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Abstract

Microwave imaging for cancer detection has gained traction due to the urgent need for
safe, affordable, and comfortable imaging methods. Spatial resolution is crucial for
effective imaging. Super Wide Band (SWB) antennas is a technology of particular interest
within the field of microstrip antennas, and it has garnered significant attention in recent
years. These antennas are known for their ability to cover a wide bandwidth, typically
achieving a bandwidth ratio of 10 to 1. Several key performance parameters, such as
compactness, return loss, peak gain, radiation pattern, and radiation efficiency, play a
critical role in determining the effectiveness of SWB antennas, especially when they are
deployed for specific applications like medical imaging. It is crucial to understand the
designed antenna through an appropriate equivalent circuit model (ECM), especially in
the case of integrating the antenna with other systems and when tuning and optimising

various parameters.

A comprehensive literature review revealed research gaps in implementing SWB
technology in microwave imaging applications. Therefore, this thesis investigates SWB
antenna designs for medical imaging, with a particular emphasis on detecting lung and

skin tumours.

The thesis presents an optimized ECM of a fractal slot loaded SWB antenna. The SWB
antenna has an overall compact dimension of 40x35x1.57 mm?3 and is fabricated on
Rogers RT Duroid 5870 substrate (&, = 2.33; tand = 0.0012). The antenna’s bandwidth
and gain are enhanced to achieve the desired performance for medical imaging. The
achieved measured bandwidth is 36.9 GHz over the frequency range of 3.1 to 40 GHz
with a bandwidth ratio of 13:1. A peak realized gain of 9.7 dBi, average radiation
efficiency of 94%, and stable radiation pattern are achieved over the covered
bandwidth. The presented ECM is derived based on transmission line theory and the
individual behaviour of each antenna element. The thesis further presents a dual
sequential optimization approach to determine the optimal value of each lumped
element. The modeled results are found to be in good agreement with both full-wave
simulated and measured results. The presented ECM can accurately capture the

antenna’s behaviour in terms of its magnitude of reflection coefficient |Si1|, and both



i
real and imaginary impedances with low mean absolute percentage error of 4.9%, 7.5%,

and 7.7%, respectively, over the super-wide operating bandwidth.

Then a SWB radio frequency imaging approach is developed and evaluated for detecting
early stages of deep-seated lung and in-situ skin tumors. A life-sized human torso
phantom is constructed of tissue mimicking materials and their dielectric properties are
thoroughly investigated over the covered frequency range of 3.1-40 GHz. An array of
SWB antenna elements is employed in an imaging setup to assess the detection
capabilities of the SWB imaging approach for both lung and skin tumors. Images
reconstructed using the acquired backscattering information and confocal beamforming
algorithms demonstrate successful detection with accurate tumor size and location
estimation. This Thesis establishes the foundation for further exploration of SWB
imaging in clinical trials, potentially revolutionizing early cancer detection and treatment

monitoring.
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Chapter 1 Introduction

1.1 Overview

Microwave imaging has seen focused attention in the past few years. It is considered
the promising diagnostic and monitoring tool for different cancerous and severe
diseases over the conventional means owing to various characteristics such as non-
ionising radiation, low cost, less painful, and non-invasive technique[1, 2]. The dielectric
contrast between healthy and unhealthy tissues represents the basis of microwave
imaging for cancer detection [3]. Lung cancer is considered one of the leading causes of
death in the world. Different previous works have been reported in the literature, which
presented various designs of patch antennas to detect lung cancer and fluid
accumulation.

Super wideband (SWB) antennas have garnered significant attention due to their
potential applications in modern communication systems. This technology is seen as an
expansion of Ultra Wide Band (UWB) technology, which operates within the unlicensed
frequency range of (3.1 — 10.6) GHz, as designated by the Federal Communication
Commission (FCC)[4]. A significant challenge in realising super-wide bandwidth lies in
the ability to maintain a compact antenna size. Equivalent lumped element circuit
models have found extensive application in the design of wideband and UWB antennas
[5]. They prove highly effective in the examination of antenna behaviour and the
enhancement of their operational capabilities. Recent years have witnessed the
investigation of various setups of SWB antennas equipped with equivalent circuit
models (ECMs) [4, 6, 7]. Limited research has been conducted on the feasibility of
employing SWB antennas in microwave imaging. In this specific application, several key
parameters are essential for successful detection.

Melanoma is a serious and malignant type of skin cancer, and New Zealand has one of
the highest rates of cutaneous melanoma in the world in terms of both occurrence and
fatality [8]. Human trunk, i.e. chest and back, is the site of the body with the highest
occurrence of melanoma especially in men [9]. Melanoma has different stages: from
stage 0 or in-situ stage where the tumour is on the skin’s outermost layer (epidermis) to

stage 4 where the tumour has spread beyond lymph nodes to other organs.
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During in-situ melanoma stage, the tumour has not spread to lymph nodes and has no
more than 1 mm thickness. In recent years, microwave imaging has attracted much
interest as a noninvasive detection technique for different cancer types and for frequent
monitoring after a curative procedure, due to its capability in detecting the presence of
cancer lesions, high safety, and low cost [10].
In this context, this thesis focuses on investigating SWB antenna with enhanced
parameters over the operating frequency 3.1 to 40 GHz and modelling a simplified and
accurate ECM. In addition to testing the capability of the proposed antenna in medical
imaging applications. Specifically, the objectives of this thesis are to deliver:
e A novel SWB antenna design with enhanced parameters to fulfil the
requirements of microwave imaging applications.
e An accurate and simplified ECM of the SWB antenna using dual sequential
optimisation approach to find the optimal values of the lumped elements.
e Studying the dielectric properties of different mixtures mimicking the behaviour
of human torso phantom over the SWB frequency range.
e Detecting the early stage of both deep-seated lung and in-situ skin tumours in

human torso phantoms.

1.2 Research Gaps, Motivations and Scope

From the literature review, it has been found that there is still exist a number of research
gaps in enhancing the performance of SWB antenna especially in terms of the operation
factors required for microwave imaging and circuit modelling:

e No study has been conducted previously on the possibility of implementing SWB
antenna with efficient detection parameters; including the high |S;;| level at the
resonant frequencies [7, 11, 12], high gain [13], low mutual coupling with high
isolation and good radiation efficiency for different cancer types like lung and
skin.

e Lack of the precision level of the equivalent circuit model [4, 6, 7] existed in
literature in modelling the exact SWB antenna performance. In addition to the
complexity of the existed models. Notably, there remains a significant gap in the
existing research as mathematical connections between the ECM and

transmission line theory have yet to be explored.
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e Primary limitations and challenges that revolve around the lung cancer detection
by microwave imaging [3, 14-17]; which include the low resolution detection and
the study of only the superficial lung tumours.

e Lack of studies on the dielectric properties of different human tissues mimicking
phantoms especially the tissues included in the human torso phantoms at high
frequency range [14, 15, 18]. In addition to the lack of studies on detecting lung
tumour using a cylindrical human sized torso phantom with anatomical
representation of the several torso layers that made of different mimicking
material [14-16].

e None of the reported studies discussed the possibility of using one SWB antenna
structure in different cancer types of detection [10].

e Lack of studies on skin cancer detection [19-23], all previous works detect skin
tumour located at some depth of the skin layer or even lower in the adipose layer
[19, 21, 22], while the existence of this particular type of tumours is usually in
the external skin layer.

In terms of motivation, first of all, designing an enhanced performance antenna with
large bandwidth and compact size is challenging in designing SWB antenna. Several
techniques [24] need to be incorporated in the design along with different parametric
studies of several physical parameters. Therefore, achieving optimum parameters like
improved |S;,| level (<-20 dB), high realised peak gain with 9.7 dBi maximum value and
good radiation efficiency above 90% can significantly improve the efficiency of different
applications in which this SWB antenna can be deployed, specifically in medical imaging
applications [10, 25] .

ECM based on the lumped elements of SWB antenna has been studied in literature using
different optimisation techniques [6, 26]. However, the accuracy of the presented
models was not high besides the complexity of them. Accordingly investigating a new
approach which involve the implementation of dual sequential optimisers enhances the
precision and simplified the proposed model which considered beneficial in

understanding the antenna performance in different applications.
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Besides, for the best of our knowledge, none of the reported literature studied the

capability of deploying SWB antenna in medical imaging applications like lung and skin

tumours [3, 14, 16, 19, 20] especially in the early stages and with small radius size.

Hence, incorporating SWB antenna in medical imaging application can be a promising

approach of replacing the current imaging techniques, especially with the concluded

capabilities that evolved the high obtained resolution, accurate localisation and

prediction of the tumour size.

1.3 Contributions and Publications

This thesis makes the following four key contributions:

Novel SWB antenna design with enhanced parameters for microwave
reflectometry to detect early-stage tumours. A fractal slot loaded SWB antenna
with dimensions of 40x35x1.57 mm? is desighed with different bandwidth and
gain enhancement techniques; like using tapered feedline, semi-elliptical slotted
shape ground plane and modified elliptical shape patch embedded with two
fractal slots at the upper corners. An operating bandwidth 3.1 to 40 GHz (12.9:1)
is achieved with -20.7 dB, -19.4 dB and -34.2 dB |S,; | level obtained at the first
three resonant frequencies 3.8, 6.7 and 9.6 GHz, respectively. The proposed
design offers a peak gain of 3.4 to 9.7 dBi over the covered bandwidth with 94%
radiation efficiency. All the above enhanced parameters make the proposed
antenna a good candidate in microwave imaging applications.

A precise and simple ECM that represents the SWB behaviour over the covered
bandwidth. An approach employing dual sequential optimisation is suggested
for determining the optimal values of each lumped element. When comparing
the modelled outcomes with both full-wave simulated and measured results, it
becomes evident that the proposed model accurately match the antenna's
performance, exhibiting a notably low mean absolute percentage error of 4.9%,
7.5%, and 7.7% for |S;1|, real impedance, and imaginary impedance,
respectively.

Successful implementation of SWB microwave reflectometry technique for
improved detection of lung tumours, particularly in their early stages in deep-

seated and superficial locations, to increase the chance of a successful
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treatment. To the best of our knowledge, no previous study has investigated the
detection of lung tumours in both deep and superficial positions based on the
variance of their backscattered signals from all antenna elements as
demonstrated in this thesis. Detection of deep-seated lung tumour with 15 mm
radius is achieved with high resolution using a human sized five layers torso
phantom, showing the potential of SWB microwave reflectometry in precisely
determining the size of early-stage tumours even in deep locations. The dielectric
properties of the phantom layers are measured over the covered bandwidth.

¢ Investigating the capability of a super wideband (SWB) antenna based imaging
system for in-situ skin cancer detection. The imaging system consists of eight
antenna elements in a circular array positioned around a human trunk phantom
modelled as five concentric layers of skin, fat, muscle, rib bone and lung tissues.
The dielectric properties of the phantom tissues are measured over the
operating bandwidth (3.1 to 40) GHz. The skin tumour is modelled as cylindrical
shape on the outer skin layer with 1mm thickness and 7.5mm radius. The
reconstructed 2D images of the trunk area reveal better image resolution and
consequently more accurate estimation in terms of the tumour’s radius and
thickness.

This research has resulted in the following publications:

1. W. Alamro, B. -C. Seet, L. Wang and P. Parthiban, “Experimental Detection of
Early-Stage Lung and Skin Tumors Based on Super Wideband Imaging,” in IEEE
Journal of Electromagnetics, RF and Microwaves in Medicine and Biology, vol. 8,
no. 2, pp. 182-189, June 2024, doi: 10.1109/JERM.2024.3395923.

2. W. Alamro, B.C. Seet, L. Wang, P. Parthiban, “Equivalent Circuit Modeling and
Optimization for Fractal Slot Loaded Super Wideband Antenna for Medical
Imaging Applications”, (under submission to a journal)

3. W. Alamro, B.C. Seet, L. Wang, P. Parthiban, “Early-Stage Lung Tumor Detection
Based on Super-Wideband Microwave Reflectometry”, Electronics, vol. 12, no. 36,
2023. https://doi.org/10.3390/electronics12010036

4. W. A. Alamro and B. C. Seet, “Review of practical antennas for microwave and
millimetre-wave medical imaging”’ (Healthcare Technologies, 2021), Chapter 6 in
Electromagnetic Waves and Antennas for Biomedical Applications, |ET, UK, 2021,
pp. 185-207, DOI: 10.1049/PBHEO33E_ch6

5. W. A. Alamro, B. C. Seet, L. Wang and P. Parthiban, “Compact Super-Wideband
Antenna for Medical Imaging Applications”, 2021 IEEE Conference on Antenna
Measurements & Applications (CAMA), 2021, pp. 505-508. DOI:
10.1109/CAMA49227.2021.9703550.

6. W. Alamro, B. C. Seet, L. Wang and P. Parthiban, “High Resolution In-Situ Skin
Cancer Microwave Imaging Using Super Wideband Antenna, ” 2023 16th



https://doi.org/10.3390/electronics12010036

International Congress on Image and Signal Processing, BioMedical Engineering
and Informatics (CISP-BMEI), Taizhou, China, 2023, pp. 1-5, doi: 10.1109/CISP-
BMEI60920.2023.10373355.

7. W. Alamro, B.C. Seet, L. Wang, P. Parthiban, “Early-Stage Lung and Skin Tumour
Detection with Super Wideband Antenna Array Imaging”, oral abstract
presentation, Workshop on Sensing, Measurement and Instrumentation for
Healthcare, Food, Agriculture, Environment and Security, |IEEE Instrumentation
and Measurement Society New Zealand Chapter, 2023.

1.4 Thesis Organisation

The thesis is organised as follows:

Chapter 2 provides overview of three main areas: fundamental concepts of microstrip
circular antennas, transmission line theory, and microwave imaging concept along with
a discussion of different detection techniques. Which form a background of this
research. In addition, the simulation environment and measurement facilities used for

this work are presented in this chapter.

Chapter 3 reviews relevant research literature, including the state-of-the-art design of
SWB antenna. Next, different ECM approaches are introduced. Besides, several medical

imaging systems in different applications are discussed.

Chapter 4 investigates the design of SWB antenna structure, the contribution of each
technique implemented in the design into the final antenna performance. Besides,
performing measurements of the key behaviour parameters in frequency and time
domain. Finally, this chapter presented the ECM of the proposed antenna and discusses

the accuracy of the proposed model.

Chapter 5 presents the application of the proposed SWB in lung tumour detection,
including presenting the imaging setup including the torso phantom dielectric properties
measurement. Then, different detection states are studied in both deep-seated and
superficial locations. Finally, the reconstructed images that reveals the lung tumour

detection are displayed.

Chapter 6 first proposes the SWB array imaging system for in-situ skin cancer detection
considering small radius of the tumour lesion. Next, the reflection and the transmission

coefficients of the backscattered signals are discussed. Finally, the imaging results are



7
introduced with analysis of the capability of high resolution, localisation, and prediction

of the tumour size in simulation and measurement environments.

Chapter 7 concludes this thesis with a summary of the contributions and some

discussion on future research directions.



Chapter 2 Background

2.1 Introduction

Super wideband antennas (SWB) have garnered focused attention in the last few years
due to their large bandwidth, compactness, high data rates and the coverage of both
short- and long-range transmission [12, 24].

Microstrip patch antennas can be analysed using different methods, transmission line
and cavity approaches. Transmission line (TL) model is one of the popular techniques
used to understand the antenna behaviour while giving physical insight through the
lumped elements equivalent circuit model (ECM). It is important to introduce some
concepts and techniques used to model the performance of SWB antenna over large,
covered bandwidth in order to enhance the comprehension of how the antenna
behaves.

Over the past two decades, extensive research has been conducted on Microwave
Imaging (MI) methods, which offer a promising alternative to conventional imaging
modalities. During this period, various types of antennas have been incorporated into
microwave imaging systems for detecting different diseases [10].

This chapter aims to establish a foundational understanding of three key areas. Firstly,
it will introduce the fundamental concepts of microstrip circular antennas, including
their essential parameters and the theory of transmission line modelling. Secondly, it
will provide an overview of the microwave imaging concept, along with a discussion of
different detection techniques. Lastly, a brief introduction will be given regarding the

simulation software and measurement facilities employed in this study.

2.2 Microstrip Antennas

In this section microstrip antennas are discussed along with the design procedures of
circular microstrip antenna. Later, the general equivalent circuit model of the microstrip

antenna is presented.



2.2.1 Key Features

Microstrip antennas have garnered significant attention since the 1970s [27], these
antennas, comprise an extremely thin metallic strip, also known as a patch, positioned
a small fraction of a wavelength above a ground plane. The patch and the ground plane
are separated by a dielectric sheet, referred to as the substrate, as depicted in Figure 2-
1(a) where L and W are the length and width of the patch, respectively, h is the
substrate height and ¢, is the dielectric constant of the substrate. However, the
equivalent circuit model of the microstrip antenna is a simple resonant RLC (resistor-
inductor-capacitor) circuit in series with inductor which contribute to the patch
inductive nature as illustrated in Figure 2-1 (b).

Various substrates are available for microstrip antenna design, with their dielectric
constants typically ranging from 2.2 to & < 12. Optimal antenna performance is often
associated with thick substrates at the lower end of the dielectric constant range. As the
dielectric constant &, of the substrate decreases, the fringing field (radiating fields)
becomes more pronounced, causing the field to extend further away from the patch in
a "bowing" fashion. These substrates offer improved efficiency, larger bandwidths,
loosely bound fields for radiation into space, and may result in larger element sizes [27,
28]. However, with increased substrate height, surface waves become a factor, typically
considered undesirable because they tend to absorb power from the overall available
for direct radiation which are space waves. These surface waves propagate within the
substrate and are subject to scattering at bends and surface irregularities, including
instances such as dielectric and ground plane truncation. This scattering process has a
detrimental effect on the antenna's pattern and polarization characteristics. However,
the presence of surface waves can be mitigated, while still preserving large bandwidth,
through the utilization of cavities, stacking and other methods, to expand the antenna's
bandwidth.

Microstrip antennas are often interchangeably referred to as patch antennas. The
radiating elements and feed lines are typically photoetched onto the dielectric
substrate. Radiating patches can take various shapes, square, rectangular, dipole (strip),
and circular shapes are the most common due to their ease of analysis and fabrication,
as well as their favorable radiation characteristics, particularly low cross-polarization

radiation.
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Figure 2- 1 Microstrip antenna, (a) structure; (b) equivalent circuit.

2.2.2 Circular Microstrip Antenna

Circular shaped patch microstrip antenna can be designed based on the cavity model
approach, the procedures include prior assumption of the dielectric constant of the
substrate (&,.), the resonant frequency f,- in Hz and the thickness of the substrate h in

cm. The radius of the circular patch (a) can be calculated as shown:

_ F (2.1a)
{1 + % [1n (%) + 1.7726]}1/2
_ 8791 x 10° (2.1b)

frVEr
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Due to the typically small thickness of the microstrip, the waves generated within the
dielectric substrate (between the patch and the ground plane) undergo significant
reflections upon reaching the patch's edge. Consequently, only a minor portion of the
incident energy is emitted, rendering the antenna highly inefficient. Beneath the patch,
the fields take on the form of standing waves, which can be represented using cosine
wave functions. Given the minimal height of the substrate (h < A4, where A is the
wavelength within the dielectric), variations in the field along the height are considered
negligible. Furthermore, owing to the substrate's extremely small height, the field
fringing along the patch's edges is also minimal, resulting in an electric field that is nearly
perpendicular to the patch's surface. Consequently, only transverse magnetic TM,, field
configurations within the cavity will be taken into account, where x is the field mode

which can be controlled by the patch radius.

2.3 Fundamentals Parameters of Antennas

Several key parameters are discussed under this section, which are considered the
antenna figure-of-merit, and different optimisation and enhancement techniques are

implemented to improve them.

2.3.1 Radiation Pattern

It is typically defined as the antenna pattern, which serves as a mathematical function
or graphical representation detailing the antenna's radiation characteristics concerning
spatial coordinates. Around the antenna, both near-field and far-field are the
encountered regions, but in most cases, only far-field radiation is considered. This
preference arises because the angular distribution of an antenna remains independent

of the measuring distance from the antenna [29]. If the antenna under examination has

. . . . . . . D?
a maximum physical dimension denoted as D, its far-field region starts from ZT of the

antenna, where A represents the wavelength of the operating frequency.
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Antenna radiation patterns can be described using either 3D or 2D coordinates.
Specifically, for a linearly polarized antenna, its radiation patterns can be graphically
represented in the E-plane and H-plane. The E-plane is defined as the plane
encompassing the electric field vector and the direction of maximum radiation, while
the H-plane is orthogonal to the E-plane, encompassing the magnetic field vector and
the direction of maximum radiation. Figure 2-2 provides illustrations of the antenna
patterns of a dipole antenna in both 3D and 2D formats, highlighting the E-plane (xz and

yz-plane) and H-plane (xy-plane).

An isotropic radiator, defined as a theoretical, lossless antenna that radiates equally in
all directions, while not physically achievable, often serves as a reference for expressing
the directive characteristics of actual antennas. In contrast, a directional antenna is one
that effectively radiates or receives electromagnetic waves more efficiently in certain

directions than in others.

This term is typically applied to antennas whose maximum directivity significantly
surpasses that of a half-wave dipole. In Figure 2-3, the pattern is non-directional in the
azimuth plane (H-plane) [6 = m/2] and directional in the elevation plane (E-plane) [¢p =
constant]. This specific pattern is referred to as omnidirectional, defined as one that
exhibits an essentially non-directional pattern in a given plane (in this case, azimuth) and

a directional pattern in any orthogonal plane (in this case, elevation).

Figure 2- 2 Radiation pattern of dipole antenna: (a)3D pattern; (b)2D radiation pattern (Solid

line is the H-plane and the dashed line is the E-plane).
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Figure 2- 3 Omnidirectional antenna pattern.

2.3.2 Gain

The antenna's gain in a specific direction is defined as the ratio of the intensity in that
particular direction over the radiation intensity that would result if the power received
by the antenna were radiated uniformly in all directions. The radiation intensity
corresponding to the isotropic radiation power equals the power received (input) by the
antenna divided by 4m. It is usually measured in dBi (reference to isotropic antenna) or

in dBd (reference to dipole antenna).

In the majority of instances, the relative gain, a concept defined as the proportion of
power gain in a specific direction to the power gain of a reference antenna in its specified
direction. It's important to note that the power input must remain consistent for both
antennas under consideration. Typically, the reference antenna is chosen to be a dipole,
horn, or any other antenna for which the gain can be computed or is already known.

Nevertheless, in many scenarios, the reference antenna is a lossless isotropic source.

There are two gains definitions: gain (G) and realised gain (G,.), where the latter takes

into account the reflection and the mismatch losses.
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Gre(8,0) = (1= T1>G(6, p) (2.2)

where T is the reflection coefficient, 8 and ¢ are the elevation and azimuth angles,

respectively.

Antenna pattern and gain are typically assessed in an open environment or within an RF
anechoic chamber designed to replicate open-space conditions. During measurements
within the chamber, the antenna under examination (AUT) is mounted to a rotatable
antenna positioner. This positioner may be positioned beyond the far-field boundary of
the source antenna and is located within the chamber's quiet zone [27]. As the AUT is
rotated, the data includes the power received by the AUT from the source antenna is
recorded at different 8 and ¢, which are then mapped on either a 3D or 2D system to

obtain radiation patterns.

2.3.3 Bandwidth

The impedance Bandwidth of the antenna is defined as the frequency range confined
under the condition of preserving reflection coefficient |S;;| <-10 dB. For broadband
antennas the bandwidth can be defined in terms of the ration bandwidth (Rgy,:1) where
Rpy is the upper to lower frequency ratio. In the case of SWB antenna the ratio
bandwidth should be maintained with at least 10:1. In the case of narrow band
antennas, the bandwidth is usually expressed in terms of the fractional bandwidth (FBW)

which is the percentage of the frequency difference (fy — f.) over the centre

frequency of the covered bandwidth (f, = %). Usually the FBW varies between (0%

to 200%) where antennas with FBW < 20% are referred to narrowband while having
FBW > 20% contributed to wideband antennas. Ultra-wideband antennas are usually

with 50% or more FBW.

2.3.4 Friis Transmission Equation

The Friis Transmission Equation establishes a connection between the received power

and the transmitted power when dealing with two antennas positioned at a distance

2
R > 2% apart, where D signifies the largest dimension of either antenna.



15
The two identical antenna method is employed for measuring the realised gain in this
thesis. Briefly there are two steps for the measurement that performed in the RF
anechoic chamber. In the first step, the difference between the received and the
transmitted power is measured at each frequency point within the covered bandwidth.
In the second step, the gain is calculated using equation (2.4).
If the input power at the transmitting antenna's terminals is P;, then at a distance R
from the antenna, then the ratio of the received to the input power can be expressed
as:

Pr _ GtGra? (2.3)
Pt (4—7TR)2

where P, is the received power, G; and G, are the transmitting and the receiving antenna

2
gain, respectively. The Free Space Path Loss (FSPL) is defined as (#) , While the

Effective Isotropic Radiated Power (EIRP) is defined as P; X G, (Watt). Since the

antennas are identical then the gain can be found using:

- (2% =

2.4 Transmission Line Theory

A transmission line is commonly represented schematically as a two-wire configuration
since transmission lines, for the propagation of transverse electromagnetic (TEM)
waves, always comprise a minimum of two conductors. The infinitesimal length segment
Az shown in Figure 2-4(a) can be conceptualized as a lumped-element circuit [28], as
depicted in Figure 2-4(b). In this representation, the per-unit-length quantities R, L, G,
and C are defined as follows:

R represents the series resistance per unit length for both conductors, measured in
ohms per meter (£2/m), L corresponds to the series inductance per unit length for both
conductors, expressed in henrys per meter (H/m). G signifies the shunt conductance per
unit length, denoted in siemens per meter (S/m), and C represents the shunt

capacitance per unit length, measured in farads per meter (F/m).



16

i(z,t)
¥
v(z,t)
I zZ
Az
(a)
i(z,t) i(z+ Az t)
: Wy :
RAz LAz
GAz % — CAz
v(z, t) v(z + Az, t)
o 0
« Az >

(b)
Figure 2- 4 (a)Voltage and current definitions for incremental length of transmission line;
(b)lumped element equivalent circuit.
The series inductance L accounts for the combined self-inductance of both conductors,
while the shunt capacitance C is attributed to the close proximity of these conductors.
In contrast, the series resistance R reflects the resistance due to finite conductivity of
each individual conductor, and the shunt conductance G arises due to dielectric loss
within the material situated between the conductors. Essentially, R and G represent loss
in the system.
When examining a finite length of transmission line, it can be viewed as a sequence of
sections relative to the one depicted in Figure 2-4(b). In reference to this circuit, applying

Kirchhoff's voltage and current laws yields:

di(z,t 2.5
v(z,t) — RAzi(z,t) — LAz @1) —v(z+Az,t) =0 (2:5a)
dv(z + Azt 2.5b
i(z,t) — GAzv(z + Az, t) — CAz %—i(z+Az,t) =0 ( )

Dividing equations (2.5a) and (2.5b) by Az and then taking the limit as Az approaches

zero, the following set of differential equations can be obtained:
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ov(z,t) B ) di(z,t) (2.6a)
Fra —Ri(z,t) — L 5t

di(z,t) B 0v(z,t) (2.6b)
Fra —Gv(z,t) = C 5%

These equations represent the time-domain formulation of the transmission line
equations, commonly referred to as the telegrapher equations [30]. Under the
conditions of sinusoidal steady-state with cosine-based phasors, equations (2.6a) and
(2.6b) can be further simplified to:

dV(2) B ] (2.7a)
e —(R+jwl) I(2)

dl(2) B ] (2.7b)
P —(G +jwC)V(2)

Both equations (2.7a) and (2.7b) can be simultaneously solved, resulting in wave

equations for V(z) and I(2):

d?V(z) (2.8a)
T Y2V(z) =0

d?I (2.8b)
B i@ =0

where y is the complex propagation constant, frequency dependant parameter, a is the

attenuation constant and S is the phase constant. ¥ can be defined as:

y=a+jB =R+ joL)G + jwC) (2.8¢)

The travelling wave solution can be written as:
V(z) = Vte ™2 + Vo e?? (2.9a)
1(z) = L'e V% + I e"? (2.9b)

where e "% term signifies the transmission of waves in the positive z-direction, while
the e¥# term signifies wave propagation in the negative z-direction. When we apply
equation (2.7a) to the voltage described in equation (2.9a), we obtain the current along

the transmission line:
14 _ - (2.9c¢)
[(2) = ——— (Vife V2 + Vi eV?
=77 A )

By comparing the above equation (2.9c) with (2.9b), the characteristics impedance, Z,,

can be defined as:

, _ RtjoL _ |R+jol (2.5d)
° vy = |G+joC
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2.5 Radio Frequency Medical Imaging (RFMI) Profile

According to the World Health Organization (WHQO), breast cancer and lung cancer are
the most common cancer in women, and men, respectively [31]. Skin cancer is another
prominent type of cancer that affects both genders, with New Zealand having one of the
highest incidence rates in the world [32]. Breast cancer occurs when an abnormal
overgrowth of breast cells leads to the formation of malignant (cancerous) tumour. The
symptoms include a lump or swelling in the breast, abnormal nipple discharge, and
changes to the nipple or breast shape and texture. Lung fluid accumulation is an acute
respiratory system complication, which can occur inside the lung (pulmonary edema) or
around the lung (pleural effusion). The latter is commonly caused by lung cancer [18],
[33]. Skin cancer can be melanoma or non-melanoma. The former is more deadly as it
can spread rapidly but less common than the latter [22]. Brain tumour, even if benign
(non-cancerous), can be life-threatening when located in deep and delicate part of the
brain [34]. Brain stroke is generally caused by the lack of blood flow in the brain due to
blood bleed or blood clot [35]. Both brain tumour and brain stroke can cause severe
brain injuries [36].

Early-stage detection of the aforementioned disease types plays an important role in
controlling their prevalence [37, 38]. A reliable diagnosis at an early stage could greatly
enhance the prognosis and the treatment outcomes. The first step of breast, brain, lung
and skin cancer detection is the physical examination or the conventional imaging
techniques such as X-ray mammography, computed tomography (CT), ultrasound, and
magnetic resonance imaging (MRI) [39].

X-ray mammography is the most popular detection method for early-stage breast
cancer [40], while CT is most appropriate for lung cancer and fluid accumulation
detection [41]. Using these methods, however, can be painful and difficult to pin-point
the precise location of the tumour. X-ray mammogram is usually followed by ultrasound
scanning to detect tumour sizes down to a few millimetres (mm), but it is still difficult to
differentiate between benign and malignant tumours. MRI and CT are the common
methods to identify pathological changes and structural variations of biological tissues
such as brain, lung and skin tissues [42], but they are not suitable for continuous

monitoring of tumours due to high cost and high time consumption.
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Medical imaging techniques using radio frequency (RF) waves in the microwave and
millimetre-wave (mmW) regimes, which it referred to as radio frequency medical
imaging (RFMI), have been developed in the past two decades as a promising
complementary technology for early-stage detection and the treatment of cancer and
other serious diseases. Recently, different studies are conducted on the feasibility of
RFMI in bone fracture detection [43] and osteoporosis monitoring [44]. Microwave
Thermal Ablation (MTA) is one of the clinical treatment adopted in liver cancer
treatment, RFMI system is proposed in [45] to monitor the changes undergoing in the
thermally treated liver tissue. The reconstructed image quality of the tumours and other
abnormalities in the body by the RFMI system depends heavily on the characteristics of
the used antennas such as the radiation pattern, gain, and operational bandwidth. For
instance, using an antenna with high gain or directionality minimises the environmental
noise effects and increases the signal penetration into the human target area, resulting
in improved signal-to-noise ratio (SNR) and consequently higher quality images.
It is also desirable for the antenna to have an operational bandwidth of several GHz to
achieve high- resolution imaging down to millimetre scale. A wider operating bandwidth
correlates directly with higher image resolution. There are several advantages of RFMI
over conventional imaging tools. Firstly, it is less intrusive than X-ray mammography
with no need for breast compression. Secondly, the produced radiation is non-ionised,
and thus is safer for pregnant women unlike CT and X-ray mammography [33], [46].
Thirdly, the amount of energy absorption by the human body from its radiation field is
less and usually within a safe level of specific absorption rate (SAR) [47]. Lastly, it is
comparatively less expensive. These advantages of RFMI make it a prospective
mechanism to overcome the limitations of traditional imaging methods.
In RFMI, the radio waves are scattered differently by the cancerous tissues because of
their higher dielectric properties than the adjacent healthy tissues. Such dielectric
discrepancy between different tissue types is the basic principle utilised by RFMI for
cancer detection [48]. The scattered signals from human target area are acquired, pre-
processed to reduce clutter produced by skin reflection and environmental background
noise, and then used for reconstructing images of the target area through the

application of signal processing.
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2.6 RFMI Techniques and Signal Processing Algorithms

RFMI techniques can be classified as active, passive or hybrid [49]. Active RFMI is the
most common technique, where human tissues are illuminated using low-power RF
signals to reconstruct the images of the area under test, based on a contrast of the
dielectric properties between cancerous and healthy tissues due to differences in their
water, sodium and protein content. Cancerous tissues can be malignant with higher
sodium content than normal tissues that lead to high water retention and thus high
permittivity and conductivity values; or benign with mainly fatty or adipose tissues that
have lower dielectric properties than normal tissues [22, 50]. On the other hand, the
passive RFMI relies on the temperature contrast between cancerous and healthy tissues
to reconstruct images. Distinctively, the lower thermo-regulatory potential of the
cancerous tissues causes them to dissipate more heat than typical host tissues. This
technique is referred to as radiometry performed with a radiometer. The hybrid RFMI
also use thermo-heating RF signals to illuminate the human tissue. However, the
detection is based on using an ultrasound transducer to detect the pressure waves
generated due to heated tissue expansion, which are more significant for cancerous
tissues. This difference in the level of generated pressure waves between cancerous and
healthy tissues is used for reconstructing an image of the area. Examples of hybrid RFMI
techniques include RF induced ultrasound imaging, RF elastography and thermo-
acoustic tomography.

Active RFMI can be further classified into: tomography (transmission-reflection
imaging); and UWB radar. Tomography is a non-linear scattering approach for
reconstructing the dielectric profile of the target area using the incident and received
fields, shape of the target area, and spatial distribution of electrical permittivity.
Tomography imaging is based on the scattered RF field of a single frequency or multiple
frequencies by transmitting a narrowband signal by a single antenna at a distinct
location from the object and the reflected signals are received by receiver antennas
placed at opposite location. If the target area tissue is cancerous and malignant, it would
increase the strength of the scattered signals, resulting in high permittivity and
conductivity values [51]. However, image reconstruction by tomography is an ill-posed

inverse problem that is very prone to noise in the signal data [52].
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On the other hand, UWB radar-based imaging is a linear scattering approach that
transmits a short pulse towards a target area and measures the scattered pulse to create
an image [17]. Several radar-based imaging approaches including confocal medical
imaging (CMI) [16] and holographic microwave imaging (HMI) have been proposed for
different diseases [53]. A cancerous malignant tissue will produce a spot with high
intensity of energy due to high reflection. The antennas are used to transmit short pulses
or modulated RF signal, and the scattered signals are received by either the same
transmitting antennas or different receiver antennas located at different positions.
Despite the differences between these two active approaches, they share the same
general architecture for imaging systems as shown in Fig. 2-5.
In CMI, the target images can be reconstructed using radar-based beamforming
algorithms. An effective reconstruction algorithm provides a precise localisation of
tumours, while suppressing clutter and any residual artefacts from pre-processing stage.
The algorithms implement coherent addition of the backscattered signals received after
illuminating the target area with short UWB pulses. The algorithms can be classified as
data independent (DI) or data adaptive (DA). To compensate path attenuation and
dispersion, DI algorithms perform coherent addition using an assumed propagation
model while DA algorithms estimate the propagation model from received signals and
then utilise this model (applied with certain compensation factors) to perform coherent

addition [54].
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Figure 2- 5 RFMI system architecture in example application for lung imaging
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Different radar-based image reconstruction algorithms such as Delay-and-Sum (DAS),
Improved Delay-And-Sum (IDAS), Delay-Multiply-and-Sum (DMAS), Coherence Factor
Based DAS (CF-DAS), Channel Ranked DAS (CR-DAS) and Robust Capon Beamformer
(RCB) have been proposed in literature, which can be used with both monostatic and
multistatic UWB radar systems [54]. DAS, IDAS, DMAS, CF-DAS and CR-DAS are DI
algorithms, whereas RCB is a DA algorithm. Among these algorithms, DMAS exhibits the
best overall performance in clutter reduction and tumour localisation. Different
algorithms can detect the depth of tumour like DAS beamforming algorithm and Ground
Penetrating Radar (GPR) algorithm[55]. All algorithms above can be used to reconstruct
two-dimensional (2D) or three-dimensional (3D) images. In most cases, 2D images can
provide sufficient information, such as the existence of tumours, number of tumours,
location, shape, and size of detected tumours. However, if tumour depth is an important
parameter, or there exist multiple tumours at the same location, then a 3D image is
required. In dense fibro-glandular tissues, a 3D image can also provide more accurate

detection and localisation of cancerous tissues than 2D images.

2.7 Lung and Skin Tumours

Lung tumour encompasses several distinct types, each with its own characteristics and
behaviours. The primary types of lung cancer are non-small cell lung cancer (NSCLC) and
small cell lung cancer (SCLC). Non-small cell lung cancer further subdivides into
adenocarcinoma, squamous cell carcinoma, and large cell carcinoma [56]. These
subtypes differ in terms of their histological appearance, treatment approach, and
prognosis. The stage of lung tumour depends on factors such as size, location, and
spread. For instance, in stage | of lung tumour, the tumour measures 3 cm or less and is
confined to the lung without spreading to other organs [57].

Regarding dielectric properties, lung cancer tissues typically exhibit different
electromagnetic properties compared to non-neoplastic (normal) lung tissues.
Specifically, cancerous tissues tend to have altered dielectric properties due to changes
in cellular structure, composition, and density, affecting their electrical conductivity and

permittivity.
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In comparison to non-neoplastic tissues, lung cancer tissues often have higher electrical
properties. The denser structure and higher water content of tumours result in dielectric
properties approximately two-fold higher than those observed in non-neoplastic lung
tissue [58]. In lung tissue, cancerous tissue demonstrates a relative permittivity 2-3
times greater than that of normal tissue, alongside a conductivity 1.6-2 times higher
[59]. These differences stem from factors such as increased cell density, altered water
content, and changes in cellular architecture. Such variations in dielectric properties
hold potential for diagnostic applications, including the development of electromagnetic
imaging techniques for detecting and characterizing lung tumours.
However, it is crucial to consider potential confounding factors that may affect the
interpretation of dielectric measurements in lung tissues. For example, dense fibrosis
can significantly impact the electromagnetic properties of lung parenchyma, exhibiting
conductivity and permittivity similar to tumour tissue. This dense fibrosis reduces air
spaces, forming dense connective tissue areas, resulting in higher conductivity akin to
tumour growth.
Skin cancer encompasses various malignant growths that develop in the skin, with the
primary types being basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and
melanoma [60].
Melanoma, the most aggressive form, originates from pigment-producing cells
(melanocytes) in the skin. Unlike other skin cancers, melanoma can develop in any part
of the body, even areas not exposed to the sun. Its appearance varies, often presenting
as a dark, irregularly shaped mole or lesion, though it can also be pink, red, or flesh-
colored. Early detection and treatment are crucial since melanoma can metastasize to
other organs, posing a life-threatening risk [61].
Concerning dielectric properties, skin cancer tissues typically demonstrate different
electromagnetic characteristics compared to non-neoplastic skin tissues. Cancerous skin
tissues tend to have altered dielectric properties due to changes in cellular structure,
composition, and density. In comparison to healthy skin tissues, cancerous skin tissues
may exhibit higher electrical conductivity and altered permittivity. These changes stem
from factors such as increased cell density, altered water content, and changes in
cellular architecture associated with malignancy. Notably, there's a significant contrast
between healthy and unhealthy skin, with the latter often showing permittivity levels 2

to 10 times higher than the former [19].
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2.8 Simulation Environment and Measurement System

In order to support the design and evaluation of the SWB antenna and the imaging setup
presented in this thesis, a simulation software and RF measurement equipment are
employed. Therefore, it is crucial to provide an introduction to the software
environment utilized throughout various design stages and simulations, as well as the

facilities employed to gauge the performance of the constructed structure.

2.8.1 Finite Element Method and ANSYS Electronic Desktop

The finite element method (FEM), also known as finite element analysis, is a numerical
approach used to solve a wide range of problems, including structural analysis, fluid
dynamics, and electromagnetic field analysis. FEM is typically employed to derive
solutions for boundary value problems by utilizing a series of partial differential
equations. This method initially divides the problem domain into multiple subdomains
or meshes. Subsequently, it formulates a set of element equations to represent each of
these subdomains.

These element equations are then systematically combined to create a global system of
equations, which serves as the basis for the final calculations. This global system of
equations employs established solution techniques and is computed based on the initial
values of the original problem, resulting in a numerical solution [62].

Ansys' High Frequency Structural Simulator (HFSS) stands as a renowned platform for
simulating electromagnetic (EM) circuits and systems. The HFSS workflow begins with
the creation of a 3D model representing the RF device, which is subsequently subdivided
into smaller subsections. HFSS employs a tetrahedral finite element method, and these
tetrahedra collectively constitute what is known as a mesh. Afterward, boundary
conditions are applied to the model.

The software proceeds to derive solutions for the electromagnetic fields within these
finite elements. These solutions are interconnected in such a way that they satisfy
Maxwell's Equations across the boundaries between these elements. This process
ultimately yields a comprehensive field solution for the original structure. Finally, the
generalized S-matrix solution is computed to complete the analysis as illustrated in

Figure 2-6.
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Figure 2- 6 FEM process in HFSS: (a)3D model; (b)meshed structure; (c)field solution; (d)S-

matrix solution.

2.8.2 Measurement Facilities

To evaluate the performance of the constructed prototype of the SWB antenna and to
draw comparisons with the simulated results, three primary measurement facilities are
utilized in this study: a vector network analyser (VNA) for S-parameter measurements,
an anechoic chamber for acquiring radiation patterns, and a 3D rotatable mechanical
antenna positioner for radiation pattern measurements.

The S-parameter measurements are conducted using a portable Anritsu Site Master
S820E, equipped with built-in VNA modules. The S820E boasts an expansive operating
frequency range spanning from 1 MHz to 40 GHz, which aligns perfectly with the
designed SWB antenna's specifications. Additionally, for antenna measurements, the
VNA serves dual purposes: as a transmitting source for the standard reference antenna
and as the receiving terminal for the antenna under test (AUT).

Furthermore, an indoor RF anechoic chamber, supplied by Holland Shielding Systemes, is
employed to replicate conditions relative to an open space environment while
maintaining control over the field conditions (refer to Figure 2-7(a)). This chamber
incorporates a Faraday cage and RF absorbers lining the inner walls, floor, and ceiling.
This comprehensive setup effectively minimizes both external and internal RF

interference.
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The testing configuration for the antenna mechanical positioning system within the
chamber, designed to assess the far-field radiation of the AUT, is depicted in Figure 2-
7(b). It includes three linear polarised horns, each covering a specific portion of the
operating bandwidth (2.45 to 35.4) GHz. These antennas include the (JH-H-18G-18-
SMAJ-AL) operating in the (800 MHz-18 GHz) range with a gain of (3-18) dBi, Mi-Wave’s
K-Band Horn Antenna 261K-15/595 (WR-42) functioning in the (18 — 26.5) GHz range
with a gain of (15) dBi, and U233A1 Maury Microwave (WR-28) operating within the
(26.5 to 40) GHz range with a 15 dBi gain. These antennas serve as the source antennas,
while the mechanically rotatable antenna positioner facilitates full 360° scanning in both
0 and ¢ directions for the AUT. The AUT is positioned within the quiet zone of the
chamber, and the measured transmission coefficients are recorded using the S820E for
the subsequent plotting of radiation patterns in MATLAB.
Additionally, various other antenna measurement parameters are determined within
the anechoic chamber under far-field conditions. These parameters encompass
radiation efficiency, the reflection coefficient, gain, group delay, and measurements of
dielectric properties for different mixtures that mimic the layers of the human torso,

including skin, fat, muscle, bone, and lung.
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Figure 2- 7 (a)RF anechoic chamber; (b)antenna positioning system.
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Chapter 3 Literature Review

3.1 Introduction

RFMI, or Radio Frequency Microwave Imaging, presents an attractive domain of medical
imaging with two distinct approaches: radar-based imaging and tomography-based
imaging. The former involves the acquisition of a scattering map, revealing the dielectric
contrast within human tissues. Meanwhile, the latter depends on the complex
reconstruction of the electrical profile for specific human tissue. This complex process
involves solving non-linear and ill-posed scattering problems. In the domain of radar-
based imaging, two cutting-edge methodologies are implemented: confocal imaging and
holographic imaging [63-65]. Both approaches share the common feature of
transmitting an UWB pulse into the target tissue. However, their divergence lies in the
signal processing algorithms they employ.

SWB technology becomes popular in various applications as it provides a very wide
bandwidth with ratio (10:1) which covers different frequency bands. Several techniques
have been reported in the literature to present SWB antennas. In [66] a SWB antenna
designed on Rogers RO3003 laminate (&r= 3, tand = 0.0013) and operates from 1.39 —
160 GHz is achieved through enhancing the copper patch with additional layer of 28.5
mm thickness. A novel circular disc SWB antenna is built on flexible substrate ULTRALAM
3850 (er= 2.9, tand = 0.0025) in [67], it covers the frequency range 1.74 — 100 GHz by
inserting a square slot into the patch and thin rectangular slit in the ground plane. A
modified bow-tie shaped vertical patch and two asymmetrical ground planes fabricated
on FR4 (er=4.4, tand = 0.02) are presented in [68]. The anticipated antenna has vertical
radiator coupled well with the two coplanar ground planes which enabled the proposed
antenna to achieve an operating band of 3.035-17.39 GHz (140.56%). Several
techniques were incorporated into antenna design to achieve the super-wide bandwidth
in [69, 70]. In [69] a steering-shaped circular ring radiator is designed on FR4 (= 4.4,
tand = 0.02). A modified slotted U-shaped monopole antenna is designed on FR4 (&, =
4.4, tand = 0.02) to operate within 3 to 20 GHz is presented in [70]. A co-planar
waveguide (CPW) feeding is one of the approaches implemented for super wideband
(SWB) characteristics; a CPW fed planar elliptical antenna designed on Rogers RT/Duroid

5880 (gr= 2.2, tand = 0.0009) and a clown-shaped patch antenna designed on Rogers
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RT/Duroid 5880 (er = 2.2, tand = 0.0009) with 33.78:1 ration bandwidth have been
investigated and presented in [71, 72], respectively. By using a semi ring-shaped
structure with a tapered feed line, an impedance bandwidth of 180.66% has been
observed from 1.27 to 25 GHz with a ratio bandwidth of 19.68:1 [71]. Fractal loaded slot
is another technique that has been implemented in several SWB structures [73-75] with
different shapes. A Koch fractal slot [76] is a special type of fractal slots that has been
incorporated in different SWB antennas. A good enhancement in the lower end of
bandwidth is observed in [77] when inserting fractal slots to the edge of the antipodal
Vivaldi antenna. In [73] a staircase fractal curve is applied on a microstrip line fed
truncated corner square patch antenna mounted on designed on FR4 substrate (er= 4.4,
tan® =0.02) to achieve Super Wide Band (SWB) operation. The proposed antenna covers
an impedance bandwidth from 0.1 GHz to 30 GHz with a ratio impedance bandwidth of
300:1 for S11 <-10 dB. Frequency Selective Surfaces (FSS) is one of the methods that has
been implemented in different SWB antenna geometries [78, 79] to enhance the surface
current distribution which results in improved gain and covered bandwidth. A compact
SWB antenna is presented in [7], the proposed antenna is fabricated on Rogers
RT/Duroid 5880 (gr= 2.2, tand = 0.0009). Different slots were embedded into the patch
and the ground plane to cover the frequency range from 1.22 to 47.5 GHz.
Metamaterial, an electromagnetic technology, that has been involved with SWB
antenna design by including metamaterial unit cells which resulted in improving the
antenna performance and efficiency [13]. Meander lines structure is another technique
that has been included in different SWB antenna geometries [80, 81]. A z-shaped SWB
antenna designed on Rogers RT/Duroid 5880 (gr = 2.2, tand = 0.0009) with 156%
fractional bandwidth is presented in [80] which consists of stepped meander lines to
achieve the SWB bandwidth and high efficiency. In [81] an s-shaped SWB with stepped
meander lines and Defected Ground Structure (DGS) is proposed to cover 3.09 to 40.2
GHz, the antenna is fabricated on Rogers RT/Duroid 5880 (gr = 2.2, tand = 0.0009).
Moreover, a modified diamond shape SWB antenna with customized three layers
substrate to reduce the dielectric loss is presented in [82] which operated in the
frequency band 2.3 to 23 GHz, the reported antenna is fabricated on Rogers RO3003
laminate (er= 3, tand = 0.0013).
Different SWB antennas were reported with band rejection capabilities [4, 6, 11, 83]. A

20.4 GHz SWB antenna was proposed with triple rejection bands by inserting different
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slots in the patch and the feedline [6]. In [83] a 3D SWB antenna with the addition of
three dielectric cuboids in the radiator is presented, the rejection feature is achieved by
means of upside-down T-shaped resonator placed in the patch. U-shaped and L-shaped
stubs were inserted in [11] to allow dual band rejection. In [4] two inserted parallel PIN
diodes are used to control the band rejection feature of frequency diversity hexagonal
shaped SWB antenna over frequency range 3.37 to 27.71 GHz. A compact triple elliptical
antenna covering a SWB ratio bandwidth of 22.77:1 for 5G applications is presented in
[84].

Equivalent lumped element circuit models have been widely used in designing wideband
and ultra-wideband (UWB) antennas [5], efficiently analysing their behaviour and
improving their performance. Different configurations of SWB antennas with equivalent
circuit model (ECM) have been studied in recent years [4, 6, 7, 83]. In [7], a concentric-
shaped SWB antenna operating in the frequency range 1.25-40 GHz with ECM is
presented. The results showed that the presented ECM cannot accurately model the
antenna performance particularly at frequencies from 15 to 40 GHz. Moreover, its
efficacy is not discussed in terms of transmission line theory or error validation.
Rectangular and hexagonal SWB antennas with ECM optimised based on Quasi-Newton

method, are presented in [6], and [4], respectively.

Similarly, the ECM is not found to be sufficiently accurate at high-frequency bands due
to complexity of high-order modes. A three-dimensional (3D) SWB antenna that
operates over 2.45-20 GHz with ECM is proposed in [83]. While the ECM has been
discussed based on the antenna’s geometry; it has been devised using an iterative
method that offers weak accuracy. Several researchers have proposed equivalent
lumped elements circuit models for SWB antennas loaded with fractal slots [85, 86].
However, their ECMs are either too complex or not sufficiently accurate. Other
researchers have investigated methods to optimise the ECM [26, 87]. In [26], a multi-
objective particle swarm optimisation is performed to obtain optimal extracted values
of an ECM for a frequency selective surface (FSS), which are found to provide an
approximate prediction of the real response. In [87], an ECM for an UWB multi-input
multi-output (MIMO) antenna is proposed and optimised using advanced design system
(ADS), but neither the optimisation type nor the accuracy of the model are discussed.

Furthermore, mathematical relationships between the ECM and transmission line
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theory have not been discussed.

With the proliferation of different cancerous diseases in the world and the limitations
of the conventional methods for their early detection, radio frequency medical imaging
(RFMI) has emerged as a promising technique with attractive properties to overcome
the detection challenges. Antennas play an essential role in RFMI as they directly impact
the system detection efficiency. The parameters that need to be considered while
designing the antenna for RFMI include operating bandwidth, directionality, gain, design
complexity and the cost of fabrication. This chapter reviews different practical antennas
proposed in the literature for RFMI in microwave and millimetre-wave (mmW) regimes
for the detection of breast cancer, lung cancer, lung fluid accumulation, skin cancer,
brain tumour and brain stroke.

The rest of the chapter is organised as follows. Section 3.3—-3.5 reviews current state-of-
the-art antenna designs for detection of: (i) breast cancer; (ii) brain cancer and stroke;
(iii) lung cancer and fluid accumulation; and (iv) skin cancer, respectively. The antennas
are discussed in terms of their performance, compactness, and the quality of
reconstructed images. Section 3.6 concludes the chapter with some directions for future

research.

3.2 Antennas for Breast Cancer Detection

Due to increasing prevalence of breast cancer in women, antenna design for RFMI based
detection of breast tumours has attracted much attention [88]. Usually, in medical
imaging applications the Ml system is tested on phantoms that mimics the frequency
response of certain tissue type at a specific frequency [89]. Typically, a breast phantom
is used as a hemi-spherical model of breast tissue to evaluate the effectiveness of a
proposed imaging system. Table 3-1 shows the parameters of the model, including
thickness, relative dielectric permittivity and conductivity for different layers of skin, fat,
and glandular tissues that constitute the breast tissue [90, 91]. The key types of antennas
proposed in literature for breast cancer detection include Vivaldi, fractal, and planar
monopole antennas of semicircular, circular, rectangular, spiral, and triangular
configurations. Their performance in terms of bandwidth, gain, radiation pattern, and

compactness are discussed.
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Table 3- 1 Hemi-spherical breast model parameters for 2-4 GHz band

Layer Thickness (mm)  Relative dielectric ~ Conductivity o (S/m)
constant g,

Skin 2 34.95 3.89

Fat 8 4.94 0.31

Glandular tissue 40 11-15 0.4-0.5

3.2.1 Vivaldi Antennas

Vivaldi antennas are end-fire type antennas that have been widely used in RFMI because
of their wide operating bandwidth, high directional capability and ease of fabrication. In
general, a Vivaldi antenna is made up of a uniform slot with A/4 length attached directly
to an exponentially tapered slot. Hence, the Vivaldi antenna is also known as a tapered
slot antenna (TSA). Recently, different methods have been used to enhance their
directivity through better impedance matching, and extend their operating frequency
into lower bands by embedding slots in radiators to lengthen the path of the surface
electric currents. In [92], the authors designed a Vivaldi antenna with three metal
patches applied on the end-fire, which served as directors to increase the antenna gain
by approximately 4 dBi. The proposed antenna is fabricated on 1 mm thick F4B substrate
(er = 2.55) with overall dimensions of 70x79x1 mm?3, an operating frequency range of
2.4-13 GHz, peak gain of ~ 9.5 dBi at 12 GHz, and a consistent directional radiation
pattern over the operating frequency range. A 29x26.6x1.575 mm3tapered slot antenna
loaded with star shaped parasitic elements is proposed in [93]. The proposed antenna
operates over UWB range 3.8 to 10.1 GHz with 6 dBi realised gain, an array of the two
TSA elements was placed over heterogeneous fabricated breast phantom for 10 mm
diameter tumour detection. The reconstructed images reveal successful detection with
quite low resolution. In [94] a side slotted tapered slot antenna with modified fins by
etching nine rectangular side slots to enhance the electrical length and improve the gain
is presented. The proposed antenna has an overall dimension of 51x42x1.57 mm?3and
covers the frequency range 2.8 to 7 GHz. Authors tested the antenna for breast tumour

detection using nine antenna elements array placed around a heterogeneous breast
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phantom, with one and two tumour inclusions. The detection was successful. However,

the tumour sizes were not reported, and their placement was relatively superficial.

3.2.2 Fractal Antennas

A fern shaped fractal leaf configuration of antipodal Vivaldi antenna was presented in
[95]. A good enhancement in the lower impedance bandwidth is offered, in which the
lower frequency band is decreased in the second iteration of the leaf structure by 19%
as compared with the first leaf structure. This reduction is accomplished by the
reorientation of modes induced by current distribution. The antenna was fabricated on
FR4 substrate (e = 4.4) with a total size of 50.8x62x0.8 mm?3 and operates at the
frequency range of 1.3—20 GHz. There is a high directive gain of ~ 10 dBi and stable
radiation pattern. A good agreement between simulated and measured results of the

proposed antenna is reported.

3.2.3 Planar Monopole Antennas

Several monopole antennas with different patch shapes have been widely used for RFMI
because of their distinctive properties. The antenna classifications adopted in literature
for RFMI are described as follow:

Circular and Semicircular Patch Antennas

A four circular radiating elements that operate as multi-input multi-output (MIMO)
antenna is proposed in [31]. The design approach to increase operational bandwidth is
that of inserting slots into the ground plane, etching an elliptical slot into the patch, and
laying out the ground plane in a staircase style. The designed antenna is printed on
40%x30x1.5 mm?> FR4 substrate (er = 4.4) and covers a bandwidth that spans the
frequency range of 2.8—20 GHz. The results show a stable omnidirectional radiation
pattern over the operational bandwidth.

In [39], the authors presented a semicircular shaped patch antenna element and 16-
element antenna array. The proposed structure improves impedance matching and
operating bandwidth by the use of trapezoidal shaped ground plane and inclusion of
semicircular slot in the patch. Fabricated on Rogers RT5880 substrate (gr = 2.2) with
dimensions of 41x42x1.575 mm3, the proposed antenna exhibits a total bandwidth of
8.7 GHz over the frequency range of 2.3—11 GHz, peak gain of 5.8 dBi and stable

directional radiation pattern. An elliptical UWB antenna with stub loading to shift the
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frequency to lower bands is presented in [19, 96] with operating bandwidth 3.9 to 30
GHz. It is fabricated on Rogers 5880 with a low profile of 15x15x1.575 mm?3 and peak
gain of 6.48 dBi. Authors placed a semi-spherical array arrangements of nine antenna
elements around fabricated breast phantom of skin and fat layers for tumour detection
in breast skin. A 4 mm diameter tumour placed at the boundary of skin and fat layers is
successfully detected. However, the used phantom is simplified one without
representation of the glandular breast tissue and the detection was a superficial
location.
Rectangular, Spiral and Triangular Patch Antennas
Two flexible 4x4 arrays: one of rectangular patch and another of spiral antenna are
designed and fabricated on flexible Kapton polyimide with a thickness of 50 um and
overall size of 20x20 mm? in [48] as shown in Figure 3-1. The rectangular patch antenna
improves the impedance matching and bandwidth by cutting multiple steps at the lower
patch corners and using a coplanar waveguide (CPW) network feeder. The single-arm
spiral antenna is used to induce currents in both x and y directions equally, with the
antenna being made of several rectangular components of equal length, positioned
horizontally and vertically. The proposed rectangular and spiral antenna arrays can
provide a wideband impedance bandwidth over the frequency range of 2—4 GHz. Figure
3-2 (a) and (b) show the S-parameters measurement setup using spiral antenna array on

a breast mimicking phantom, and top view of the antenna array, respectively.

Single
Polarization

Figure 3- 1 Overview of single arm spiral and monopole antenna arrays for breast cancer

detection [48].
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Array 1

Phantom

(a) (b)

Figure 3- 2 (a) Antenna array on breast mimicking phantom; (b) Top view of spiral antenna
array [48].

Several other rectangular patch antennas for breast imaging have been proposed in [40],
[46], [97]. A rectangular patch antenna with cut slots at lower edges is reported in [97].
Fabricated on FR4 substrate with a size 36x34x1.6 mm3, the proposed structure
achieves a wideband bandwidth over the frequency range of 2.4—4.7 GHz and is shown
to be a good candidate for breast cancer detection at different depths. In [46], a
structure consisting of a rectangular patch with stair case configuration at the lower
ends and extended distance between the patch and ground plane that significantly
improve the performance is proposed. In [40], the authors introduced a planar
rectangular monopole antenna backed by a reflector to reduce the unwanted backward
radiation towards the human body. Both proposed antenna and reflector have the same
dimensions of 50x33x1.635 mm?3 implemented over a FR4 substrate. A unidirectional
gain of 3.6 dBi is achieved over the operating frequency range of 2.5—-6 GHz. Similarly, a
triangular shaped patch monopole antenna on FR4 substrate operating in the frequency
range of 0.5—3 GHz is proposed in [52]. A metamaterial -based CPW fed textile antenna
which operates over two frequency ranges; one reconfigurable between 2.42 to 3.2 GHz
and another static range 4 to 15 GHz with 7.56 dBi peak gain is presented in [98]. The
overall dimension of the proposed antenna is 80x61 mm?, and it is tested using two
elements to successfully detect 10 mm diameter tumour in heterogeneous breast

phantom over the frequency range 2 to 4 GHz. However, the localisation of the detected
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tumour was slightly shifted from the real position. A summary of the aforementioned

antenna designs for breast cancer detection is given in Table 3-2.

Table 3- 2 Summary of antenna designs for breast cancer detection

Ref. Antenna Frequency Size

(GHz) (mm?)

type

Gain

(dBi)

Key features/Remarks/Drawbacks

[31]circular patch 2.8-20  40x30x1.5

[39] semicircular 2.3-11 41x42x1.575

patch

[40] rectangular 2.5-6 50%x33x1.635

patch

[46] rectangular 2-4 n/a

patch

n/a

5.6

3.8

n/a

e MIMO antenna fabricated and tested on
realistic phantom

e Ultra-wide bandwidth for enhancing

image resolution, but no reconstructed

image produced

Analysis  (PCA)

e Principal Component

method used in tumour detection

e 16-element array to scan 240 locations and
detect tumour of diameter > 5 mm

e Ultra-wide bandwidth and directional
radiation to enhance image resolution, and
signal penetration, respectively

e Antenna is not tested on realistic phantom

e Proposed antenna backed by a reflector

e Can detect tumour size of 15x15x10
mm?3in dense fibro glandular tissue

e The used bandwidth is quite narrow

e Tested on simulated not fabricated

realistic phantom

e 16-element array on wearable device to
construct 2D tumour images
e Proposed antenna size, gain, and radiation

pattern not specified



[48] rectangular/ 2-4 20x20x0.05 n/a
spiral patch

[52] triangular  0.5-3 n/a n/a
patch

[92]  Vivaldi 2.4-13 70x79x1 9.5

[93] Tapered slot 3.8-10.1 29x26.6x1.575 6 dBi

36
4x4 array tested on realistic phantom
Reported proposed antenna’s reflection
coefficient and efficiency, but not its gain
and radiation pattern
The used bandwidth is quite small

No evaluation on image reconstruction

Tested on realistic phantom to detect
tumour size > 16 mm
Proposed antenna size, gain, and radiation

pattern not specified

Use metallic directors to increase gain at
lower frequency range

Offers ultra-wideband bandwidth and
high directive gain

Antenna size is quite large

Not tested on realistic phantom

Four star shaped parasitic elements were
used for better gain and impedance
matching

Offers ultra-wideband bandwidth and
high directive gain

Two antenna elements placed around
the phantom, which is relatively small
and resulted in lower resolution
Successful detection of 10 mm diameter

tumour with low resolution



[94] Side slotted  2.8-7 51x42x1.57

Vivaldi

[95] fractal 1.3-20 50.8x62x0.8

[19, elliptical
96]

3.9-30 15x15x1.575

[97] rectangular 2.4-4.7 36x34x1.6

patch

7.5

10

6.48

n/a

37

Nine irregular side slots were inserted to
enhance the gain and radiation

Antenna size is quite large

Nine antenna elements array were used
for two tumour inclusion detection
around breast phantom

Tumour sizes were not reported, and

their placement was quite superficial

Offers super-wideband bandwidth and
high directive gain
Not tested on simulated or fabricated

realistic phantom

Low profile antenna, Offers ultra-
wideband bandwidth and high directive
gain

Successful detection of 4 mm diameter
tumour

Tested on simple two layers breast
phantom without glandular tissue

The detected

tumour placed at

superficial location

Tested on realistic phantom to detect
tumour size > 16 mm at depths <30 mm
in breast tissue

The covered bandwidth is narrow
Proposed antenna gain and radiation

pattern not specified
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[98]Metamaterial 2.42-3.2, 80x61 7.56 e Antenna size is quite large
CPW-fed 4-15 e The imaging measurement performed
over narrow bandwidth with small
antenna numbers
e Localization of detected tumour was

slightly shifted from the original one.

3.3 Antennas for Brain Cancer and Stroke Detection

Brain injury can be caused by traumatic and non-traumatic disorders such as brain
cancer, and brain stroke, respectively [99, 100]. Generally, strokes occurred due to blood
flow deficiency as a result of either blood bleeding (haemorrhagic stroke) or blood clot
(ischemic stroke) [101]. The incidence of brain cancer and stroke are growing rapidly and
posing a severe threat to human life. This motivates many researchers to develop
different antennas for RFMI to detect brain tumour and stroke by contrasting the brain
tissue dielectric properties. Table 3-3 shows the model parameters of a healthy human
head phantom that consists of six layers: skin, fat, skull, dura, cerebrospinal fluid (CSF)
and brain (mixture of gray and white matter). The relative dielectric constant and
conductivity values are given for 1.6 GHz [102],{103] , which is the optimal imaging
frequency for brain injury. In contrast, the dielectric properties of brain tumour and
stroke are (er=59.7, 0 =1.91S/m), and (er= 55, 6 = 7 S/m), respectively. The main types
antennas discussed here are planar monopole antennas of various configurations
including rectangular, modified-shaped circular, circular, triangular, trapezoidal-shaped
and Bowtie. Their performance, such as in terms of antenna bandwidth, gain, radiation

pattern, and compactness are also discussed.

Table 3- 3 Human head model parameters

Layer Thickness Relative dielectric Conductivity o

(mm) constant g, (S/m)
Skin 1 39.2 1.11
Fat 14 5.37 0.07
Skull 4.1 12 0.24
Dura 0.5 43.2 1.23
CSF 2 67.5 2.79

Brain 81 44 1.01
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3.3.1 Antennas for Brain Cancer Detection

Rectangular Patch Antennas

A rectangular microstrip patch antenna with symmetrical defected ground structure
(DGS) is presented in [104]. This antenna is fabricated on a 0.812 mm thick Rogers’s 4004
lossy substrate (gr = 3.55). A 30x22 mm DGS is incorporated to reduce the antenna loss
at resonant frequency of 5.8 GHz and extend its operating bandwidth to 1.9 GHz from
89 MHz obtained with simple rectangular antenna. However, the antenna gain is
reduced from 6.97 dB (simple rectangular antenna) to 3.496 dB (with DGS). Another
rectangular patch antenna with dimensions 25.92x31.017x1.03 mm?2 is proposed in [34]
to detect brain tumour. A circular electromagnetic band gap (EBG) structure is
incorporated on antenna’s ground plane in order to enhance the reflection coefficient
and imaging quality. Rogers R03003 with & = 3 is chosen as the substrate. The antenna
operates in the frequency range of 7.5-7.79 GHz with a flat gain of 6.7 dBi. A tumour of
5 mm radius can be detected in a simulated head phantom. In [105] a W-shaped slot-
loaded U-shaped rectangular patch antenna with overall dimension of 56x37x1.6 mm3
is presented for head imaging. It operates within 1.4 to 2.52 GHz with 3.5 dBi maximum
gain, slots have been used to enhance efficiency and gain. An array of nine antenna
elements were placed around simulated model of head phantom with brain tumour
inclusion. The reconstructed images show successful tumour detection. While the
tumour size was not reported in addition of being simulated-based study without
fabrication and any measurements.

Circular and Modified-Circular Patch Antennas

A modified circular patch antenna fabricated on 1.575 mm thick Rogers Duroid RT5880
substrate (g = 2.2) is presented in [106]. A 34.5x20 mm? antenna structure is analysed,
which operates in the frequency range of 3.1-10.6 GHz, providing an ultra-wide
bandwidth with 7.573 dBi peak gain. A unidirectional radiation pattern is obtained by
utilisation of aluminum plate reflector (e; = 3.4) with total dimensions 50x40x2 mm?.
The reflector is placed at the back side of the antenna to suppress undesired radiation
lobes. Another UWB antenna array is made up of four identical circular patches of 15

mm diameter is proposed in [107]. It is fabricated on a 45x80x1.5748 mm3 Taconic (TLY-
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5) substrate with & = 2.2. The antenna has a frequency range of 2.6-13.1 GHz and

relative peak gain of 12.12 dB when measured on a phantom at different positions.

3.3.2 Antennas for Brain Stroke Detection

Rectangular, Trapezoidal, Triangular and Metamaterial Patch Antennas

A trapezoidal shaped patch antenna with CPW feeding network is reported in [108]. The
antenna element is fabricated on 70x30x0.2 mm3 FR4 substrate. The operating
frequency range of the antenna is between 1-4 GHz to ensure good penetration inside
human head tissues. Since the radiation of monopole antennas is bidirectional, the back
lobe radiation is suppressed by incorporating a lossy dielectric absorber EN-74 with
thickness of 19 mm where the antenna gain is doubled (5 dBi). Eight antenna elements
are arranged in a hat shaped structure that can be worn for head imaging. The simulated
power distribution on modelled head phantom is presented for two resonant
frequencies of 1.5 GHz and 3.5 GHz, which provides better penetration, and better
reconstructed image resolution, respectively. In [35], the authors presented an isosceles
triangular patch antenna with fractal ground plane as shown in Figure 3-3. It is fabricated
on 68.28x79x1.5 mm3 FR4 substrate (; = 4.7) and operates in the frequency range of
1.55-1.65 GHz. It is designed to detect haemorrhagic stroke which is modelled using a
small tube containing blood mimicking material with circular cross-sectional radius of 5
mm and length of 35 mm. It is shown to be a good candidate for stroke detection
through reconstructed images in both simulation and measurements. Figure 3-4 shows
the measurement setup for brain stroke detection using triangular patch antennas and
brain mimicking phantom. Another triangular shaped antenna similarly fabricated on
FR4 has dimensions of 70x50x1.55 mm?3 and operating frequency range of 0.8—1.2 GHz
is proposed in [109]. A triangular shaped radiator, defected ground plane and feedline
with two stubs are the components of this antenna, which exhibits an omnidirectional
radiation pattern. Both simulated and measured results indicate that it can identify the
presence of a spherical stroke with radius of 12.5 mm. A metamaterial loaded 3D
antenna is presented for portable head imaging in [110]. The proposed antenna has two
slotted dipole elements with arrays of MTM unit cell and folded parasitic patch, it
operates over 1.95 to 4.5 GHz with overall dimension of 70x30x15 mm?3 and 7.22 dBi
gain. Authors tested the proposed antenna in nine antenna elements circular array

around the fabricated head phantom with haemorrhage inclusion. The reconstructed
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images show the feasibility of the proposed antenna to be implemented in portable
head imaging system. However, antenna size is quite large. In [111] a modified
rectangular patch antenna is proposed for stroke detection. The presented antenna
operates over 1.3 to 3.7 GHz with an overall dimension of 70x60x1.6 mm3and peak gain
of 6 dBi. The inset-fed geometry along with ground slot allowed for better impedance
matching and wider bandwidth. Authors discussed the simulated study of the proposed
antenna in stroke detection using simulated head model based on the electric field
distribution. However, no reconstructed images were presented for the successful

detection.

68.28 mm
|
3id4mm T "T568 mm

569 mm__

B T

6.8 mm

Figure 3- 3 The front and back view of the designed (left) and fabricated (right) isosceles

triangular patch antenna [35].

Figure 3- 4 Measurement setup for brain stroke detection [35].

Bowtie Patch Antennas

An inset fed meandered bowtie antenna with dimensions 18x18x0.5 mm?3 is proposed
in [102]. It is fabricated on FR4 substrate (gr = 4.3) and has an operating frequency range
of 0.75—4 GHz. It is fed by a discrete port placed between two central vertices. To reduce
the antenna size, a meandering technique is implemented on the exterior region of the
bowtie antenna. The bowtie elements are connected to each other using the meandered

lines to create a long loop. The antenna element is tested on head of real human subject
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and the results indicate that the proposed antenna provides a good radiation efficiency
and target penetration.

Vivaldi Antennas

Tapered slots antennas in eight circular antenna array were studied for brain stroke
detection [112]. The study was based on the difference in the S-parameters with and
without the inclusion of 10 mm diameter clot inclusion in the head model. Results show
a significant difference across the frequency range 2 to 3.5 GHz where the reflection
coefficient with blood stroke is higher than the normal tissue. An antipodal Vivaldi
antenna with Sierpinski fractal slots is presented in [113] for brain clot imaging. The main
purpose of including the fractal slots in the antenna design is to enhance the bandwidth,
gain and directivity. The proposed antenna has an overall dimension of 65x65x1.6 mm?3
and it covers the frequency range 2.35 to 3.79 GHz with 7.35 dBi maximum gain. Authors
tested the proposed antenna using simulated head model for a blood clot and the
presented S-parameters show different responses with healthy and unhealthy head
models. In [114] an antipodal Vivaldi antenna operated over 2.06 to 2.61 GHz is
proposed for brain stroke detection. The antenna has size of 50x60 mm?and it is placed
in nine elements circular array around the fabricated head phantom. The colour plot
results show the capability of stroke detection. However, the reconstructed images
were not provided. A summary of aforementioned antenna designs for brain tumour

and stroke detection is presented in Table 3-4.

Table 3- 4 Summary of antenna designs for brain tumour and stroke detection

Ref. Antenna Frequency Size Gain (dBi) Key features/Remarks/Drawbacks

type (GHz) (mm?3)

[35] triangular 1.55-1.65 68.28x79x1.5 n/a e For brain stroke detection
patch e Narrow bandwidth of 0.1 GHz
e No detailed characterisation of

antenna features, e.g. gain




[34] rectangular 7.5-7.79 25.92x31.017x1.03 6.7

patch

[104]rectangular 4.85-6.75 n/a 3.497
patch

[105] U-shaped 1.4-2.52 56x37x1.6 35

rectangular

patch

[106] modified 3.1-10.6 34.5x20x1.575 7.573
circular

patch

[107] circular 2.6-13.1 45x80x1.5748 12.12
patch
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For brain tumour detection
Circular EBG enhances reflection
coefficient and image quality
Narrow bandwidth of 0.29 GHz
Not fabricated or tested on realistic

phantom

For brain tumour detection

DGS enhances antenna bandwidth
and impedance matching, but
reduces antenna gain

Not fabricated or tested on realistic

phantom

Antenna size is quite large

Narrow bandwidth of 1.12 GHz
Simulated tumour size is not
mentioned

Not fabricated or tested on realistic

phantom

For brain tumour detection
Uses reflector to suppress backlobes
and enhance antenna gain

Not tested on realistic phantom

For brain tumour detection
Relatively low backlobe radiation
Tested only on simulated, not

realistic phantom




[108]trapezoidal 14
patch

[109] triangular 0.8-1.2
patch

[110] MTM 1.95-4.5
folded
parasitic

patch

[111] Modified 1.3-3.7
rectangular

patch

70x30x0.2

70x50x%x1.55

70x30x15

70x60x1.6

5

n/a

7.22

6
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For brain stroke detection
8-element array in a hat-shaped
wearable structure
Antenna gain doubled by the use of
dielectric absorber

Not tested on realistic phantom

For brain stroke detection
Radiation pattern is omnidirectional
No detailed characterisation of

antenna features, e.g. gain

For brain stroke detection

e Antenna size is quite large

Antenna is proposed for portable
imaging system

MTM optimisation enhanced the
covered bandwidth

Narrow covered bandwidth of 2.55
GHz

Successful detection of brain stroke
over fabricated head phantom,
however stroke size was not

reported

For brain stroke detection

Antenna size is quite large

Narrow covered bandwidth of 2.4
GHz

Not tested on realistic phantom
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[113] Antipodal 2.35-3.79 65x65x1.6 7.35 e For brain stroke detection
Vivaldi e Antenna size is quite large
e Fractal slots included to enhance the
gain

e Not tested on realistic phantom

[114] Antipodal 2.06-2.61 50x60 NA e For brain stroke detection
Vivaldi e Antenna size is quite large
e Narrow bandwidth of 0.55 GHz
e Detection was based on colour plot

results with no reconstructed

images
[102] bowtie 0.75-4 18x18x0.5 n/a e For brain stroke detection
patch e Tested on real human subject

e No medical images generated

3.4 Antennas for Lung Cancer and Fluid Accumulation Detection

Lung cancer is another leading cause of cancer death. Different stages of this disease are
medically identified based on the tumour size and spread of abnormal cell growth in the
human body. In the first stage of lung cancer, the tumour size is small and has not spread
to any lymph nodes. Early-stage detection of lung cancer enables higher success rates
of treatment and prevents the cancerous tissues from further spreading [37, 38].
Meanwhile, screening modalities such as computed tomography (CT) scans and X-ray
devices are one of the diagnostic methods used in revealing lung cancer and for periodic
monitoring during the treatment journey. However, the cumulative exposure of patients
to such ionising radiation may result in cancer cells growth and spread. On the other
hand, CT image-guided lung biopsy surgery is an invasive detection method that may

also pose some risks of complications during or after the surgery [115]. Therefore, there
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is a critical need to develop a safer, and yet affordable diagnostic tool for lung cancer
detection [10].

Recently, medical imaging based on microwave reflectometry has attracted significant
interest as a non-invasive technique for detection of different serious diseases such as
breast cancer [46, 53, 116], brain stroke and tumour [34, 35, 42, 99], chest fluid
accumulation [18, 33, 41], and skin cancer [22, 23]; and for frequent post-surgery
monitoring due to its being low cost and safe from harmful radiation [109].
Comparatively, fewer works have explored microwave reflectometry for lung cancer
detection [3, 14, 15, 17, 49, 117], in particular for lung tumour in deep-seated locations.
In [3], the authors investigated the use of microwave reflectometry in the frequency
range of 1.5-3 GHz for lung cancer detection based on the distribution of scattered fields
in the imaging domain. However, the detection was done using a low-gain slot-rotated
antenna for detecting tumours in superficial locations with no capability to determine
their sizes. In [14], another similar study was conducted but using a small lung phantom,
which does not mimic the normal size of a human chest. The authors discussed the
effects of lung exhalation/inhalation and selected 10 GHz as the resonant frequency for
tumour detection. However, the images of the two superficially placed tumour
inclusions were barely distinguishable due to low resolution of the reconstructed images
caused by weak signal penetration inside the phantom. On the other hand, a life-size
phantom of a human chest was introduced in [15] and tested using off-the-shelf
antennas. However, the phantom was utilised based on tissue equivalent liquids, which
does not mimic the anatomical structure and real dielectric properties of human torso
tissues. The authors in [49] studied lung tumour detection over 3-4 GHz frequency range
using spherical tumour placed at depth of 60 mm inside small square-shaped lung
phantom. The results showed that tumours of radius 4 mm and 10 mm can be detected.
However, simulations were performed using a single antenna in front of non-realistic
rectangular lung phantom shape with very small size (60 x 60 x 101 mm3) and at
superficial location. In [17], lung tumour detection is investigated using directional
elliptical patch antenna operating in a frequency range of 3—10.7 GHz. Simulations were
performed using a rectangle-shaped lung phantom with a dimension of 300 x 133 x 130
mm? and square shape lung tumour inclusion. However, this study included lung
phantom without rib bone layer and the reflection coefficient results were not clear in

terms of detecting tumour at superficial depth. Another study in [117] proposed a



47
cupcake shaped antenna operating in the frequency range of 2.9-12 GHz for lung
tumour detection. It was found that the antenna can detect lung cancer from stage |l
onwards. However, the simulation was again done using rectangular shaped lung
phantom without rib bone layer. Moreover, the size of proposed lung phantom (60 x 40
x 26.66 mm3) does not mimic the life-sized human torso.

The accumulation of lung fluid is one end stage of lung cancer complication typically
from stage lll to IV, as well as the result of some other diseases like COVID19 [118, 119].
It is further classified into two types: pulmonary edema where fluid accumulates inside
the lung; and pleural effusion where the fluid accumulation occurs around the lung.
Different antenna designs for lung cancer and fluid accumulation detection have been
studied in literature through simulation and realistic phantoms of thoracic tissues that
consist of multiple layers: skin, fat, muscle, rib bone, pleura and lung. Their average
dielectric properties are given in Table 3-5 for 2—-14 GHz frequency range [117].
Materials mimicking a lung tumour (g, =54, 6 =2.5S/m) and fluid (e, =73, 0 = 0.005 S/m)

are inserted within the thoracic phantom.

Table 3- 5 Thoracic model parameters

Layer Thickness Relative dielectric Conductivity o

(mm) constant g, (S/m)

Skin 3 33.036 6.273
Fat 2 9.35 1.317
Muscle 20 45.46 8.235
Rib Bone 6 18.85 0.754
Lung 70 17.32 3.28

Various antenna designs for lung cancer and fluid accumulation detection have been
proposed for RFMI systems. The main types are planar monopole antennas of different
configurations such as circular, elliptical, cupcake-shaped, slot rotated, loop-dipole,

folded and metasurface antenna, which are discussed in the following sub-sections.

3.4.1 Antennas for Lung Cancer Detection

A slot rotated antenna designed for the frequency range of 1.5—-3 GHz is utilised to
circularly scan the artificial human torso phantom to detect lung tumour [3]. It has
dimensions of 22x46x10 mm?3 and 2.6 dBi peak gain. The antenna scans the phantom at
12 different positions, and the produced images indicate its ability to accurately detect

and localise the inserted tumour in the torso. In [49], a circular shaped microstrip
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antenna is proposed and constructed on 60x40x1.513 mm?3 FR4 substrate (er = 4.4). The
detection of lung tumour is studied for the frequency range of 3—4 GHz. The antenna
performance is evaluated in terms of optimum distance between the antenna and
phantom, the size of spherical tumour model, and tumour location. Results show that
the antenna can detect tumour sizes of 4 mm radius or larger at a 10 mm optimum
distance from phantom where the lowest reflection coefficient is achieved. It is also
shown to detect similarly sized tumours at different positions at a depth of 60 mm in the
phantom where the upper and middle regions are more detectable than those at the
lower region particularly at the model’s lower edge corners.

An elliptical patch antenna with dimensions of 44x44x1.6 mm?3 fabricated on FR4
substrate to operate in a frequency range of 3—10.7 GHz is presented in [17]. The
antenna is loaded with a box shaped cavity to make it a directional antenna which is
then tested using a thoracic model with an inserted tumour. Results show that the
antenna can detect tumour particularly when placed in close proximity to the model.
The authors in [117] proposed a cupcake shaped antenna operating in the frequency
range of 2.9-12GHz. The antenna is fabricated on 40x30x1.524 mm?3 Roger RO4350
substrate (gr = 3.66) and evaluated on a thoracic model. It is found to exhibit an
omnidirectional radiation pattern, and can detect lung cancer from stage Il onwards. A
holographic microwave imaging system is proposed in [14] to detect 5mm lung tumour
at different superficial positions. Unlike the previous imaging systems that relies on VNA
in collecting the S-parameters data; this holographic system uses a microwave source
and a miniaturized circuit board. However, the imaging setup seemed more complicated
than the radar-based imaging system because they used a translation stage to perform
the raster scan over 2D plane. The recorded hologram is used to reconstruct the complex
information of lung phantom based on the interference of the backscattered object
signals. Authors implement 45.19x17.53x0.8 mm3 metametrial Vivaldi antenna that
operates over 3.3 to 21.6 GHz; to image the tumour circular shaped inside gelatine
layered phantom with 12 cm diameter. Results show weak detection with low resolution
of lung tumour because they performed the measurement using a single frequency of

10 GHz during the imaging measurement. However, the tumour was placed at superficial
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positions in relatively small phantom size that doesn’t mimic the size of real human

chest.

3.4.2 Antennas for Lung Fluid Accumulation Detection

In [18], a 7x5 unit cell metasuface antenna with three rectangular microstrip fed slot
radiator is proposed as shown in Figure 3-5. The unit cell has dimensions of
46.875x46.875 mm?, while that of the entire antenna are 337.5x262.5x22.5 mm?3. It
operates in the frequency range of 0.8—1.05 GHz and provides a gain of 8 dBi. Six PIN
diodes are utilised to create three distinct beams by switching three radiating slots. The
microstrip lines and slots are located on opposite sides of a 1.6 mm thick FR4 substrate
(er = 4.3), while the metasurface unit cells are configured into square shapes. The
metasurface is printed on another 0.8 mm thick FR4 substrate and is designed to
increase the directivity and bandwidth of the antenna. This directional antenna is
successfully tested to detect 20 mL of fluid (water) inside a realistic torso using
generated images that differentiate between healthy and unhealthy cases. Figure 3-6
shows the measurement setup for lung fluid accumulation detection using mimicking
torso phantom.

A pattern reconfigurable loop dipole antenna for pleural effusion detection is proposed
in [33]. It consists of one wavelength loop, a modified half wavelength bowtie shaped
dipole and two parasitic directors to achieve an operating frequency range of 0.8—-1.4
GHz and high front-to-back ratio. The antenna has dimensions of 78x130x1.6 mm?3 and
shows high directional radiation pattern with a peak gain of 5 dBi. It is fabricated on FR4
substrate (g = 4.3). Two PIN diodes are embedded across the parasitic directors to
electronically control the current distribution, hence steering the radiation pattern.
Two linear arrays consisting of wideband antennas inserted into a foam-based bed and
operating in the frequency range of 0.7-1 GHz for pulmonary edema detection are
presented in [41]. The array element comprises a meandered loop, an L-shaped
monopole antenna and a parasitic patch. They are printed and bonded to form a 3-
dimensional structure using soldering and copper taping. The structure is fabricated on
1.6 mm thick FR4 substrate (er = 4.4), and offers a directional radiation pattern,
moderate gain of 1.9 dBi, and compact size of 20x80x48 mm?3. Each 8x2 antenna array
is tested with different water volumes inserted into the torso phantom. The generated

images show the capability of the system to detect water contents as small as 1 mL. Two
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different commercial UWB horn antennas were utilised for lung tumour detection,
imaging setup was performed using two concentric elliptically shaped layers filled with
liquids dielectrically mimicking the torso tissues. The external layer mimics the
combined muscle, fat and rib bone tissues while the internal one mimics the inflated
lung tissue. A 15mL cylindrical shape tube filled with tap water is positioned inside the
internal layer to mimic the lung lesion. The size of phantom structure has 82 cm
circumference, the imaging procedures were performed based on Huygens’ principle
and the reconstructed images show a successful detection of lung lesions in superficial

position [15]. A summary of the aforementioned antenna designs is given in Table 3-6.

Figure 3- 5 The antenna unit cells (left) and biasing circuit (right) of the fabricated metasurface

antenna for lung fluid accumulation [18].

Rotator

Figure 3- 6 Measurement setup for lung fluid accumulation detection [18].
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Table 3- 6 Summary of antenna designs for lung tumour and fluid accumulation detection

Ref.  Antenna Frequency Size Gain Key features/Remarks/Drawbacks
[18] metasurface 0.8-1.05 337.5x262.5x22.5 8 e For fluid accumulation detection

e Offer stable high gain and electronic
beam scanning
e Large antenna size and narrow

operating bandwidth

[33] loop-dipole 0.8-1.4 78x130x1.6 5 e For pleural effusion detection
e Electronically  steerable tri-state
radiation pattern
e Not tested on realistic phantom

e Detection efficacy not evaluated

[41] 3D loop, 0.7-1.0 20x80x48 1.9 e For pulmonary edema detection
monopole & e Tested on realistic torso phantom
parasitic patch inserted with real lamb lung and

injected with water
e Can detect different levels of fluid
accumulation

e Antenna gain can be improved

[49] circular 3-4 60x40x1.513 n/a e For lung tumour detection
shaped e Not fabricated or tested on realistic
microstrip phantom

e Can detect tumours of 4 mm radius at
depth of 60 mm in, and distance of 10

mm from simulated phantom



[17]  elliptical 3-10.7 44x44x1.6
patch
[117] cupcake 2.9-12 40x30x1.524

shaped

[3] slotrotated 1.5-3

[14] Vivaldi

metamaterial

[15] UWB horn 1-5 NA

antennas

22x46x10

n/a

n/a

2.6

3.3-21.6 45.19x17.53x0.8 4.2

NA
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For lung tumour detection

Ultra-wide bandwidth, directional

Not fabricated or tested on realistic

phantom

Tested on simulated thoracic model

e For lung tumour detection
e Ultra-wide bandwidth
e Can detect lung cancer from stage I

o Not tested on realistic phantom

e For lung tumour detection
e Tested on human torso phantom
e Can detect and localise tumour of

dimensions 10x10x20 mm?

e For lung tumour detection

e Imaging at single frequency (10 GHz)

e Tested on circular layered phantom
with 12 cm diameter.

e Weak detection of 5mm tumour

diameter at superficial position

e For lung lesion detection

o Utilised antennas are commercial ones

e Phantom size mimic a real small
human chest size

e Phantom was built using tissue
mimicking liquids, and they combined
(fat, muscle and rib bone) into one
layer while the skin layer wasn’t

represented.
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3.5 Antennas for Skin Cancer Detection

Skin cancer detection using RFMI technique similarly relies on contrasting between the
dielectric properties of cancerous skin tissues (gr = 54, 6 = 2.5 S/m) and healthy ones (g,
=39.2,0=1.115S/m). Unlike the detection of aforementioned diseases that require deep
penetration of the RF signal into human tissues, skin cancer detection requires only
marginal signal penetration to detect the pathological changes in the skin layers. Hence,
higher signal frequencies in millimeter wave (mm-wave) regime, i.e. between 30-300
GHz, which has a penetration depth of only 600 um — 1.2 mm, have been explored
recently for high-resolution imaging for skin cancer detection.

In [22], four substrate integrated waveguide (SIW) based antipodal Vivaldi antennas as
shown in Figure 3-7, each operating in a different frequency range that extends into the
mm-wave regime are proposed. They are fabricated on RT Duroid 6002 substrate of
either 10 or 20 mm thicknesses, each having different dimensions as follows. Antenna 1
(12-37 GHz): 27.1x27.34x20 mm3; Antenna 2 (37-55 GHz): 18.86x13.56x20 mm3;
Antenna 3 (55-75 GHz): 16.15x8.36x10 mm?3; and Antenna 4 (75-110 GHz):
14.44x4.46x20 mm3. Collectively, the antennas provide an ultra-wide bandwidth of 98
GHz, stable high gain 10-12 dBi over the covered sub-bands and directional radiation
pattern. Antennas 1 and 2 are fabricated on 20 mm thick substrates, while Antennas 3
and 4 used 10 mm thick substrates. All antennas are evaluated on artificial skin phantom
embedded with two spherical droplet tumours of 400 um diameter at 1mm depth inside
the phantom. Imaging results show high resolution in detecting both tumours, but the
performed measurements had considered only the effect of skin layer in the imaging
setup. Moreover, unlike other types of tumours, the skin tumour starts on the outer skin
layer, not below it. Figure 3-8 shows the measurement setup for skin cancer detection

using the sub-bands Vivaldi antennas.

ay ==
D
~3 - 37-55 GHz } @
: 1 NG
: 'a 5 | 55-75 GHz :

g
a K 75-110 GHz {‘%ﬁ’@

Figure 3- 7 The designed (left) and fabricated (right) sub-band Vivaldi antennas [22].
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Figure 3- 8 Measurement setup for skin cancer detection: (a) schematic setup; (b) experimental
setup [22].

The authors in [23] presented an artificial magnetic conductor (AMC) based hexagonal
shaped patch antenna with CPW fabricated on 2.2 mm thick felt fabric substrate (&, =
1.22). It consists of a hexagonal patch of dimensions 32x38 mm?, which is separated
from the AMC by a 2 mm thick foam layer. The AMC is fabricated on zelt conductive
fabric with dimensions of 44x48 mm? that consists of 4x4 unit cells with periodic
hexagonal and rhombic shapes. Without AMC, the CPW-fed hexagonal patch antenna
achieves a peak gain of 3.2 dB in the frequency range of 8—12 GHz. The addition of AMC
increases the antenna’s peak gain to 6.5 dBi due to the absorption of its back radiation.
The proposed antenna is tested on a three-layer phantom consisting of skin, fat and
muscle. The simulated S-parameters result show discrepancy between healthy and
cancerous tissues. However, the tumour size, thickness and the imaging results are not
discussed. In [20] authors proposed 36x30x4.85 mm3 UWB stacked aperture coupled
microstrip patch antenna (SAMPA) which has three layered stacked aperture coupled
geometry with a DGS, it operates over 5.72 to 12.37 GHz and 6.4 dB gain for in-vitro skin
cancer detection. The reported antenna is tested on 100 mm diameter forearm
phantom with four layers (skin, fat, muscle, and bone). Imaging results show a successful
detection of 20 mm diameter tumour placed on the outer skin layer with 2 mm
thickness. However, only one antenna is used during measurement with manual

placements at different positions around the phantom. An UWB imaging method
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applied to a forearm phantom of three layers: cortical bone, adipose-muscle and skin
tumour, is presented in [21]. Although successful in detecting the skin tumour, the skin
layer presented is using an external plastic cylinder with tumour contained inside the
adipose layer. Table 3-7 summarises the above antenna designs for skin cancer

detection.

Table 3- 7 Summary of antenna designs for skin cancer detection

Ref. Antenna Frequency Size Gain Key features/Remarks/Drawbacks
type (GHz) (mm?3) (dBi)
[22] antipodal 12-110 various 10-12 e 4 antennas with distinct sub-bands to cover
Vivaldi desired frequency range

o Ultra-wide bandwidth, high stable gain, and

200 pm resolution

[23]hexagonal 6-12 44x48x6.2 6.5 e AMC improves antenna gain
patch e Complex multi-layer structure
e Not tested on realistic phantom

e No medical images generated

[20] Three  5.72-11 36x30x4.85 6.4 e Antenna is tested on forearm phantom
layered e Detection of 19 mm skin tumour diameter
SAMPA e Tumour size is quite large

e Antenna is not tested for smaller tumour

sizes

3.6 Summary

The past decade has seen rapid advancement of RFMI for biomedical applications such
as for detection of different cancer types and other critical diseases. It is one of the most
promising biomedical imaging techniques owing to its non-invasiveness, non-ionising
radiation with low illumination power level, relatively low-cost, and sustained reliability.
This chapter focuses on the antenna element of the RFMI system, which is a key factor
controlling the RFMI performance.

Different antennas have been proposed in literature for different cancer and disease
detection in different parts of the human body such as breast, brain, lung and skin.

Typically, imaging deep tissue requires an antenna with lower operating frequency than
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those for shallow ones. Furthermore, compact antennas are more desirable as more
antennas can be employed to cover a given target area, thereby increasing the number
of measurement points and consequently precision of detection. Moreover, increasing
the bandwidth of antenna will improve the resolution of reconstructed images.
However, higher frequencies can result in lower penetration levels and are more
susceptible to attenuation. Thus, to obtain good resolution and penetration with
minimized attenuation, the designed antenna should have ultra-wide bandwidth and
high gain. The latter can concentrate the radiated power on the area under test and
increase the penetration depth. In addition, radiation sidelobes should be minimized to
reduce interference with the main lobes of other antenna elements and the possibility
of clutter generation. Also, to avoid false mapping while reconstruction in the imaging

system.
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Chapter 4 Fractal Slot Loaded Super Wide Band Antenna: Design,

Measurements and ECM

In this chapter, the design stages of the SWB antenna to cover simulated operating
bandwidth over the frequency range (2.45 — 35.4) GHz is presented. Several parameters
are discussed to verify the efficiency of the proposed antenna to be a good candidate in
medical imaging applications. Different parametric studies are conducted over the
covered frequency range to choose the optimum values of different physical
dimensions. The fabrication process of the final design is discussed accompanied with
several measurement setups of the main performance parameters. Moreover, the
lumped element equivalent circuit model (ECM) is presented and optimised to
accurately mimic the performance of the proposed antenna. Then, an optimised ECM is
presented for the proposed fractal slot loaded super wideband (SWB) antenna that
designed to operate over a frequency range of 2.45-35.4 GHz with a simulated
bandwidth ratio of 14.4:1. The proposed model is based on the transmission line theory

and relates the antenna performance to its physical geometry.

4.1 Introduction

The potential of SWB antennas in applications like lung and cancer detection relies
heavily on various aspects of antenna performance. Firstly, a wide bandwidth is
imperative to achieve high-resolution image generation. Secondly, a high gain is
necessary to enable deeper signal penetration into the target object. Additionally, a high
radiation efficiency, coupled with a stable radiation pattern, plays a crucial role in
enhancing the accuracy of detection. Lastly, a compact size is desirable to facilitate the
placement of multiple antennas around the object under examination [7]. The proposed
antenna fulfils the key parameters for cancer detection by microwave imaging based on

the background obtained from previous designs.

The main contributions of this chapter are designing an efficient SWB for microwave
imaging applications with large, measured bandwidth 171.23% over the frequency range
3.1 to 40 GHz; to improve the resolution of the reconstructed images and the detection
accuracy. This is the first time that a SWB antenna is designed for the detection of

different cancer types, implementing a high covered bandwidth of 36.9 GHz and
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enhanced gain within the range of 3.4 to 9.7 dBi. Also, it contributes to investigate an
accurate ECM for our SWB antenna whose original design is reported in [25], but has
been modified to achieve a super wide bandwidth of 32.9 GHz. A secondary contribution
is to examine an effective and efficient approach to optimising the ECM’s accuracy based
on the antenna’s geometry. This chapter addresses the knowledge gaps in utilising
enhanced-performance SWB antenna in the detection of several cancer types and
locations, the equivalent circuit modelling of SWB antennas based on transmission line
theory, including the limited consideration of the antenna's geometry, and the lack of
exploration of different optimisation techniques. To the best of our knowledge, this is
also the first time that a dual sequential optimisation approach based on Gradient and
Quasi-Newton methods is investigated for optimising the performance of a SWB
antenna. The results are fast convergence and high modelling accuracy over a super

wide bandwidth from 2.5 to 40 GHz.

4.2 SWB Antenna Design Stages

This section presents various design stages undertaken to achieve the desired
performance of the proposed SWB antenna, all simulations are conducted using full
wave simulator Ansys HFSS simulation software. Figure 4-1 illustrates the different
design phases, progressing from the initial "Antenna 0" configuration to the final
antenna structure. The initial antenna configuration begin with a simple circular patch
paired with a semi-elliptical ground plane. Subsequently, several modifications and
techniques are applied in the development of the SWB antenna structure, as depicted

in Figure 4-1 (b-i), to enhance its overall performance.

Figure 4-2 displays the simulated results of the reflection coefficient |S;;| (dB) for
different stages of the antenna's evolution. In the initial stage, the antenna exhibits a
relatively narrow bandwidth. In Figure 4-1 (b), a tapered feedline is introduced to
improve impedance matching between the 50 Q coaxial cable, connected to the 2.92mm
K-type connector, and the high impedance at the patch's edge. Following that,
intersecting ellipses are incorporated into the circular patch, as shown in Figure 4-1 (c).
This addition increased the electrical length of the antenna, resulting in a broader

bandwidth and raising the |S;, | level to -14.7 dB at the first resonant frequency.

Furthermore, a polygon is introduced, as depicted in Figure 4-1 (d), to smooth the
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transition of surface current at the bottom of the patch's radius. This enhancement led
to improved |S;;| levels at the first two resonant frequencies, reaching -16.3 dB and -
42.6 dB at 4.1 and 9.3 GHz, respectively. The introduction of slots in the main radiator
with various shapes, lengths, and positions has a notable impact on antenna
performance, particularly in terms of shifting resonance frequencies [6, 7]. In this
context, a circular slot is incorporated in the centre of the patch, as shown in Figure 4-1
(e). This modification shifts the second resonant frequency to 8.3 GHz while enhancing

impedance matching between (18.7-19.2) GHz.

Moreover, two circles are added to the circular radiator to increase the electrical length
and enhance the patch's inductive nature as shown in Figure 4-1 (f). This resulted in
improved impedance matching, a broader bandwidth spanning from 2.5 GHz to 37 GHz,
and a shift in the first resonant frequency to 3.8 GHz, with an improved |S;;| level of -
26.7 dB. Subsequently, two fractal slots with duplicated rectangular shapes are
introduced on both sides of the radiator as displayed in Figure 4-1 (g), further increasing
the electrical length and enhancing the first resonant frequency with a |S;4]| level of -

32.2dB at 3.9 GHz.

Nevertheless, two notches are observed around 18 GHz and in the (30-31) GHz range.
To address this, two elliptical slots are embedded in the ground plane, and a rectangular
slot is incorporated at the edge of the feedline, as shown in Figure 4-1 (h). These
adjustments helped fine-tune the capacitive coupling between the patch plane and the
ground plane [120], resulting in enhanced impedance matching and a bandwidth
covering the frequency range of (2.5-35.3) GHz, along with improved |S;;| levels of -36

dB and -40.3 dB at the first resonant frequencies of 3.8 and 7.7 GHz, respectively.

(a) (b) (c)



(d) (e)

(f)

(9) (h)

(i)
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Figure 4- 1 SWB antenna design phases (a) antenna 0O; (b) antenna 1; (c) antenna 2; (d) antenna

3; (e) antenna 4; (f) antenna 5; (g) antenna 6; (h) antenna 7; (i) final antenna.
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In addition, two elliptically shaped parasitic elements are introduced on either side of
the tapered feedline as illustrated in Figure 4-1 (i). These elements are not directly
connected electrically to the patch; instead, they resonate in response to the radiator's
influence. With the incorporation of these parasitic elements, impedance matching was
notably improved, particularly within the (9.3-12) GHz range. As a result, the antenna's
overall simulated bandwidth expanded to cover the frequency range of (2.45-35.4) GHz,

achieving a bandwidth ratio of 14.4:1 as illustrated in Figure 4-2.

4.3 SWB Antenna Parametric Studies

In this section, each parameter of the proposed antenna is optimised by varying one
parameter while keeping the other parameters fixed to study the effect of different
parameters dimensions on the antenna performance over the covered bandwidth (2.5-

40) GHz; using Quasi-Newton optimizer supported in HFSS simulator.

4.3.1 Patch Radius

Starting with the initial antenna structure (Antenna 0), different parameters are
optimised to achieve good performance; One of them is the radius of the circular patch.
Simulations were conducted with various radius values (10mm, 11mm, 12mm and
13mm), as presented in Figure 4-3. It is clear that the optimal radius for the circular slot

is 12mm, as it provides the best impedance matching.
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Figure 4- 3 Patch radius parametric study.

4.3.2 Gap Distance Between Patch and Ground Plane (G)

The gap distance between the patch plane and the ground plane which is displayed in
Figure 4-4(a) has been optimised across the entire bandwidth. Simulations were
performed using different gap spacing values (0.29mm, 0.49mm, and 0.69mm), as
illustrated in Figure 4-4(b). It becomes evident that the optimal gap size is 0.49mm, as it
yields improved impedance matching across the entire bandwidth, notably within the

(13.2 to 16.7) GHz range.
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Figure 4- 4 Gap parametric study: (a) gap parameter display; (b)reflection coefficient result.

4.3.3 Feedline Width

The feedline bottom and top widths have been optimised across the entire bandwidth.
Simulations were performed for the bottom width using different width values (2.3mm,
3.3mm, 4.3 mm and 5.3mm), as illustrated in Figure 4-5(a). It becomes evident that the
optimal feedline width size is 4.3mm, as it results in the best |S;;| level at the first
resonant frequency (-27 dB). Furthermore, the top feedline width is simulated using
different width values (1.5mm, 2mm, and 2.5mm), as illustrated in Figure 4-5(b). It can
be noted that the optimal feedline top width size is 2mm, as it results in the best |S4|
level at the third resonant frequency (-54 dB). Also, it shows the best impedance

matching especially at higher frequency range.
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Figure 4- 5 Feedline width parametric study: (a) bottom width; (b)top width.
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4.3.4 Patch Slot Radius

Following the introduction of a circular slot in the centre of the patch element,
simulations were conducted with various radius values (4.5mm, 5mm, and 5.5mm), as
displayed in Figure 4-6. The results indicate that the optimal radius for the circular slot
is 5mm, as it provides the most favourable impedance matching, particularly at higher

frequency bands.

r=4.5mm
-5 - ,F=5Smm

r=5.5Smm

Reflection Coefficients |S11| (dB)

Frequency (GHz)

Figure 4- 6 Patch slot radius parametric study.

4.3.5 Radius of the Added Circles

Two circles were incorporated at the lower corners of the radiator and a parametric
study is conducted on several radius values (6.4mm, 6.7mm 7mm and 7.3 mm). The
simulated results are presented in Figure 4-7. The figure illustrates that the optimal
radius for the circles is 7mm, as it yields the highest |S;;| levels, particularly at the first

two resonant frequencies.
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Figure 4- 7 Patch circles radius parametric study.

4.3.6 Position of Elliptical Parasitic Elements

Two elliptical shaped parasitic elements were added around the tapered feedline, a
parametric study is conducted on several height values (7.5mm, 8mm and 8.5 mm). The
results are shown in Figure 4-8 (a). It can be observed from above results that the
optimum value for the parasitic elements height is 8mm which offers the highest |S;4|
level at the first resonant frequency (3.8 GHz) and maintains better impedance matching
at higher frequency range. Also, another parametric study is performed on the major
radius of the parasitic elements for different values (4mm, 4.5mm and 5mm). From the
results that are displayed in Figure 4-8 (b), it can be noted that the optimum value for
the parasitic elements major radius is 4.5mm which offers the highest |S;;| level at the
first resonant frequency (3.8 GHz) and maintains better impedance matching at the X-

band (7.5 to 12.5) GHz and at higher frequency range.
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Figure 4- 8 Parasitic elements parametric study: (a) position; (b)major radius.
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4.4 SWB Antenna Final structure

In this section, the Final structure and the fabricated prototype of the proposed SWB
antenna is shown in Figure 4-9 with related dimensions. It has overall compact
dimensions of 40x35x1.57 mm?3 and electrical dimensions of 0.32A x 0.28\ (where A
corresponds to the lower operating frequency (2.45 GHz)). Hence, the designed antenna
offers a good bandwidth dimension ratio (BDR), which is defined as the ratio of the
percentage bandwidth to the electrical area of the antenna as in equation (4.1), with
value of 1943.2. The antenna is built on Rogers RT Duroid 5870 substrate (&= 2.33; tand
= 0.0012) and evaluated on Ansys HFSS simulation software. The proposed antenna is
fabricated using PCB manufacturing process, on high frequency Rogers sample sheets,
specifically RT Duroid 5870 with a thickness of 0.062” (1.575 mm) and 1 oz. (0.35um)
H1/H1 copper cladding, provided by Rogers Corporation. An immersion silver is used as
a surface finish to provide smooth flat surface, protection against any oxidation and
improve the signal quality at high frequency. It has a good conductivity which minimises
the signal loss and enhances the overall antenna performance. The detailed dimension

of the proposed antenna is listed in Table 4-1.

%BW (4.1)
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(a) (b)

(©) (d)

Figure 4- 9 SWB antenna full structure, (a)top view, (b)rear view, (c) prototype top view and (d)

prototype rear view.
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Table 4- 1 Dimensions of The Proposed SWB Antenna

Parameter  Value (mm) Parameter Value (mm) Parameter Value (mm)
W 35 W1 2 Re 4
L 40 W12 4.3 Wc 0.15

Ws1 3.5 W13 1.16 Pri 9
Ws2 3 Pr2 1.8 Pw 7
Ws3 0.75 Lf1 17 PL1 8
Ws4 1.5 Lf2 0.5 PL2 9.87
Ws5 0.75 Rr 12 Erl 2.5
Ws6 1.5 Rs 5 Er2 0.75
Pf 29.4 Rc 7 Epl 2
GL 16.7 Pg 16.7 Ep2 5

4.5 SWB Antenna Parameters Measurements

Different antenna parameters are measured in this section, the reflection coefficient
measurement is performed in anechoic chamber using antenna positioner and Anritsu
S820E vector network analyser. The results are acquired using VNA advanced mode, and
the external cables that operates from DC to 40 GHz need to be calibrated once
connected to the VNA ports to calibrate out any frequency response originates from the
cables and to obtain high quality measurements. The calibration algorithm used in this
research is two ports SOLT (short-open-load-thru). A good agreement between the
simulated and measured result of reflection coefficients is displayed in Figure 4-10
below. Fractional bandwidth of more than 173.6% (2.45-35.4) GHz and 171.23% (3.1-40)
GHz is achieved during simulation and measurement, respectively. It is depicted that a
14.4:1 and 12.9:1 ratio bandwidth is gained in simulation and measurement,

respectively. A very good |S;;| level of -20.7 dB is achieved at 3.8 GHz.
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Figure 4- 10 Simulated and measured reflection coefficient results.

4.5.1 Peak Gain Measurement

The peak gain measurement is performed using two identical SWB antennas and the far
filed condition is conducted during measurements. The far filed distance is calculated
using the largest antenna dimension (D) as shown in Figure 4-11 (a) which is the antenna
diagonal length. By substituting 50.3 mm in the below equation the far field distance (S)
will be 760 mm. One popular approach in Gain measurement is to employ two identical
antennas as the transmitting and receiving antennas and by employing Friis power

formula [27], antenna gain can be calculated.

¢ > 2D? (4.2)
- A
4nir  |P (4.3)
G=— |—
A P
G, =G, = % (P (dB) — P, (dB) + 20log(d) + 20log(f) — 27.56) (4.4)

where G4, G, are the gain of antenna 1 and antenna 2, respectively, d is the separation

between two antennas in mm and f is the operating frequency in GHz. S,,(dB) is used
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to replace (B. (dB)- P; (dB)) where A is the wavelength, P. and P; are the received power

and the transmitted power in Watts, respectively.

(a) (b)

Figure 4- 11 Gain measurement setup: (a)antenna diagonal; (b)measurement setup.

Figure 4-12 illustrates both the simulated and measured broadside gain of the fractal
slot-loaded antenna. It demonstrates that the achieved gain tends to rise as the
frequency increases and maintains a consistently positive gain across the entire
frequency range of operation. This phenomenon is attributed to the effective aperture
of the radiating patch being larger than the wavelength corresponding to the higher
frequencies. This relationship is explained by the fact that antenna gain is directly linked

to the antenna's effective aperture and wavelength.

However, it is important to note that at higher frequencies, there may be some
attenuation in antenna gain due to connector losses. The measured peak gain exhibits a
minimal value of 3.4 dBi at 2.5 GHz and a maximum value of 9.7 dBi at 39.5 GHz,
demonstrating a strong agreement with the simulated results. These gain values align

well with those reported for similar antennas in existing literature.
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Figure 4- 12 Simulated and measured peak gain results.

4.5.2 Radiation Efficiency Measurement

An ideal antenna should exhibit exceptionally high radiation efficiency, preferably
reaching 100%. It is important to note that radiation efficiency depends on the
frequency rather than the radiation direction. It is primarily influenced by antenna loss
and does not incorporate the impact of antenna impedance mismatch. The disparity
between the feedline/connector and the antenna's impedance is factored in when
considering the antenna's overall efficiency (7). This overall efficiency is defined as the
ratio of the total power radiated by the antenna (B.) to the total power supplied to the
antenna (P;) and can be mathematically expressed as follows:

_— (4.5)

oo

P, B
= — — = 1— Fz_
5 p == M

The symbol P, is the total power accepted by the antenna, and I' represents the
reflection coefficient, equivalent to the S-parameter S;; or S,,, and it is a complex
number that can be easily determined using a vector network analyser. When the
reflection coefficient equals zero (indicating a perfect match), the power received by the
antenna matches the power delivered to it, resulting in a perfect match with no

mismatch. In this scenario, the total efficiency aligns with the radiation efficiency,
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making it an ideal situation. However, in practice, the radiation efficiency always

surpasses the overall efficiency of the antenna.

In the field of antenna theory, antenna radiation efficiency is defined as the ratio of the

antenna's gain (G) to its directivity (D).

n=G/D (4.6)

Directivity and gain differ in their consideration of antenna loss. Gain accounts for
antenna loss, whereas directivity does not. Consequently, gain typically registers as a
smaller value compared to directivity, and it can be assessed through various well-
established measurement techniques. With the significant progress in computational
electromagnetics (CEM), obtaining antenna directivity has become relatively
straightforward through numerical simulation tools such as HFSS. Since directivity does
not factor in antenna losses, the simulated directivity often closely approximates the
measured directivity. Therefore, utilizing simulated directivity as an alternative to
measurements is also an acceptable practice. As depicted in Figure 4-13, there is a
noticeable trend of rising radiation efficiency as the frequency increases. The average
efficiency is 94% while the highest one, reaching a peak of 97.9%, is attained at 9.7 GHz.
However, beyond 22 GHz, there is a gradual decline in radiation efficiency. This decrease
is primarily attributed to impedance mismatching at higher frequencies, stemming from
the use of K-type connectors and the influence of high-order modes. It can be noted that
radiation efficiency is 97.1% and 95.6% at first resonant frequencies 3.8 and 7.6 GHz,

respectively.
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Figure 4- 13 Radiation efficiency results.

4.5.3 Group Delay and Isolation Measurement

The proposed design exhibits a high level of compatibility with medical imaging
applications due to its compactness and expansive operational bandwidth. Time domain
analysis serves as a fundamental technique for scrutinizing the dispersion characteristics
of the antenna. In this context, a proper antenna design is imperative to mitigate

distortions in the received pulse, making time domain analysis a crucial for wideband

antennas.

To facilitate time domain characterization, two identical antenna configurations are
arranged at a fixed separation distance of 760 mm in each case. These two time domain
analysis setups, denoted as (a) Face to face and (b) Side by side, are visually represented
in Figure 4-14. A critical time domain parameter of interest is the group delay, which is
theoretically computed as the negative derivative of phase variation concerning
frequency. The negative sign in the group delay formula typically indicates a phase shift
that occurs as a function of frequency. Hence, the group delay decreases as the
frequency increases. In other words, it shows that higher frequency components tend

to arrive earlier than lower frequency components.
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dp(w) _  do(w) (4.7)
dw  2mdf

Tg(w) = —

where @ (w) represents the phase of the system’s frequency response, and w represents
the angular frequency. The passage of a signal through a device leads to both amplitude
and phase distortions, particularly as the input signal comprises multiple frequency
components. Consequently, the group delay quantifies the average time delay
experienced by the input signal at each frequency, serving as a gauge of the device's
dispersion characteristics. The linearity of the phase response across the entire far-field
region is also corroborated by the group delay analysis. In the context of a proficient
super-wideband (SWB) system, it is imperative to maintain minimal group delay, ideally
exhibiting minimal variation, typically less than 2 ns in practice [84], thereby indicating
a linear phase response over the entire frequency spectrum. The formula outlined in
Equation (4.7) is employed to calculate the group delay. The results, as illustrated in
Figure 4-15, reveals that the group delay remains well within acceptable bounds for both
side by side and face to face configurations, thereby rendering the system suitable for

wireless communication applications [67].

Furthermore, it is evident from Figure 4-16, that high isolation is achieved in both
configurations which ensure a reduction in mutual coupling between adjacent antennas.
Additionally, the phase fluctuation across the entire frequency range is linear in both
configurations, as depicted in Figure 4-17, indicating that the received pulse is without

out-of-phase components [7].

760 mm

(a)
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760 mm

(b)

Figure 4- 14 Group delay and isolation measurement setup for different configurations: (a) face

to face; (b) side by side.
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Figure 4- 15 Measured group delay in face to face and side by side configurations.
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4.5.4 Radiation Pattern Measurement

The radiation pattern, a critical parameter, assesses the antenna's capacity to focus
power on a specific direction. The frequencies at which measurements were taken are
determined by identifying the points of intersection between measured and simulated

| S11] results, as illustrated in Figure 4-18.

In Figure 4-19 (a, b, and c), it can be observed that the configuration employed for
radiation pattern measurements, featuring the antenna under test (AUT) and a
directional transmitting antenna. Since the AUT is a super-wideband (SWB) antenna
covering the frequency range of 3.1 GHz to 40 GHz, three different horn antennas were

utilised as transmitting antennas to encompass this entire bandwidth.

All measurements were conducted within an RF anechoic chamber, under far-field
conditions, with the assistance of a 3D antenna mechanical positioner controlled by a
PC. This positioner allows for a 360-degree rotation in both the vertical and horizontal
axes. The radiation pattern measurements were overseen by a MATLAB-based
application responsible for altering VNA parameters (such as the type of data being
measured, S-parameters, and frequency points) and Arduino parameters, which
included specifying the step size for measurements. A step size of 9 degrees was
selected for all measurements, striking a balance between measurement accuracy and
time efficiency. Increasing the step size would decrease measurement time but
compromise accuracy. Notably, the 9-degree step size was found to be optimal for both
precision and measurement duration, with each frequency point measurement taking

approximately 19 hours and 30 minutes to complete, yielding highly accurate results.
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Figure 4- 18 Radiation pattern measurement frequency points.

Tx: Horn %% Tx: Horn
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Figure 4- 19 Radiation pattern measurement setup: (a) Tx horn antenna: (JH-H-18G-18-SMAJ-
AL) operates over (800 MHz- 18 GHz) with (3-18) dBi gain; (b) Tx horn antenna: Mi-Wave’s K-
Band Horn Antenna 261K-15/595 ( WR-42 ) which operates over (18 — 26.5) GHz with (15) dBi
gain; (c) Tx antenna: U233A1 Maury Microwave ( WR-28 ) operates over (26.50 to 40) GHz
with (15) dBi.

Following the conclusion of each measurement, the control application displays a 3D
power capture of the antenna positioner. This is done to verify the successful
completion of all measurement points, and to view the 3D radiation pattern at 3.8 GHz

as depicted in Figure 4-20.
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The antenna's radiation pattern, as suggested, is assessed in both the E-plane (YZ-plane,
©=90°) and the H-plane (XZ-plane, ¢=0°) at various frequency points, as illustrated in
Figure 4-21. The pattern demonstrates an omnidirectional configuration in the E-plane
and a nearly isotropic configuration in the H-plane at lower frequencies. However, as
the frequency increases, the pattern degrades due to the presence of higher-order
modes. Measured results showed a good agreement with the simulated one at several
resonant frequencies with stable radiation pattern across the encompassed bandwidth.
The Co- and Cross-polarization radiations patterns at 3.8 and 33.8 GHz are illustrated in
Figure 4-22 (a, b), respectively. The proposed antenna demonstrates low cross-
polarisation levels in both E and H plane over the covered bandwidth. Hence, the
radiation of the proposed antenna in the undesired direction is minimum and a
polarisation purity (Co- to Cross polarisation radiation) of 40 dB and 20 dB in the H-plane
are achieved at 3.8 and 33.8 GHz, respectively. So, achieving high polarisation purity is

one of the requirements for high performance SWB antenna.

Angle Relative to Horizontal (0 to 16807
o

Figure 4- 20 3D power capture by antenna positioner at 3.8 GHz.
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Figure 4- 21 2D simulated and measured radiation pattern at different frequencies (a-j).
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Figure 4- 22 Simulated and measured (Co- and Cross polarisation) radiation patterns (b) 3.8

GHz; (c) 33.8 GHz.

4.5.5 Surface Current Distribution

The sub-figures (a)-(g) in Figure 4-23 display current distributions at various frequencies.
The notable concentration of current in the feedline offers insights into the mode

variation. At the lowest operational frequency, which is 3.8 GHz, a first-order harmonic
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resonance (fundamental mode) is clearly observed in Figure 4-23 (a). Referring to that,
it becomes apparent that the radiated power predominantly confines itself to the
antenna's front side. This is attributed to the concentration of current along the lower
side of the fractal slot loaded radiator. In Figure 4-23 (b), the second-order harmonics
become tangible, with the current distribution primarily focused on the lower portion
of the radiating patch. Additionally, current also propagates around the lower segments
of the fractal slots, as depicted in Figure 4-23 (b). This propagation gives rise to a
standing wave formation around the top section of the radiator, resulting in a radiating
null at the antenna's top, relative to what occurs at the first resonant frequency of 3.8
GHz. At the spurious resonant mode 10 GHz that shown in Figure 4-23 (c), the current
concentrated more at the lower circular edges of the radiation increasing the size of the
radiating null at the top of the antenna. In this scenario, the antenna's far-field pattern
continues to exhibit a donut-shaped structure, with the majority of radiated power
concentrated around the antenna's front side and the upper section of the radiator. As
the frequency increases, higher-order modes begin to be clear, as evidenced by the
current distribution at 14.8, 21.8, 26.8 and 33.7 GHz in Figure 4-23 (d-g), leading to a
complex distribution along the antenna structure due to the effect of standing waves.
Consequently, current predominantly traverses various distributed locations along the
edges of the tapered radiator, resulting in significant null points in the current on the
radiator's surface. As depicted in Figure 4-21 (j), this sheds light on the degradation in

the radiation pattern at 34 GHz.

(a) (b)
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Figure 4- 23 Surface current distribution at different resonant frequencies (a) 3.8 GHz; (b)7.6
GHz; (c) 10 GHz; (d)14.8 GHz; (e)21.8 GHz; (f)26.8 GHz; (g) 33.7 GHz.
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4.6 Equivalent Circuit Modelling and Optimization for Fractal Slot Loaded
Super Wideband Antenna

The equivalent circuit model (ECM) is constructed based on individual behaviour of each
antenna element. Further, a dual sequential optimisation approach is proposed to find
the optimal value of each lumped element. The modeled results are compared with both
full-wave simulated and measured results, and show that the proposed model can
accurately capture the antenna behaviour with a low mean absolute percentage error
of 4.9%, 7.5%, and 7.7% for | S;1 |, real, and imaginary impedance, respectively, over the

super-wide operating bandwidth.

4.6.1 SWB Antenna Geometry and Circuit Modelling

This section presents the ECM of our SWB antenna, its parameter extraction, and the
circuit model's validation. The geometry of the antenna and circuit model for each
component part of the antenna are shown in Figure 4-24. The antenna is fabricated on
RT5870 substrate (&, = 2.33, tand = 0.0012) with physical dimensions of 40 x 35 x 1.57
mm?3. The ECM is developed by analysing the antenna's structure and electromagnetic
(EM) properties. It comprises several components, each having a certain influence on
the antenna's performance. The primary component is the radiating patch, which plays
a vital role in emitting EM waves. It functions as a pass band filter and can be modelled
as a parallel RLC branch with a series inductor that corresponds to the inductive nature
of the radiating patch at high frequencies [27, 121, 122]. The parallel resistor and
inductor represent the loss, and inductive properties in the patch element, respectively;
and the parallel capacitor represents the capacitance between the patch and ground
plane as shown in Figure 4-24 (a). The feed configuration has a rectangular and tapered
feedline that contribute to the inductive nature of the patch [123]. The tapered feedline
alters the impedance matching between the top and bottom of the microstrip line.
Three series inductors and a parallel capacitor depict this change in the transmission line
as displayed in Figure 4-24 (b). The antenna’s resonance changes when a notch is
incorporated into the patch and ground. A parallel LC circuit is used to model the
equivalent circuit of the slots in the middle of the circular patch (Figure 4-24 (c)) and the
elliptical slots in the ground (Figure 4-24 (d)) [124]. A parallel RLC branch corresponds to
the two elliptically shaped parasitic elements were introduced on either side of the

tapered feedline (Figure 4-24 (e)). These elements are not directly connected electrically
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to the patch; instead, they resonate in response to the radiator's influence.

Fractal slots, which are duplicating rectangular slots of different dimensions are added
to both sides of the rectangular patch. The inclusion of fractal slots enhances the
antenna’s bandwidth but complicates its ECM. Each added block forming the fractal slots
represents a parallel resonant circuit [125], which acts as a bandpass filter that allows
specific frequencies to pass while attenuating others. As each fractal slot consists of 10
rectangles, it is modelled as 10 branches of parallel RLC. With 2 fractal slots on each side

of the circular patch, 20 parallel RLC circuits will be needed in the ECM.

The evolution process of the proposed ECM is presented in Appendix D Table 5, starting
from stage 0 which is corresponding to antenna 0 geometry up to stage 8 (final ECM)
which is corresponding to antenna 8 (final design). Each stage of the ECM is optimized
up to 20 GHz and compared with the simulated result obtained by the related antenna
structure. In stage 0 we present the circular patch by parallel R.L.C. and series inductor
Lsq. Then after incorporating the tapered feedline in stage 1, the series inductors are
combined into Lss. Three intersecting ellipses are added to the circular patch on both
sides in stage 2, each ellipse is represented by parallel RLC branch. Since the added
ellipses are symmetrical, we can assemble the six RLC branches into three equivalent
RLC branches (Rg1Lg1Ce1... Ro3Lle3zCe3). In stage 3, a polygon is added to the circular
patch which is represented as parallel Rp,Lp,Cp, branch. Additionally, in stage 4 a
circular slot is included in the radiator which corresponds to parallel LpCp branch in the
corresponding ECM. Moreover, two circles are added to the patch in stage 5 and a
parallel R;;L.;C.; branch is added to the corresponding ECM to represent the additional
electrical length of the main radiator. In stage 6, to avoid complexity, we combine all
parallel RLC branches into one equivalent parallel branch Rp,Lp,Cp, that represents the
patch without affecting the ECM’s effectiveness in representing the antenna behaviour.
Then, in this stage, two fractal slots are loaded on the upper corners of the patch that
can be represented as 10 parallel RLC branches. Then, in stage 7 a feedline and ground
slots are included in the antenna structure which can be represented as parallel L;C;
branch in the corresponding ECM. Finally, in stage 8 two elliptical parasitic elements are
added to the ECM as a parallel RLC branch which is also represented inside the

equivalent Rp,Lp,Cp, branch.
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4.6.2 Lumped Element ECM of SWB Antenna

To simplify the ECM, the 20 parallel RLC circuits can be assembled into 10 equivalent
parallel RLC branches (R{L;Cj... RigL19C1p), as shown in Figure 4-24 (f). This
simplification is possible because the fractal slots are identical and have the same
dimensions. Then, the two parallel branches are assembled (R LyqCpq and Ry, Ly,y-Cpy)
into one parallel Ry;L14Cy3 branch. The parallel LC branches (L, C,, and L, Cy) are further
assembled into one parallel L1;C;; branch. Moreover, the feedline inductors Lg3; and
Ls4 are combined into Lss. For more simplification Lgs and Ly, are assembled into Ly3.
In this case the full circuit configuration is presented in Figure 4-25, where (f

corresponds to C;, and Ly, corresponds to Ly,.

elements

\l
1

(c) Patch
circular slot

(e) Elliptical LpCp Lty RpalpaCea
RpyLpyCpy parasitic %

patch
Lya  Lys Lrz Lps Lpy
l I b) Tapered
C - G ( p
U ’|‘ * T T feedline

» (f) Fractal

(d) Ground loaded slots
elliptical slot RiL:Cy ...
Ry0L10C10

Figure 4- 24 SWB antenna geometry and circuit model of each element.

Figure 4-25 shows the full lumped element ECM of our SWB antenna. Several goals are
defined as input to our optimisers as shown in Table 4-2, which are the main resonant
frequencies and their respective |S11| values obtained from simulated results to enable

finding the best path that matches the real antenna performance.
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Figure 4- 25 Lumped element ECM of our SWB antenna.

Gradient and Quasi-Newton are the optimization methods used herein to find the
optimal lumped element values of our ECM that best fit the measured data using ADS.
They mainly differ in how the lumped element values are updated during optimization.
The Gradient method computes a cost function for the importance of the lumped
elements and updates their values in the direction of the gradient (steepest descent).
This method tends to converge quickly to a local minimum, and can be sensitive to the
initial values and step size used for updating the importance. We choose the following
initial values (R=0.001 Q, [=0.001 nH, C=0.001 pF) with 0.1 GHz step size. We set the
number of iteration (the improvement in the error function) to 1000, in this method we
define the seven goals presented in Table 2. A limit line is defined for each goal which
contains the acceptable response for each goal based on the |S;;| values extracted
from the EM simulator. Each limit line will contain the type of relationship between the
limit line Min/Max and the response, in addition to the Weight Factor (WF) for the limit
line (in this method we assign 1 as a WF for all limit lines). The actual WF used in the
error function calculation for the limit line is the product of the goal WF and the limit
line WF. So, for example if more efforts need to put on one goal, the weight factor can
be increased to value more than 1. Quasi-Newton method, on the other hand,
approximates the Hessian matrix to compute the direction of steepest descent. This
approximation can allow a more efficient update of the lumped element values, leading
to a faster convergence, as it considers the curvature of the cost function. It is used as
the second optimizer to tune the ECM after the Gradient method in our dual sequential
optimization for better matching performance. In this optimization method the least
square error function is used as the Error Calculation Function (ECF), the cost function,
to achieve the desired performance as shown in Equation (4.8). The resulting optimal

optimized lumped element values for our ECM are listed in Table 4-3.
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Table 4- 2 Defined Goals for Optimizers

Goal # |S11]| (dB) Frequency (GHz)

1 -36 3.8

2 -40.8 7.6

3 -28.5 10

4 -34.9 14.8

5 -24.8 21.8

6 -29.2 26.8

7 -20 33.7

ECF = Z Wi x |s; — gil? (4.8)
all goals

where W; is the ith goal weighing factor, s; is the ith frequency dependent response
that is being optimized, and g; is the ith goal value that is the optimization criterion
corresponding to over the defined frequency range. ECF is calculated by evaluating the
error for each goal at each frequency point individually and then the magnitude of the

error is squared.

In addition to numeric and simulated results obtained from our ECM, and a full-wave
simulator (HFSS), respectively, the fabricated SWB antenna have been measured using
an Anritsu S820E vector network analyser in an anechoic chamber (Figure 4-26). Figure
4-27 compares the obtained |S;;| performance, which reveals a good agreement
between the modelled, simulated, and measured results. Figure 4-28 shows their
average root-mean-square error (RMSE) and mean absolute percentage error (MAPE),
where a low RMSE of 0.041 and MAPE of 4.9% error are observed, proving the accuracy

of the presented model and the chosen optimisers.
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Table 4- 3 Optimal Lumped Element Values for ECM

Parameter  Value Parameter  Value Parameter  Value

Ry 142.428 L, 6.54311 Cy 0.0028622
R, 37.3572 L 16.3512 C, 0.49568
R; 214.458 Ly 1498.73 C3 0.003439
R, 2.09613 Ls 2.54945 Cy 0.0074975
Rs 47.9401 Lg 7.40719 Cs 0.420298
Rg 66.8471 L, 5.95808 Ce 0.0130909
R, 75.2988 Lg 0.23312 Cy 0.0599383
Rg 70.2402 Lg 2.35217 Cg 0.116726
Rq 57.4437 Lio 12.354 Cy 0.0724266
Ry 86.2334 Liq 4.407 Cio 0.0580042
Ry4 102.605 Lis 539.038 Ci1 0.0816123
Ry, 50 Lis 535.601 Ci> 103.421
Ly 13.0044 Lig 359.686 Ci3 310.32604

Note: Units of parameters: R (€2); L (nH); C (pF)

4.7 Simplified ECM Using Transmission Line Theory

In this section, transmission line theory is applied to the ECM of our SWB antenna for
simplifying its structure as shown in Figure 4-29. This simplification reduces the
complexity of the antenna’s behaviour to a few key parameters R, L, G, and C, which
often lead to reduce the computational requirements. Moreover, with the simplified
model it becomes easier to predict the antenna’s performance and make design
modifications. The simplification process is achieved by assembling the 10 parallel RLC
branches (R{L,C;... R1oL1¢C10) representing the fractal slot effect into one equivalent

branch ReqLequq. Distributed transmission line parameters R, L, G, and C, are used to
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determine the equivalent circuit elements as follows:

(a) (b)
Figure 4- 26 (a) SWB antenna measurement in anechoic chamber; (b) Return loss measured
using VNA.
0
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Figure 4- 27 Comparison between modelled, simulated, and measured |S11| over frequency.
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Figure 4- 28 RMSE and MAPE between modelled and simulated |S11| over frequency.
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Begin by applying Kirchhoff’s voltage law into the circuit in Figure 4-29 where z and Az
represents the length, and differential length element of the transmission line,

respectively:
V(z) —1(z)R;Az — [(z + Az)jwLli, Az — [(z + Az)jwl30z —V(z+ Az) =0 (4.9)
Rearranging (4.9) to separate the voltage and current terms and dividing it by Az:

V(z+Az) -V (z) _ 1(2)R1, Az 1(z+Az) jw (L2 + Lq3) Az
Az - Az Az

The limitas Az — 0:

v (z)

oz = 1@Riz +jol + L) (4.10)
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Next, applying Kirchhoff’s current law to the circuit in Figure 4-29:

1(z) = V(z+ Az)(Geg + G11) Az — V(z + Az) jw (Cog + Cy1 + Ciz + Cy3)Az —

V(z+Az)

jw(Leq'l' L11+L14)AZ - I(Z + AZ) =0 (411)
1@,  Relz Li,A2 L34z I1(z + Az)

o YYN YYN ol
+ =

V(z+ Az)

\
/
\
/

RoqAz C1142 LEL
LeqAz CioBz_|  Ciahz | Ry,Az
T LAz

Figure 4- 29 Simplified ECM circuit using transmission line theory.
Likewise, rearranging (4.11) to separate the current and voltage terms and dividing it by

Az:

1(z+Az)-1(z) _
Az o

—V(z+ A2) [(Geq + G11) +jw(Coq + Ci1 + Cip + Cy3) +

1 ] Az
]'a)(Leq+L11+L14) Az

Similarly, the limitas Az — 0

0I(z) _ . 1

2. V(Z) [(Geq + Gll) +]a)(Ceq + Cy1 +Cip + C13) + m]
Considering the term AT to be negligible (= 0) as w(Leq + L+ L14) > 1:
a1 .

% = — V(Z)[(Geq + Gll) +]0)(Ceq + Cll + C12 + 613)] (412)

Since the work is presented in the frequency domain, the general solution of (4.10) and
(4.12) are exponential functions. Thus, these can be rewritten as a set of exponential

functions related to the wave propagation in the transmission line as follows:
V(z) = V,fe "% +V, e¥? (4.13)

[(z) = Ife Y + ;e (4.14)
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where y is the propagation constant, and their ratio gives the characteristic impedance
(Z,). Rearranging (4.10) to obtain an expression for the current and evaluating the
partial derivative:

— 1 vV (2)
I(z) = (Riz+jw(Liz+ L13)) 0z

1

= - +(— -vz - yz
(Riz+jw(Liz+ L13))(V0 (—=v)e + Vo (y)er?)

= 14 Yz _yV—p¥YZ
(R12+j(4)(L12+ L13)) ( I/O € I/O e ) (4.15)

where y = \/[Rlz + jw(Lyg + L13)][(Geq + G11) + jw(Coq + C11 + Ci2 + Cy3)]- Then

Z, can be found as:

_ V() _ Rip+jw(L12+L13)
0 1(z) (Geq+Gn)+ja)(Ceq+Cll+C12+C13)

(4.16)

To find the impedance at the first resonant frequency (3.8 GHz) of our SWB antenna,
this frequency can be substituted into (4.16) and obtain Z, = 50.81 + j1.53 Q, which is
very close to the simulated Z, as shown in Figure 4-30. The corresponding impedance
errors depicted in Figure 4-31, show an RMSE of 0.254 and MAPE of 7.7% for the
imaginary part, while an RMSE of 0.243 and MAPE of 7.5% are noted for real impedance.
Results confirm that our simplified ECM can still effectively model the characteristics of

our SWB antenna.
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Figure 4- 30 Simulated complex impedance Z, of our SWB antenna over frequency.
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Figure 4- 31 RMSE and MAPE between modelled and simulated complex impedance Z,, of our

SWB antenna over frequency.
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4.8 Summary

This chapter discusses the evolution stages of the final configuration of the proposed
SWB antenna along with the optimised parametric study of different physical
parameters. It also investigates the efficacy of the proposed SWB antenna in medical
imaging applications in terms of several key performance parameters. Different
measurement setups were employed to verify the capability of the fractal slot loaded
SWB antenna, results reveal that the proposed antenna fulfils the key characteristics for
medical imaging application in terms of 36.9 GHz covered bandwidth, (3.4-9.7) dBi gain,
94% average radiation efficiency and stable radiation pattern over the operating
bandwidth (3.1-40) GHz. Moreover, it explores the effectiveness of lumped-element
modelling based on transmission line theory in predicting and analysing the
characteristics of a custom-designed SWB antenna. It also investigates the effectiveness
of dual sequential optimisation based on Gradient and Quasi-Newton methods for
extracting the optimal lumped element values. The resulting ECM accurately produces
the antenna’s characteristics such as reflection coefficients and complex impedances

over a super-wide operating bandwidth.
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Chapter 5 Early-Stage Lung Tumour Detection based on Super-

Wideband Microwave Reflectometry

5.1 Introduction

This chapter aims to detect early-stage lung tumours in deep-seated and superficial
locations, and to precisely measure the size of the detected tumour using non-invasive
microwave reflectometry over a super-wideband (SWB) frequency range. Human lung
phantom and lung tumours are modelled using a multi-layer concentric cylinder
structure, and spherical-shaped inclusions, respectively. Firstly, a study on the dielectric
properties of human torso tissues is carried out over an SWB frequency range of 1-25
GHz based on the Cole-Cole dispersion model. Intensive full-wave simulations of the
modelled phantom under irradiation by a custom-designed SWB antenna array are then
performed. Results show that small tumour sizes from 5 mm radius in both deep-seated
and superficial locations of the lung tissue can be detected based on the contrast of
reflection coefficients and reconstructed images produced from backscattered signals
between normal and anomalous tissues. The potential of using SWB microwave
reflectometry to successfully detect the lung tumours in their early stages and at

different depths of the lung tissue has been demonstrated.

The rest of this chapter is organized as follows. Section 5.2 reviews the related works.
Section 5.3 investigates the human torso dielectric properties over the SWB frequency
range. Section 5.4 models the human lung phantom and determines the optimal
separation distance between antenna elements and the lung phantom. Section 5.5
simulates the lung phantom embedded with tumour at various locations and discusses
the reflection coefficient results. The corresponding imaging results for deep-seated
lung tumour are presented in Section 5.6. Following that, the experimental results of
phantom properties and imaging setup are explored in section 5.7. Finally, Section 5.8

summarises the chapter.

5.2 Related Works

Generally, microwave reflectometry techniques are based on the dielectric contrast
between healthy and unhealthy tissues due to the biological difference between normal

and anomalous cells. Their performance depends highly on the employed antenna,



100
which is considered the key element in transmitting and receiving the backscattered
signals from the target object. The antenna’s parameters such as operating frequency
range (bandwidth), peak gain, radiation efficiency, and radiation pattern are the leading
factors that determine the capability and efficiency of microwave reflectometry
systems. A large covered bandwidth with low Si1 level (< —20 dB), high peak gain, and
stable radiation pattern are the utmost desired characteristics when designing the
system’s antenna [19]. Several cancer types can be detected using microwave
reflectometry with a proper selection of the operating frequency required for signal
penetration into human tissues. Previous studies found that the best operating
frequency range for detecting deep cancer types such as breast, brain, and lung cancers
is between 1-5 GHz to achieve good penetration and accurate detection. In [48], the
authors proposed two arrays with rectangular and spiral antennas with operating
frequencies between 2—4 GHz for breast cancer detection. In [98], a reconfigurable
metamaterial antenna was proposed and tested over the frequency range 2.5-3.2 GHz
similarly for breast cancer detection. An ultra-wideband (UWB) antenna was further

proposed in [39] to detect breast tumour over 2.3—11 GHz.

On the other hand, several researchers have studied the antenna types and frequency
ranges for detecting brain injuries (stroke, haemorrhages, and tumours). In [100], the
authors proposed a portable three-dimensional (3D) metamaterial antenna structure
operating in the frequency range of 1.12-2.5 GHz to detect brain haemorrhage. A
wearable head imaging system based on microwave reflectometry was presented in [36]
with 12 antenna elements operating between 1-4 GHz. The resolution of the imaging
system is highly related to the employment of large bandwidths and high frequencies.
With high frequencies, a reduced penetration will be obtained, which is preferable for
shallow cancer types such as skin cancer, where the required penetration inside human
tissues is only a few millimetres (mm) [20]. Several enhancements to the antenna design
in microwave reflectometry have also been introduced to improve system proficiency.
Recent studies have incorporated UWB and SWB technologies in microwave
reflectometry systems, leveraging on their high data rate, interference immunity, low
profile, and cost-effective properties [7, 75, 80]. Tumour detection based on the contrast
of reflection coefficients was introduced in [112, 126] for quick detection of head strokes

with promising results.
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5.3 Investigation of Human Torso Dielectric Properties

This research study has been accomplished in three work stages (WSs) as depicted in
Figure 5-1. The first stage (WS1) conducted a study into the Cole-Cole dispersion model
[103] to obtain the dielectric properties of human torso tissues over the SWB frequency
range between 1-25 GHz. In WS2, two cylindrical structures were designed using High-
Frequency Structural Simulator (HFSS) to model healthy and unhealthy (cancerous)
instances of human lung based on the obtained dielectric properties from WS1. Finally,
in WS3, we studied the effects of different tumour locations (deep-seated and
superficial) on the tumour detection performance by the SWB microwave reflectometry

system.

Since radio frequency (RF) signals can penetrate various human body layers with
different dielectric characteristics, it is crucial to design a precise human tissue model to
assess the backscattered signals from different tissue layers reliably. In this study, a
human lung phantom has been modelled using five cylindrical layers: skin, fat, muscle,
rib bone (cancellous), and lung (inflated). Each layer has a specific thickness and
frequency-dependent dielectric properties that can be found over our frequency range
of interest (1-25 GHz) for the proposed SWB microwave reflectometry system using the
well-known Cole-Cole model [90] based on the experimental data of human tissues. The
Cole-Cole model has four dispersion regions with different relaxation parameters that
could depict the superposition of different relaxation processes of biological structure.
So far, very few studies have been conducted on the dielectric properties of torso tissues

over the SWB frequency range.
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WS1

Study of Cole-Cole model over SWB frequency range
1-25 GHz to obtain dielctric properties of human
torso tissue layers

WS2

Modeling of human lung phantom with tumor
inclusion based on obtained dielectric properties
from WS1

WS3

Study the effects of different tumor locations inside
lung phantom model on tumor detection
performance

Figure 5- 1 Workflow stages for this study.

The dielectric properties of human tissues vary with signal frequency due to the
frequency-dependent polarization of atoms, electrons, and ions caused by the E-fields
in tissues. The following Cole-Cole equation can describe the frequency dispersion of the

dielectric properties of human tissues:

e(w) = ¢ <£ - i) = ¢ + Z fen + % (.1)
o \& 7 J wey s () 1+ (jot,) G- jwe,
n

where ¢, €, and g, are the relative complex permittivity, relative permittivity, and free
space permittivity, respectively; o; is the static ionic conductivity; & (n), Tn, @nd a, are
the static permittivity, relaxation time, and distribution parameter (a measure of
dispersion broadening), respectively, where n = {1 to 4} is the index representing each
of the four dispersion types in human tissues; and Ag,, = & (n41) — & (n) denotes the
dispersion magnitude. Using the parameter values in Table 5-1 for each tissue of the
human torso [91, 127], their corresponding dielectric properties can be found using the

Cole-Cole equation.
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Table 5- 1 Parameter values for each tissue of the human torso.

T1 ASZ T2 A£3 T3 A£4_ Ty G
Tissue &, Ag aq a; as ay 10-3)
(ps) (10%) (ns) (10%)  (us) (10° (ms) (
Skin 4 39 796 0.1 2.8 79.58 0 3 1.59 0.16 0.03 1592 0.2 0.4
159.1
Fat 2.5 3 796 0.2 0.15 1592 0.1 3.3 5 0.05 10 7.958 0.01 10
318.3
Muscle 4 50 7.23 0.1 70 3536 0.1 120 1 0.1 25 2.274 0 200
. 159.1
Rib bone 2.5 18 13.3 0.22 3 79.58 0.25 2 5 0.2 20 15.91 0 700
Lung 444 146 16.1 0.0001 6.46 3.22 0.il8 2.2 1559'1 0.18 10 7.958 0 84.2

The complex relative permittivity e(w) of each layer can be represented as €, — j&,
where ¢, and & are the real part, and imaginary part, respectively, and their ratio (/)
is defined as the loss tangent tand of each layer. Based on the above model, increasing
the frequency decreases the relative permittivity, but increases the conductivity and loss
tangent. From the above relations, the dielectric properties of unhealthy tissue (tumour)
will be higher than healthy tissue due to their higher fluid content. The relative
permittivity (&), conductivity o (S5/m), loss factor (), and loss tangent tand in the
frequency range of interest (1-25 GHz) can be predicted as shown in Figure 5-2. The
numerically obtained results for dielectric properties of human torso tissues are then
compared with those measured in [90] at different frequency points, and a very good
consistency is observed between them. Consequently, our results have addressed a
knowledge gap in the investigation of human torso dielectric properties over SWB

frequency range.
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Figure 5- 2 Dielectric properties of human torso and tumour issues: (a) Relative permittivity; (b)

Conductivity; (c) Loss factor; (d) Loss tangent.

5.4 Modelling of Human Lung Phantom

In literature, few works on lung cancer detection using microwave reflectometry can be

found due to several limitations. One of them is the lack of studies on lung tissue

dielectric properties. Another is the complexity of torso tissue layers that makes

detection based on RF backscattered signals challenging. In this study, we chose 3.8 GHz
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as the signal frequency for lung cancer detection based on contrast of reflection
coefficients, as it provides good signal penetration into human tissues. The lung
phantom was modelled as a concentric cylinder structure, each layer representing a
single human torso tissue with properties given in Table 5-2. The lung phantom has
dimensions of 82.31 cm circumference and 9 cm height, which mimic that of an adult
human lung. In addition, a spherical inclusion of radius 5—15 mm was inserted into the

phantom to represent an early-stage lung tumour as shown in Figure 5-3.

Table 5- 2 Physical and dielectric properties of lung phantom with tumour inclusion.

Tissue Thickness (mm) Relative dielectric constant &, Conductivity o (5/m) tan 6
Skin 3 36.8 2.15 0.283
Fat 2 10.4 0.453 0.211
Muscle 20 51.2 2.74 0.259
Rib Bone 6 17.2 1.28 0.361
Lung 100 19.7 1.21 0.298
Tumour 5-15 (radius) 61.8 5.454 0.428

In this section, the optimal separation distance between array antenna elements and
the lung phantom boundary is also investigated. Several simulations have been
conducted using different separation distances (5, 10, 15 mm) between array elements
and lung phantom along with simulation of array elements placed in free space. The
results in Figure 5-4 show that the first resonant frequency of array in free space occurs
at 3.8 GHz with return loss —32.31 dB. They also show that varying the distance between
array elements and lung phantom will mainly affect the first resonant frequency and
return loss level. For example, at 5 mm distance, the resonant frequency is shifted to
lower value 3.6 GHz and return loss worsens to —30.5 dB due to the higher reflections
from the high-permittivity skin layer. These strong reflections represent a clutter that
can easily mask the tumour, particularly when it is deep-seated and still small during the
early stage of disease. Increasing the distance to 15 mm resulted in shifting the resonant
frequency to 3.5 GHz with return loss of —48 dB. Here, skin reflections are mitigated but

the increased frequency shift mainly arises from the impedance mismatch between the
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antenna array and lung phantom. On the other hand, at 10 mm distance, good
impedance matching occurs at the boundary between lung phantom and array with the
first resonant frequency at 3.8 GHz (same as in free space) and return loss level of —36.14
dB. This represents the optimal separation distance that minimizes skin reflection effect
while achieving good impedance matching with lung phantom layer. All subsequent

results were thus based on 10 mm separation distance in the simulation setup.

5.5 Lung Anomaly Detection Based on SWB Microwave Reflectometry

In this section, we will discuss the capability of SWB microwave reflectometry system in
detecting lung anomaly, which can be caused by cancer or other conditions. In this work,
we consider the anomaly to be caused by an early-stage tumour of 15mm radius at
different locations of the lung. The detection setup consists of a custom-designed eight-
element SWB antenna array [25] operating in the frequency range of 1-25 GHz, 12 dBi
peak gain at boresight, and stable radiation pattern over the covered bandwidth. The
proposed antenna resonates at 3.8 GHz with a —36.2 dB return loss (|Si1|). Figure 5-5
shows the setup configuration around the lung phantom at a 10 mm distance from the
outermost skin layer. In pursuance of achieving low mutual coupling (< —20 dB) with
enhanced isolation between adjacent array elements, the array elements are spaced 45°
apart with 75.7 mm edge-to-edge separation between adjacent elements. Considering
the signal wavelength A at 3.8 GHz is 78.9 mm, the spacing ratio between array elements

is 75.7/78.9 = 0.959, which is approximately equal to A.

Figure 5-6 shows the mutual coupling between the eight array elements in terms of their
forward transmission coefficients. For improved readability, we plotted only the forward
transmission coefficients from antenna 1 to all other array elements (2-8), as
representative of the array’s transmission performance, since we found each of the
other array elements to exhibit a similar performance trend. The results confirm the low
mutual coupling between adjacent array elements, resulting in high isolation. In fact, all
transmission coefficients Sij (whereiand j={1to 8}; i # j) between eight array elements
are less than —30 dB over the covered bandwidth. Furthermore, the presence or absence

of the tumour inclusion does not seem to impact the isolation performance.
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(a) (b) (c)

Figure 5- 3 Concentric cylinder geometry of lung phantom model with spherical tumour

inclusion: (a) Top view; (b) Trimetric view; (c) Dimetric view.
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Figure 5- 4 Comparison between reflection coefficients of array elements placed in free space

and in front of a lung phantom at distance of: (a) 5 mm; (b) 10 mm; and (c) 15mm.
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Figure 5- 7 Comparison between reflection coefficients of healthy and unhealthy phantoms

when a 15 mm radius tumour is placed in the phantom’s centre.

5.5.1 Detection of Deep-Seated Lung Tumour

Intense simulations were conducted to verify the capability of the above system in

detecting early-stage lung tumour of different sizes and in different locations of the lung

tissue. Firstly, a 15 mm radius tumour is placed in the deep-seated centre location of the

phantom, where the tumour centre is 131 mm away in depth from each antenna

element. Then, a 5 mm radius tumour is placed in the same centre location to further

verify the capability of the system in detecting smaller size tumour. A comparison of the

reflection coefficients behaviour of eight array elements has been made between those

obtained from healthy and unhealthy phantom for both 15 mm and 5 mm radius

tumours as shown in Figures 5-7 and 5-8, respectively.
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Table 5- 3 Difference in reflection coefficient values (in dB) for phantoms with and without

tumour in the phantom’s centre at 3.8 GHz

Reflection Coefficient

Healthy phantom With 15 mm tumour (|A]) With 5 mm tumour (|A])

|S11]

|S22|

| S33]

| Saal

| Sss |

| Ses |

|S771

| Ses |

-33.37

-34.23

-34.30

-34.63

-35.37

-35.62

-36.10

-35.60

-31.20 (2.17)

-25.70 (8.53)

-31.30 (3.00)

-31.32 (3.31)

-32.05 (3.32)

-31.19 (4.43)

-31.18 (4.92)

-31.76 (3.84)

-30.26 (3.11)

-32.37 (1.86)

-27.27 (7.03)

-32.49 (2.14)

-33.05 (2.32)

-33.48 (2.14)

-32.68 (3.42)

-33.68 (1.92)
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Figure 5- 8 Comparison between reflection coefficients of healthy and unhealthy phantoms

when a 5 mm radius tumour is placed in the phantom’s centre.
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The results revealed that the unhealthy phantom with different sizes of deep-seated
tumour placed at 131 mm depth introduced higher reflection than those from the
healthy one, which can be attributed to the higher dielectric properties of the tumour
mass compared with healthy tissues. This illustrates that the proposed system can
detect tumours as small as 5 mm radius simply based on the contrast of reflection
coefficients. Table 5-3 shows the obtained reflection coefficient values from both
phantoms (healthy and unhealthy) and their absolute difference |A| at 3.8 GHz. It can
be observed that the minimum and maximum absolute differences in reflection
coefficient are 1.86 dB, and 7.03 dB, respectively, which enable good differentiation

between healthy and unhealthy tissues.

5.5.2 Detection of Superficially-Located Lung Tumour

Having verified the capability of the proposed system to detect different size tumours in
the deepest depth of the lung, i.e. in the phantom’s centre, we next verify the capability
of the system to detect a 15 mm radius tumour at different superficial locations in the
lung. We sweep the frequency from 1-5 GHz, which contains the signal frequency of
interest at 3.8 GHz. Figure 5-9 depicts eight superficial locations of the tumour inside
the phantom, each corresponding to its proximity to one array element. In each location,
the separation between array element and tumour was 61 mm from tumour’s centre,
i.e., the distance between the tumour edge and the outer surface of the lung layer is 5

mm.

The results show that each array element is capable of lung tumour detection when the
tumour is placed close to other array elements. Table 5-4 lists the difference in reflection
coefficient values obtained at 3.8 GHz between phantoms with and without tumour for
each location. The minimum and maximum absolute differences in reflection
coefficients are found to be 1.44 dB, and 9.03 dB, respectively, ensuring good
differentiation between healthy and unhealthy tissues. Figure 5-10 shows the same

results but in graphical form to illustrate the concluded data pattern.
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Figure 5- 9 Comparison between reflection coefficients of healthy and unhealthy phantoms
when a 15mm radius tumour is placed: (a) near antenna 1 (Case 1); (b) near antenna 2 (Case
2); (c) near antenna 3 (Case 3); (d) near antenna 4 (Case 4); (e) near antenna 5 (Case 5); (f)

near antenna 6 (Case 6); (g) near antenna 7 (Case 7); and (h) near antenna 8 (Case 8)

It shows the potential of not only detecting the presence of a tumour, but also predicting
its location based solely on the reflection coefficient results. This pattern is only valid for
the array configuration shown in Figure 5-5 (a). It predicts the tumour’s location in terms
of its proximity to certain array element that correlates with a high contrast of reflection
coefficients (> 7 dB). For instance, an obtained high|AS22|value predicts the tumour
could be located near antennas 3 and 8, while a high |ASss|value predicts the tumour

could be in the proximity of antennas 2 and 6, and so on.
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Figure 5- 10 Data pattern showing the difference in reflection coefficient values when tumour is

placed at different superficial locations.

Table 5- 4 Difference in reflection coefficient values between phantoms with and without

tumour for each superficial location.

A Reflection Casel Case2 Case3 Case4 Case5 Case6 Case7 Case8
Coefficient  (dB) (dB) (dB) (dB) (dB) (dB) (dB) (dB)
| AS11| 2.65 2.40 1.44 1.5 2.33 3.2 3.22 2.78
| AS | 3.54 3.65 7.4 2.55 3.43 3.92 4.26 8.72
| AS3s3| 8.36 7.81 7.67 2.37 3.88 4.05 4.28 7.94
| ASaa| 3.74 3.07 2.87 6.49 3.23 4.36 4.29 3.45
| ASss | 3.71 8.65 3.49 7.45 2.89 8.34 8.79 8.55
| ASes | 4.04 6.15 4.39 1.84 4.77 2.68 3.79 5.10
| AS77] 4.9 5.20 431 2.38 4.56 5.01 4.25 4.47
| ASss | 5.12 8.47 4.1 2.27 431 9.03 4.8 3.35
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5.6 Reconstructed Imaging Results

In this section, tumour images were produced using a radar-based imaging technique,
which relies on reconstructing energy map of backscattered signals within the lung
phantom. Tumour tissues often exhibit higher water content that corresponds to higher
dielectric properties than healthy tissues. Hence, greater signal reflections will occur at
the tumour boundaries and these scatterers will result in high image energy. Image
resolution is one of the key factors that potentially controls the efficiency of microwave
imaging system, which in turn is highly dependent on the operating bandwidth of the
system antenna. Employing a SWB antenna will result in high resolution images of the
lung phantom. Consequently, more accurate detection of lung cancer. Two confocal
beamforming algorithms: Delay and Sum (DAS); and Delay Multiply and Sum (DMAS)
with subtraction clutter removal based on MERIT open-source software [54, 128] were
used to reconstruct the images of two deep-seated lung tumours of 5 mm and 15 mm
radius located at 131 mm depth of a lung phantom; using backscattering datasets
(reflection coefficient data) acquired over a super-wide frequency range, as detailly

discussed in Section 5.

The 2D images of the torso phantom are generated using the DMAS algorithm, which is
a beamforming confocal imaging algorithm known to be able to localise malignant lesion
accurately while reducing background clutter [54, 129]. This technique is based on
antenna pair multiplication before the summation of reflected signals measured at
different antenna positions. The obtained S-parameters are processed using DMAS and

an artefact removal technique described by (5.2):

sm(t) = xp () — x5 (¢) (5.2)

where s,,(t) is the resultant reflected signal after the artefact removal, xY, (t) and
xH (t) are the recorded signals from the unhealthy phantom, and healthy phantom,

respectively.

The artefact usually consists of reflections of the incident wave from the interface
between the skin and torso, and some residual antenna reverberation. Failure to
eliminate this artefact could mask tumours that may be present in the lung, resulting in

unsuccessful detection. Acommonly employed signal preprocessing method for artefact
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removal is to perform a subtraction between two sets of S-parameter data: one acquired
under no tumour (healthy phantom); and the other acquired under tumour (unhealthy
phantom). This eliminates the common background clutter from the two datasets,

resulting in enhanced tumour response.
The reconstructed image can be generated using (5.3):

M-1 M
=) > sultn@lsalta@)] >

where I(r) is the intensity value at point r (position of pixel in the phantom space), M
is the number of antenna positions used in the scan, s,, is the delayed reflected signal
measured at m!" position, s,, is the delayed paired signal of s,, measured at n‘"
position. In this process, the delayed reflected and paired signals are multiplied before
being summed. This increases the sample size, which leads to improved clutter
reduction, but also longer computation time. The t,,,(r) and t,,(r) are the time-of-flight
of s,,, and s, respectively, as defined in (5.4), r,,, and r,, are the mt", and nt"antenna
position, respectively, and v is the average signal propagation speed of in the phantom
space.

E ) =2 lr— 1, (5.4a)

L) =2 |r— 1, (5.4b)

The performance of the above algorithms in locating the tumours and predicting their
sizes are shown in Figures 5-11 and 5-12. The tumour size is measured from the
reconstructed images based on the areas that represent the higher signal scattering,
which are indicated in red in both DAS and DMAS images. In Figure 5-11(a), the location
of the 15 mm radius tumour is accurately identified with a slightly higher predicted size
of 16 mm radius using the DAS algorithm. A higher resolution of detection can be
observed in Figure 5-11(b) and the predicted tumour size is slightly lower at 14 mm
radius using the DMAS algorithm. In Figure 5-12(a), the smaller tumour of 5 mm radius
is correctly located but with a much larger predicted size of 9 mm radius using DAS.

Likewise, for DMAS with a predicted size of 8 mm radius as shown in Figure 5-12(b).
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By analysing mean absolute percentage error (MAPE) of the predicted sizes as shown in
Table 5-5, it can be seen that the system can predict with good accuracy using DAS or
DMAS for the larger tumour of 15 mm radius as MAPE is relatively low. However,
prediction is still challenging for the smaller tumour of 5 mm radius, although the MAPE

results suggest that DMAS could be the better of the two algorithms.

After analysing the performance of the proposed system for lung tumour detection, a
comparison between this work and previous works is given in Table 5-6. It can be
concluded that this work is the first to introduce the concept of SWB microwave
reflectometry for lung tumour detection. It is also the first to investigate in depth the
lung anomaly detection based on contrast of reflection coefficients from different array
elements, which provided quick detection without the need for complex processing of
backscattered data. Furthermore, the capability to measure different tumour sizes in
both deep-seated and superficial locations is demonstrated for the first time, which
enables the assessment of the disease stage and the corresponding treatment options

for lung cancer patients.

[X.Z] [-0.013 0.001] [X.Z] [0.015 0.001]
Index 3108.17 Index 3255.73

[X.Z] [-0.015 0.001] [X.Z] [0.017 0.001]
Index 187.043 Index 181.565

‘02 .04 0 0.1 02 04 0 0.1 0
X (m) X (m)

(a) (b)

Figure 5- 11 Imaging results of lung phantom with deep-seated 15 mm radius tumour using

two beamformers: (a) DAS; and (b) DMAS.
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Figure 5- 12 Imaging results of lung phantom with deep-seated 5 mm tumour using two

beamformers: (a) DAS; and (b) DMAS.

Table 5- 5 MAPE of predicted tumour sizes from reconstructed images by DAS and DMAS

Real tumour Predicted radius Predicted radius  MAPE (DAS)  MAPE (DMAS)

radius (DAS) (DMAS)
5 mm 9 mm 8 mm 80% 60%
15 mm 16 mm 14 mm 6.66% 6.66%

Table 5- 6 Comparison between this work and previous works on microwave reflectometry-

based lung tumour detection

Fre Tumour Type of antenna(s)  Tumour detection Tumour
Ref. (GHq.) detection
z size deployed depth accuracy
10 mm
[17] 1.5-3 1x rotated antenna N/A Accurate
radius around the phantom
5mm
[18] 10 2x Vivaldi antenna  Superficial (60 mm) Weak detection
radius
15mL
[19] 1-5 2x horn TX antenna, Superficial (50 mm) Accurate
2x Vivaldi RX antenna

(tube shaped)




120

4,10 mm 1x circular shaped
[20] 3-4 60 mm Weak detection
radius antenna
2x elliptical shaped
[21] 3-10.7 N/A 70 mm Weak detection
antenna
1x cupcake shaped
[22] 2.9-12 N/A N/A Weak detection
antenna
Accurate with
This 5,15mm  8x custom-designed Deep-seated (141 size
work 2.45-25 . SWB array element mm) Superficial measurement
radius around the phantom (61mm)
capability

5.7 Experimental Investigation of Lung Cancer Detection

This section presents the construction of the human torso phantom, the experimental

outcomes, and the imaging setup designed for deep-seated lung tumour detection.

5.7.1 Phantom Preparation and Dielectric Properties Measurement

In order to build a phantom that mimics the composition and the dielectric properties
of human torso layers, several experiments were conducted using different mixtures

and materials across the operational frequency range of the suggested SWB antenna.

In this phase of the measurement process, the free space method is employed, utilising
two identical antennas, Tx and Ry, covering the specified frequency range. These
antennas are positioned at a separation distance of 760 mm to facilitate far-field
measurements. The measurement procedure entails the utilisation of a large, flat
Material Under Test (MUT) featuring two antennas oriented towards it, both linked to a
vector network analyser (VNA). Before the measurement, VNA calibration is essential.
After successful calibration, moving forward with the measurement involves capturing
the S-parameters of an empty sample holder, which is positioned equidistantly between
the antennas, specifically at a distance of 380 mm from each antenna. Subsequently, the
MUT is positioned on the sample holder between the antennas, and the S-parameter
measurement is repeated. Employing a subtraction technique, the impact of the sample

holder can be eliminated, enabling to isolate and determine the S-parameters
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completely for the MUT. This, in turn, facilitates the determination of both the reflection

and transmission coefficients for the MUT.

To process the acquired data and extract the dielectric properties, the Nicolson-Ross-
Weir (NRW) method [130] is implemented, which necessitates the measurement of
scattering parameters (S-parameters) for the Material Under Test (MUT) both with and
without the presence of the material. The measured thickness of various MUT’s was
recorded, as this measurement is essential for converting S;; to gamma (I') and S,; to
the transmission coefficient (T'). These conversions enable the extraction of the key
properties of the MUT, including its complex relative permittivity, loss tangent, and

conductivity [131]:

o r'(1—T? (5.2a)
171 -r2r2)
. T(1-T?) (5.2b)
21T 1 —r212)

where S;; and S,; can be obtained directly from VNA, the quantities I and T can be
determined in terms of the measured S;; and S,; by rearranging (5.2a and b). Then T

can be eliminated from the above equations, resulting in quadratic equation for I':
[?2—-2rXx+1=0 (5.3a)
where'=X+VX%2—-1 and | <1

The correct root of I' in terms of S-parameters is:

1—55%+ 51,7 (5.3b)
X =
2511
Then the transmission coefficient can be found using:

_ S11+ 85 -T (5.4)
1= (811 + 50T

Then the complex permittivity €* and the loss tangent tané can be calculated as:
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. A1 [ 1 l (1)}2 (5.5a)
T\ 2m '\
- Aﬂ(ﬂ) (5.5b)
b ="1\1_r
1 (5.5¢)
1 (g*yr* (5.5d)
A2\ 12

where 4, , A, and 4,4 are the free space, the cut-off and the sample wavelength,
respectively, u,* is the complex permeability and L is the sample thickness. Since the
free space method is deployed in the dielectric properties measurement, A, is expressed

as infinite and the cut-off frequency f is evaluated as zero [132, 133].

After the evaluation of the complex permittivity €* = ¢, — j¢; , where ¢, and ¢; are the
real and imaginary parts of relative permittivity, respectively, tand = ¢;/¢, and the

conductivity o can be deduced using:
0 =§& EW (5.6)

where g, is the free space permittivity (8.52x10*?F/m) and w is the angular frequency

(w = 21f).

Various measurements were conducted using different material mixtures to evaluate
the dielectric properties of the human torso phantom as listed in Table 5-7 and

presented in Figure 5-13.

Table 5- 7 Measured properties of different layers for human torso phantom

Layers Sample thickness (L) Tissue equivalent material (Ratio)

Skin 40 mm Gelatine + Water (1:1.5) [14]

Fat 40 mm Paraffin wax [134, 135]
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Rib Bone 15 mm Plaster of Paris [136, 137]
(Cancellous)

Muscle 55 mm Gelatine + Water (1:2.5) [14]

Lung (Inflated) 44 mm Gelatine + Water (1:1) [14]

Ix 760 mm

(a) (b)

Figure 5- 13 Free space dielectric properties measurement of MUT: (a) without MUT; and (b)
with MUT.

Figure 5-14 represents the dielectric properties results of different tissue equivalent
materials over the frequency band 1 to 40 GHz, where the relative permittivity tends to
decrease with increasing the operating frequency. However, the conductivity shows
opposite behaviour where it increases with increasing frequency. The results
demonstrate good agreement between the dielectric properties obtained through
simulation of Cole-Cole model and the actual measured data of the corresponding

mixtures.
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Figure 5- 14 Simulated Cole-Cole dielectric properties (a, c, e); measured dielectric properties (b,

d f).

5.7.2 Imaging Experiment

For the purpose of detecting lung tumour located deep within the lung tissue, precisely
at the centre, two human torso phantoms were constructed. One of these phantoms
contained a tumour embedded at the centre, while the other represented a healthy
scenario with no tumour present. To represent the tumour, a red grape was employed
with a 12.5 mm radius (25 mm diameter), which has been recognised in the literature
as a suitable equivalent to tumour tissue [138, 139]. In Figure 5-15, the dimensions of
the created phantom and the procedure for inserting the tumour can be observed. To
set up the imaging configuration, the phantom was positioned on a rotatable platform
with a radius of 13.1 cm (diameter of 26.2 cm). Eight SWB elements from the proposed
antennas were arranged in a circular configuration around the fabricated phantom, each
separated by 45 degrees. A consistent 1 cm separation was maintained between each
antenna element and the target object. The imaging setup, as illustrated in Figure 5-16,
involves connecting port 1 of the VNA to the transmitting antenna, while port 2 is linked
to the common port of the SP6T PE71S6332 Pasternack RF switch, which operates across
a frequency range from DC to 40 GHz. In this multistatic approach, signals received from

the other 7 antenna elements connected to the RF switch are recorded. Subsequently,



126
the transmitting antenna is switched to another element to complete the entire

measurement process.

This procedure was executed for both fabricated phantoms, the healthy one and the
cancerous one. Following this, an artifact removal technique was applied by subtracting
the recorded signals obtained from the healthy phantom from those acquired using the
cancerous phantom. The backscattered signals collected from all antenna elements
were compared over the operational frequency range of the proposed SWB antenna,
across 3.1 to 40 GHz. This comparison was conducted using two phantom scenarios: one
representing a healthy state and the other simulating a cancerous condition. The

outcomes of this comparison are depicted in Figure 5-17.

«——— Skin,24.2cm ———

+«— Fat,23.6 cm ————»
Muscle, 23.2 cm

Bone,19.2 cm
Lung, 18cm

(a) (b)

Figure 5- 15 Constructed phantom of human torso: (a) phantom dimensions; and (b) tumour

insertion.
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Figure 5- 17 Measured reflection coefficients data collected from eight antennas around the
phantom, (a)zoomed-view at the first resonant frequency; (b) zoomed-view at the second

resonant frequency.
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The presented results indicate that the reflected signals obtained from the cancerous
phantom exhibit higher reflection when compared with those obtained from the healthy
phantom. This observation aligns with the expected behaviour due to the higher
dielectric properties of cancerous tissues compared to the healthy structures which is
related to the higher water content. Notably, this distinction is most prominent at the
initial resonant frequencies. In addition, a slight shift in frequency is observed between
the collected signals from two phantoms especially at the first resonant frequency.
However, as we move to higher frequencies, there is a decrease in signal penetration
and an increase in attenuation which affect the behaviour of the signals collected from

both phantoms.

Furthermore, the recorded backscattered signals obtained from the circular antenna
array undergo additional processing via two beamforming algorithms, DAS and DMAS.
Figures 5-18(a, b) and 5-19(a, b) display the resulting 2D reconstructed images of the
constructed healthy and unhealthy human torso phantom, respectively. Figures 5-19(a,
b) demonstrates the successful detection of the deep-seated tumour using both
algorithms. Notably, DMAS exhibits higher image resolution and provides a more precise

estimation of the tumour's size when compared to DAS, as detailed in Table 5-8.
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Figure 5- 18 Reconstructed 2D images of the fabricated healthy human torso phantom using:

(a)DAS; and (b)DMAS beamforming algorithms.
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Figure 5- 19 Reconstructed 2D images of the fabricated unhealthy human torso phantom using:

(a)DAS; and (b)DMAS beamforming algorithms.

Table 5- 8 Percentage error of deep-seated lung tumour detection using DAS and DMAS

Imaging Real tumour Detected tumour % Error
Algorithm radius radius
DAS 12.5 mm 13.75 mm 10%
DMAS 12.5mm 12 mm 4%

5.8 SWB VS UWB Imaging

In this section, we evaluate the impact of an antenna’s bandwidth on the imaging
performance by comparing the outcomes of utilising super-wide imaging bandwidth to
that of utilising ultra-wide imaging bandwidth for lung tumor detection. We chose to
compare in the context of detecting lung tumors as this type of cancer presents more
detection challenges due to their deep-seated location. To enable a direct comparison
between the two cases, instead of using a separate representative UWB antenna to
perform UWB imaging that could be affected by the different design and construction

of the antenna and not just its bandwidth, the same imaging setup for SWB imaging is
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employed for UWB imaging, and the same subtraction technique is utilised where the
recorded signals obtained using the healthy phantom are subtracted from those using
the unhealthy phantom. However, the range of frequency sweep is changed to reflect
an ultra-wide bandwidth. Specifically, we utilise the following frequency ranges: (i)
3.1-40 GHz with 171.23% fractional bandwidth (FBW) for SWB imaging as in our earlier
sections; and (ii) 3.1-10 GHz with 105.3% FBW for UWB imaging in this work. This choice
of frequency range for UWB imaging is based on recommendations from previous
studies on lung and other deep tumour detection [39]. The designed SWB antenna has
an impedance bandwidth of 36.9 GHz (|S::]| < —10 dB), peak realised gain of 3.5 - 6.2
dBi, stable omnidirectional radiation pattern, 97% radiation efficiency, and low cross-

polarization level (< —40 dB) within the selected ultra-wide bandwidth.

For a proper comparison between images reconstructed using different imaging
bandwidths (SWB and UWB), we employ the SCR metric, which is defined as the ratio of
tumour intensity to the clutter intensity in the reconstructed image. Figures 5-20 and
Figure 5-21 show the reconstructed images of both cases by DAS, and DMAS algorithm,
respectively. The images by SWB imaging have clearer tumour indication and less clutter
(light blue and green shades) than those by UWB imaging, affirming that the super-wide

bandwidth has enhanced the spatial resolution of the images.

The results in Table 5-9 quantify this enhancement. It shows that SWB imaging can

outperform UWB imaging in terms of SCR by up to 84.4%.
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Figure 5- 20 Reconstructed images of lung tumour using DAS by: (a) SWB imaging; and (b) UWB

imaging.
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Figure 5- 21 Reconstructed images of lung tumour using DMAS by: (a) SWB imaging; and (b)

UWB imaging.
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Table 5- 9 SCR of SWB and UWB imaging of lung tumour

Beamforming SCR of SCR of Percentage
Algorithm Improvement
SWB (dB) UWSB (dB)
DAS 13.97 9.5 47.1%
DMAS 26 14.1 84.4%
59 Summary

This chapter presented a study of dielectric properties of human torso and lung cancer
detection based on SWB microwave reflectometry. The obtained dielectric and
conducting properties were used to design a phantom model that mimics the biological
structure of an adult size human torso. A custom-designed 8-element SWB conformal
array set up around the lung phantom was simulated and measured for detecting
tumour lesion in both deep and superficial locations. A quick detection was successfully
achieved based on the contrast of reflection coefficients between normal and
anomalous tissues. A data pattern was further presented to explore the capability of
such a detection method for localising the tumour with respect to the array element
locations. Furthermore, images of the lung phantom with deep-seated tumour inclusion
of different sizes were reconstructed with remarkably enhanced resolution due to using
backscattering datasets acquired over a super-wide frequency range. Accurate
detection, localisation, and size measurement of deep-seated tumour inclusion was

validated using DAS and DMAS beamforming algorithms.
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Chapter 6 In-Situ Skin Cancer Detection

6.1 Introduction

This chapter examines the potential of an imaging system based on a SWB antenna for
detecting early-stage skin cancer. The structure of this chapter is as follows: In section
6.2, we present the setup for imaging in a simulated environment, including details
about the trunk phantom used. Section 6.3 involves the analysis and discussion of S-
parameter results. Following that, in section 6.4, we introduce the image reconstruction
technique and showcase the reconstructed images. Section 6.5 explores the early-stage
skin cancer detection within an actual measurement setting. Finally, section 6.6

summarises the chapter.

6.2 Phantom Modelling for Skin Cancer Detection

In this section, we modelled a human trunk phantom with tumour lesion using a
cylindrical structure consisting of six tissue layers (skin, fat, muscle, cancellous bone,
lung and skin cancer inclusion). The modelled phantom mimics an adult size torso with
a perimeter of 82.3 cm. The skin tumour is further modelled as a cylindrical disc of 7.5
mm radius, 1 mm thickness, and embedded at a depth of 1Imm below the external skin
tissue. Figure 6-1 shows the structure and dimensions of our phantom. A simulated
study is performed using Ansys HFSS where eight SWB antenna elements are positioned
uniformly around the phantom and at a distance of 10 mm away from the skin layer as
shown in Figure 6-2. The skin tumour is placed near to Antenna 1. The dielectric
properties of each phantom layer are calculated using the Cole-Cole model [140] and
listed in Table 6-1. The properties are calculated at a frequency of 7.8 GHz, which
corresponds to the second resonant frequency of our SWB antenna, and where the
signal wavelength provides suitable penetration depth for skin cancer detection while

not incurring excessive frequency-related attenuation.
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Table 6- 1 Dielectric properties of trunk phantom with tumour using Cole-Cole model at 7.8 GHz

Tissue Relative Permittivity &,  Conductivity o (S/m) Loss tangent tand
Skin 33.36 5.6 0.388
Fat 9.32 1.24 0.306
Muscle 45.74 7.55 0.379
Cancellous bone 13.95 2.98 0.492
Inflated Lung 17.36 3.05 0.405
Tumour 51.01 9.67 0.437

6.3 S-Parameters Results

In this section, we present a comparison between simulated S-parameters of the healthy
phantom (without skin tumour) and unhealthy phantom (with skin tumour). It should
be noted that the dielectric properties of cancerous tissue would tend to be higher than
those of normal tissues, due to the higher water and oil content in the malignant lesions.
Figure 6-3 shows the magnitude of reflection coefficients (|S;1| to |Sgg |) from all eight
antennas, while Figure 6-4 shows their zoomed-in responses at 3.8 GHz, 7.8 GHz, and
14.8 GHz, which represent the first, second, and third resonant frequencies of the
antenna, respectively. It can be observed that the unhealthy phantom shows higher
reflection compared to the healthy phantom at all three resonant frequencies. The
largest observed difference in reflection response between healthy and unhealthy
phantomsis ~ 6.8 dB, attributed by Antenna 1, i.e. the antenna nearest to and facing the
cancerous lesion; and expectedly occurs at the second resonant frequency (same
frequency for calculating the phantom’s dielectric properties). This difference in
reflection response is due to the significant influence of constituent water content in the

malignant lesions.
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Figure 6- 3 Magnitude of reflection coefficients of all eight antennas from healthy and unhealthy

phantoms

Figure 6-5 shows the corresponding magnitude of transmission coefficients, which
reflect the degree of undesired mutual coupling between antenna elements in the
circular array. For improved presentation, we plotted only forward transmission
coefficients from all but one array elements (Antenna 2, 3, .8) to Antenna 1, since the
reversed transmission coefficients from Antenna 1 to all other array elements are found
to exhibit a similar performance trend. It is observed that a low mutual coupling of below
-30 dB, i.e. good isolation between array elements, is preserved over the entire covered
bandwidth. Comparing between the healthy and unhealthy phantom, it is also evident
that the transmission coefficients in the case of healthy phantom are slightly better
(implying lower loss). This observation is consistent with the known effect of tumour

lesion, which is the high scattering of signals.
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6.4 Image Reconstruction

In this section, 2D images of the trunk phantom are generated using the DMAS
algorithm, the image reconstruction process is implemented on both healthy and
unhealthy phantoms. Figure 6-6 shows the reconstructed image of the healthy phantom
where X and Z are the image axes, corresponding to the horizontal plane, and vertical

plane in the phantom space, respectively.
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Figure 6- 6 Reconstructed image of healthy phantom using S-parameters obtained in the

frequency range of 2.5-20 GHz.

The images of the tumour lesions in unhealthy phantom are obtained using simulated
S-parameter data. The image in Figure 6-7 is using S-parameters acquired over a
relatively small, covered bandwidth of 7.5 GHz in the frequency range of 2.5-10 GHz.
The detected tumour in this scenario is 8.65 mm in radius and 1.4 mm thickness below
the skin layer. Another image in Figure 6-8 is using S-parameters acquired over a wider
covered bandwidth of 17.5 GHz in the frequency range of 2.5-20 GHz. It is generated
with enhanced clutter removal and improved resolution due to the bandwidth
enlargement. The detected tumour in this scenario is 8 mm in radius and 1.3 mm
thickness below the skin layer. The centre of the detected tumour is estimated to be

located at (0, 154.3) mm in both scenarios.
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The actual radius, thickness, and location of the tumour are 7.5 mm, 1 mm, and (O,
154.5) mm, respectively. The corresponding percentage errors are calculated as shown
in Table 6-2. It can be observed that both scenarios could result in successful tumour
detection and localisation. However, utilising a wider covered bandwidth and higher
frequency data points expectedly results in better image resolution and consequently

more accurate estimation in terms of the tumour’s radius and thickness.

Table 6- 2 Percentage Error

Covered Estimated Absolute
Parameter Percentage error
bandwidth result error
17.5 GHz 8 mm 1 mm 6.66%
Radius
7.5 GHz 8.65 mm 2.3 mm 15.33%
17.5 GHz 1.3 mm 0.3 mm 30%
Thickness
7.5 GHz 1.4 mm 0.4 mm 40%
17.5 GHz (0, 154.3) (0,0.2)
Location 0.13%
7.5 GHz mm mm

16
- °
- N, N

R N

} 17.3 mm
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.
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Figure 6- 7 Reconstructed image of unhealthy phantom using S-parameters obtained in the

frequency range of 2.5—10 GHz.
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frequency range of 2.5-20 GHz.

6.5 Experimental Investigation of In-Situ Skin Cancer Detection

In this section, real experiments were performed in free space to evaluate the previous
finding in the simulated imaging setup and to validate the capability of the proposed
SWB antenna array system in detecting several tumour types and locations. A trunk
phantom is constructed using five layers (skin, fat, muscle, rib bone and lung) composed
of mimicking mixtures. For the purpose of this section, the same phantom composition
that was initially designed for lung tumour detection was utilised to assess the capability
of the proposed SWB antenna in detecting various types and locations of tumours. The
imaging setup, as shown in Figure 6-9, involved the use of two phantoms. One was a
healthy phantom, without any tumour inclusion, while the other was a cancerous
phantom with a tumour embedded in the external skin layer of the fabricated trunk
phantom. In the latter case, a grape slice with dimensions of 1 mm thickness and 10 mm
radius was inserted into the healthy phantom after recording the measurements. The

imaging setup for in-situ skin cancer detection is illustrated in Figure 6-10.

where the phantom was positioned on a rotatable platform with a radius of 13.1 cm
(diameter of 26.2 cm). Eight SWB elements from the proposed antennas were arranged
in a circular configuration around the fabricated phantom, each separated by 45
degrees. A consistent 1 cm separation was maintained between each antenna element

and the target object. The imaging setup, as shown in Figure 6-10, involves connecting
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port 1 of the VNA to the transmitting antenna, while port 2 is linked to the common port
of the SP6T PE71S6332 Pasternack RF switch, which operates across a frequency range
from DC to 40 GHz. In this multistatic approach, signals received from the other 7
antenna elements connected to the RF switch are recorded. Subsequently, the
transmitting antenna is switched to another element to complete the entire

measurement process.

This procedure was executed for both fabricated phantoms, the healthy one and the
cancerous one. Following this, an artifact removal technique was applied by subtracting
the recorded signals obtained from the healthy phantom from those acquired using the
cancerous phantom. The backscattered signals collected from all antenna elements
were compared over the operational frequency range of the proposed SWB antenna,

across 3.1 to 40 GHz.

(a) (b)

Figure 6- 9 Constructed human trunk phantoms for skin cancer detection: (a)healthy phantom;

(b)cancerous phantom with tumour inclusion.
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Figure 6- 10 In-situ skin cancer detection experimental setup.

The acquired reflection coefficient from the antenna that is directly mounted toward the
inserted tumour is compared with the one obtained from the healthy phantom as
illustrated in Figure 6-13. The results show that the reflected signal from the cancerous
phantom shows higher reflection compared to the one acquired from the healthy
phantom. It is observed that the reflected signal from the cancerous phantom is shifted in

frequency to the lower band especially at the first and the second resonant frequencies.
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Figure 6- 11 Measured reflection Coefficient at antenna 1 facing the skin tumour.
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Observing the data, it's evident that the |S;,| level is -21 dB at 6.8 GHz for the cancerous
phantom, whereas it indicates -22.6 dB at 7.5 GHz for the healthy phantom. This
discrepancy reveals a frequency shift of 0.7 GHz, attributable to the presence of the skin
tumour. Then, the recorded signals from all array elements are further processed using
two confocal beamforming algorithms, namely DAS and DMAS. The resultant images
clearly demonstrate the successful detection of skin cancer using both algorithms.
However, it is worth highlighting that DMAS exhibits a superior ability to accurately
determine the tumour size, in addition to providing enhanced resolution when compared
to DAS. Notably, the utilisation of a super wide bandwidth over the range 3.1 to 40 GHz
contributed to the improved resolution of the reconstructed images in both the DAS and
DMAS algorithms. For the assessment of in-situ skin cancer detection, the percentage
error was calculated for the data acquired using DAS and DMAS, with the results

presented in Table 6-3.
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Figure 6- 12 Reconstructed images of skin cancer detection measurement using two

beamforming algorithms: (a)DAS; (b)DMAS.
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Table 6- 3 Percentage error of in-situ skin cancer detection using DAS and DMAS

Imaging Real tumour Detected tumour % Error
Algorithm radius radius
DAS 10 mm 9 mm 10%
DMAS 10 mm 9.5 mm 5%
6.6 Summary

In this chapter, we investigated the capability of a SWB antenna array system in
detecting in-situ skin cancer through S-parameter analysis and microwave imaging with
high resolution. The analysis of the S-parameter results shows notable differences
between the backscattered signals from healthy and unhealthy phantoms due to the
dielectric contrast. The proposed system shows promising results in detecting and
localising early-stage skin tumour with 7.5 mm radius and 1 mm thickness. In future
work, a real experimental measurement will be conducted on a fabricated trunk
phantom that mimics the dielectric properties of human tissues across a super wide

bandwidth in the frequency range from 2.45—35.4 GHz.
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Chapter 7 Conclusion and Recommendations for Future Work

7.1 Conclusion

This research and thesis focuses on the development of a super wideband (SWB)
antenna designed to operate in the frequency range of 3.1 to 40 GHz for medical imaging
applications. The research primarily focuses on three key areas: enhancing the
performance of biomedical antennas, refining the accuracy of equivalent circuit
modelling, and investigating the potential of SWB antennas in effectively detecting
various types of tumours, particularly in their early stages.

The initial three chapters provide an introduction to the research, background context,
and an extensive review of related literature. Chapter 4 discussed the exploration of a
novel fractal-loaded slot SWB antenna designed for medical imaging applications. This
chapter involves various testing of critical performance parameters and an in-depth
examination of accurate lumped element circuit modelling across a frequency range of
2.5 to 40 GHz.

Chapter 5 studied the evaluation of the proposed SWB antenna's efficacy in the
detection of lung tumours, with a focus on using a circular array system. The research
within this chapter entails both simulation and experimental approaches, including the
investigation of dielectric properties of the layers comprising a human torso phantom
using Nicolson-Ross-Weir (NRW) conversion techniques. Multiple studies involving
different tumour sizes and locations are conducted, with a special emphasis on early-
stage tumour detection. A human-sized torso phantom, constructed from various tissue-
equivalent materials, is utilised for these measurements. Notably, a deep-seated lung
tumour, measuring 12.5 mm in radius and positioned at the phantom's centre, is
successfully detected and imaged using two beamforming algorithms. The utilisation of
super wide bandwidth yields successful detection and high-resolution image generation.
In Chapter 6, the proposed SWB antenna, arranged in a circular array configuration, is
subjected to testing for another type of tumour, particularly skin cancer, with a special
focus on early-stage detection of this serious disease. Several simulation and
measurement experiments are conducted using a small-sized tumour with defined
thickness, placed on the external skin layer. Data acquired from the measurement of a

grape slice, measuring 10 mm in radius and 1 mm in thickness, demonstrate successful
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detection and enhanced image resolution, validating the antenna's adaptability for

different medical imaging applications.

7.2 Contributions

A novel SWB antenna design was introduced and optimised for microwave
reflectometry to enhance the detection of early-stage tumours. The antenna,
featuring dimensions of 40x35x1.57 mm?3, incorporates various bandwidth and
gain enhancement techniques, including tapered feedline, a semi-elliptical
slotted ground plane, and an elliptical patch embedded with two fractal slots at
the upper corners. The compact size of the antenna allow larger array elements
which leads to more information and as subsequent, better detection outcome.
It achieves an impressive operating bandwidth of 3.1 to 40 GHz (a ratio of 12.9:1)
and exhibits low |S;; | levels of -20.7 dB, -19.4 dB, and -34.2 dB at the first three
resonant frequencies (3.8 GHz, 6.7 GHz, and 9.6 GHz). With a peak gain ranging
from 3.4 to 9.7 dBi and 94% radiation efficiency, this antenna design is well-
suited for microwave imaging applications.

A precise and straightforward equivalent circuit model (ECM) that accurately
represents the SWB antenna behaviour across the entire bandwidth was
proposed. An optimisation approach involving dual sequential optimisation is
presented to determine optimal values for each lumped element. This ECM
closely matches the antenna's performance when compared to full-wave
simulation and measured results, with a low mean absolute percentage error of
4.9% for |S;4], 7.5% for real impedance, and 7.7% for imaginary impedance.

A SWB microwave reflectometry was implemented for enhanced detection of
lung tumours, especially in their early stages and in deep-seated and superficial
locations. This approach showcases the potential of SWB microwave
reflectometry in precisely sizing early-stage tumours, even in deep regions, using
a human-sized torso phantom consisting of five layers. The dielectric properties
of these phantom layers are thoroughly characterized over the entire
bandwidth.

A SWB antenna-based imaging system was explored for in-situ skin cancer
detection. The imaging system employs eight antenna elements in a circular

array around a human trunk phantom that mimics five concentric layers of
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different tissues. The dielectric properties of these tissues are measured across
the bandwidth (3.1 to 40 GHz), and skin tumours are modelled as cylindrical
shapes on the outer skin layer. The resulting 2D images of the trunk area exhibit
improved resolution, enabling more accurate estimations of tumour radius and

thickness.

7.3 Limitations and Future Work

While this research has made significant progress, several limitations remain, opening

up promising avenues for future exploration in this field:

Enhancing RFMI Performance:

Increasing the number of antenna elements used in the imaging scan
measurements could be a critical improvement. Exploring suitable
configurations for scanning the human torso phantom can further enhance the
system's performance. For example, the use of dual-polarized antennas in RFMI
may lead to more precise detection and increased information extraction from
backscattered signals.

Investigating alternative clutter removal mechanisms holds potential for
reducing interference, thereby improving the accuracy of tumour detection and

enhancing image resolution.

Automated Data-Driven Modelling:

In the area of equivalent circuit modelling, the concept of automated data-driven
modelling is a promising direction. Integrating machine learning techniques can
help capture complex relationships between physical variables. This approach
minimizes the need for extensive human intervention in ECM development,
leading to models that offer both high accuracy and time efficiency. Such models

can significantly enhance antenna performance while reducing simulation time.

Clinical Testing and Tumour Characterization:

Expanding the scope of the proposed imaging system involves conducting clinical
tests on various cancer types, including lung, breast, skin, and brain tumours.
These tests can provide valuable insights into the system's applicability and

efficacy in different clinical scenarios.
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e [Investigating the dielectric properties of freshly excised tumour tissues over the
entire covered frequency range offers a valuable avenue for characterizing
tumours more accurately. This data can further refine the imaging system's
capabilities and contribute to its clinical utility.

In summary, future research endeavours in this field can focus on optimising RFMI
performance, automating equivalent circuit modelling, and conducting comprehensive
clinical tests to assess the system's effectiveness across various cancer types and tissue

characteristics.
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Appendix A Ethics Approval (may be more than one letter)

Not required.
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Appendix B Tools

Not required.
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Appendix C MATLAB code for calculating the dielectric properties based on NRW method.

e clear all;
e % Define the frequency range (1-40 GHz)
e frequency_range = 1e9:1e9:40e9; % 1 GHz to 40 GHz in Hz

e % Initialize arrays to store results

e epsilon_star = zeros(size(frequency_range));
e mu_r_star = zeros(size(frequency_range));

e loss_tangent = zeros(size(frequency_range));
e conductivity = zeros(size(frequency_range));

e % Constants
e epsilon @ = 8.854187817e-12; % Free space permittivity (F/m)
e C = 2.99792458e8; % Speed of light (m/s)

e % Sample thickness (you should provide this value)
e sample_thickness = 0.01; % Assuming a 1 cm thick sample (©.01 m)

e % Load S21 and S11 data from CSV files
e S21 data = csvread('S21 data.csv'); % Replace with your S21 CSV file name
e S11 data = csvread('S11 data.csv'); % Replace with your S11 CSV file name

e % Loop through each frequency point in the range
e for i = 1:length(frequency_range)

. % Extract S21 data at the current frequency (assuming CSV columns for real and
imaginary parts)

. S21 _real = S21 data(i, 1);

. S21 _imag = S21 data(i, 2);

. S21 = S21 real + 1i * S21_imag;

[ ]

. % Extract S11 data at the current frequency (assuming CSV columns for real and
imaginary parts)

. S11 real = S11 data(i, 1);

. S11_imag = S11_data(i, 2);

. S11 = S11 real + 1i * S11_imag;

[ ]

3 % Calculate X (5.3b)

. X = (1 - abs(S21).72 + abs(S11).72) ./ (2 * real(S11));

[ ]

. % Calculate I using the correct root (5.3a)

. root = sqrt(X*2 - 1);

. if real(S21) >= 0

. gamma = X - root;

. else

. gamma = X + root;

. end

[ ]

. % Calculate T (5.4)

. T = (real(S11) + real(S21) - gamma) / (1 - (real(S11) + real(S21)) * gamma);

[ ]

. % Calculate A_@ and A_og (5.5c)

. lambda_© = c / frequency_range(i);

o lambda_og = 1 / sqrt(1 / lambda_072 - 1);



% Calculate €* and ur* (5.5a, 5.5b)

L = sample_thickness; % Sample thickness in meters
mur_star = lambda_og / sample_thickness * ((1 + gamma) /
inv_lambda_sq = -((1 / (2 * pi * L)) * log(1 / T))"2;

(1 - gamma));

epsilon_star = (lambda_072) / mur_star * (1 / lambda_og”2 - inv_lambda_sq);

% Calculate €_r and €_i
epsilon_r = real(epsilon_star);
epsilon_i = imag(epsilon_star);

% Calculate tand and conductivity (5.6)
tan_delta = epsilon_i / epsilon_r;

sigma = epsilon_i * epsilon_©@ * (2 * pi * frequency_range(i));

% Store the results
epsilon_star(i) = epsilon_star;
mu_r_star(i) = mur_star;
loss_tangent(i) = tan_delta;
conductivity(i) = sigma;

end

% (Plotting and displaying results)

% oo

figure;

subplot(2, 2, 1);

plot(frequency_range / 1e9, real(epsilon_star));
xlabel('Frequency (GHz)');

ylabel('\epsilon'"'");

title('Real Part of Complex Permittivity');

subplot(2, 2, 2);

plot(frequency_range / 1e9, imag(epsilon_star));
xlabel('Frequency (GHz)');

ylabel('\epsilon"");

title('Imaginary Part of Complex Permittivity');

subplot(2, 2, 3);

plot(frequency_range / 1e9, real(loss_tangent));
xlabel('Frequency (GHz)');

ylabel('tan \delta');

title('Loss Tangent');

subplot(2, 2, 4);

plot(frequency_range / 1e9, conductivity);
xlabel('Frequency (GHz)');

ylabel('\sigma (S/m)");
title('Conductivity');

% Display the calculated dielectric properties at a specific
GHz)

desired_frequency = 10e9; % 10 GHz

index = find(frequency_range == desired_frequency);
fprintf('At %d GHz:\n', desired_frequency / 1e9);

frequency (e.g., 10
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fprintf('Real Part of \epsilon*: %.4f\n', real(epsilon_star(index)));
fprintf('Imaginary Part of \epsilon*: %.4f\n', imag(epsilon_star(index)));
fprintf('Loss Tangent (tan \delta): %.4f\n', real(loss_tangent(index)));
fprintf('Conductivity (\sigma): %.4f S/m\n', conductivity(index));
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Appendix E Research outputs from thesis or publication from thesis (if applicable)
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