial role in any communication

system, so its effect is quite often not separable from the propagation channel.

Therefore, the study incorporates antenna effects in this 24 GHz ISM band on-body

propagation channel over waist-to-torso links using four different antennas. The
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Figure 5.1: (a) Dimension of the body used in propagation measurements, (b)
Locations of transmitter and receiver antennas for on-body channel characteri-

sation campaign

receiver was placed in various positions on the chest area during a measurement

campaign, and the results were compared to those using different radiation pattern

antennas in the same setting.

This study aims to enhance the accuracy and robustness of the results by thor-

oughly examining the sensitivity of the receiver locations in the waist-to-torso link.

Measured results will be presented that evaluate the effects of non and partial line-

of-sight link losses by utilising three different grids. The findings are discussed in

detail, shedding light on the impact of these losses on the system’s performance.

Section II provides experimental characterisation which includes the measurement

setup, antenna development, and performance measurement. Section III provides

details on the measurement campaign that has been performed on the channels

under investigation along with a statistical analysis of measured data. Section

III further estimates the path loss components and presents the comparison of all

4 cases of different transmitter antennas. Finally, the last section compiles the

conclusion, presenting key findings.
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Figure 5.2: Measurement setup including post-processing steps.

5.2 Experimental Characterisation

This section describes the measurement setup and summarises the steps of the

post-processing evaluation campaign. The rest of the discussion is on the structure

of antennas and their on-body performance.

5.2.1 Frequency Domain Measurement Configuration

Fig.5.1 presents the dimensions of the volunteer body, and three grids of 15, 20, and

10 receiving probes, respectively, have been placed on the torso, where each grid is

designed to conform to the shape of the body surface. The distance between each

receiving point to others (in the same grid) on the body is 2 cm. In accordance

with Fig.5.1b, the transmitter is positioned on the right side of the belt, and

the receivers are positioned in the torso region, parallel to the body. Fig.5.1b

illustrates the detailed grids and identifies three sectors, which represent the non-

line-of-sight (NLoS), partial line-of-sight (PLoS), and line-of-sight (LoS) pathways
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Figure 5.3: E-plane Radiation Pattern of antennas

involved in the waist-to-torso communication link: Sector I represents the LoS

link, Sector II represents the PLoS link, and Sector III represents the NLoS link.

An Anritsu-37397c vector network analyser (VNA) is used to measure the S21

parameter between two antennas placed at various positions on a human body as

shown in Fig.5.2. Two flexible SMA coaxial cables with a two-meter length were

used to link the antennas to the VNA. The attached VNA has a -90 dBm noise

floor and -7 dBm transmit power.

Measurement sweeps are performed between 22 to 26 GHz with 801 points and

a setting of 100 Hz IF bandwidth. Four sweeps are performed for each receiving

point and the average is taken of the four measured values. The separation between

the body and the antenna substantially affects the path loss and therefore must

be closely monitored. The separation is adjusted by attaching the antenna using

a 1 mm thick piece of fabric between the antenna and the body. The antenna is

attached to this fabric using tape and held against the body using elastic bands

to prevent movement during measurements. The measurements were taken in the

different grid positions along the vertical axis of the torso (as shown in Fig.5.1b)

and all channel parameters were obtained from these measurements.
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Figure 5.4: H-Plane Radiation Pattern of antennas

Four types of transmitter and two types of receiver antennas have been used and

placed in the positions shown in Fig.5.1b. The chosen four types of antennas cover

the characteristics of microstrip antennas that have the potential to be used in

on-body wireless sensor networks. These characteristics include omnidirectional,

directional, wide beam directional, and suppressed back lobe radiation patterns.

Receiver nodes in current WBAN medium access schemes are required to either

communicate with or sense the presence of other receiver nodes. Therefore, to

enable receiving nodes to communicate with surrounding nodes, a non-directional

pattern is selected for the receiver antenna.

All measurements were performed in a large room environment to ensure that

reflections are received later than the components diffracting around the body.

Due to the body’s curvature, the measured data were gathered on a conformal grid.

Fig.5.2 depicts the measuring setup for a single channel with a human participant.

The minimum distance between two antennas to achieve minimummutual coupling

is typically around one-fifth of the operating frequency’s wavelength. For example,

in this study, the low-frequency limit in the 24 GHz ISM band has a wavelength

of 1.25 cm, and the minimum distance between two antennas to minimize mutual
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coupling is approximately 0.25 cm. To ensure avoidance of the mutual coupling

effect in Sector 1, a minimum measurement distance of 3 cm has been chosen

between the transmitter and receiver antenna’s mutual coupling.

5.2.2 Antennas

Body-worn antennas should be miniaturized as far as possible to integrate with

flexible and body-wearable transceivers. The human tissue’s lossy and disper-

sive behaviour at mmWaves can impact antenna performance, Therefore, for a

wearable antenna to be effective, it should have high efficiency and be minimally

affected by the presence of the human body. Additionally, it should transmit

minimal energy to the human skin to avoid any adverse effects. To meet the re-

quirements of wearable applications, the antenna should also be lightweight, flex-

ible, and conformable, allowing for comfortable use and mobility. Restrictions on

high transmission power and increased path loss due to high atmospheric attenua-

tion at mmWave frequencies enforces use of medium-gain (10dBi) antennas rather

than low gain as the high gain microstrip-based antennas will increase radiations

towards human skin [23].

Microstrip patch antennas are favored for body-centric communication due to

their small size and planar structure, which makes them suitable to be integrated

into wearable devices and attached to different body parts. Four different types of

antennas were used to characterise the channel, each with its own unique radiation

pattern. It is expected that these antennas will have varying effects on the radio

channels, especially in body area networks where human skin tissue can affect

the antenna’s capacitive behavior. Therefore, it is necessary to characterise the

radiation field of each antenna.

At the mmWaves frequencies band, input feeding lines cause spurious waves which

severely impact radiation patterns. Therefore, the influence of input excitation

should also be considered in the design with EBG structure and analysed when

placed on the human body [24]. Three types of printed antenna are defined: (1)
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a Yagi Uda array antenna, (2) a Vivaldi antenna (3) a CPW-based bow-tie slot

antenna. These antennas and the EBG structures (presented in Chapter 3) were

fabricated on Duroid 5880 substrate (h=127 µm, ϵr = 2.2, tanδ = 0.0009). The 4th

antenna comprises the bow tie with an EBG backplane for suppressing the back

lobe and improving radiation efficiency. The Yagi Uda and Vivaldi antennas were

selected as they have forward gain radiation patterns, with the Vivaldi antenna

having a wider beam width than the Yagi antenna. On the other hand, a Bow tie

slot antenna is low gain and omnidirectional.

The two forward gain antennas, Yagi Uda, and Vivaldi antenna are used as trans-

mitter antennas. The Yagi Uda is a medium gain linearly polarised antenna. The

design, development, and detailed performance of the antennas are presented in

Chapter 3. The Yagi Uda demonstrates a gain of 10 to 12 dBi. On the other hand,

the Vivaldi antenna exhibits a bandwidth of 2.15 GHz in terms of the on-body

reflection coefficient. Chapter 3 includes the measured radiation pattern, where

the realized gain of the Vivaldi antenna is approximately 7 dBi.

As a receiver antenna, a bow tie slot antenna either with or without EBG can be

employed. In Chapter 3, the results demonstrated that the integration of the EBG

increases the antenna’s front-lobe gain by 2.6 dB, and reduces back-lobe radiation

by 12.2 dB, thereby greatly reducing the radiation that would be absorbed by a

human wearer [25], [25]. S11 measurements were taken on a male volunteer to

determine the body-loading performance of the prototype antenna. Without an

EBG, a significant amount of energy is lost in human tissues as all the reflection

curves are detuned even though the observed S11 was below -10 dB over the desired

24 GHz ISM band (as presented in [26]). Therefore, The reflection response of the

EBG structure is optimized (as explained in Chapter 3) for the 24GHz ISM band

for all mounting sites after integration with the antenna. The prototype antenna

has a 600 MHz bandwidth with a 5.2dBi gain.

Fig.5.3 and 5.4 depict the far-field E-Plane and H-Plane radiation patterns of

all four antennas. During the measurement campaign, the antennas were placed

parallel to the body with their main radiating elements facing away from the body.
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Table 5.2 presents the radiation characteristics of the transmitter and receiver

antennas, as well as their configurations for the channel measurements. To ensure

full coverage of the torso portion in a sensor network, the transmitter or sink node

requires a medium gain antenna. Therefore, the antennas with a forward radiation

pattern and medium gain were used as transmitter antennas, while the antennas

with an omnidirectional pattern were used as receiver antennas.

Table 5.2: Transmit Receive antennas configuration for channel measurements

Case# Transmitter
antenna

Tx Radia-
tion direc-
tion

Receiver
antenna

Rx Radi-
ation di-
rection

1 Bow-tie
Slot

broadside Bow-tie
Slot

broadside

2 quasi-Yagi
Uda array

Directional,
End fire

Bow-tie
Slot

broadside

3 Vivaldi Directional,
Wide-
beam

Bow-tie
Slot

broadside

4 Vivaldi Directional,
Wide-
beam

EBG
backed
Bow-tie
Slot

broadside,
back-lobe
sup-
pressed

5.3 Path Loss Model and Data Analysis

The system configuration displayed in Fig.5.2 was employed to measure the path

loss for the links described. In Section 5.2.1, the setup for each channel link in

waist-to-torso communication was explained. The torso portion was divided into
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three sectors to examine the behavior of all different paths, with the link between

the transmitter and each sector varying in terms of line of sight (LoS) visibility.

The measured channel data for several on-body scenarios were further analysed

and processed in the statistical analysis software MATLAB to develop preliminary

statistical models for path loss. However, currently, the on-body empirical and

theoretical propagation models for 24 GHz are not established, making it difficult

to compare the validity and applicability of the presented model. The propagation

of the channel has been investigated in terms of path loss exponent and shadowing

factor according to the following model [27] - [28]:

PL(d) = PL(d0) + 10n log
d

d0
+ χ(0, σ) (5.1)

where n is the path loss exponent, χ(0,σ) is a random variable taken from a

normal distribution with zero expectation and a standard deviation σ, and PL(d0)

is the measured path loss at the reference distance d0 between the transmitter and

receiver.

In equation (5.1), the path loss exponent is expected to have a larger value than it

has in a free-space environment due to the presence of scatterers and obstructions.

Four sets of measured data, which correspond to four types of transmitter and

receiver antenna configurations listed in Table 5.2, have been obtained. In each

case, the path loss exponent and deviation shadowing factor will be estimated.

5.3.1 Case 1

In the first case, both the transmitter and receiver antennas are bow-tie slot an-

tennas to investigate the impact of omnidirectional radiation around the body.

Due to the omnidirectional pattern, the gain is low. The measurements have been

carried out considering a minimum distance (d0) of 6 cm, 20 cm, and 16 cm in

sector 1, sector 2, and sector 3, respectively (as illustrated in Fig.5.1b). The reason

behind having three different reference distances is two-fold. Firstly, it is because

each sector boundary, defined in Fig.5.1b, starts at a specific distance from the
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Figure 5.5: Measurement setup on a human subject in case 1 with front and
side view

transmitter antenna which is located on the left side of the waist. Secondly, the

size of the antennas used in the measurement settings while choosing the reference

distance is taken into account to ensure minimal mutual coupling, which is de-

pendent on both the antenna size and its location on the grid. Fig.5.5 illustrates

the measurement setup for the waist-to-torso link on a human subject in case 1,

providing both a front view and a side view. The purpose of this setup is to cap-

ture the body curvature and shows the line-of-sight angle between the transmit

and receive antennas. In Fig.5.6, the measured path loss data for three frequencies

(24, 24.125, 24.25 GHz) across different sectors of the waist-torso link has been

plotted. The measurements provide a comprehensive view of the variation in path

loss across the whole range of ISM band frequencies at each distance. Due to the

sensitivity of the instruments and the noise floor of the VNA, path loss contribu-

tions higher than 90 dB (highlighted in green) have not been plotted. This ensures

that only reliable data is included in the analysis and that any potential errors or
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Figure 5.6: Linear regression on measured path loss data (case 1) at 3 fre-
quencies sector-wise data covering complete band

outliers are removed.

Fig.5.7 presents sector-wise measured path loss data of a single frequency (24

GHz). For all 3 sectors, the mean path loss with reference to distance can be

found through curve-fitting. A linear regression analysis has been applied to the

measured path loss data to calculate the path loss exponent. The calculated path

loss exponent for sector 1 (line of sight) is 2.42, and for sector 3 it is 3.75. However,

for sector 2 (which is non-line of sight), the coefficient in equation (5.1) is 5.12.

The higher coefficient value in sector 2 can be attributed to the limited penetration

of K-band wavelengths through the human skin, which results in greater path loss

compared to sector 1.

To further analyse the data, The cumulative distribution function (CDF) of the

shadowing factor against the path loss deviation is plotted in Fig.5.8, to determine

the probabilities of different levels of path loss deviation and can help identify the

most likely path loss values for a given scenario. Fig.5.8 displays the cumulative

distribution function (CDF) of the (shadowing data) shadowing factor χ(0,σ),



137

Figure 5.7: Linear regression on measured path loss data (case 1) at a 24 GHz
on each sector

which was calculated using equation (5.1), for all three (sectors) sets of measured

data. The standard deviation of the fitted curve for the measurements conducted

on a human subject in sector 1 is 2.975, whereas, for non-line-of-sight measure-

ments, it is 4.025. The rise in the pathloss exponent and shadowing factor indicates

that the propagation channel is significantly influenced by the chest’s curvilinear

shape. Table 5.3 displays the estimated path loss exponents and deviation values.

Equations 5.2, 5.3, and 5.4 represent the sector-wise lognormal path loss model

with reference distance and maximum range, where these equations are valid under

the settings mentioned in section 5.2.1:

Sector1 :PL(d) = 50 + 10× 2.42× log(
d

6
) + 2.975

for 6cm ≤ d ≥ 100cm

(5.2)

Sector2 :PL(d) = 70 + 10× 5.12× log(
d

20
) + 4.025

for 20cm ≤ d ≥ 45cm

(5.3)
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Figure 5.8: The cumulative distribution function of the shadowing factor for
measured data (case 1)

Sector3 :PL(d) = 60 + 10× 3.7458× log(
d

16
) + 4.093

for 16cm ≤ d ≥ 70cm

(5.4)

Table 5.3: Path loss exponent and deviation values in case 1

Sector d0 PL(d0)
dB

Pathloss
Exponent
(n)

Deviation
χσ

1(LoS) 6 50 2.42 2.975

2(NLoS) 20 70 5.12 4.025

3(PLoS) 16 60 3.7458 4.093
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Figure 5.9: Measurement setup on a human subject in case 2 with front and
side view

5.3.2 Case 2

In the 2nd case, the transmitter antenna is changed to more directional Yagi Uda

antenna to examine the effects of end-fire along-the-body radiations. The gain is

increased as a result of the forward, directional pattern. In sectors 1, 2, and 3, the

measurements were performed under the reference distance (d0) of 17 cm, 20 cm,

and 16 cm, respectively. The minimum distance of sector 1 (LOS) is increased due

to the larger size of the transmitter’s Yagi antenna array.

In Fig.5.9, we can observe the measurement setup designed for the waist-to-torso

link on a human subject in case 2, which includes both a front view and a side

view. The primary objective of this particular setup is to accurately capture

the curvature of the body and visually depict the line-of-sight angle between the

transmit and receive antennas.
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Figure 5.10: Linear regression on measured path loss data (case 2) at 3 fre-
quencies sector-wise data covering complete band

Fig.5.10 shows the measured path loss for the waist-torso link for the three fre-

quencies at distances defined by the receiver locations in each sector. As for Case

1, linear regression was used to determine the path loss exponents for each sector

for the frequency of 24 GHz, as shown in Fig.5.11. The path loss exponent is 3.2

for sector 1 (line of sight), and 5.6 for sector 3. Nevertheless, for sector 2 (which is

non-line of sight), the coefficient value is 7.9. This increase in the coefficient value

(in each sector) can be attributed to a directional higher gain antenna that leads

to an increase in the acceptable link range. Consequently, receiving points located

far from the transmitter, such as those close to the shoulder, are not regarded

as being in line-of-sight positions. This same trend is observed in the other two

sectors as well.

Fig.5.12 shows the cumulative distribution function (CDF) of the shadowing factor

χ(0,σ) calculated using equation (5.1) for three different sets of measured data.

The standard deviation of the fitted curve for the measurements conducted on a

human subject in sector 1 is 2.169, whereas, in sectors 2 and 3 (for non and partial

line-of-sight measurements), it is 3.388 and 4.343, respectively. Table (5.4) lists
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Figure 5.11: Linear regression on measured path loss data (case 2) at a 24
GHz on each sector

the estimated values of path loss exponent n and deviation χσ. The results show

the acceptable link range increases in this case, especially in PLOS and NLOS

sectors under mentioned transmit-receive settings. For all 3 sectors, the mean

path loss with reference to distance can be expressed as a log-normal path loss

model as shown in equations (5.5 - 5.7).

Sector1 :PL(d) = 49 + 10× 3.2× log(
d

17
) + 2.169

for 17cm ≤ d ≥ 150cm

(5.5)

Sector2 :PL(d) = 52 + 10× 7.9× log(
d

20
) + 3.388

for 20cm ≤ d ≥ 60cm

(5.6)

Sector3 :PL(d) = 48 + 10× 5.601× log(
d

16
) + 4.343

for 16cm ≤ d ≥ 80cm

(5.7)
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Figure 5.12: The cumulative distribution function of the shadowing factor for
measured data (case 2)

Table 5.4: Path loss exponent and deviation values in case 2

Sector d0 PL(d0)
dB

Pathloss
Exponent
(n)

Deviation
χσ

1(LoS) 17 -49 3.2 2.169

2(NLoS) 20 -52 7.9 3.388

3(PLoS) 16 -48 5.601 4.343

5.3.3 Case 3

In the 3rd case, the significant change in the experiment compared to case 2, is

the replacement of the Yagi Uda antenna with a medium-gain (wider-beamwidth)

Vivaldi antenna in the transmitter. A wider beam antenna may be desirable

for several reasons, such as avoiding the need for accurate pointing, enabling a
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Figure 5.13: Measurement setup on a human subject in case 3 with front and
side view

transmitter to transmit to multiple locations, or allowing a receiver to receive

from multiple locations.

Measurements were performed in a similar manner to the previous cases, using

three different reference distances (d0) of 12 cm, 20 cm, and 16 cm in sectors 1,

2, and 3 respectively. The decrease in the minimum distance of sector 1 (LOS)

from case 2 is because the transmitter’s Vivaldi antenna is smaller in size than

the Yagi Uda antenna. Similar to the previous case, Fig.5.13 is to illustrate the

measurement setup for the waist-to-torso link on a human subject in case 3. The

setup provides both front and side views and is designed to capture the body

curvature. Additionally, it visually demonstrates the line-of-sight angle between

the transmit and receive antennas. As before, the measurements were taken at

the frequencies of 24, 24.125, and 24.25 GHz to observe the variation of path loss

with each distance (shown in Fig.5.12).
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Figure 5.14: Linear regression on measured path loss data (case 3) at 3 fre-
quencies sector-wise data covering complete band

Fig.5.14 shows the path loss at these three frequencies (24, 24.125, 24.25 GHz)

for each sector, together with fits using linear regression analysis. The path loss

exponent was determined by analysing the measured path loss data (shown in

Fig.5.15) using linear regression. Compared to Case 2, the path loss exponent was

found to be lower for each sector. The reduction in the coefficient value can be

attributed to the use of a medium gain antenna with a wider beam, which results

in better reception within the acceptable link range. The three different sets of

measured data are represented in Fig.5.16, which displays the cumulative distri-

bution function (CDF) of the shadowing factor χ(0,σ) calculated using equation

(5.1). The standard deviation of the fitted curve for measurements conducted on a

human subject in sector 1 is 2.931, while it is 2.436 and 1.862 for partial and non-

line-of-sight measurements, respectively. Table 5.5 provides the estimated values

of the path loss exponent n and deviation χσ.

The results of the experiments show that the acceptable link range improved in

terms of Angular distance in the case of the medium-Gain Vivaldi antenna com-

pared to the Yagi Uda antenna. This improvement was particularly noticeable in
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Figure 5.15: Linear regression on measured path loss data (case 3) at a 24
GHz on each sector

the PLOS and NLOS sectors with the mentioned transmit-receive settings.

Sector1 :PL(d) = 40 + 10× 3.09× log(
d

12
) + 2.931

for 12cm ≤ d ≥ 100cm

(5.8)

Sector2 :PL(d) = 52 + 10× 7.57× log(
d

20
) + 1.862

for 20cm ≤ d ≥ 55cm

(5.9)

Sector3 :PL(d) = 50 + 10× 5.01× log(
d

16
) + 2.436

for 16cm ≤ d ≥ 75cm

(5.10)

A lognormal model (5.8 - 5.10) was utilised to express the mean path loss as a

function of distance across all three sectors. Section 5.1.2 provides the necessary

conditions and settings for effectively utilising this model in predicting path loss.
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Figure 5.16: The cumulative distribution function of the shadowing factor for
measured data (case 3)

Table 5.5: Path loss exponent and deviation values in case 3

Sector d0 PL(d0)
dB

Pathloss
Expo-
nent
(n)

Deviation
χσ

1(LoS) 12 -40 3.09 2.931

2(NLoS) 20 -52 7.57 1.862

3(PLoS) 16 -50 6.01 2.436

5.3.4 Case 4

In the final case, the receiver antenna was replaced by an EBG-backed bow-tie

slot antenna, while the transmit antenna was kept as the Vivaldi antenna, as used

in case 3. This change was made because the EBG-backed bow tie slot antenna

was deemed to be the best suited in terms of its performance on the body, gain,

and radiation pattern around the human body. As described in Section 5.2, the
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Figure 5.17: Measurement setup on a human subject in case 4 with front and
side view

EBG-backed antenna has a reasonable gain, and a suppressed back lobe, and is

insensitive to body loading.

The stable and improved performance of the receiving antenna at every location on

the body enhances signal reception, resulting in an increased link range. There-

fore, based on the information provided in Fig.5.1b, the measurement settings

were modified and the number of receiving points was increased in all sectors, as

compared to previous cases to get a comprehensive model to predict path loss in

similar scenarios with similar equipment. The minimum distances (d0) from the

transmitter were set to 14 cm, 24 cm, and 14 cm in sectors 1, 2, and 3 respectively.

The reason for the change in the minimum distance for all sectors from the previ-

ous cases is due to the larger size of the receiver antenna, which is an EBG-backed

bow-tie antenna. Similar to all the previous 3 cases, The measurement setup for



148

15 20 25 30 35 40 45 50

Distance [cm]

50

55

60

65

70

75

80

85

90

95

P
a

th
 L

o
s

s
 [

d
B

]

Sector-wise data of 3 ISM band freqs(24, 24.125, 24.25 GHz)

Sector-1 Data

Sector-1 LinearFit

Sector-2 Data

Sector-2 LinearFit

Sector-3 Data

Sector-3 LinearFit

Figure 5.18: Linear regression on measured path loss data (case 4) at 3 fre-
quencies sector-wise data covering complete band

the waist-to-torso link on a human subject in case 4 is depicted in Fig.5.17, of-

fering both front and side views. This setup aims to accurately capture the body

curvature and visually demonstrate the line-of-sight angle between the transmit

and receive antennas.

Fig.5.18 presents path loss data for the 24 GHz ISM band frequencies, collected

to understand how path loss behavior varies across the band, similar to previous

cases. Using the data presented in Fig.5.19, values of the path loss exponent n were

derived by employing linear regression analysis. The path loss exponent was lower

for sector 3 compared to previous cases. Despite this reduction in the coefficient

value, the acceptable link range was higher than in the previous cases. As in the

previous cases, the mean path loss with reference to distance was expressed as a

curve fitting for all three sectors. These models can be used to predict path loss in

similar scenarios with similar equipment and conditions. Equations (5.11 - 5.13)

describe a log-normal path loss model that can be applied to express the average

path loss as a function of distance for all three sectors.



149

Figure 5.19: Linear regression on measured path loss data (case 4) at a 24
GHz on each sector

Sector1 :PL(d) = 55 + 10× 2.62× log(
d

14
) + 3.578

for 12cm ≤ d ≥ 120cm

(5.11)

Sector2 :PL(d) = 62 + 10× 7.01× log(
d

24
) + 3.424

for 20cm ≤ d ≥ 60cm

(5.12)

Sector3 :PL(d) = 54 + 10× 2.91× log(
d

14
) + 3.196

for 16cm ≤ d ≥ 100cm

(5.13)

In Fig.5.20, the cumulative distribution function (CDF) of the shadowing factor

χ(0,σ) is shown for three different sets of measured data. The shadowing factor

was calculated using equation (5.1). This model can be effectively applied to
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Figure 5.20: The cumulative distribution function of the shadowing factor for
measured data (case 4)

predict path loss under the same conditions and settings, as described in section

5.1.2.

Table 5.6: Path loss exponent and deviation values in case 4

Sector d0 PL(d0)
dB

Pathloss
Exponent
(n)

Deviation
χσ

1(LoS) 14 -55 2.62 3.578

2(NLoS) 24 -62 7.01 3.424

3(PLoS) 14 -54 2.91 3.196
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5.4 Conclusion

This chapter has focused on investigating body-centric wireless communication at

the 24 GHz ISM band. In this study, the propagation parameters (path loss ex-

ponent and shadowing factor) of on-body communication systems are determined,

and the impact of different antenna types on the performance of these systems is

investigated. Four antenna types, including Bow-tie, EBG-backed Bow-tie, Yagi

Uda, and Vivaldi antennas, were selected for this investigation to demonstrate the

significant antenna characteristics(radiation propagation) that should be incorpo-

rated for on-body channels.

It was also noted that the variation in the radiation pattern of both transmitting

and receiving antennas can introduce additional uncertainty to the measurements.

The results of the study demonstrate that the received power depends not only

on the frequency of the on-body channel and distances but also on the antenna

locations. Measurements were conducted with a human subject to achieve this

objective, and the path loss exponent model was compared across all four cases

and in all three sectors of the waist-to-torso link. In this study, the shadowing

factor was modeled by a normal distribution after performing linear regression

analysis on the data in terms of the path loss exponent and shadowing factor.

The findings from the experimental setup detailed in Section 5.2.1 reveal that

a comparison of the path-loss exponent values in sector 2 (NLOS) consistently

demonstrates a poor link range accompanied by a significantly high path-loss ex-

ponent. As a result, the optimal arrangement of placing the sink node on both

sides of the waist can effectively mitigate the NLOS segment in the waist-to-torso

link. This knowledge holds broader implications and can be applied more widely

in similar scenarios where reducing the impact of NLOS propagation is crucial for

achieving improved communication performance.

The observation that a high path loss exponent is consistently observed in sector

2 across all cases implies that this sector experiences a greater signal attenuation

than sectors 1 and 3, possibly due to obstacles or interference in the communication
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channel. However, in case 4, where both the transmit and receive antennas exhibit

superior gain and good on-body performance, sectors 1 and 3 display similar path

loss exponent values. This finding suggests that the signal strength decays at a

slower rate in sectors 1 and 3, indicating that the directional beam antennas offer

better signal propagation in these sectors. The findings of Case 4 underscore the

significance of carefully selecting appropriate on-body transmit-receive antenna

types for on-body communication systems. The observed improvement in system

performance highlights how the right equipment can have a significant impact on

the system’s overall performance.

The results of this study highlight the importance of investigating the impact

of the human body’s contoured shape on path loss at 24 GHz. By recognizing

the significant influence of body morphology on signal propagation, this informa-

tion becomes crucial for developing precise path loss models, enabling accurate

link budget evaluations for on-body communication systems. These findings con-

tribute to the advancement and optimisation of wireless communication systems

by providing insights into the contoured shape’s effect on path loss.
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Chapter 6

A Case Study of CSMA (ZigBee)

for WBANs at 24 GHz

6.1 Introduction

Wireless Body Area Network (WBAN) is a rapidly advancing technology that

plays a crucial and sensitive role in eHealth and telemedicine. Ensuring a high

data rate and uninterrupted communication link is of utmost importance. The

WBAN’s physical (PHY) layer must meet certain prerequisites, such as avoiding

any adverse effects on human health, having wearable devices of small size, and

providing suitable coverage for a limited area. On the other hand, the Media

Access Control (MAC) layer of WBAN needs to prioritise services and ensure

fairness in resource sharing. Traditionally, WBAN PHY-MAC has been based on

2.4 GHz microwave frequency. However, there is growing interest in utilising 24

and 60 GHz millimeter-wave (mmWave) frequencies as a potential solution to the

aforementioned challenges [1].

Wireless communication at mm-wave frequencies is considered the best option to

achieve high data rates in upcoming future wireless networks. However, these very

high-frequency waves undergo significant attenuation, deafness, and blockage, and

may require microwave or sub-6 GHz networks for synchronisation and fallback
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support. mm-Wave communication systems have special hardware constraints that

introduce new challenges for efficient MAC and physical layer design. The hard-

ware architecture of an antenna array-based mm-wave transceiver is complicated

and contains many RF analog components [2]. More importantly, these analog

components are generally imperfect due to manufacturing errors and introduce dif-

ferent hardware imperfections such as phase noise, power amplifier nonlinearities,

IQ imbalance, and so on, especially in mm-Wave frequencies [3].

Conventional MAC layer protocol design fundamentals may need a thorough re-

consideration as mm-Wave systems have severe channel attenuation, stringent

hardware constraints, directional communication, vulnerability to obstacles, re-

duced interference footprint, and potentially high signaling overhead [4]. In the

literature, up to now, PHY and propagation issues received far more attention

as compared to the medium access control (MAC) layer. However, Differences

between existing communication technologies and mm-Wave networks challenge

conventional design approaches [5]. Several researchers proposed many energy-

efficient MAC protocols for WBANs [6] - [9]. The MAC protocol presented in [7]

incorporates important techniques (such as low-power listening, scheduled channel

polling, and periodically turning on/off radio) for generic wireless sensor networks

to attain significant throughput comparable to the load at low load.

In the literature, many researchers presented examples of contention-based and

contention-free (explained in Chapter 2) MAC protocols [10]. FDMA-based MAC

is not suitable for wireless sensor networks, although it provides collision-free com-

munication. That’s because of challenging front-end hardware design, especially

filters [11]. Therefore, in the current scenario, FDMA-based MAC is only suitable

when the channel is not shared with two or multiple nodes. This will be further

explained in a later section. CSMA/CA-based MAC has a simple structure, bet-

ter reliability, low latency at medium traffic, and quite high energy consumption.

On the other hand, TDMA-based MAC is not scalable and requires node syn-

chronization. Therefore the auxiliary radio channel, an extra channel in wireless

systems used for purposes other than primary data transmission is used to wake
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the scheduled node for transmission. This alternate method involves out-of-band

communication channels to minimize idle listening and power consumption [11].

Many limitations and constraints should be taken into account while choosing suit-

able technologies for mm-wave on-body communication in WBANs. Low power

consumption is one of the main requirements in WBANs as it maximizes the lifes-

pan of deployed sensor nodes and the network. Typically for on-body communica-

tion, unnecessary high power may cause additional interference in communication

[12]. Zigbee technology is considered the most suitable option for addressing the

challenges mentioned above, which is why it is widely adopted in Wireless Body

Area Networks (WBANs) [13]. This technology utilises the CSMA/CA medium

access protocol.

The primary focus of this chapter is to conduct a performance analysis of the Zig-

bee (PHY and MAC) protocol while using the 24 GHz ISM band on-body propa-

gation path-loss model. The analysis takes into account the channel information

provided in Chapter 5 and all the simulations are performed in the NetSim net-

work simulator. The first stage involves analysing the physical layer performance

by examining the Received Signal Strength Indicator (RSSI) and Bit Error Rate

(BER) of the sink to individual sensors link. In the second stage, the performance

of the MAC (CSMA/CA) protocol is evaluated in on-body channel environments

at 24 GHz using various types of sink and sensor node antennas (as considered

during channel characterisation in Chapter 5).

A significant challenge arises from the network simulator’s inability to support

separate path loss channel models for the sink and sensors, as well as between the

sensors. To overcome this limitation, physical layer parameters (especially dis-

tances between sensors) have been adjusted to align the measured and simulated

results, creating an environment in simulation that closely mimics the actual con-

ditions. By thoroughly examining the performance characteristics of Zigbee (PHY

and MAC) in this frequency band, we aim to gain valuable insights and contribute

to the understanding and improvement of WBAN systems.
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Figure 6.1: Typical Star topology-based WBAN network

6.2 Topology and architecture of mm-WavesWBAN

The attenuation of electromagnetic waves is considerably high in the body sen-

sor network, due to the high path loss of the human body. Therefore, using of

single-hop topology for WBAN is not suitable and multi-hop communication is

recommended [14]. For multi-hop communication, relay nodes can be used to

gather data from sensors and forward it toward the sinks [ [15], [16]].

Relaying and cooperation mechanisms are introduced to affect the energy con-

sumption in WBANs [18]. Relaying and multihop communications are key com-

ponents of future mm-Wave networks for range extension and blockage alleviation

[ [19], [20], [21]]. In reference [22], it was shown that having an alternative path

using relay node(s) can significantly alleviate the blockage. Current mm-Wave

standards support only single- or two-hop links rather than the complete multi-

hop communication capability envisioned in IEEE 802.11ay (explained in Chapter

2) [21]. Fig.6.1. shows the typical 2-hop hierarchical star topology for wireless
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Table 6.1: STANDARD SENSORS USED IN A TYPICAL WIRELESS
BODY AREA NETWORK [17]

Node Place-
ment

Parameter O/P Form O/P Range Frequency
Hz

Criti-
cality

channels

1 Chest ECG Waveform
Continuous

0.5-4mV 0.1-200 High 6

2-11 Head EEG Waveform
Continuous

3uV-300uV 0.5-100 High 40

12 Chest,
Arm

EMG Waveform
Continuous

10uV-
15mV

10-5000 Low 3

13 Abdomen Respiratory
rate

Discrete
Time Bound

2-50
breath/min

0.01 to 10 Low Shared
1

14 Chest Body Tem-
perature

Discrete
Time Bound

32-40 C 0-0.1 Low Shared
1

15 Arm,
Chest

Blood Pres-
sure

Discrete
Time Bound

10-400mm
Hg

0-50 Low Shared
1

16-
17/22

Chest Inertial
measure-
ment unit

Discrete
Time Bound

Position — Low Shared
1

E-health monitoring. Considering the significant path loss and restricted trans-

mission power limits, a two-hop network is preferable over a single-hop network

for covering non-line-of-sight node locations. Adding more hops entails additional

alignment overhead per hop, which may limit the benefits of multi-hop communi-

cations [13].

In this chapter, our primary focus lies in the detailed examination and analysis

of the system-level modeling for the Zigbee (PHY and MAC) protocol when ap-

plied to the mm-wave radio architecture for body-centric communications. We

measure the system’s performance by analysing the throughput in relation to the

offered load. This study focuses on a wireless body area network utilising the 24

GHz path loss model and operating under high loads. The investigation includes

analysing the proportion of the load that is effectively transmitted over the net-

work, providing valuable insights into the successful transmission rate. For this

purpose, we have utilised the typical star topology, as depicted in Fig.6.1, and

selected the basic physiological sensors as presented in Table 6.1. Then assigns
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them the appropriate number of channels available within the 24 GHz ISM band

based on their respective requirements.

The Zigbee protocol operates within a bandwidth of 80 MHz at 2.4 GHz, accom-

modating a total of 16 channels. Each channel possesses a width of 2 MHz, with a

3 MHz gap separating one channel from the next. Conversely, considering the same

channel separation gap and single channel bandwidth as Zigbee (IEEE 802.14.5)

standards, the 24 GHz ISM band offers a broader bandwidth of 250 MHz, allowing

for an increased number of channels, which now totals 50.

To allocate the appropriate number of channels to each type of physiological sensor,

several factors were considered, including the sampling rate (frequency), criticality

of information, and output type. For instance, ECG sensors provide critical infor-

mation with a medium sampling rate, presenting continuous output waveforms.

Consequently, ECG sensors have been assigned 6 channels. Table 6.1 illustrates

the Wireless Body Area Network (WBAN) considered in this study, revealing that

sensors like ECG, EEG, and EMG do not share channels. This separation is nec-

essary as these sensors require the continuous transmission of critical information.

In contrast, 3, 5, or 10 sensors (depending on the number of sensors used for

the Inertial Measurement Unit) together utilise only one channel, as the informa-

tion they generate is time-bound (not continuous) and of relatively low criticality.

By carefully considering these factors, we ensure efficient channel allocation that

aligns with the specific requirements of each sensor type.

The presented Zigbee MAC protocol can be described as a combination of FDMA

with CSMA/CA due to the nature of sensor channel sharing. While some sensors

operate on dedicated channels without sharing, others share their channels with

other nodes. Sensors like ECG or EEG utilise FDMA to support multiple chan-

nels, allowing for simultaneous transmission. Conversely, sensors such as inertial

measurement units and temperature sensors that share channels with other nodes

employ CSMA/CA. Therefore, the analysis presented in this chapter primarily

focuses on the FDMA with CSMA/CA characteristics of the Zigbee (PHY and

MAC) protocol.
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To ensure consistency with the measurement environment, one challenge is to

have sensor nodes exhibit Line-of-Sight (LOS) behavior with each other while

communicating with the sink node. Therefore, it is crucial for these nodes to

be located within the same sector. For example consider the Non-Line-of-Sight

(NLOS) sector, the simulation for the Sensors to Sink link runs under high path

loss model parameters. However, it is still essential for the sensor nodes to be in

close proximity to each other to effectively sense each other, even under the high

path loss exponent, as they are supposed to lie in the same sector and exhibit LOS

behavior with each other (based on chapter 5 measurements). Otherwise, improper

positioning of the nodes may lead to increased hidden terminal issues, where two

or more nodes are out of each other’s range but within the range of a common

receiver. This emphasizes the significant impact of sensor node positioning on the

network’s throughput performance.

The structure of the remaining part of this chapter is organized as follows. Subse-

quent sections provide a performance analysis of Zigbee, taking into account the

channel information outlined in Chapter 5. First considering physiological sensor

nodes that operate on channels without interference from other nodes. Therefore,

Section 6.3 presents the performance analysis in terms of Bit Error Rate (BER) as

a function of distance for individual sensors that do not share channels. Moving

on to main Section 6.4, we examine the system-level performance of CSMA/CA

at 24 GHz, specifically in terms of throughput in relation to the offered load. This

evaluation specifically examines the performance of sensors that share the same

channel, providing insights into how the protocol performs under different levels of

network traffic. Finally, in Section 6.5, we draw conclusions based on the findings

and observations from the previous sections.
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Figure 6.2: Simulated Received signal strength against distance (a) Case 2
(section 5.3.2) (b) Case 4 (section 5.3.4) using 24 GHz channel model

6.3 Simulation of Zigbee (Physical layer) at 24

GHz: Sink with one sensor node

In the context of the star topology with M nodes connected to a single sink, the

first focus was on the scenario where there is only one node (sensor). This is done

to establish the performance of the physical layer (PHY) for the 24 GHz channel,

utilising the NetSim network simulator in its standard version. First, Physical

layer performance is analysed by investigating RSSI (received signal strength in-

dicator). Fig.6.2 displays the decrease in the received signal with distance across

two different cases and three sectors (LOS, NLOS, PLOS) as previously described

in the preceding chapter.

Figure 6.2 illustrates the simulated received signal strength plotted against the

distance (cm) based on the estimated channel path loss parameters presented in

sections 5.3.2 and 5.3.4. The results indicate that in case 2 (NLOS sector), the

received power drops below -85 dBm (which corresponds to the noise floor level of

VNA) after a distance of 50 cm. Conversely, in case 4 (NLOS sector), the received

power falls below -85 dBm after a distance of 60 cm, thus demonstrating the con-

sistency between the simulation environment and the measurement environment.
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Table 6.2: Trends of simulated and measured data in case 2 measured in the
previous chapter

Sector Mean Standard
deviation

Variance

Sector 1

Measured 62 6.519 42.5

Simulated 63.9 6.55 42.94

Sector 2

Measured 78.22 6.9 47.69

Simulated 74.85 6.29 44.32

Sector 3

Measured 69.35 6.28 39.49

Simulated 68.67 5.827 34.9

These simulations were conducted with the same settings outlined in Section 5.2,

including the operating frequency, transmit power, receiver sensitivity (noise floor

level), antenna gain, and the lognormal path loss model. For each graph in Fig.6.2,

the values of the path loss exponent and shadowing factor were set according to

Tables 5.4 and 5.6. The results demonstrate a similar trend between the simulated

and received power data as shown in table 6.2 and 6.3.

To achieve a comprehensive understanding of the on-body radio channel, over 200

simulations were conducted, encompassing a wide range of statistical variations.

this is due to several factors such as shadowing, multipath fading, environmental

changes, and measurement errors: To address these statistical variations, multiple

measurements are taken at corresponding locations and times to obtain a repre-

sentative sample. These simulations were designed to incorporate the measured

on-body radio channel parameters discussed in Section 5.3.
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Figure 6.3: BER variations with the distance with reference to case 2 (section
5.3.2 explains all three sectors)

Fig.6.3 depicts the variation of Bit Error Rate (BER) for case 2 in relation to the

distance of the on-body channel, as outlined in Section (5.3.1). Case 2 was selected

due to the presence of a high gain transmitter antenna type and its improved link

range capabilities. Based on a predefined maximum acceptable BER threshold

derived in [22] from BER curves with respect to Eb/No, the results illustrate the

BER of on-body locations (distances from the sink) where the radio link can be

classified as either good (BER less than 0.01%), acceptable (BER between 0.1%

and 0.01%), or poor (BER higher than 0.1%).

The chest region of the body is divided into three sectors: line of sight (sector

1), non-line of sight (sector 2), and partial line of sight (sector 3). Fig.6.3 reveals

significant variations in BER among these sectors across different distances. The

results indicate that the radio link quality remains excellent, with a BER below

the defined threshold of 1.0× 10−3, up to a distance of 35 cm in all sectors.

The bit error rates, representing poor radio links, are higher in the non-line of

sight (NLOS) and partial line of sight (PLOS) sectors compared to the line of

sight (LOS). This discrepancy can be attributed to the obstruction caused by the
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Table 6.3: Trends of simulated and measured data in case 4 measured in the
previous chapter

Sector Mean Standard
deviation

Variance

Sector 1

Measured 60 6.433 41.5

Simulated 61.9 6.481 41.94

Sector 2

Measured 78.22 6.89 46.56

Simulated 76.72 6.38 45.13

Sector 3

Measured 67.73 6.44 38.58

Simulated 66.12 6.04 36.95

body’s curvilinear shape and the resulting scattering, leading to a reduction in

received power.

Similarly, Fig.6.4, depict the variations in the Bit Error Rate (BER) for case 4,

in relation to the distance of the on-body channel. This case is outlined in Sec-

tion 5.3.4 and it was chosen specifically because it features a wide-beam medium

transmitter antenna type, which offers improved link range capabilities. The re-

sults provide insights into the BER values for on-body positions, representing the

distances from the sink.

The graphs reveal significant variations in the BER among different sectors across

various distances, as detailed in Section 5.2. The findings demonstrate that the

radio link quality remains consistently excellent, with a BER below the defined

threshold of 1.0× 10−3, for distances up to 48 cm, and 60 cm in case 2, and case

4, respectively, encompassing all sectors, including non-line of sight (NLOS).
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Figure 6.4: BER variations with the distance with reference to case 4 (section
5.3.4 explains all three sectors)

Fig.6.3 and 6.4 provide a detailed perspective and offer recommendations for se-

lecting the optimal wireless device location (mainly depending on the sensor type

) on the body with respect to distance to achieve acceptable radio link quality

and, consequently, ensure good system performance.

6.4 Simulation of Zigbee at 24 GHz: Sink with

multiple sensor nodes

The Netsim network simulator has been modified again for multiple sensor nodes to

simulate the Zigbee (IEEE 802.15.4) protocol, allowing for an evaluation of the per-

formance of the Carrier Sense Multiple Access (CSMA) mechanisms as a Medium

Access Control (MAC) protocol for Wireless Body Area Networks (WBANs). This

section aims to explore a network that employs the 24 GHz path loss model and

operates under high loads. The analysis involves examining the proportion of the

load that successfully transmits over the network, offering valuable insights into

the rate of successful data transmission.
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Figure 6.5: Sink and sensor nodes’ actual location on the chest to torso link

6.4.1 Configuration of NetSim simulator to depict the ac-

tual environment

The objective of this simulation is to analyse the performance of the CSMA/CA

protocol at 24 GHz in a high path loss environment, specifically when trans-

mitting along and through the human body skin at millimeter-wave frequencies.

Replicating the exact on-body channel measurement scenario in simulation poses

significant challenges, primarily due to different antenna types in the link be-

tween sensor nodes and sink. As explained in section 5.3, there are different sets

of channel model parameters based on the transmitter and receiving antennas.

Therefore, one set of channel parameters should be used for the link between the

sink and sensor nodes, and one set of channel parameters should be used between

the sensors.

To address the above-mentioned challenge, the network simulator needs to incor-

porate two sets of path loss parameters. The first set applies to communication
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Figure 6.6: Sink and sensor nodes location on the chest to torso link in the
case 2 environment: Left one is actual locations and right one is simulations

locations which are different

links between sensor nodes, as the CSMA/CA protocol requires sensing other

nodes before transmitting data on the channel. The second set of parameters is

used for communication links between the sink node and sensor nodes. However,

the Netsim simulator does not support this functionality. Consequently, with the

same set of channel parameters various parameters at the physical layer, such as

transmit power, antenna gain, and mainly the distance between the nodes have

been adjusted to match the trend between measured and simulated results for each

sector.

In Fig.6.5, a depiction of a typical wireless sensor network is presented, situated

on the surface of the human body’s chest, spanning an area of 36 cm by 50 cm.

The network consists of one sink node acting as the Personal Area Network (PAN)

coordinator, along with 10 identical nodes in each sector. In Fig.6.5, the distance

(in centimeters) from each sensor node to the sink node is indicated beneath the

respective nodes. Additionally, the dotted line blocks represent the boundaries

of the Line of Sight (LOS), Non-Line of Sight (NLOS), and Partial Line of Sight

(PLOS) sectors. In the subsequent sections, the performance of CSMA/CA at
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Figure 6.7: Sink and sensor nodes location on the chest to torso link in the
case 4 environment: Left one is actual locations and right one is simulations

locations which are different

24 GHz is investigated for case 2 and case 4. However, prior to that, it is nec-

essary to establish a simulated environment that closely resembles the measured

environment for accurate comparison.

In order to establish a consistent environment in the simulation, the distances be-

tween nodes were adjusted. This involved positioning nodes at specific distances

from each other, ensuring that the received power closely matched the measured

data (section 5.3.1). Therefore, in the simulation, the sensor nodes are placed at

different locations compared to the actual positions depicted in Fig.6.5. So that

the received power level between sensor nodes remains almost identical to mea-

sured data (section 5.3.1) when utilising case 2 (section 5.3.2) path loss channel

parameters for the communication link between the sink and sensor nodes. Fig.6.5

provides the actual locations (distances from the sink) of the sensor nodes, while

Fig.6.6 displays the distances (highlighted in green) set in the simulation to ap-

proximate the received power values in comparison to the measured data in the

case 2 environment.

Table 6.4 presents the trends of both simulated and measured RSSI data between
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the sensor nodes after adjusting their locations. The setup ensures that within

each sector simulation, the sensor nodes are positioned in the same sector. Con-

sequently, the communication link between the sensor nodes only requires a same

single set of path loss parameters for all three sink-to-sensor sectors scenarios.

Table 6.4: Trends of simulated and measured RSSI data between the sensor
nodes after adjustments of locations

Sector Mean Standard
deviation

Variance

Case 2

Measured 61.425 6.0791 36.5661

Simulated 64.1142 6.8352 41.8628

Case 4

Measured 60.054 5.8465 34.3712

Simulated 62.9833 6.1092 40.0747

Similarly, also in case 4 consistent environments were established within the simu-

lation, and manual adjustments were made to the distances between sensor nodes

to ensure that the received power closely matched the data measured (as shown

in table 6.4). The actual locations of the sensor nodes, depicted in Fig.6.5, in-

dicate their distances from the sink. Meanwhile, Fig.6.7 showcases the distances

(highlighted in yellow) set in the simulation, which were approximations intended

to replicate the actual environment while using only one set of channel model

parameters (case 4).

6.4.2 Network simulation under case 2 environment

In this section, we examine the influence of high propagation loss on the perfor-

mance of CSMA/CA at 24 GHz in an on-body environment. The simulations

are conducted with varying channel parameters, including path loss exponent and
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shadowing factor, for all three sectors. To assess the impact of different loads on a

single channel, we vary the inter-arrival time, while maintaining a constant packet

size. The packet size is kept constant at 50 bytes, deliberately chosen to be below

the maximum data size of 120 bytes. This decision is crucial because randomizing

the data size could result in the generation of multiple packets simultaneously,

leading to difficulties in accurately setting and calculating the load. Fig.6.7,6.8,

and 6.9 present the normalized throughput against the applied load at 24 GHz

taking into account the sector 1, 2, and 3 path loss parameters, as well as at 2.4

GHz. In the proposed environment, 3, 5, and 10 sensor nodes were utilised, while

for 2.4 GHz, 10, 25, and 45 sensor nodes were simulated for comparison purposes.

More nodes at 2.4 GHz are used for benchmarking and to gain a better under-

standing of the theoretical curve of normalized throughput against offered load.

These plots are grayed out in Fig.6.8 - 6.13.

The results indicate that when the channel has a light load, and the throughput

increases with the offered load. However, when the input traffic exceeds its max-

imum value, the throughput starts to decline within a moderate load range. On

the other hand, if the channel is heavily loaded, the throughput remains constant

regardless of the traffic rate. This congestion region represents the load range

where the throughput does not increase as the offered load grows. The maximum

channel throughput occurs at a ”knee” point, where the offered load is a little more

than the half of channel bit rate (120 kb/s) and the collision rate is between 5 to

10 %. Beyond this point, as the offered load continues to increase, the throughput

decreases due to frequent collisions caused by multiple nodes having messages to

send in the average packet cycle.

The decrease in throughput is influenced by the number of nodes present in the

network. As the number of nodes increases, the occurrence of collisions also in-

creases, as observed in scenarios with 10, 25, and 45 nodes (2.4 GHz) and similar

at 24 GHz. Interestingly, in the non-line-of-sight (NLOS) scenario (Sector 2) at

24 GHz, the decrease in the throughput curve is significantly higher compared to

the curve at 2.4 GHz. This higher decrease in throughput can be attributed to the

high path loss, which further increases collisions and reduces the throughput as
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Figure 6.8: Normalized throughput against the normalized offered load in case
2 environment of sector 1

Figure 6.9: Normalized throughput against the normalized offered load in case
2 environment of sector 2

the applied load increases. This is due to several reasons such as very weak signal

strength, increased hidden terminal issues (two or more nodes are out of range of

each other but within the range of a common receiver), and longer propagation

delays.
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Figure 6.10: Normalized throughput against the normalized offered load in
case 2 environment of sector 3

When the Zigbee network experiences a higher load, multiple nodes compete for

transmission opportunities, resulting in increased congestion within the channel.

In the presence of high path loss, nodes may encounter difficulties in reliably

receiving transmitted data, leading to retransmissions and further exacerbating

contention. Consequently, as the applied load increases, this heightened contention

significantly decreases the overall network throughput.

Additionally, it is crucial to consider the impact of higher transmission overhead.

In scenarios characterised by high path loss, the elevated error rate and packet

loss necessitate additional transmission overhead. The Zigbee protocol incorpo-

rates mechanisms for error detection, retransmission, and acknowledgment, which

consume additional time and resources. As the network load increases, the over-

head associated with these mechanisms becomes more pronounced. This increased

overhead reduces the available bandwidth dedicated to actual data transmission,

ultimately diminishing the network throughput.

Notice that in the scenario of LOS and PLOS (sector 1 and sector 3), the peak

and saturated throughput for 3 nodes is lower than that for 5 nodes (Fig.6.7 to

6.9). This may seem unusual. In a contention network, the throughput increases



176

with more nodes. However, due to higher backoff time, in the case of 3 nodes, each

node goes through a backoff after every transmission. This backoff is wasteful and

ultimately reduces the throughput compared to a situation where the nodes are

aware that there are only 3 nodes in the network and can send packets back-to-

back.

Finally, the network achieves saturation when the output queues of all nodes be-

come full, indicating a state of heavy and steady load [13]. At this stage, the

throughput reaches its minimum, and the collision rate reaches its maximum. Be-

yond saturation, the ratio of throughput to collision rate remains constant, but the

packet queues in nodes continue to grow longer. As anticipated, a greater number

of transmitting nodes increases the likelihood of collisions, consequently reducing

the realized throughput.

The results indicate that with an 80% to 90% probability of successful packet

transmission within the acceptable link range distance (as depicted in Fig. 6.3

and detailed in Equations 5.5-5.7), the network can effectively handle an average

load of 72 kbps, 69 kbps, and 44.4 kbps, respectively, for sector 1 (LOS), sector

3 (PLOS), and sector 2 (NLOS). These calculations consider the presence of 10

sensors within the network sharing the channel as per the specified configuration

setup.

6.4.3 Network simulation under case 4 environment

we analyse the impact of high propagation loss on the performance of CSMA/CA

operating at 24 GHz in an on-body environment. The simulations were conducted

with various channel parameters, including path loss exponent and shadowing

factor, across all three sectors. To assess the impact of different loads on a single

channel, we vary the inter-arrival time, while maintaining a constant packet size.

Fig.6.11, 6.12, and 6.13 present the normalized throughput against the applied

load at 24 GHz and 2.4 GHz in a similar manner as mentioned in the previous

section.
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Figure 6.11: Normalized throughput against the normalized offered load in
case 4 environment of sector 1

Figure 6.12: Normalized throughput against the normalized offered load in
case 4 environment of sector 2

The results show similar behavior to the preceding section. At light load, the

throughput increases with the offered load. However, in heavily loaded channels,

the throughput remains constant, forming a congestion region. The maximum

throughput occurs when the offered load matches the channel bit rate. Beyond



178

Figure 6.13: Normalized throughput against the normalized offered load in
case 4 environment of sector 3

this point, increasing the offered load results in decreased throughput due to fre-

quent collisions caused by multiple nodes. The number of nodes and high path loss

in the NLOS scenario further amplify collisions and reduce throughput as the load

increases. However, in the case 4 environment and non-line-of-sight (NLOS) sce-

nario at 24 GHz (Sector 2), the decrease in the throughput curve is less compared

to the previous scenario (case 2). This is because the lower path loss makes it eas-

ier for nodes to sense or detect other nodes while transmitting packets, resulting

in reduced contention.

Similar to case 2, in case 4, which involves Line-of-Sight (LOS) and Partial Line-of-

Sight (PLOS) scenarios, the throughput for configurations with 3 nodes is lower

compared to configurations with 5 nodes. This discrepancy arises due to the

higher backoff time in the 3-node configurations, resulting in wasteful backoffs

and reduced throughput. As the network reaches saturation, characterised by

full queues and a heavy load, the throughput is minimized while collisions are

maximized. Once saturation is surpassed, the probability of collisions increases

with a larger number of transmitting nodes, leading to a decrease in the realized

throughput.
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The investigation demonstrates that the network achieves a high probability (around

80% to 90%) of successfully transmitting packets within the acceptable link range

distance, as illustrated in Fig. 6.4 and outlined in Equations 5.11-5.13. Based on

these results, the network proves capable of efficiently handling an average load of

72 kbps, 72 kbps, and 62.4 kbps for sector 1 (LOS), sector 3 (PLOS), and sector

2 (NLOS), respectively. These load calculations consider a network configuration

comprising 10 sensors sharing the channel.

The results demonstrate that for sensor nodes to exhibit Line-of-Sight (LOS) be-

havior and to simulate the 1 set of path loss channel models, it is essential that

they are located within the same sector. Specifically, in the Non-Line-of-Sight

(NLOS) sector, it is crucial for the sensor nodes to be in close proximity to each

other in order to sense each other effectively amidst the high path loss encountered

in sector 2. Otherwise, the positioning of the nodes may lead to increased hidden

terminal issues, wherein two or more nodes are out of range of each other but

within the range of a common receiver. This highlights the significant impact of

sensor node positioning on the network’s throughput performance.

6.5 Conclusion

This chapter has examined the performance of the Zigbee protocol (physical layer

and MAC) in the context of the 24 GHz channel model discussed earlier. A typical

star topology was used, incorporating basic physiological sensors and allocating

them to suitable channels within the 24 GHz ISM band based on their individual

requirements. In this chapter, the analysis of Zigbee (PHY and MAC) primar-

ily emphasizes the FDMA with CSMA/CA aspects of the protocol, considering

the utilisation of multiple channels for sensors like ECG or EEG (using FDMA)

and the channel sharing behavior of sensors like inertial measurement units and

temperature sensors (employing CSMA/CA).

Initially, the analysis primarily focused on the physical layer performance of physi-

ological sensor nodes operating on channels without interference from other nodes,
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as outlined in Table 6.1. Subsequently, the performance of the single-node radio

link connected to the sink was evaluated by assessing the bit error rate (BER).

The results indicated consistently excellent radio link quality, with a BER below

the defined threshold of 1.0× 10−3, for distances up to 48 cm, and 60 cm in Case

2, and Case 4, respectively, at non-line of sight (NLOS) sector. It was observed

that the system outage percentage, representing poor radio links, was higher in

the NLOS and partial line of sight (PLOS) sectors compared to the line of sight

(LOS), likely due to body obstruction and resulting scattering, leading to reduced

received power.

Furthermore, the analysis examined the MAC protocol, specifically the Carrier

Sense Multiple Access (CSMA), in the context of the communication link be-

tween the sink and multiple sensor nodes. The investigation primarily focused on

evaluating the throughput performance under varying applied loads, taking into

consideration the 24 GHz on-body channel model. In the LOS (Sector 1) scenario,

the throughput performance at 24 GHz exhibited similarity to that of the 2.4 GHz

frequency. In the case of PLOS (Sector 3), a slight decline in throughput was

observed compared to 2.4 GHz. However, in the NLOS scenario, the throughput

performance showed a drastic decrease with increasing applied load.

In general, the protocol’s performance exhibits a peak in throughput initially,

followed by a subsequent decrease and eventual saturation. However, when the

network operates under high loads, only a minimal proportion of the load is ef-

fectively transmitted over the network. This proportion can be determined by

dividing the throughput by the load, providing insight into the successful trans-

mission rate. Consequently, it is not advisable or suitable to utilise the network

within this region of low throughput-to-load ratio. While sudden spikes in load

may be accommodated to some extent, it is not recommended for the average

network behavior. Ideally, the average load in this region should be noticeably

lower than the levels currently observed. In the current network setup, a 44.4 and

62.4 kbps average load is considered acceptable for sector 2 (NLOS) in case 2 and

case 4 scenarios, respectively. While sectors 1 and 3 can tolerate an average load
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of 72 kbps. This load level is deemed reasonable for scenarios involving 5 and 10

sensors that need to share the channel in the given application context.

The results obtained underscore the significant impact of sensor positioning on

the body, particularly in relation to the sector in which they are situated, on the

performance of the MAC protocol (CSMA). This emphasizes the critical impor-

tance of considering these parameters when designing the MAC layer protocol for

body-centric wireless communications. By taking into account sensor positioning,

it becomes possible to minimize collisions, reduce packet loss, and achieve optimal

performance in such networks.
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Chapter 7

Conclusion and Future work

The development of wireless body area network technologies has been ongoing

for the past ten years with the aim of establishing reliable and efficient body-

centric wireless communication. However, due to the unique properties of the

human body as the primary environment for wireless communication, it remains

extremely challenging to understand the characteristics of wireless body channels

and design compact, highly efficient antennas for wearable electronic devices.

Several issues remain unresolved in wireless communication systems for BANs.

Privacy and security are considered crucial for wireless body area networks. The

prevalence of wireless devices operating at 2.4 GHz ISM narrow bands poses a sig-

nificant risk of interference. Furthermore, preventing interference between nearby

BANs is challenging due to the mobility and uncoordinated operation character-

istics of BANs. In certain unique applications, such as military use, highly secure

and covert wireless communications are necessary, but the current solutions pro-

vided by standards like Bluetooth and UWB are not particularly effective. More-

over, constructing small and highly efficient antennas for body-worn devices at

these frequencies is extremely difficult. Additionally, as more advanced cellular

communication networks are developed, there is an increasing demand for high-

speed communications.
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This thesis proposes an alternative wireless option for body area networks, utilising

the 24 GHz radio frequency. By operating at 24 GHz, this approach enables effec-

tive control of electromagnetic energy, minimizing interference with other devices

and reducing vulnerability to jamming and observation. Furthermore, operating

at this frequency allows for the use of smaller and more efficient antennas, which

is particularly important for body-worn applications. Moreover, the availability

of a large unlicensed frequency band at 24 GHz enables the achievement of high

data speeds, offering substantial bandwidth for transmission.

this study has made significant contributions to the field of wireless communication

in the 24 GHz ISM band for body-centric applications. The research has provided

valuable insights into antenna design, 24 GHz on-body channel characterisation,

path loss modeling, and performance evaluation of the Zigbee (PHY and MAC

layer) protocol.

The antenna designs presented in this study demonstrated novel and innovative

approaches to address the unique challenges of on-body communication at 24 GHz

ISM band. The low-profile thin-layered split square-ring EBG structure and ra-

dial stub antennas exhibited improved gain, front-to-back ratio, and insensitivity

to body proximity. The Koch fractal antennas with EBG structures showcased

stability, ultra-thin, reduced size, and enhanced bandwidth. The proposed anten-

nas offer several key features that render them suitable for on-skin mounting in

24 GHz Wireless Body Area Network (WBAN) applications. Firstly, both the 1st

and 2nd iteration fractal structures demonstrate a broad bandwidth of 11.25% and

13.3%, respectively, when directly attached to the skin. Moreover, In compari-

son with existing K band EBG backed antennas (as ilustrated in table 4.2), these

antennas exhibit minimal shift in S11 during bending, showcasing their robust-

ness to deformation while maintaining excellent performance. Additionally, they

exhibit a significant increase in front-to-back ratio (FBR), indicating improved sig-

nal transmission and reception away from the body. Furthermore, the proposed

EBG-backed Koch fractal geometry-based antennas reduce Specific Absorption

Rate (SAR) by 90% and 87% when compared to direct antenna exposure, ensuring

their safe usage in close proximity to the human body. These proposed antennas
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are the thinnest (0.02λ0) EBG-backed antennas reported in the K band. The

Yagi Uda and Vivaldi antennas demonstrated directional radiation patterns suit-

able for on-body communication scenarios. These antenna designs offer promising

solutions for improving wireless communication performance in wearable devices

and body area networks.

The on-body channel characterisation and path loss modelling studies highlighted

the influence of antenna placement and the contoured shape of the human body

on signal propagation. These findings emphasized the importance of carefully

selecting appropriate antennas and considering the impact of body morphology

when designing communication systems for on-body applications. By understand-

ing the propagation characteristics and path loss effects, researchers and engineers

can develop more accurate models and optimise system performance.

The performance evaluation of the Zigbee protocol in the 24 GHz ISM band pro-

vided valuable insights into its suitability for body-centric wireless communication.

The analysis revealed the trade-off between throughput and applied load under the

very high path loss, indicating that high loads significantly reduce the successful

transmission rate. It was recommended to maintain the average load well below

the saturation point, with a tolerable average load of 40% for sector 2 (NLOS) and

53.89% for sectors 1 and 3. Moreover, the positioning of sensor nodes and consid-

eration of channel-sharing behavior were identified as critical factors for achieving

optimal performance in the Zigbee network.

This thesis introduces the technical aspects of utilising the 24 GHz ISM band

radio for wireless body area networks. The on-body channels at 24 GHz ISM band

have been thoroughly analysed using four different types of antennas. Through

a comprehensive evaluation, the Zigbee (PHY and MAC) protocol’s performance

in the 24 GHz ISM band has been examined, providing valuable insights into its

suitability for body-centric wireless communication. To aid in the understanding,

a summary of a comparison between three extensively researched frequency bands

for wireless body area networks is presented in Table 7.1.
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Table 7.1: WBAN comparison at different frequencies

Frequency
band

2.45GHz
(ISM-band)

UWB(3.1-
10.6GHz)

24GHz (ISM-band)
this work

Available
Spectrum

Congested Congested Under-utilised

Data rates Mbps Gbps Gbps

Interference High narrowband sys-
tems experience
less interference

Due to High path
loss, Reduced inter-
ference

Radiation
control

Very limited limited Good (Directional
Antennas and small
antenna arrays)

Frequency
Reuse

Low Low High

Form Factor Bulky Bulky Small

Antenna Effi-
ciency

Low Low High

In summary, this study has contributed to advancing the field of wireless commu-

nication in the 24 GHz ISM band for body-centric applications. The proposed an-

tenna designs, on-body channel characterisation, path loss models, and evaluation

of the Zigbee protocol provide valuable insights for the design and implementation

of wireless body area networks. Further research can explore additional antenna

designs, refine path loss models, and investigate enhancements to the Zigbee pro-

tocol to address the specific challenges and requirements of body-centric wireless

communication. By continuing to advance these areas of study, we can unlock the

full potential of wireless communication technologies for wearable devices, health-

care applications, and other body-centric communication systems.
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7.1 Future work

The findings of this study present several promising directions for future research

and development. The following areas offer potential opportunities for further

exploration:

Advancements in 24 GHz wearable Antenna Designs: Future work can

focus on the exploration and development of textile-based antennas for on-body

communication. Additional research can be conducted to explore reconfigurable

antennas for 24 GHz ISM band WBAN with the goal of achieving improved ra-

diation control. This can involve designing reconfigurable antennas that cater to

various channels and scenarios, employing different beamforming techniques for

enhanced performance.

24 GHz On-body Propagation Modeling for different postures and move-

ments: There is a need for additional research to enhance and broaden the current

24 GHz path loss models used in on-body communication. This research should

encompass the examination of how various body types, postures, and movements

affect signal propagation, with the aim of developing more precise and reliable

propagation models.

Channel Characterisation in realistic environments: Future work should

aim to delve deeper into on-body channel characterisation by incorporating addi-

tional factors such as multi-path propagation, polarisation effects, and interference

from external sources. By considering these factors, a more comprehensive under-

standing of the communication channel in body-centric scenarios can be achieved,

enabling the development of efficient communication techniques and algorithms.

FDMA-based CSMA/CA Protocol Enhancements: There is scope for fur-

ther optimisation of the MAC (FDMA-based CSMA/CA) protocol in body-centric

wireless communication. Subsequent research efforts should focus on developing

adaptive and energy-efficient protocols that consider the unique challenges and

requirements of on-body networks. This can involve incorporating mechanisms
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for multi-hop networks, dynamic channel allocation, interference mitigation, and

effective resource management.

Real-world Deployment and Validation: Conducting extensive field trials

and real-world deployments of 24 GHz on-body communication systems is essential

to gaining valuable insights into their performance, reliability, and usability.

By addressing these future research directions, we can advance the field of body-

centric wireless communication at the 24 GHz ISM band and enable innovative

applications that enhance human health, well-being, and overall quality of life.
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