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ABSTRACT

Availability of accurate, low cost and non-invasive devices for the measurement of

abdominal fat is an important factor for early diagnosis of the obesity-related diseases.

To achieve this, a wideband (WB) system was developed that includes the advantages of
high range resolution due to the wide bandwidth (BW = 0.5 GHz) and acceptable
penetration depth due to the low centre frequency (1 — 3.5 GHz).

For the pulse transmission, double-ridged horn (DRH) antennas were proposed because
of their wide bandwidth, high gain, and impedance matching capability. Simulation
studies suggested that optimal pulse focus and minimal interference to be introduced into
the system by pyramidal- and elliptical-DRH, especially when extended to locate the
antenna in the far-field region. Since these shapes are complex to manufacture, 3D

printing was employed to fabricate low-cost antennas with high resolution.

A further improvement in system performance as well as a reduction in system size was
achieved by embedding the antenna in a high dielectric material, which further reduced
the reflections caused by impedance differences. Previously proposed high dielectric
materials such as Barium Titanate-based ceramics and canola oil were characterised
during this study and combined with different percentages of Titanium Oxide to increase
their dielectric constant, while retaining good conductivity. In addition, Paraffin was
preferred over oil, as it has the same dielectric properties but solidifies at room

temperature.

Analyses were conducted based on a three-layer dielectric tissue model mimicking human
tissue thicknesses. To measure the extent of the fat layer, a parameterised WB pulse was
transmitted through the tissue model and its reflections were recorded. Evaluation metrics
including the reflection coefficient were employed to investigate the pulse magnitude
reduction and time of arrival at the fat layer. Results indicate that the proposed system is

able to measure fat thickness with the accuracy within =1 mm.
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CHAPTER 1

1.1. INTRODUCTION

Obesity is considered as a widespread disease attributing to a number of other health
effects. A recent study involving 19.2 million contributors from 200 countries have
indicated that by 2025, global obesity will reach an average of 18% in men and exceed

21% in women [1].

Within the body, fat or adipose tissue is generally initiated in two forms: white adipose
tissue (WAT) and brown adipose tissue (BAT). These two tissues have opposite roles in
whole-body energy metabolism. WAT has the ability to store energy contained in glucose
and fatty acids in the form of triacylglycerol and release the energy in the form of free
fatty acids. While BAT has the aptitude to scatter energy in the form of heat by oxidation
of fatty acids and of glucose. Research indicates that both of these tissue types are playing

important roles in the fat mass storage in different area of the body [2, 3].

Early diagnosis of fat accumulation inside the human body, especially around abdomen
area, is very important to prevent the development of related diseases. The upsurge of fat
inside the human body may result in unwanted fatty deposition within various parts of the
body, most predominantly around areas such as the hips, thighs, abdomen and other
internal organs. Recent research has shown that abdominal fats are associated with higher
health risks to humans compared with other type of fats [4, 5]. This is because abdominal
fats are typically associated with other types of adipose tissues accumulating around and

within organs such as the liver, kidneys and the heart [6].

Accurate measurements of the fat deposition within the body can be a great assistance for
health watchers and has many other uses such as by beauty surgeons to monitor the fat

thickness before they start any liposuction or other type of operation on the patient [7].

Nowadays, general practitioners and dieticians reply heavily on measuring waist size to
determine the fat level in the abdomen using the body mass index (BMI) [8]. However,

the method is very susceptible to human errors and lacks accuracy.

In order to reduce these errors, techniques have been developed such as magnetic
resonance imaging (MRI) scanning (shown in Fig. 1.1a), computed tomography (CT)
scanning (in Fig. 1.1b), ultrasound (in Fig. 1.1c¢), and the traditional waist measurement

(in Fig. 1.1d) [9-12].
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Fig 1. 1: Available technologies employed by the health professionals to determine the amount of abdominal fat.

The main advantage of the newer techniques over the traditional waist measurement
technique is the capability to distinguish normal skin cells from fat cells. However, some
of these methods are not established as routine practices for medical testing and diagnosis,

due to some issues such as their cost-effectiveness and side effects on the health [13, 14].

Other recent equipment designs rely on checking the biological electrical impedance of
the human body to determine the amount of body fat with respect to weight using an

electric current flowing through the body, as shown in Figs. 1.2 (a, b) [15, 16].

This technique was found to be unreliable based on the fact that the body water content
can play a critical role in changing the impedance of the body. Moreover, the device was
designed to measure overall body fat spread throughout the entire human body, and not

just the abdomen [17].

Fig 1. 2: Frequency bio-impedance analysis devices [15].

The research emphasises detection of fat through pulse discontinuity technique using a
probe. The method suffers from weaknesses such as hazards of attaching the device to
the patient’s body and a small scanning area. Small scanning area means that more time

is required to cover the entire area of interest [18].

Review of literature on existing techniques and methods, employed for this purpose,
indicates that the ultra-wideband (UWB) method with large bandwidth (and therefore

high accuracy) has been selected and employed widely by researchers for a similar
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application. This technique has other excellent features such as being inexpensive due to
using low power pulses and therefore is low cost, not having dangerous side effects for
patients such as the ionising effect, which can be caused by most of the screening

techniques such as X-ray and CT scanning.

Considering this technique’s features and benefits, it has been the technique of choice for
a great number of researchers, who employed it for different medical applications such
as breast cancer detection (Fig. 1.3 (a)), head stroke detection (Fig. 1.3 (b)), heartbeat

figure and respiratory motion detection (Fig. 1.3 (¢)), and more [19-21].

i
Fetal monitor®
Tocodynamometer

BT-360
Fatal monitor;
Ultrasound doppler

(@) [19] (b) [20] (o) [21]

Fig. 1.3: Developed medical systems using the UWB technique.

Other recent research has also demonstrated the use of UWB methods for different
applications such as distinguishing fat cells from the other cells based on the cells’
dielectric properties [22, 23]. Moreover, a number of UWB imaging techniques, which
were investigated by various research groups for detecting breast cancer, employed
different types of antennas and signal processing techniques to retrieve information

[24-27].

The term UWB is an industry standard, which refers to specific range of frequency
(3.1-10.6 GHz). For unlicensed use of this band, the signal strength must be less than
—41.3 dBm/MHz [28]. In this thesis, the wideband (WB) term introduced to refer to

pulses with frequency spectra that can be either within or outside the UWB range.
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1.2. CHALLENGES

Challenges for the system development can be broken down to the following:

» To select an appropriate pulse based on required penetration depth and range
resolution.

» To design and fabricate a compact WB antenna, which has optimum performance
in the operating frequency with a suitable shape for the system.

» To devise a scheme for extraction of the necessary information from the reflection.

1.3. AIMS

Aim of this research is to design, develop and implement a device that is capable of
measuring the thickness of abdominal fat layer underneath the human skin (subcutaneous
fat), which is related to the internal fat (visceral fat), in order to ease the monitoring of
human health for the health watchers. The WB technique has been selected as a
satisfactory method based on its exceptional features. An alternative WB antenna has to
be designed for the system to transmit a pulse and collect the reflected pulse. Then, the
data could be analysed later to extract information such as the thickness of the fat layer

and possibly to construct an image.

1.4. OBJECTIVES

Objectives for the system can be broken down to the following:

» Using a wide-band technique.

= Achieving good data accuracy.

* Providing a flexible and compatible system for future modifications.

* Minimising the computation and financial costs of the developed method.

*  Simplifying the measurement output.

* Providing a wider knowledge base of the methodologies involved, and highlight

any associated advantages and/or limitations.
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1.5. ORGANISATION OF THE THESIS

The rest of this thesis is organised as follows:

Chapter 2 presents the background knowledge of UWB pulses, human abdominal fat,
theory of dielectric materials, key system parameters, transmission reflection method and

relevant antenna design process.
Chapter 3 presents, the material characterisation for the design process.
Chapter 4 presents, the wide band antenna design and development process.

Chapter 5 provides the development procedures and analysis of the abdominal fat

measurement system.

Chapter 6 that concludes the thesis with the future extension to the work.

1.6. CHAPTER SUMMARY

Accumulation of fat tissues in different body areas, especially in the abdomen, was found

to have great impacts on the ability of other diseases to further develop in the body.

Literature review has shown that there is a demand for new techniques and equipment in
order to increase the resolution as well as decrease the hazards and costs of the equipment

being used by health specialists.

The UWB/WB techniques can be promoted as promising methods for body fat
measurement considering their advantages, which can be summarised by their lower-cost,
higher-accuracy, elimination of the ionising hazard, increasing of the resolution, and other

factors explained in Chapter 1.
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CHAPTER 2

2. BACKGROUND

In this part of the thesis, more literature research is described on the UWB technique and
its characteristics, in order to enable one to design a system that can measure the
abdominal fat accurately. Some important factors should be considered during the system
design carefully, summarised as the pulse parameters (such as required centre frequency
and bandwidth), the compatible transceiver, the medium characteristics (tissue
modelling), the employed method to determine the pulse behaviour in the medium, and

the suitable technique to determine the fat thickness.

A number of topics have been investigated to gain a wider understanding of the types of
techniques as well as the diverse nature of the fat tissues involved. The Chapter also
focuses on the available WB techniques such as UWB technology, which was selected as
a good candidate for localised scanning of patients. The technique offers different
advantages such as elimination of ionizing effect on human’s cells, lower cost, and wide

bandwidth, which provides better resolution.

There has been considerable research conducted in the past few years on monitoring and
scanning inside human tissues using UWB technique. This research has led to ways to
diagnose breast cancer and head stroke, to measure heart rate and to provide other critical

health information [1-3]. This research has been broken down to following segments:

2.1. UWB SIGNALS

Ultra wideband (UWB) technology uses radio waves for transferring information over a
high bandwidth (typically<S00MHz), and was originally aimed for short-range wireless
communication channels [4]. The technology requires low power levels and is used
mainly for short range or indoor applications. It utilises a large segment of the radio
frequency spectrum and can improve the speed and reduce interference compared with
other available technologies. The independent regulator and competition authority for the

UK communications industries (Ofcom) and the Federal Communications Commission

(FCC) in the US has regulated the UWB technology allowing unlicensed operation within
the range of 3.1 GHz to 10.6 GHz and 41.3dBm/MHz transmitted power that is illustrated
in Fig. 2.1 [5].
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Fig 2. 1: Spectral mask mandated by FCC 15.517(b, c) for indoor UWB systems [5].

In this technique, the signals are transmitted across a wide range of frequencies to detect
a subject accurately. The technique provides a high data rate in comparison to the other

technologies.

In this method, one sends trains of pulses containing hundreds of millions of pulses per
second. As it can be implemented in a physically small and very low power system, it fits
the requirements for use in indoor application. In the last few years, the UWB has been
selected as a good candidate for medical purposes compared to other scanning

technologies due to its unique properties, such as [6]:

=  Wide bandwidth: The large bandwidth occupied by the UWB pulse (<5S00MHz)
and therefore higher resolution.

* Low cost: UWB method is a low power and a low-cost technique.

*  Multipath immunity: Use of the UWB pulse can provide for satisfactory
resolution of the reflected pulse at the receiver end of the system due to the narrow
shape of the pulse, which offers a better pulse separation capability compared with
other pulses.

* Ranging: The UWB technique can provide the user with direction and distance
information for a target object.

* Eliminating ionising effect: The UWB has the advantage over X-ray based
methods, such as CT scan that there is no ionization of atoms of biological

structures.

The pulse used here is the basic Gaussian pulse (GP), which has the mathematical

definition given by equation (2-1) below. o is the standard deviation:
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The basic GP and its first derivative (monocycle) and second derivative (doublet)

presented in Fig. 2.2, have been used by research conducted to monitor the body [6].

Amplitude
Magnitude

-2 -1 0 1 2
Time [sec] x 107 Frequency [Hz] x 10

(a) (b)

Fig 2. 2: Basic, first and second derivatives of Gaussian pulses in time and frequency domains [6].

Higher order derivatives can be taken from basic pulse equation, which results in different
wave shapes and characteristics than lower order derivative pulses, and can be used for

different applications.

Orthogonal pulses such as Hermite pulse are mainly employed for communications
purposes. Therefore, more attention is required, in order to choose the right UWB pulse
for the system. Some important factors have to be taken into account in order to decide a

correct pulse for the system, therefore the pulse parameters are summarised as follows:

= Pulse shape: each UWB pulse has its own shape used for different applications
based on requirements such as data rate, resolution, etc.

*= Pulse centre frequency: the pulse centre frequency is important, as it can

determine the penetration depth of pulse through the medium.

= Pulse Bandwidth: Another pulse property that is essential to identify for the

system is pulse bandwidth, this parameter can determine the system resolution.

In this thesis, the base-band GP is chosen, as it is easy to generate and identify, however,
the pulse has to be modulated with a sinewave carrying a high-frequency in order to be
able to move the pulse frequency band up to required band of interest. The FCC and
Ofcom regulation on the restricted region of the UWB technique (3.1-10.6 GHz) for

medical applications is ignored due to the low penetration depth [7].
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2.1.1. UWB CHIRP PULSE MODELING

The chirped-pulse (CP) amplification method has been introduced by Strickland and
Mourou (in 1985) to solve or at least mitigate the problem of high peak powers in
amplifier systems. The method uses the compressing technique to amplify the pulse over
the frequency spectrum [8]. MATLAB code was written to generate the GP, Chirp pulse,
and their combination using the pulses multiplication method, in order to modulate the
pulses linearly. The results have been generated in the time domain as well as frequency

domain as it has been illustrated in Fig. 2.3.
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Fig 2. 3: Time and Frequency domain representation of the Gaussian, chirp pulse, and their modulation.

Fig. 2.3 show that achieving broad bandwidth and transferring the pulses’ frequency to
the frequency of interest is easy using this technique. The frequency domain results
indicates the large increase of the band in the GP and CP modulated graph compared to

the GP graph.

However, sampling the reflected pulse will introduce high hardware cost to the system as
the analogue to digital converter (ADC), field programmable gate arrays (FPGA) for such

a system will cost thousands of pounds, and this might make the design not affordable.

2.2. HUMAN ABDOMINAL FAT

With aging, the human body suffers from increased fat contents as mentioned earlier.
Large amount of these fat cells accumulate and are stored in upper body parts over the
abdomen, waist, thighs and other parts of the body [9]. Increasing waistline and therefore
gaining weight, largely due to a thickening fat layer in the human abdomen can raise the
risk of a range of health dilemmas such as metabolic disorders, hyperlipidaemia,

hypertension, diabetes mellitus and cardiovascular disease [10].
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2.2.1. TISSUE TYPES

From the healthcare perspective, superfluous fats are closer to internal abdominal organs
such as liver, spleen, gallbladder, intestines and other organs [11]. These fats can act as a
gland or endocrine organ that produces hormones and other substances like leptin, which
is released after a meal to dampen appetite, adiponectin that influence the response of

cells to insulin and substances like cytokines [12].

The excessive release of these biological substances boosts the risks of cardiovascular
disease by promulgating insulin resistance and increasing the level of chronic
inflammation and having other detrimental effects, which scientists are still discovering
these roles. Regarding human aesthetics, superfluous fats can play critical roles in the

human’s self-esteem and confidence [13].

The abdominal fat has been subdivided into two major types based on their location in

the body. This is presented in Fig. 2.4:

» Visceral: surrounding the abdominal organs.

» Subcutaneous: Lying between the skin and abdominal barrier.

Visceral

L
[/f_/_.

Subcutaneous
fat

Fig 2. 4: Two types of Abdominal Fat [8].

The female and male are believed to store the fat at different sites, based on their
unambiguous physiological preference for the pattern and location of the fat storage [14].
The distribution pattern of fat in the body for males is labelled generally as Android
(apple-shape), where the fat largely is stored in the abdominal area [15].
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However, in females the distribution is labelled as Gynoid (pear-shape), where fat is
spread out in thighs, hips, and buttocks. Research illustrates that in general, there are more
subcutaneous fat (SF) than visceral fat (VF) in females, whereas the trend is opposite in

men. Generally, men’s bodies are more metabolically active [16].

2.3. ABDOMEN FAT TYPES AND TISSUE MODELLING

The aim of this research is to detect and measure amount of the VF tissue attached to the
organs inside the human’s abdomen. This fat has a direct relation to the growth of the risk

of a range of health dilemmas as briefly discussed in Chapter 1 [17].

Research in this area, has revealed that there is a direct relationship between the thickness
of VF tissue and the thickness of SF tissue. This means that as the thickness of VF tissue

increases, the thickness of the SF tissue will increase accordingly [18, 19].

This makes the measurement of the fat thickness easier as the SF is attached to the skin,
and it is close to the outer area of the body. Therefore, the monitoring area is mainly

involved with three tissue layers (i.e. Skin, SF, and muscle).

The thickness of each tissue type for normal people has been retrieved from previous
research and found to be approximately 1.5 to 2.5 mm for skin, 16 mm for SF and 20 to
30 mm for muscle, for normal average age humans [20, 21]. The preliminary abdomen
tissue is modelled to have the tissues type thicknesses: 2 mm Skin, 30 mm SF and infinite

muscle.

These thicknesses have been chosen to model an obese candidate, however knowing the
muscle thickness is not as essential as measuring the thickness of the SF tissue is the main
objective of this research. Each layer of the modelled tissue is represented based on its
characteristics such as the dielectric properties and dimensions. These parameters are

affected by factors such as the person’s age and skin dryness.
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2.3.1. THEORY OF DIELECTRIC MATERIALS

The dielectric properties of tissues can be defined by the complex relative permittivity
(¢*) [22]. The complex relative permittivity of a tissue in free space can be determined

by equation (2-2) as follows;

*

e =¢' —je" Eq. (2-2)

The real part €’ is referred to as the dielectric constant and represents stored energy when

the material is exposed to an electric field, the dielectric loss factor €”, which is the
imaginary part, influences energy absorption and attenuation, and j = v—1. In addition,

the dielectric loss factor €’ can be obtain by equation (2-3) [23] as:

g == Eq. (2-3)

gow

where the relative conductivity of the layer is represented by 6, w = 2rf is angular

1 —
Hoc?

frequency and &, = 8.85 x 10712 F/,. is the permittivity of free space. Here,

the permeability of free space py = 4m X 1077 Web/(A m) and ¢ = 3 x 10% M/ is

the speed of light in free space. One more important parameter used in electromagnetic

(EM) theory is a loss tangent angle [24]:
tané = 5”/5, Eq. (2-4)

Mechanisms that contribute to the dielectric loss in heterogeneous mixtures include polar
response, electronic response, atomic response, and Maxwell-Wagner response [25].
Moreover, in material processing, these equations are also used to describe RF and
microwave frequency response [26]. With respect to equation (2-3), we can see that the
imaginary part of permittivity will decrease when frequency is increasing, however; in

practice, constant conductivity increases as frequency increases [27].

The "' in the case of biological tissue represents the ionic conductivity and the absorption
during relaxation process, which embraces both the friction related to the alignment of
the electric dipoles and also the vibration and rotation of molecules. The reaction of any
material to a voltage disparity comprises physical shift of charge and the kinetics of this

shift launches the frequency response of the substance properties.

In natural surroundings, this voltage disparity could appear in either resonance forms or

relaxation. This relaxation reaction in materials can be defined by the physical procedures
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involved, and can be denoted in terms of the relaxation time constant (7). Moreover, there
are many materials whose dielectric oscillation procedures are known to have more than
one relaxation time constant. For example, biological materials permit several relaxation
procedures to proceed simultaneously hence, the total electrical reaction of the material

can be considered using several time constant.

The Debye relaxation theory developed by scientist to consider the dielectric properties
of materials in terms of the relaxation time t is presented in the equation (2-5). The first
and second order Debye equations are given in equations (2-6, 7) as they are used later in
this thesis to analyse the dielectric properties of biological tissues against different range

of frequencies [28].

* E5—E0 . (E5—€00)WT
€ = ot 1-+S-(u21'2 —J 1S+au21'2 Eq. (2-5)
r_ €5~ €0 -
€= fot e Eq. (2-6)
Y T Eq. (27)

1+jwty 1+jwty

Here the complex permittivity is represented by €', &1 and &5 are the relative static
permittivity at low frequencies and &, is the relative optical permittivity at high

frequencies.

The relaxation spectrum of biological tissue extends over the electromagnetic (EM)
spectrum to four different dispersion regions bound to the coverage frequencies
(a, B,6,y). These regions represent the relaxation processes for the frequency range of a

few hertz to a few Giga hertz as summarised in Table 2.1 [29]:

Table 2. 1: Frequency characterisation of the main biological tissue relaxation regions [29].

Region Frequency Range (Hz)
a 1- 10*
B 10* — 108
5 108 — 10°
Y ~ 1010

The second order Debye model within the §,y regions will be used later in this work to

model the tissue.
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2.4. DETECTION PARAMETERS

In this section, two main and important parameters in any radar system, which is expected
to detect an object in a medium, are defined: The penetration depth and the range

resolution.

2.4.1. PENETRATION DEPTH

The propagation constant of each model layer can be defined as y = a + jf, where a is
the attenuation constant, 8 is the phase constant and the ¢ is the skin depth constant. The

three parameters are defined by equations (2-9, 2-10 and 2-11) [30, 31]:

1

. i :
e= i f( 1 G )| P Ea. -9
_ 1
1 2 2
B = whaet, 5( 1+ (w; ST) + 1) rad/ Eq. (2-10)
§=2= ! - om Eq. (2-11)

Considering the dielectric properties of materials, the three modelled tissue types used to
describe the abdomen tissue (skin, fat and muscle) have large differences in permittivity
that can lead to recognition of each of the three kinds of tissue. In regards to the tissue
dielectric properties, some factors lead to variations of tissue properties from one
individual to the next such as age and sex. The major effects caused by frequency

differences can be ignored at this stage of design [32].

Once an electric field is applied to a dielectric material, it takes a finite extent of time to
become polarized. When this electric field fluctuates in time, it causes the material
polarization to become out of phase with the introduced field. The polarization of the
complex permittivity can be broken down to the polarization of the real part of the
permittivity in phase with the field and the polarization of the imaginary part of the
permittivity in quadrature to the field. This phase difference can attenuate the wave as it

travels through the material.

The attenuation properties of a dielectric material can be defined by a property known as

the skin depth (3), the depth at which the amplitude of a penetrating signal is attenuated
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to 1/e of its initial value. The skin depth can be referred to as penetration depth and

calculated by equation 2.12.

> Eq. (2-12)

where w represents the angular frequency, p represents the permeability of the material,
and o is the material conductivity. The penetration depth for the three main tissue types
(Skin, Fat, and Muscle) of the human body were defined later by Gregory Connor Richard
Melia using the measured dielectric properties and using the Gabriel’s Cole-Cole model

[27, 33].
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Fig 2. 5. Log-log plot of penetration depth from 100 MHz to 40 GHz of dry skin, infiltrated fat, and muscle by
Gabriel’s Cole-Cole model [33].

The initial centre frequency for the design was selected to be 3.2 GHz to have acceptable
penetration depth in this region and to fit within the UWB licence-free band set by FCC.
However, later a GP with the centre frequency of 1.5 GHz (i.e. WB pulse) was chosen
for the system as it benefits from better penetration and resolution. Tables 2.2 and 2.3
present the dielectric properties, loss tangents, wavelengths and penetration depths for

each of these tissues in 1.5 and 3.2 GHz frequencies [34].

Table 2. 2: Penetration parameters of three type of human tissues in 1.5 GHz.

Tissue Frequency Conductivity Relative Loss Wavelength Penetration

Name (GHz) (S/m) Permittivity | tangent (mm) depth (mm)
Skin Dry 1.5 1.071 39.4 0.326 314 31.5
Skin Wet 1.5 1.089 44.4 0.297 29.7 32.8
Fat 1.5 0.068 54 0.151 85.9 181.6
Muscle 1.5 1.188 539 0.264 27 33.1
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Table 2. 3: Penetration parameters of three type of human tissues in 3.2 GHz.

Tissue Frequency Conductivity Relative Loss Wavelength Penetration
Name (GHz) (S/m) Permittivity | tangent (mm) depth (mm)
Skin Dry 3.2 1.850 37.3 0.279 15.2 17.7
Skin Wet 3.2 2.087 41.8 0.280 14.3 16.6
Fat 3.2 0.14 5.2 0.151 40.9 86.7
Muscle 3.2 2.303 51.8 0.25 12.9 16.7

The parameters shown in Tables 2.2 and 2.3 indicate that the penetration depth has inverse
relation to the centre frequency. This means by reducing the centre frequency by half, the
penetration depth will be increased to double. Therefore, comparing the penetration depth
factor in the modelled tissue types defined at two different frequencies (1.5 and 3.2 GHz)
suggests use of lower frequency (1.5 GHz) is better to obtain the higher penetration depth

in the modelled tissue.

2.4.2. RANGE RESOLUTION

One important factor in any stationary radar system that has to detect different targets
close or bound to each other is Range Resolution. Range resolution is defined as the
capability of any radar system to differentiate between two or more targets that are very

close to each other on the same altitude but different ranges.

Degree of range resolution is related to the width of transmitted pulse, which should be

selected to correspond, the types and sizes of targets and the efficiency of the receiver.

In the 19" century, the English physicists Baron Rayleigh and John Strutt produced a
criterion that later was named Rayleigh Criterion. This criterion identifies that in order to
detect two targets in the same altitude, crossing of two reflected scattering should be 9

dB below their maximum value as shown in Fig. 2.6 [35].
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Fig 2. 6: Rayleigh criterion: limit of resolution for two point-scatters [35].

Pulse width is the key factor in range resolution. An ingenious radar system, with all other
elements at maximum efficiency, should be able to distinguish targets separated by one-
half the pulse width time; Therefore, theoretical range resolution of a radar system can be

defined as [36]:

Cc.T

AR = Ry_y — Ry = <5 (m) Eq. (2-13)

Where ¢ = 3 x 108(™/s) represents the speed of light in free space, 1 (s) is the pulse
width in second and AR is the distance between two targets in meters. This means that by
increasing the pulse bandwidth results in reduction of the pulse width in time domain,

smaller targets can be resolved by the system.

When there is a limitation in increasing the width of the pulse (due to sampling and down
conversion issues), the pulse compression technique can be applied in order to increase

the bandwidth of the pulse.

The range resolution of the radar can be defined by the bandwidth of the transmitted pulse
(B) instead of its pulse width, as shown in equation (2-14). This allows very high

resolution to be obtained with long pulses, requiring higher average power.

c

25y (M)

AR > Eq. (2-14)

Based on the findings in the previous part of this thesis, for designing a radar system that
is capable of detecting the abdominal fat layer attached to another thin skin layer (with
thickness of 2 mm), the suitable pulse bandwidth can be derived from (2-14) as:

c
>
b= 2AR\E,

(Hz) Eq. (2-15)
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Considering the initial estimation of thicknesses of different layers in the tissue model,
the required bandwith is generated for the free space and for the high dielectric ceramic
using equation (2-15) in Table 2.4;

Table 2. 4: The human tissue thickness and related bandwidth required for detection in free space and the ceramic
environment.

Tissue types Thickness Required BW in free Required BW in the ceramic
[mm] space (& = 1) [GHz] (&, = 41) [GHZz]
Skin 2 75 11.7
Fat 16 9.4 1.46
Muscle 30 5 0.78

Table 2.4 represents the minimum required bandwidth for the system in the free space
and high dielectric medium (ceramic &=41) to avoid the overlapping issue. The results
represent that by increasing the permittivity of the environment in which the system
operates by a factor of 41, the required bandwidth will reduce by 6.4 times. To achieve
this, a signal technically requires a very wide bandwidth that exceeds the UWB bandwidth
region. There are a number of techniques proposed by researchers to increase the

bandwidth, but they are not employed because of their limitations, such as:

» For the licence-free UWB technique, regulations restrict the bandwidth from the
extreme bandwidth required when the antenna has to be located in free space.

» In order to be able to penetrate inside the lossy material such as human tissues,
there is a need for using a centre frequency of less than 4 GHz, as indicated from
equation (2-11). This low centre frequency is another limitation that can make the

project more problematic.

In order to have a better understanding of the effects of increasing the bandwidth and the
generated errors, different techniques to increase the pulse bandwidth are reviewed here

briefly:

Pulse compression is a common method, which is a process to shape a propagating pulse
by modifying the electrical network properties of the transmission line. This process is
conducted by frequency or phase modulation. As a result, we will have a high-energy
long pulse, or a high-resolution short pulse. This process is carried out in order to increase

the detection and range resolution of the system at a lower peak power.
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By modulating the pulse, a timing reference is produced within the pulse, similar to
frequency-modulated continuous wave (FMCW) radar systems. Several different

modulation techniques can be employed. The most common ones are:

» FM (Frequency Modulation)

» Linear Frequency Modulation (Chirp Radar)

= Non-Linear Frequency Modulation

* Time-Frequency Coded Modulation (e.g. Costas code)
» PM (Phase Modulation)

»  Encoded phase modulation (e.g. Barker code)

* Polyphase modulation

Although the pulse compression technique has various benefits such as low pulse power
with good range and distance resolution, it suffers from the significant disadvantage that
the minimum measurement range is degraded depending on the pulse length, since the
radar receiver is blocked during transmission of the pulse. This is a major disadvantage
for the radar systems used for the air traffic control as well, therefore typically both
techniques are employed to minimise the effects. The frequency-modulated pulses for the
shorter range are small (very short) pulses, which only have to cover the nearby area and

do not require very high pulse power.

Linear FM (Chirp) is a most common technique that is being used in many radar systems
based on its simplicity; however, it can introduce the problem of producing jamming

pulses within the system by the so-called sweeper [37].

In past and recent years, various researchers have considered the chirp technique, and
more techniques have been developed for generating and processing a pulse using this
technique, compared to other modulating techniques. The radar requirements influence
the type of pulse and the method of generating and processing the pulse. As the aim of
this radar system is to scan human tissue layers as thin as 2 mm, radar system sitting close
to the scanning area of the tissue. Furthermore, two relevant methods, which both use a

voltage-controlled oscillator (VCO) are chosen and will be discussed here:

» In the first method, a linear voltage ramp is used to alter the voltage of a VCO
gradually, which results in varying the frequency generated by the VCO. This
technique is used to generate of a linear-FM waveform that more likely adds a

linearity error of £1% to the system (the VCO is a device that generates a
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frequency with respect to an applied voltage). There are different approaches to
generate a linear voltage ramp such as the bootstrap ramp generator circuit based
on a bipolar junction transistor (BJT) differential pair amplifier [38] or simply
applying a voltage step to an analogue integrator, however, the integrator must be
reset each time when pulse generation gets to its end [39].

* The second approach is to apply a composite right left-handed transmission line
(CRLH-TL) after modulation of our VCO frequency with an intermediate pulse
[40].

2.4.2.1. SUPER RESOLUTION ALGORITHM

Researchers have developed many processing algorithms in these last few decades that
can be used to increase the range resolution without extending pulse bandwidth, at the
cost of some limitations to the design such as complexity and cost. Many of these methods
referred to as super-resolution techniques. The main algorithms can be summarized as the
maximum entropy method (Burg), the covariance method (Prony), CLEAN, Matrix
pencil, ESPRIT, MUSIC, Root-MUSIC.

In 1997, the Lincoln Laboratory established a method to use the WB radar signature to
detect an object by using sparse sub-band measurements. This method expands the range
resolution of the reflected pulses by increasing the operative bandwidth through a

bandwidth extrapolation algorithm (BWE) [41, 42].

The BWE algorithm intends to expand the effective bandwidth of the radar employing
the prediction of the object’s response at specific frequencies that lie outside the
measurement bands. This technique increases the range resolution by a factor of two to
three and can improve the quality of images dramatically. Although this improves the
resolution of the image developed by the system, it introduces some limitations such as

[43]:

* The algorithm works mainly on signal processing models, which characterise a
complex target as a collection of points, with each point hits own independent
function for scattering amplitude versus frequency.

= The method is satisfactory for typical wideband signal processing where the
waveforms have a small fractional bandwidth compared with the centre frequency
of the radar system. However, the scattering amplitude of the discrete scattering

centres can fluctuate significantly with frequency.
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2.5. TRANSMISSION AND REFLECTION

In this section, two kinds of transmission and reflection of the pulse are described for an
EM wave propagating from one medium into another medium (i.e. direct and diagonal

incidence).

2.5.1. NORMAL INCIDENT:

In the case when the direct pulse penetrates through mediums, it splits into transmitted

and reflected portions as shown in Fig. 2.7.
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Fig 2. 7: Transmission line model of a multilayer structure [32].

Here T}is the total reflected field by the i*" layer and can be found by equation (2-16) [44,
45]:

T () +T (). (~2Vi(@)d)
14T g (@) 4T (w).e(72Yi(@))

[i.1(w) = Eq. (2-16)

where I;_; ;(w), the reflection coefficient seen at the interface between two layers, is

defined by equation (2-17):

Pri_ |Prieg
i |Eri_ & — |&r;
oMMy i -1 i-1 i
(@) = —= = = Eq. (2-17)
ni+tNni-1 ﬂ_'. Hri_q gri_1+ &r;
Eri |fri-1

Starting at the total reflection coefficient of the model I'y(w) can be calculated (i=n),

where n is the number of layer’s performing successive calculations and decreasing (i)

successfully until we reach one layer.

In the case of the multilayer model with n layers of infinite width or unit we reach the
case of a reflector, we can set I},(w) to zero or to -1 for all frequencies. To calculate

Ip,1(w) , the layer zero should be assigned to intrinsic properties of free space.
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In equation (2-17), d; is the thickness of i*" layer and y;(w) is the propagation constant,

which is derived according to equation (2-18):

Vi) = joVHE = jo otoyHr (@) & (@) = jo[lotoy/Er (@) = jo L2 Eq.(2-18)

The complex relative permittivity of each layer can be calculated using equation (2-19),
which was proposed in 1996 by Gabriel [27] to analyse the quantity of data in different

types of tissue.

Agm static
& (@) = £+ 1 T i s Eq. (2-19)

m)1em jw.go

£ 18 permittivity if wt > 1, Ag,, is magnitude of the dispersion, 7, is relaxation time,

&,,1s distribution parameter and 044 1S static conductivity.

2.5.2. PULSE REPETITION AND TRANSMISSION
REFLECTION

Pulse repetition frequency (PRF) is defined as the number of pulses generated by a radar
system in a one-second interval, which has an inverse relation with respect to the pulse
repetition time (PRT) as shown in equation (2-20). The PRT is defined using the total
amount of time from the start of one pulse to the start of next pulse generated by the

system:

1

In order to increase the accuracy of a radar system and distinguish the pulses reflected

from the human tissue model, it is important to determine the PRF of the system.

The multilayer human tissue model has different specification not only in electric
properties but in the thickness of each layer, which causes several echo traveling pulse

time with respect to each layer of the system.

In order to define the PRT, the traveling time of the reflected pulse has to be determined
in advance. The traveling time has a direct relation to the distance through which the echo

pulses will travel as shown in equation (2-21):

t=2
v

Eq. (2-21)

where ¢ stands for the time taken for the pulse to travel from the transmitter to the target

and reflect back to the receiver, d is the distance from the transmitter to the target and
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back to the receiver, as shown in equation (2-22), and finally v is the velocity of the wave

in the medium:

1

sinf

d=2

Eq. (2-22)

where | represents the distance and 0 is the angle of the pulse from/to the
transmitter/receiver to the target. The velocity of an EM wave through any medium can

be determined using equation (2-23) [46]:

Eq. (2-23)

3l-
;

where v is the velocity of the wave in the specific medium, ¢ = 3 X 108 ™/ is the
velocity of the wave in free space (the same as light) and &, is the relative permittivity of

the medium at a specific frequency.

Table 2.5: Time taken for the signal to penetrate through the medium.

Tissue types Speed V(m/s) Thickness (mm) Time taken (ns)
Skin 0.49 x 10"8 2 0.08
Fat 0.13 x 10”8 16 0.08+0.106=0.186
Muscle 0.04 x 10"8 30 0.186+0.2=0.386

Table 2.5 provides the time taken by the pulse to pass through each layer in the medium
with respect to its thickness and the signal speed in each layer. However, in the case that
the pulse also reflects back to the receiver this has to be multiplied by two as shown in

equation (2-22).

For a wave with a frequency of f, the wavelength in any medium can be defined by

equation (2-24):
A== Eq. (2-24)

where v can be calculated by equation (2-23). Since &, > 1, A is smaller than the

wavelength in vacuum. The wave phase constant () for EM wave is:
p== Eq. (2-25)

The wave can be stated as Ae/(“t=F?) where w=2nf is the angular frequency. The
propagation constant measures the amount of phase accumulated per unit length. The
phase velocity is shown in equation (2-26):
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= Af Eq. (2-26)

In practice, every single EM signal holds multiple frequency components. The

superposition of a group of plane waves is called a wave packet.

Group velocity (vy) is the propagation velocity of a wavepacket which is different from

phase velocity (v, ). It is a function of frequency and is defined by (2-27).

dw
vV

0= 2 Eq. (2-27)

2.6. TIME DOMAIN METHODS

2.6.1. TIME DOMAIN REFLECTOMETRY (TDR)

TDR measurement has been widely used by previous researchers to indicate the time at
which the pulse moves from one medium to the other medium with different dielectric
properties, based on the reflections. Understanding of some fundamentals, which are
summarized in the following can help us to determine the behaviors at different time, the
signature of the TDR pulse from any transmitter is recognised as the propagation of EM
waves in any medium. The plane Maxwell equations can be employed to provide a simple
solution for the electric field vector Eo of a time-harmonic wave. Propagation of a pulse

in the z-direction can be expressed as follows [47, 48]:
E = E,- e”l(@t=k2) Eq. (2-28)

where w is the angular frequency and k* is the complex wave number that can be defined

by equation (2-29) :
k* = Cﬂ = w,/ue* Eq. (2-29)

In addition, c* is the complex velocity of the pulse propagating in the medium, y is the
permeability and €* is the complex permittivity. As the non-ferromagnetic medium is

being used throughout, therefore the permeability of vacuum (py) will be used.

* Co

1 1
(===
Juog®  Juogesr e

Eq. (2-30)

where &, is the complex relative permittivity, &, is the permittivity of vacuum and cq is

the velocity of wave propagation in vacuum.
Combining Equations (2-29 and 2-30), we obtain:
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k=2 [ Eq. (2-31)

Co

*

Moreover, using the notation k* = k' + ik", e; = &, + ig/ then,

k' = ZJT,‘/g_” Eq. (2-32)
k" = %@ Eq. (2-33)
where,

e =5 (JE? + (&) +¢) Eq. (2-34)
&2 = 2 (JEDT+ () — &) Eq. (2-35)

Substituting Eq. (2-32) and Eq. (2-35) into Eq. (2-28) by equation (2-36) can be obtained:

E=E,- e k'z . p-i(wt-k'z) — E, - e—z.% €2 e—iw(t——\/czo Erl) _ A(Z).e_iw(t_a) Eq. (2-36)
Where A (z) is the real pulse amplitude value and defined by equation (2-37):

Z2 &
C T2

A(z) =Ey-e ©o Eq. (2-37)
In addition, ¢ is the phase velocity of a pulse propagating in a non-absorbing medium.

Co

Cg =
N

Eq. (2-38)

Based on the previous equations, if an EM pulse is propagating through an absorbing
medium with a known thickness of Az, two quantities can be defined. The traveling time

(At) of the pulse that passes the distance Az, and the attenuation A that can be defined as

follows:
A =202 Eq. (2-39)
A(0)

Using Eq. (2-37) & Eq. (20-38), by equations can be obtained:

InA = — 2 \fe;5. Az Eq. (2-40)
0

Az _ G .

N T Eq. (2-41)

Substituting (2-34) and (2-35) into (2-40) and (2-41) we obtain a system with two
algebraic equations for unknown real and imaginary parts of the complex relative

permittivity (&, &'):
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S(EDZF (&) +e1) = (2)? Eq. (2-42)
S(JE+ (&7 — &) = (U Eq. (2-43)

This leads to definitions for the &, &,

nA

& = (% 1862 = (7] Eq. (2-44)

1 _ _orfoN2 E _
& = Z(AZ) .w.lnA Eq. (2-45)

For the case of very low attenuation of an EM wave into the material, the equation can be
redefined by In4A — 0 and the equations (2-44 and 2-45) can be simplified further into the
equations (2-46 and 2-47) as follows:

, At
& = (9)? Eq. (2-46)
g = =2 [e].InA Eq. (2-47)

The velocity of an EM wave through each medium could be shown by equation (2-48):

Eq. (2-48)

3l
;

2.6.2. GROUP DELAY

Group delay is described as the negative derivative of phase response with respect to a
frequencys; this is another useful parameter to describe phase response of the pulse. The
group delay changes during propagation through each medium and reflection from each
medium back to the receiving antenna. The group delay is indicating the time delay the
signal suffers at each exact frequency in a specific medium. However, if the antennas
have non-linear phase response, the group delay differs with frequency and this causes
the pulse to experience different delays at different frequencies. Therefore, the pulse is
likely to get distorted [46]. The group delay is defined as the rate of change of total phase
shift with respect to angular frequency, going through a driven medium and is given by

equation (2-49):

_a

= T Eq. (2-49)

where O is a total phase shift in radians and o is the angular frequency in radians per unit

of time.
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2.7. REVIEW ON RELEVANT ANTENNA DESIGNS

In order to design an antenna for a system, the selected design has to satisfy the system
requirements such as to have good directivity, gain, and wide bandwidth. There are a
number of WB antennas with high directivity designed and built by previous researchers
for detecting an object [49]. The new design has to comply with the needs of this
application such as compact size, having large bandwidth, and having centre frequency

of less than 3 GHz, with good directivity and gain over the bandwidth.

The review on existing UWB antennas for the system reveals there are different types of
WB antenna designs that have been used in past for the human scanning by different
research groups. In this part, a few important designs will be considered and their

advantage, to be chosen as the ideal design for the system, will be declared.

A compact double-layer on-body matched bowtie antenna has been designed using
mixture of a polyethylene glycol (PEG) 400 and a distilled water dielectric liquid that has
a permittivity of 45 and conductivity of 0.5 S/m at 2 GHz. The liquid is placed in a cubic
box located at the back cavity of the design.

The group of researchers in the Institut fiir Hochfrequenztechnik und Elektronik (IHE),
KIT, Germany [50], have published many antenna designs, which have used high
dielectric materials. The antenna design shown in Fig. 2.8 (a) operates in acceptable wide
bandwidth around 1.5 GHz from 0.5 to 2 GHz in simulation and experiment, however,
the design suffers from insufficiently high gain and can achieve a maximum gain of 6 dBi

in the frequency range of 1 to 2 GHz.

Three-dimensional folded antenna with the UWB performance, directional radiation and
compact size was designed using two parallel slabs of GIL GML 1032 substrate
(dielectric constant ¢ = 3.2, thickness Ay = 1.52 mm) by the group of researchers in the
University of Queensland, Australia [51]. The design represented in Fig. 2.8 (b) qualifies
as wide bandwidth covering from 1.27-2.57 GHz with a maximum gain of up to 6 dBi.
The lower frequency chosen for this system was expected to improve the penetration

depth at lower centre frequency.

A directional double-ridged horn (DRH) antenna in a matching liquid for microwave
radar imaging was designed, with canola oil as the liquid as shown in Fig. 2.8 (c). The
canola oil has a measured permittivity of 3 at 2 GHz, conductivity 0.03 S/m. An ultra-
wide bandwidth of 3.75 GHz (1.54 to 5.29 GHz), equalling 110% was achieved with the
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maximum gain of 7.8 dBi at a frequency of 2.4 GHz. The joint groups at University of
South Alabama, USA and University of Manitoba, Canada published this work [52].
These groups later published another design, using the distilled water with permittivity of
76 and low conductivity of 10 uS/cm, that reduced the size of the antenna significantly,
however the bandwidth of the design decreased to 260 MHz (1.28 to 1.54 GHz) at —10
dB point, which was ignored and —5 dB point was selected at first [53]. Miniature DRH
antennas composed of solid high-permittivity sintered ceramics (LF085 with &, = 75)
for biomedical ultra-wideband radar applications were designed by the group of
researchers in the Ilmenau University of Technology, Germany. The first approach by
this group was using pure water with permittivity of 76 however because of the
mismatching and low gain they were motivated to design the antenna made from a high
dielectric ceramic that has a permittivity of 75 and very low conductivity. The design
provides a very wide bandwidth of around 4 GHz and acceptable gain of around 15 dBi.
The design is represented in Fig. 2.8 (d) [54].

55x10 mm? [

-+
4.5
mm

26 mm

(a) [50] (b) [51] (c) [52] (d) [54]

Fig 2. 8: The relevant antennas designed by different research group for on-body medical applications.
Comparing these designs, the DRH found more suitable for the abdomen fat measurement
system based on its innovative parameters such as good directivity, gain, wide bandwidth,
easy of fabrication. The antenna can be filled with different high dielectrics, in order to

be miniaturised and matched to human body to minimise the large mismatched reflection.

2.7.1. HORN ANTENNA DESIGN PROCESS

The most universal and elementary microwave antenna being used in any microwave field
is the horn antenna. The horn antenna advantages are factors such as the design simplicity,
ease of excitation, high bandwidth and high gain. These factors make the antenna an
exceptional design compared to others. However, miniaturising the antenna size for
different applications is one of the main challenges for the antenna designers. The horn
antenna has different types that are named based on their shapes and radiation patterns

such as the pyramidal horn (PH) and conical horn (CH) geometry in the Figs. 2.9 [54].
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2.7.1.1. PYRAMIDAL HORN ANTENNA DESIGN

—

(a) Geometry of the PH. (b) Geometry of the CH.

Fig 2. 9: Pyramidal and Cylindrical horn antenna geometry.
The PH antenna is widely used in microwave applications compared to others because of
its satisfactory radiation characteristics, which are attained by the combination of the E-

and H-plane sectional horns as shown in Figs. 2.10 (a) and (b).

(a) Geometry of the E-plane horn. (b) Geometry of the H-plane horn.
Fig 2. 10: E and H-plane geometry of the PH antenna.

In order to construct a PH, the given dimensions in Figs 2.10 for E- and H- plane should
be determined. The values for the p. and pn can be calculated using by equations (2-50
a—b):

2
pe = (b = D[(%) -1 Eq. (2-502)

P = (0 - [(2) - 2" Eq. (2-500)

The directivity of the design is optimised by use of equations (2-50 c—d), [55]:

a 50
b="2 Eq. (2-50d)
A e//1

The standard PH parameters usually are calculated based on the desired gain G, by using
the equation (2-50e) and the dimensions of a, b of the rectangular feed waveguide that

were calculated using equations (2-50 c—d).
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_ _Go
xX=
2mV2m

Eq. (2-50e)

Once y is determined from eq. (2-50e), then the p. and pi can be calculated by equations
(2-50f, g).

=y Eq. (2-50f)
G¢ 1 .
T=m® Eq. (2-50g)

Finally, the corresponding values of a; and b; can be evaluated using eq. (2-50 h—1):
a; = \[32p;~\[32py = 2 %/1 Eq. (2-50h)
by = \[22p1~ \[22p, = /22 Eq. (2-50i)

where 1 represents the wavelength of the frequency of interest [54].

2.7.1.2. CONICAL HORN ANTENNA DESIGN

The physical construction of a conical horn CH involves the determination of the
dimensions given in Fig. 2.9(b) that can be obtained by calculating waveguide diameter
(d) and length (h) for the matching circuit, and then optimising the horn aperture (dm) and
its length (L) for maximum directivity. The directivity of the CH that has known aperture
efficiency of €,y and aperture circumference of (c) can be determined using eq. (2-51a):

am, 5
[eapﬁ(na |
10

@?

D.(dB) = 10log =10log,; —L(s) Eq. (2-51a)
where a is the horns radius at the aperture, and L(s) can determined by Eq. (2-51b):
L(s) = —10log, P Eq. (2-51b)

The directivity of the CH optimised by the diameter length can determined by equation
(2-51¢):

d,, = V31 Eq. (2-51c)

The next phase of the work focuses on mixing the structures of the two designs (pyramidal
and conical) to produce a new design named elliptical horn, which benefits from the high
bandwidth and gain. This new design can increase the directivity and therefore the gain

and bandwidth compared to each individual design type [54].
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2.7.1.3. DRH ANTENNA DESIGN IMPEDANCE MATCHING

There are different types of horn antenna designs developed and employed by researchers,
and among all of these, double-ridged horns are most attractive for the task of matching
the impedance in the monitoring area. Therefore, the pyramidal double-ridged horn
(PDRH) antenna design is selected and redesigned for our system. Desirable aspects of
this type of horn antenna such as the upgraded directivity, gain and widened impedance-
matched bandwidth are necessary for the specific application of biomedical scanning. The
impedance matching factor can be highly improved by using the ridges in the waveguide
and in the flared part of the antenna. The coaxial connection is used to feed and excite the
field into the design; however, the impedance matching of the coaxial connection to the
double-ridged waveguide is an important factor as mismatch leads to the return loss. This
degrades the performance of the antenna and should be considered in advance for the best
outcome. Better match was achieved by lowering the voltage standing wave ratio
(VSWR) of the design since it has a direct relation to the back cavity length, the initial
distance between ridges in the rectangular waveguide, and the probe spacing from the
ridged edge. An antenna in free space experiences the free space wave impedance of 377
Ohms that is determined by the equation (2-52a) presented next [52]:

z= |& Eq. (2-52a)

€0

where, g, = 8.854 X 10‘12(%) is the free space permittivity and py = 47 X 10"7(12—';)
is the free space permeability. However, if the antenna is built in or immersed within any
dielectric material, the impedance will be different and can be calculated by equation (2-
52b);

Zy = |2 Eq. (2-52b)

E0&r

where &, is the permittivity of a dielectric material that the antenna is built within, which
has to be considered during the design process in order to achieve the highest performance
for the antenna. It is universally accepted that one should construct the pyramidal back
cavity to achieve the lower return loss from resonant points between the coaxial cable and

the double-ridged waveguide demonstrated in Fig. 2.11 (a) [57, 58].
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(a) Geometry of waveguide and ridges. (b) Geometry of a DRH Antenna.

Fig 2. 11: Geometry of the ridges in a DRH antenna.

Design of exponentially tapered section is the most crucial part of the design, as it has
varying reference impedance, going from the 50 Q coaxial connection to the free space
impedance of 377 Q at the antenna’s aperture. The reference impedance is given by Eq.

(2-53a), [57].
z(y) = zge ®,(0<y <L) Eq. (2-53a)

where y is the distance from the waveguide aperture and L is the axial length of the
antenna from the opening along the exponential tapered part represented in Fig. 2.10 (b),

and k is determined by Eq. (2-53b) [52].
k= %m(i—s) Eq. (2-53b)

Z1 and Z, are the characteristic impedance of the medium and of free space respectively.
In order to synthesize the exponential tapered part of the antenna, different approaches
have been taken by researchers such as dividing the tapered ridge to smaller ridges and
corresponding each ridge to a characteristic impedance then adding these individual
ridges together. The corresponding characteristic impedance gradually increases from 50

Q to 377 Q at the aperture in the case of the horn in free space [52].

2.7.14. ELLIPTICAL DOUBLE-RIDGED HORN ANTENNA DESIGN

The concept of an elliptical double-ridged horn (EDRH) antenna was developed by
combining the PH and CH structure. The new design offers improved directivity, gain,
and bandwidth factors. To determine dimensions of each section of the antenna, the same

equations as for determining the PDRH antenna dimensions can be applied.
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Fig 2.12: Geometry of the EDRH antenna.

The EDRH antenna design presented in Fig. 2.12 improves the directivity and the
bandwidth factors, compared to the PDRH antenna due to the smoother transition in all
sections of the antenna. However, the complex structure of the design may raise the cost
of the fabrication compared to the PDRH antenna, and should be considered. Recently,
different techniques were developed to fabricate such an antenna at reduced cost like
three-dimensional (3D) printing. However, there are always disadvantages for such
methods. For example, another objective would be to considered using a dense metal with
high conductivity for an acceptable system performance. The vertical and horizontal
radius of the waveguide can be determined by the equations (2-49c and d) and the horn
aperture’s radius can be defined by the equations (2-49 h and 1). Moreover, the length of
the design that governs the impedance matching can be determined by equation (2-51,

and 2-52) of the PDRH antenna design section [59].

2.7.2. SYSTEM REQUIREMENTS SUMMARY

After careful consideration of specification parameters, such as range resolution and
penetration depth required for the system to be able to measure the abdominal fat. A GP
with estimated minimum bandwidth of 500 MHz was selected to satisfy the system
accuracy and centre frequency within the range of 1.5 to 3.5 GHz was chosen to fulfil the
penetration depth for this application. Moreover, a number of antenna design was
investigated and among all, the pyramidal and elliptical DRH antennas filled with high
dielectric material were chosen as prime antennas for this application. The DRH antenna
has the advantages over other types such as high gain and directivity, large bandwidth,
impedance matching capability and miniaturisation ability with the high dielectric

embedded inside the design.
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2.8. CHAPTER SUMMARY

In this Chapter of the thesis, the following parameters have been reviewed and

investigated:

* The human tissue dielectric properties.

» The suitable UWB pulse for this project and pulse parameters such as centre
frequency, Bandwidth, and shape, based on the important factors for instance
penetration depth and range resolution.

* The penetration depth mathematically calculated for the case of the 3.2GHz centre
frequency, which is found to be appropriate for the case in which transmitter and
receiver have been placed in free space.

* The range resolution mathematically is calculated for the free space case. The
techniques, which widen the bandwidth of the pulse such as FM and PM were
investigated. Furthermore, the pulse has been regenerated with the linear FM
technique using MATLAB software and finally, super-resolution algorithms have
been investigated in the case that the very wideband pulse needs to be produced.
However, the technique may decrease the resolution.

» The hardware components for the system selected and their functionality have
been investigated and will be designed, built, and tested, in the future.

» The transmission and reflection within the system have been inspected using the
mathematical equations for the two cases of a direct incidence and a diagonal
incidence; however, only direct incidence will be covered in this thesis.

= PRF of the system is studied in order to eliminate any error in the system by
estimating the time of arrival for the reflected pulse from each specific target
layer.

» The time domain results such as TDR and group delay were introduced to use for
extracting information.

* A literature review was accomplished on various types of UWB directional
antennas that are developed and used for the biomedical applications in which one
needs to scan inside the human body.

» The pre-defined equations were introduced and employed for different types of
horn antenna such as PH and CH antennas. In addition, the impedance matching

equation was introduced and the antennas ridges dimensions were determined.
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CHAPTER 3

3. MATERIAL CHARACTERISATION FOR THE
DESIGN PROCESS

In this Chapter, different types of the high dielectric materials were considered that have
the potential to be employed during the system design process. In addition, these materials
were characterised by various dielectric properties measurement methods such as open-

ended probe technique.

3.1. HIGH DIELECTRIC FOR ANTENNA DESIGN

Use of low conductive materials with high permittivity in the EM field (antenna) has
drawn the attention of various research groups. These high dielectric materials are mainly
used to miniaturise the antenna size and to reduce the reflections resulted from the
impedance mismatches of the medium (i.e. free space, and human skin) in the system [1,
2]. A German research group in the [lmenau University of Technology [3] first purposed
the use of ceramic for antenna design to be used in medical applications, such as scanning
inside the human body. In their first attempt, they used water and then the VLF-085
dielectric ceramic due to its high permittivity, miniaturisation and impedance matching.
They measured the permittivity of the ceramic sample as high as 73.5 at the frequency
region of interest (0.3-3.3 GHz), within which the ceramic’s permittivity was claimed to
be 80 to 85, according to datasheets. This difference can be due to various factors, such

as fabrication process.

The barium titanate (BaTiO3) based ceramic powder (VLF-440) was supplied by the
MRA Laboratories, Inc. This ceramic mainly is composed form mixture of different types
of high dielectric ceramics including BaTiOs;, and Titanium Oxide (TiO2). [4]. In this
experiment, the VLF-440 powder was porposed for the antenna design based on its
approximate permittivity value close to the human skin, which is in the range of 45 to 40
for the frequency range of interest (1.5-3.5 GHz). The manufacturer confirmed that the
permittivity for the ceramic would be promising (45—-40). However, the German group’s
experiment has clarified that its measured value (75) would be a bit lower than the

manufacturer’s datasheet (85).
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3.1.1. EXPERIMENTAL PROCEDURES

First step in experimental process was to fabricate the sample using the provided
information in the ceramic’s datasheet. The limited information about fabrication
procedures (i.e. pressure) in the datasheet, forced us to extend the design procedure to
characterisation and deployment of the superlative parameters. To this point, different
pressures values were applied and tested during fabrication process in order to obtain the
best pressure value, before sintering procedure (the process of compacting and forming a
solid mass of material by heat without melting it to the point of liquefaction). For this

purpose, a cylindrical shape metal mould with 30 mm diameter was employed.

Two and four tons/sqm pressure were found to be optimal and the sample was cold
pressed uniaxially by an automatic hydraulic press machine (i.e. Specac, Atlas, T40,
U.K.). Furthermore, the samples were sintered using the sintering program given by the
material data sheet presented in Figs. 3.1 (a, b, ¢) and summarised in Table 3.1. The
sintering process was applied to the sample by a box furnace (i.e. Nabertherm, p300,

1300°C, Germany) [4].

(ﬂJ 400 L)] 1000 ¥ a ~ E-; 4 ]
& a0 | Binder burnout //—\ g 900 /- N E» _“4_,
£ 0 l g o/ RN T 2] MLCC chip densification
E I g 4007 /I T PR H -~ \\ 5-12 e during sintering
g 10 = || g 200 1/ | Sintering | AN R
F oo e — T — i L B B R
i) 10 20 30 40 50 0 2 4 6 8 10 400 500 600 700 800 900 "
Time, hours Time, hours Temperature, °C
(a): Binder burnout up to 400°C in (b): Sintering 985°C £ 10°C for 5 (c): Heating rate 10°C/min.
the air. hours in the air.

Fig 3. 1: Sintering procedures for the VLF-440 ceramic powder [4].

Figs. 3.1(a, b, ¢) can be interpreted by Table 3.1, which is divided into two-part

procedures to program the sintering machine.

Table 3. 1: Oven programming temperature against time for sintering the ceramic.

Part 1
OC o
20°c - 300°c at 0.1 — =) 300°c —» 400° at 0.3 —
min min
Part 2
OC o = OC
300°c — 985° at 10 _, | 985°% — Hold for 5 hour => 985°c — 20° at 5

min

Both sintered samples are represented in Figs. 3.2 (a, b), the results verify two tons/sqm
sample shown in Fig 3.2 (a) to have enough pressure, concerning the sample’s cracks and

homogeneity after compressing and sintering procedures for the given size. Hence, the
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sample prepared by 4 tons/sqm of pressure shown in Fig 3.2 (b) has suffered from

significant amount of cracks and inhomogeneity.

(a) (b)
Fig 3. 2: (a) The 2 tons/sqm and (b) 4 tons/sqm of the pressure applied to the samples using cold press method.

The next experiment considered different techniques to increase the density of the sample;

techniques such as increasing both the pressure and temperature [5].

The raw powder was mixed homogeneously with a 5% of polyvinyl alcohol binder by a
mortar machine. Then the mixture was placed into a 30 mm diameter mould and cold-
pressed by automatic hydraulic press machine under 5 tons for 6 min find to be sufficient

pressure to produce raw pellets.

The raw pellets were sintered later by box furnace in air at 600°C for 4 hours for binder
burnout, and then the temperature was increased to 1100°C for 2 hours sintering. The final

pellets presented homogeneous quality with light brown colour.

The sintering temperature of the raw powder was tested by the spark plasma sintering
(SPS) with its default load at 5 KN and temperature-increasing rate of 100°C/min by 30
mm diameter graphite mould. It was noticed that the temperature corresponding to the
shrinkage rate maxima was around 1000°C. This temperature was defined normally as the

sintering point for the SPS, as shown in Fig. 3.3.

During box furnace sintering, the sintering temperature was normally 75-100 °C higher
than SPS due to the load applied during the SPS sintering [6]. Therefore, the final
sintering temperature range was decided between 1075°C and 1100°C for box furnace

sintering.

In addition, the final temperature of 1100°C was chosen after several times of sintering
attempts by box furnace starting from 1075°C with 5°C-10°C increments and ending up at
1100°C at which sintering temperature presented the highest density and most reasonable

dielectric permittivity.
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Fig 3. 3: The shrinkage rate during Spark Plasma Sintering.

A density measurement equipment (Archimedes principle) was used to measure the

density of the pellet, and appeared to have 4.493 g/cm density through measurement.

3.1.2. DIELECTRIC MEASUREMENT

The dielectric properties of any dielectric material can be measured using different
techniques, e.g. open-ended probe. In this method, the transmission and reflection method
is employed to measure the dielectric properties of the samples. For this purpose, a signal
is transmitted through the ceramic using a vector network analyser (VNA), which has a
high temperature probe for frequencies up to 20 GHz and analyses the reflections
properly. Different dielectric material measurement methods such as the resonant cavity
based on resonant frequency and quality factor at 2 GHz, LCR meters, and impedance
analyser for low frequencies up to 100 MHz have been performed for the pellets to

validate the results [7, 8].

All the pellets for dielectric measurements were coated with silver paste (Gwent
Electronic Materials Ltd., C2011004D5, Pontypool, U.K.) as the electrodes with the
edges have been polished off to prohibit the current short during tests. The dielectric
properties of the samples were measured by using an LCR meter (Agilent, 4284A) in the
frequency range of 40 Hz to 100 MHz at room temperature of 20°C, as represented in

Figs. 3.4 (a, b).
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Fig 3. 4 (a) Permittivity and (b) Conductivity of the sample measured in megahertz using an LCR meter.

Fig. 3.4 (a) represents the measured permittivity of 25.5 using LCR meter at very low

frequencies that increases to 27.3 at a 110 MHz. Fig. 3.4 (b) represents the conductivity

of 0.03S/m for the entire range of frequencies up to 110 MHz. The fluctuating at lower

frequencies are due to the measurement errors.

The resonant cavity was the next technique used to determine the dielectric properties of

the sample at room temperature of 20°C. In this technique, the sample is placed into the

cavity, which affects the resonant frequency and quality factor of the cavity compared

with the empty cavity and based on this information the dielectric properties can be

calculated. The results recorded for 1.92 GHz had a permittivity of 28 and conductivity

of 0.275 mS/cm as presented in Table 3.2 [9, 10].

Table 3. 2 Resonant cavity measurement of the ceramic sample.

F Diameter
Sample Qu h (mm) R (mm) g’
(GHz) (mm) o(S/m)
Mode 1
1.92 3654.45 9.930 27.100 13.550 28.010 | 0.00258 | 0.000275
T™™O010
TMOnp CAVITY ANALYSIS
DIMENSIONS ELECTRIC DATA Values fo compute. MODES
Cavityredius (R) | 49.078¢-3 | *- | 100e8 m Cavty permitivity| 1-feps (O Resonant Frequency Inner modes | 1000
Cavtyheigh (n)| 2083 |+ [ 10085 m Cavity permeabilty | 1-j'eps ® Waterial Permitiviy Port modes | 15,150,150]
Materislradius (@) 1355¢3 |~ | 100e8  m Material permeabilty | 1-feps O conductivity ERRORPortmodes | (35 ¢
Naterislheigth ()| 99383 |+ [ 10068 |m Walls conductiviy| 0.763 | 10" P —
Resonant frequency  1.921077 | + 1e-4 |GHz
1 15
Quality factor| 365445 |+ [ 15 o o
b Devounersr | o
; WAL SEED
; RESULTS . realPermitvty) 27
i Ere27 9947-(1-4-4.93118-05) imag(Permttity) 1001
E’rl !!‘lﬂ : E'=27.9947 +- 0; E"=-0.0013804 +- 0
! Seed graphical selection: real(epsion)
h foa x| 3 x| 12 | Npoints: | 75 COMPUTE
i ’
h y
| | Sl
'

Problem Geometry

Felipe Pefiaranda (2008)

Fig 3.5: The resonant cavity dielectric measurement analysis software snap.
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The open-ended coaxial probe technique is performed by cutting off a section of
transmission line for the last measurement and touching the ceramic sample to the probe
and then pressure is applied using the finger to eliminate air gaps. In the measurement
process the fringing field is excited into the sample, the reflected signal (S11) is measured
and the permittivity is defined based on the reflections. The general measurement system
requirements for such an assessment are; a network analyser (ENA or PNA network
analysers series), a software to calculate the dielectric properties from the reflected signal
result, a coaxial probe, a stand, and cables. The high-temperature probe used for the

measurement is shown in Fig. 3.6.

Flange

o )/I;

Aperture T4
Nt

Fig 3. 6: High temperature open-ended coaxial probe.

It is worth noting that the probe should be in direct contact with the sample with no air
gap in order to get the satisfactory measurement. This was performed during the
experiment by simply pushing the ceramic sample toward the probe using the finger at
the room temperature of 20°C. The process repeated a few times to maintain the highest
data value and the data recorded and employed for a purpose later in the system design
process. The calibration was performed using the standard free space, blocking the probe
using metal and distilled water. The measurements set up and the captured data results on

the screen is presented in Fig. 3.7(a) [11-13].

Fig 3.7 (a): Dielectric measurement experiment set up using the open-ended coaxial probe technique.
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Fig 3. 7: Dielectric measurement of the 5 tones pressured using the open-ended coaxial probe technique.

The results presented in Figs. 3.7 (b, ¢), extracted from the experimental measurement of
the sample, which represents the permittivity and conductivity of the sample at the
frequency range of 0.3 to 2.3GHz. The results taken using different characterisation
methods are in good agreement with each other in terms of the sample dielectric
properties with a minor ignorable difference. The sample was cold-pressed earlier using
2 tons/sqm press and sintered according to datasheet instruction and characterised using
the probe measurement technique at the room temperature of 20°C. The results of
measurement were confirmed by other accurate measurement techniques such as resonant

cavity and the dielectric properties of the sample are shown in Fig. 3.8 (a, b).
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Fig 3. 8: (a) Permittivity and (b) Conductivity of 2 tones pressured sample using an open-ended probe.

The dielectric properties results present a slight reduction in the permittivity, in this case,
compared to high pressure and temperature case, which is used to increase the density.
Finally, a larger sample with a diameter size of 90 mm was constructed using the 65
bar/sqm cold press followed by sintering using the data sheet instruction given in Table

3.1 result of which is shown in Figs. 3.9 (a, b).
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(a) The cold pressed 90 mm diameter  (b) The sintered 90 mm diameter ceramic sample.
ceramic sample.
Fig 3. 9: Compressed and sintered 90 mm sample ceramic.

The open-ended probe method was employed to measure the dielectric properties of the
90 mm sample shown in Fig. 3.9 (b), and the results of measurement are demonstrated in
Figs. 3.10 (a, b). The results indicate that the dielectric properties of the sample are
slightly lower than previous samples but overall, the results are more or less complying

with the 30 mm sample measurement.
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Fig 3. 10: (a) Permittivity and (b) Conductivity of the 90 mm sample using the open-ended probe technique.
Then sintered ceramic samples were attached to each other using high temperature super
glue and were cut to the shape of the PDRH antenna using the laser cut and milling
machine. The antenna shaped sample were painted using high conductive silver paint and

finally, the SAM connector was attached.

3.1.3. MODIFIED HIGH DIELECTRIC SOLID MIXTURE

In the previous section, the VLF-440 ceramic powder supplied by the MRA Laboratories
was characterised to determine the dielectric properties in the frequency region of interest.
Different approaches such as increase and decrease of the pressure and the sintering
temperature were applied in order to increase the dielectric constant of the sample;
however, none of these parameters had a considerable effect. The new approach of mixing

the ceramic powder with more portion of the titanium dioxide (which is an ingredient of
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VLF-440) was taken, to increase the ceramic’s dielectric constant (approx. 27) and bring

it as close as possible to the human skin dielectric constant (40-45). Based on trace metal

analysis (having minimum amount of the metal) the rutile-TiO2(r-TiO2) powder with an

average particle size of <100 nm and a purity of 99.5% (by Sigma Aldrich) was chosen.

The selection r-TiO; in this work, was due to its features such as higher permittivity and

melting points, as well as lower conductivity compared to other types (e.g. anatase and

brookite) [19-20]. The white powder r-TiO> was sintered using the spark plasma
sintering (SPS) technique at 1100°C. The sintered VLF-440 and r-TiO: dielectric

properties were measured using the open-ended probe method in the frequency region of

interest and results are presented in the Figs. 3.11 [14, 15].
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Fig 3. 11: (a) Permittivity and (b) Conductivity of the VLF-440 and r-TiO2 measured using the open-ended probe

technique.
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The results indicate the approximate permittivity of 27 for the VLF-440 and 85 for the r-
TiO; at 1.5 GHz centre frequency (which was chosen as operating frequency for on body

application).

The measured permittivity of the r-TiO2 sample shown in Fig. 3.11 (a), shows minor
fluctuation at higher frequencies. It is casued by the unavoidable air-gap that developed
during the experiment between the sample and probe. The small air-gap error can be
detected at higher frequencies and could be ignored at lower frequencies as expected. Fig.
3.11(b) indicates that both ceramics benefit from low conductivity, however the r-TiO2
has higher conductivity compared to the VLF-440 ceramic. But it is well below the

acceptable specified range in whicn less energy is absorbed due to high conductivity.

The next approach was mixing two ceramics with chosen different portions followed by
sinter process and finally measuring thier dielectric properties. In the first attempt, four
portions of the VLF-440 and one portion of the r-TiO2 were mixed together which
provide the measured permittivity of 36.6 at 1.5 GHz.

Next, same portions of each material were mixed which resulting in a ceramic with raised
permittivity of 53.7 at 1.5 GHz. Finally, two portions of the VLF-440 were mixed with
one portion of the r-TiO2, and the measured permittivity was 43.7 at 1.5 GHz, which is

closest approximation of human skin dielectric constant (41-45).

Fig 3.12 (a) shows the measured permittivty for different miture while Fig. 3.12 (b)
illustrates the conductivity of different mixtures, which implies that increasing the share

of the r-TiO> in the mixture would result in increased conductivity [16, 17].
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Fig 3. 12: (a) Permittivity and (b) Conductivity of different mixtures of the VLF-440 and r-TiO2 samples, measured

using the open-ended probe technique.

3.2. HIGH DIELECTRIC LIQUIDS

The open-ended coaxial probe is an established principal method for measurement of the

dielectric properties of a liquid, semisolid, or solid. The VNA, dielectric probe and

Agilent electronic calibration module (ECal) were employed for the calibration and

increasing the accuracy for the measurement of the dielectric properties of the material

under test, at the room temperature (i.e. 20°C). The arrangement is shown in Fig. 3.13.
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Fig 3. 13: The open-ended coaxial probe method for a dielectric measurement.

The default calibration process is leaving the open-ended probe in free space, then
blocking it with a metal conductor, and finally immersing the probe into a measurement
beaker filled with distilled water. The distilled water could be replaced with a dielectric
material with closer dielectric properties to that of the material under test to enhance the

accuracy of the measurement.

There are two different types of pure water; distilled and deionised. These two types of
pure water are prepared from tap water in different ways, and the product can be used for
different purposes. Distilled water is produced by the process of boiling normal tap water
to evaporation point and then recondensing the vapour, leaving most impurities behind,
that did not evaporate with the water. Deionised water is produced through filtering
(physical filters, carbon filters) processes, followed by reverse osmosis membrances to
remove all ions and dissolved mineral salts. Distilled water and deionised water were
purchased from the market, and their dielectric properties were measured at room
temperature (i.e. 20°C), using the dielectric probe method within the frequency range of

400 MHz to 3 GHz. The results are shown in Fig. 3.14;
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Fig 3. 14: (a) Permittivity and (b) Conductivity of distilled and deionised water using high-temperature probe
method at 0.3 to 3.3 GHz.

The results shown in Fig. 3.14 indicate that the dielectric properties of distilled water is
slightly higher than that of deionised water, which were expected due to the presence of
ions. Dielectric properties of the distilled water were recorded to be as high as 79.5 for
the permittivity, and 0.55 S/m for the conductivity, at 1.5-GHz where deionised water has
a value of 77.9 for the permittivity, and 0.47 S/m for conductivity [18].

The next step was dissolving different additive food materials into distilled water to
increase the permittivity of the composite. Different materials were selected based on
their high dielectric constant and being harmless in the case of probable contact with
human skin. Edible material such as glycerol and xylitol sweetener, and detergents such
as tween 20 (polysorbate 20), Triton X-100 and various types of oils were considered for
this purpose. First dielectric properties of the glycerol were measured at its own and then
different mixtures with distilled water that increases the permittivity closer to the human
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skin permittivity (i.e. 41-45) in the frequency of interest (i.e. 1.5 GHz). The same
procedure was perfomed for the xylitol and the distilled water at the chosen frequency
region (i.e. 0.3 to 3.3 GHz), presented in Fig. 3.15. The glycerol was measured using
open-ended probe method, and were found to have the permittivity of approx. 8 with the
conductivity of 0.5 S/m at the centre frequency of 1.5 GHz. The distilled water with
measured permittivity of approx. 79.5 was mixed with the glycerol at the rate of 45
milliliters (ml) to 20 ml, which increased the permittvity of the mixture to 40.5 and
conductivity to 2 S/m [19]. Moreover, 100 ml of Xylitol was mixed with 60 ml of distilled
water and the permittivity of the mixture rose to 41 and conductivity to 1.8 S/m at the 1.5

GHz centre frequency.
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Fig 3. 15: (a) Permittivity and (b) Conductivity of the distilled water, glycerol, xylitol and their mixture have
measured using high-temperature probe technique at 0.3-3.3 GHz.
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In the next stage, detergents such as Tween 20 (i.e. polysorbate 20) and Triton X-100
were measured for their dielectric properties at 0.3 to 3.3 GHz. The distilled water was
then added to the solutions in order to increase their permittivity to the skin permittivity
(i.e. 41-45) at room temperature (i.e. 20°C). The 50 ml of distilled water was added to 17-
ml of Tween 20 and mixed well while 60-ml of distilled water was added to 17 ml of the

Triton x100 and the dielectric properties of both mixtures were measured.

Figs. 3.16 (a, b) presents the measured dielectric properties of both detergents and their
mixtures with distilled water. The results show that the permittivity of Tween 20 and
Triton x100 is 2.9, and 2.2, and their conductivity is 0.095 and 0.067 S/m, respectively.
These values rose to 39.7 and 39.5 for permittivity, and 0.86 and 0.84 S/m for
conductivity when they were mixed with distilled water at 1.5 GHz [20].
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Fig 3. 16: (a) Permittivity and (b) Conductivity of the tween 20, triton x 100, distilled water and their mixture were
measured using high temperature probe technique at 0.3 to 3.3 GHz.

77



The dielectric properties of sugar alcohol and detergents indicate that mixing these
materials with distilled water not only increases their permittivity significantly, but also
raises their conductivity extremely. Rise in the material conductivity is a result of high
absorption rate factor, which make the material a profligate element to get employed in
an EM system. Therefore, employing a liquid with lower conductivity such as different
types of oils is crucial. Hence, different types of oils such as linseed, extra virgin olive,
avocado, duck, and salmon oils were employed, and their dielectric properties were

measured using the open-ended probe technique.
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Fig 3. 17: (a) Permittivity and (b) Conductivity of the linseed, olive, avocado, duck, and salmon oils using high
temperature probe technique.

Figs. 3.17 (a) and (b) represent the measured permittivity and conductivity of different
oils. It is noted that the linseed oil has higher dielectric properties (i.e. & = 2.7 and 0 =
0.019 S/m at 1.5 GHz) among all different types of oils, and extra virgin olive oil has the
lowest dielectric properties (i.e. & = 2.4 and 6 = 0.014 S/m at 1.5 GHz) among all [21].
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Therefore, the linseed oil was chosen as an alternative liquid to be employed in the system

during design process.

3.3. HIGH DIELECTRIC SEMI-SOLID MIXTURES

In this section, the high dielectric semi solid mixture produced using the r-TiO> white

powder with the low conductive liquid oil or semi-solid paraffin is tested.

The proposed mixture can not only increase the material permittivity, it also enables users
to modify the material shape. Commercial paraffin wax (by Candles Company), which
has a density of app. 0.83—0.86 g/cm? at 15°C and melting point of 45°C was chosen for
this purpose.

The linseed oil was found to have the highest permittivity among all other tested oils.
Therefore, the linseed oil was chosen to be mixed with r-TiO2 ceramic powder in different
portions. The r-TiO> was added to the linseed oil up to the saturation point where the
mixture turn into semi solid. The mixture was shaken well to remove the airgap and have

homogeneous mixture.

Four portions of r-TiO2 (40 g) was mixed with three portions of the linseed oil (30
g),which produced a white flexible shape material. The dielectric properties of the
mixture was measured using the open-ended probe method at 0.3 — 3.3 GHz, and shown
in Figs. 3.18; The measured permittivity of the mixture is almost equal to the permittivty

of linseed oil, with higher conductivity (i.e. &= 5.26 and 6 =0.019 at 1.5 GHz).
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Fig 3. 18: (a) Permittivity and (b) Conductivity of the linseed oil and its mixture with the r-TiO> measured using
high temperature probe technique at 0.3 to 3.3 GHz.

In addition, we chose the paraffin as the preliminary dielectric material because of its
outstanding properties such as better solubility, flexible fixed shape, and lower

conductivity, compared to other materials.

The measured dielectric properties of the paraffin, as shown in Figs. 3.19 (a) and (b)
presents the low conductivity and a moderate permittivity at 1.5 GHz (i.e. &=1.97 and

5=0.005).

In order to increase the permittivity of the paraffin, it was mixed with the r-TiO2, which
has a high permittivity and low conductivity (i.e. see Figs. 3.19 (a) and (b)). The
conductivity of the mixture was increased to some extent thanks to higher conductivity

of the r-TiO», which was in the acceptable range, in terms of EM field absorption rate.
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Fig 3. 19: (a) Permittivity and (b) Conductivity of the paraffin and its mixture with the r-TiO2 measured using high
temperature probe technique at 0.3 to 3.3 GHz.

Figs 3.19 (a) and (b) depicts the dielectric properties of the paraffin and its mixture with
the r-TiO> (i.e. 10g of the paraffin with 15g of the r-TiO2) measured through the open
probe technique (i.e. &= 5.7 and 0 = 0.02 at 1.5 GHz).

This mixing rate was selected considering the saturation point of r-TiOz in paraffin. The
mixture was shaken well to remove the bubbles and left to cool down to turn into a solid
form. Furthermore, to check the homogeneity of the mixture, the dielectric properties
measurement were obtained from different parts of the sample using the open-ended
probe method. The obtained results were taken from different section of the sample
confirmed the homogeneity of the sample. The measured dielectric properties of the

sample in the frequency range of 0.3—3.3 GHz are shown in Fig. 3.19.
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3.4. ABSORBER SHEET

A thin, flexible, and magnetically loaded silicone microwave absorbing material sheet
(i.e., ECCOSORB FGM-40) was selected to be used as part of the high-performance
design of the proposed antenna. The dielectric properties of absorber sheet were
characterised using the open-ended probe technique at 0.3-3.3 GHz, as shown Fig. 3.20
(a) and (b). The measured permittivity of the material at the centre frequency of interest

is approximately 21 and the conductivity is 0.075 S/m [22].
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Fig 3. 20: (a) Permittivity and (b) Conductivity of the absorber sheet (ECCOSORB FGM-40) measured using high
temperature probe technique at 0.3 to 3.3 GHz.
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3.5. CHAPTER SUMMARY

In this Chapter, different high dielectric materials were characterised, which will be used

in the system design process in following Chapters.

The barium titanate (BaTiO3) based ceramic powder (VLF-440) was compressed, and
further sintered according to the data sheet. The dielectric properties of the samples were
measured using a different method such as an open-ended probe, resonant cavity and
capacitance plates within the frequency range of the interest (i.e. 0.3—3.3 GHz) and the

results were recorded to be used for the system design process.

The dielectric properties of distilled and deionised water were measured using the open-
ended probe method. The deionised water has lower dielectric properties. However, the
conductivity was found to be quite high and therefore they cannot be used in the system

due to its high absorption rate.

The dielectric properties of food additive materials such as glycerol and xylitol, and their
mixture with the distilled water were measured using the general open-ended probe
method. The reason of mixing these materials with distilled water was to increase the
permittivity of the mixture to approximately human skin permittivity (i.e. 40-45) in the
centre frequency of interest (i.e. 1.5GHz). The detergent materials such as tween 20,
Triton x-100, and their mixtures with the distilled water were measured next. The concept
of using these types of materials in the system design process was the fact that these
materials can be in contact with human skin without any hazardous effect, therefore can

be used for any channel modeling and impedance matching.

The dielectric properties of different types of liquid oils were measured next, using open-
ended probe technique. The linseed oil appeared to have highest dielectric properties
among all. Moreover, the linseed oil was mixed with the r-TiO> in order to increase the
permittivity of the material. This method increased the permittivity of the mixture,
approximately twice. In addition, paraffin was chosen as an alternative material suitable
for being formed to the desired shape. Due to high permittivity and low conductivity of
r-Ti0O,, it was considered as a good candidate to be mixed with paraffin. The outcome
increased the permittivity of mixture, nearly twice that of paraffin itself, while preserving

the low conductivity.

Finally, the absorber sheet that will be used later in the antenna design process was

characterized using the conventional open-ended probe technique.
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CHAPTER 4

4. WIDE BAND ANTENNA DESIGN

In order to be able to transmit the chosen WB pulse through the mediums and receiving
the reflected pulses, the device is needed to behave as a transmission line, for the pulse
propagation. This transmitter could be an antenna, a probe, or any metal conductor that
carries a pulse to the end-point for propagation. A UWB antenna was found to be a good
candidate for propagation through human body, because of its advantages such as wide
bandwidth, small size and capability to direct the pulse to any direction. However, the
frequency region allowed by the FCC has limited this technique and therefore WB
antenna purpose. Moreover, considering other transmitting techniques such as probes

could be rewarding.

4.1. DRH ANTENNA DESIGN

Based on the literature review and system needs consideration, a DRH antenna is
preferred over other designs due to its advantages such as high gain, directivity, and
bandwidth, for a biomedical application where antenna placed on the human tissue to
monitor a specific area [1]. Different types of the DRH antennas in free space and the
high dielectric mixtures are investigated and purposed for the system. The first approach
was to design a PDRH antenna in free space within the frequency range of interest (i.e.

1-3.5 GHz).

4.1.1. PDRH ANTENNA DESIGN IN FREE SPACE

In this part, two different types of PDRH antennas are designed in free space and
investigated. More attention is needed in the antenna simulation using CST microwave
studio (CST-MWS) in order to be able to analyse the antenna operation before moving to

experimentally fabricating the antenna and testing it.

4.1.1.1. INITIAL PDRH ANTENNA DESIGN IN FREE SPACE:

The initial PDRH antenna designed in free space has two thick ridges to manage the
impedance matching by escalating the EM energy throughout the ridges. The PDRH
antenna dimensions were calculated using equations given in Chapter 2. Fig. 4.1 presents
the calculated design dimensions, satisfying the bandwidth and centre frequency required

for the design to operate in free space [2-4].
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Fig. 4.1: A double-ridge horn antenna in the free space.

The antenna has a length of L = 110 mm and width and height of Wx = 60 mm, Wy = 60
mm in the outer aperture of the horn, the angle of 104.15 degrees. Fig. 4.2 represents, the
S11 response of the PDRH antenna design showing at —10dB point which provide 2.5

GHz bandwidth. Moreover, the graph presents two resonant points within the operating

frequency band (2.94 and 5.5 GHz).
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Fig. 4.2: S11 parameters that stand below -10dB between 3.22 - 5.23 GHz.

The design offers a relative gain of approximately 7.5 dB at the first resonant frequency
(3.16 GHz), and 9.35 dB at the second resonant frequency (4.59 GHz), as given in Fig.

4.3. The gain rapidly increases from 7.08 to 10.61 dB over the frequency range of 2.94 to
5.5 GHz.
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Fig. 4.3: the initial antenna design gain over the frequencies of 2—6 GHz.

The E and H-plane radiation patterns of the antenna are presented in Fig. 4.4, for both

resonant frequencies (3.16, 4.59 GHz). High directionality and focused radiation with low

side lobes levels (SLLs) and relative gains of 7.54 and 9.36 dB are evident.
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Fig. 4.4: The E and H-plane polar radiation patterns in the resonant regions.

The antenna design benefits from the high bandwidth and gain. It makes the design
reliable for the systems, as good directivity, gain, and wide bandwidth are the main
requirements. However, the antenna size is bulky and the pulse penetration would be

another major concern of the system design.
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4.1.1.2. IMPROVED PDRH ANTENNA DESIGN IN FREE SPACE
The improved PDRH antenna design was further optimised in free space to increase the
bandwidth and gain as well as reducing the ridges thickness and outer aperture of the

antenna, resulting in the improved design.
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Fig. 4.5: An improved DRH antenna design in the free space.

The antenna has a length of L = 110 mm and width and height of Wx = 58 mm, Wy =58
mm in the outer aperture of the design. The design aperture also is opened with an angle
of 104.15 degrees and the other dimensions are provided in Fig. 4.5. This PDRH antenna
design has 3.6 GHz of bandwidth at -10 dB point and it is resonating at two frequencies
(3.22, and 5.23 GHz), as shown in Fig. 4.6.
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Fig. 4.6: S11 parameters that stand below -10dB between 2.83 — 6.49 GHz.

The design also benefits from a gain of 7.69 dB at the first resonant frequency (3.22 GHz),
and 10.28 dB at the second resonant (5.23 GHz), presented in Fig. 4.6.
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Fig. 4.7: Improved antenna design gain over the frequencies of the 2 - 6GHz.

The gain over the antenna’s operating frequency of 2.83 to 6.5 GHz, rapidly increases
from 6.8 dB to 12.2 dB as is shown in Fig 4.7. The E-plane and H-plane radiation patterns
of the antenna are shown in Fig. 4.8, for resonant frequencies (3.22 and 5.23 GHz), which

depict good directionality with low SLLs and relative gains of 7.69 dB and 10.27 dB.
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(b): H-plane Far-field radiation pattern at 3.22 GHz.
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(c) E-plane Far-field radiation pattern at 5.23 GHz.

Frequency = 5.23

Main lobe magnitude =  10.2 dB
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 59.2 deg.
Side lobe level = -19.3 dB

(d): H-plane Far-field radiation pattern at 5.23 GHz.
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Fig. 4.8: E and H-plane polar radiation patterns in the resonant regions.

This PDRH antenna design improved the bandwidth by more than 1 GHz and the gain
and directivity were enhanced slightly too. However, the dimensions of the antenna are
still large and operating centre frequency is high. Employing a high dielectric material in
the antenna design shrink the size and reduce the operating frequency to lower frequencies
(considering skin depth and absorption rate of the pulse in the human tissue). The other
motivation of using such a high dielectric medium was to match the permittivity of the

antenna to the skin (which is around 41), and to reduce the large reflections resulting from
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the dielectric difference between two mediums. Therefore, different materials with high
dielectric properties are employed in the design process in order to achieve these goals.
The initial optimised antenna was designed using the ideal high dielectric material that

has a permittivity of 41 and conductivity of 0.1 S/m.

4.1.2. IDEAL HIGH DIELECTRIC FILLED DRH ANTENNA

Previous research on the DRH antenna design indicates that use of dielectric material
inside the antenna not only miniaturise the design, but also can match the medium,
eliminating the reflections in the system [5]. The design parameters for the antenna when
it is filled with a high dielectric material (i.e. a permittivity of 41 and a conductivity 0.1

S/m) were calculated based on equations that given earlier in section 2.7.1 of Chapter 2.

4.1.2.1. INITIAL IDEAL HIGH DIELECTRIC PDRH ANTENNA

This PDRH antenna design has aperture dimensions of L = 33.24, A = 34.44, B = 28.48
mm with the opened angle of 108.08 degrees and waveguide dimensions of a=11.70, b
= 5.85, 1 = 8 mm having rectangular cavity in the back that has a length of 5.31 mm. The
ridges’ dimensions are given in the side view perspective with a thickness of 3 mm, the

height of 1.92 mm and length of 2.86 mm are presented in Fig. 4.9 [5], [6].

32.32mm

11.70mm

UWGE 9T

]
3. 00mm

(a): Front view perspective (b): Inside view perspective (c): Back view perspective

Fig 4. 9: Initial DRH antenna design perspective dimensions.

The antenna designed in the ideal high dielectric medium with a permittivity of 41 and
conductivity of 0.1 S/m. The miniaturisation of the antenna was possible due to an
increase in the material permittivity as well as reduction of the bulky reflection due to the

mismatched medium.
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Fig 4. 10: S11 graph of the antenna design.

Fig. 4.10 shows the reflection coefficient graph and indicates the -10 dB bandwidth of
482 MHz and the resonant frequency of 1.45 GHz.
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Fig 4. 11: Gain over the frequency range of 1.15 to 1.7 GHz.

The gain of the designed antenna is shown in Fig. 4.11 decays from the onset frequency
of 1.15 GHz from 10 dB to 6 dB and starts increasing at 1.25 GHz rapidly to 10 dB. The
gain at the resonant frequency (1.45 GHz) is 7.26 dB.
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Theta / Degree vs. dB Side lobe level = -18.5 dB Theta / Degree vs. dB Side lobe level = -19.8 dB
(a): E-plane polar radiation pattern at 1.45 GHz. (b): H-plane polar radiation pattern at 1.45 GHz.

Fig 4. 12: The E and H-plane polar radiation patterns in the resonant region.

The electric and magnetic fields polar radiation pattern for the resonant frequency are
givens in Figs. 4.12 (a), and (b). The radiation patterns demonstrate a high directive

design with very low SLLs, as expected.
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4.1.2.2. IMPROVED IDEAL HIGH DIELECTRIC PDRH ANTENNA
The improved antenna designed and presented in Fig. 4.13, has the pyramidal back shape

(compared to initial design) to analyse the back effect on the design. The antenna design
has aperture dimensions of L =33.24, A = 38.44 and B = 32.48 mm with the opened angle
of 108.08 degrees and waveguide dimension of | =8,a=11.7, and b =5.85 mm. The gap
of 6.65 mm is added at the end of waveguide ridge and a 2 mm gap between the
waveguide ridges were obtained where the feeding line is connected, to enhance the
performance in the background material with permittivity of 41 [6]. This means all
environment around the antenna called background material, has been assumed to have

the permittivity of 41 and conductivity of 0.1 S/m.

26.13mm

(a): Front view (b): Inside view (c): Back view
Fig 4. 13: Improved DRH antenna in the high dielectric material.
The reflection coefficient graph presented in Fig. 4.14 for the PDRH antenna design

illustrates the antenna performance such as the operating bandwidth at —10 dB, and centre

frequency of the antenna where it has satisfactory performance.
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Fig 4. 14: S11 graph the improved DRH antenna design.
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Figure 4.14 represents the S11 graph, which indicates that the antenna has -10 dB badwidth
of 500 MHz, starting at 1.12 GHz and ending at 1.62 GHz. The resonant frequency of the
design is at 1.43 GHz.

Max Gain over Frequency

......................

2 2.2 2.4 2.6 . 3
Frequency / GHz
Fig 4. 15: Gain over the frequency of interest (1-3 GHz) of the improved DRH antenna design.

Fig. 4.15 represents the maximum gain over the frequency region of interest. The design
exhibits high directivity and gain of 7.6 dB at the resonant frequency (1.43 GHz), which
satisfies the system requirement. The gain proportionally increases over the frequency

range with a value of 5.8 dB at 1.12 GHz and 8.5 dB at 1.62 GHz.
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180 Main lobe direction = 0.0 deg. 180 - Main lobe direction = 0.0 deg.
Angular width (3 dB) = 50.2 deg. Angular width (3 dB) = 54.6 deg.

Theta / Degree vs. dB Side lobe level = -9.7 dB Theta / Degree vs. dB Side lobe level = -9.3 dB

(a): E-plane polar radiation pattern at 1.43 GHz. (b): H-plane polar radiation pattern at 1.43 GHz.

Fig 4. 16: E and H-plane polar radiation patterns in the resonant region.

The E and H-plane far-field radiation patterns are presented in Fig. 4.16 (a) and (b), which
indicate the high directivity for the design with a gain of 7.9 dB at the resonant frequency
(1.434 GHz). The bandwidth and gain have improved in this design, but the SLLs were

increased slightly compare to the initial design.
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4.1.2.3. DOUBLE-RIDGED GUIDE HORN ANTENNA

The third design, named as Double-Ridge Guide Horn (DRGH) antenna has been
designed for the case where the antenna is embedded inside the medium with the
permittivity of 41 and the conductivity of 0.1 S/m [7-8]. Figs. 4.17 represents the design
dimensions that has aperture dimensions of L = 33.24, A = 35.44, B = 26.41 mm and
waveguide pyramidal dimension of 1 =8, a = 11.50, b = 8§ mm. The waveguide ridges
have dimensions of height = 1.58, length = 5, and thickness of 2.2 mm and the gap size
0f 0.925 mm between two ridges of the design.

. 35.44mm ‘
o .-

—
[
(o2}
= 2.2
]

L
(a): Front view (b): Inside view (c): Back view

Fig 4. 17: Double-Ridged Guide Horn Antenna dimensions in the high dielectric material.

Inside and at the back end of the waveguide aperture, four flaps have been located on the
four corner and two edges were placed between them that creates a pyramidal shape on
the back of waveguide aperture, which can increase the directivity of the wave. The

pyramidal back has dimensions of I =3, a; =8, and b; = 5 mm as shown in Fig. 4.17.
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Fig 4. 18: S11 graph of the DRGH antenna design.

The Si1 graph demonstrated in Fig. 4.18, specifies the antenna operating bandwidth of
approximately 0.75 GHz (f;=1.69GHz& f;, = 2.44GHz) and two resonant
frequencies at 1.86 and 2.22 GHz. In this design however the centre frequency has been

moved to higher frequencies compared to the previous design which was at 1.43 GHz and
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therefore reduce the penetration depth, but on the other hand it has increased the design’s

bandwidth enormously to around twice as the previous design.
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(c): E-plane polar pattern at 2.22 GHz. (d): H-plane polar pattern at 2.22 GHz.

Fig 4. 19: E and H-plane polar radiation patterns in the resonant regions.

Figs. 4.19 (a) and (b) presented the far-field graphs of the design that demonstrates a good
directivity with low SLLs and gain as high as 9.49 dB at 1.8 GHz centre frequency at E
and H field region. Moreover, Figs. 4.19 (c), and (d) illustrates more SLLs with less
directivity due to side open aperture and higher gain of 11 dB in the centre frequency of

2.2 GHz in the E and H field region that verifies an acceptable operation for the design.

4.1.2.4. EDRH ANTENNA IN HIGH DIELECTRIC
The novel EDRH antenna was carefully designed with respect to the previously defined
pyramidal design dimensions as shown in Figs. 4.20. Furthermore, the cavity at the back

of the design was decided to be a half sphere as is presented in Fig. 4.20 (b).

) 34.00mm _ . _6.00mm
f & E| | _5.00mm
N S |_3.00mm
@ " F‘ )
o . 30mm JmsT |
e Ll
g gls b
£33
! : £ 3.16m™ § §
2. 00mm
(a): Front view (b): Inside view (c): Back view

Fig 4. 20: EDRH antenna design dimension.
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The Sii results of the antenna shown in Fig. 4.21 represents the bandwidth is 1 GHz of
operating bandwidth and the resonant frequency at 2.04 GHz that is almost double the
bandwidth of the PDRH antenna design.
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Fig 4. 21: S11 graph for the EDRH Antenna.

Fig. 4.22 demonstrates the maximum gain over the frequency range of interest (1-3 GHz)

for the antenna design. The gain increases from zero to around 12.5 dB, which is optimum

for this design type.
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Fig 4. 22: Gain over the frequency range of 1 to 3 GHz.

The gain of the EDRH antenna at 2.04 GHz resonant frequency is 10.4 dB that is close to
the previously designed PDRH antenna.
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(a): E-plane polar pattern at 2.04GHz. (b): H-plane polar pattern at 2.04 GHz.

Fig 4. 23: E and H-plane polar radiation patterns in the resonant region.

Figs 4.23 (a) and (b) show the polar far-field radiation patterns of the EDRH antenna
design in E and H-plane regions for 2.04 GHz resonant frequency. The gain of 10.4 dB
was obtained at 2.04 GHz, which is slightly higher than the PDRH antenna design with

less SLLs compared to the previous designs.

The simulation results for EDRH antenna design were compared to the previous PDRH
antenna design and indicated that in the new design, not only the antenna bandwidth has
slightly increased. The gain has also improved to some extent. However, the fabrication

process needs more attention.

4.1.3. EXTENSION TO THE OPTIMAL DESIGNS

In this stage, to place the design at a distance from the scanning area to produce a delay
and avoid pulse overlapping, and having plane wave propagating through the monitoring
medium, an extension was added to the design with a determined length that can be

calculated by the equations (4-1a, b).

1= /f\/a Eq. (4-1a)
d = 2 x DZ//1 Eq. (4-1b)

where f is the selected centre frequency for of operation ¢; is the relative permittivity of
the dielectric material that is embedded within the design and D is the biggest aperture
dimension of the design. Placing antenna close to far-field region would improve the
design in such as having plane wave propagation into the scanning area as well as
avoiding overlapping and protecting the path from noises added to the received pulse. But
it also has some drawbacks such as adding more distance to the wave path and therefore,

causing more energy loss within this path as well as adding complexity and more
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fabrications cost to the design. In order to define the outer aperture dimensions of the

design where the extension is added, the equations (4-2a, and b) developed.

Wgy =2 X [W“" Wazlx‘l”:a" x (I, + 1,)] Eq. (4-2a)
Wpp = 2 X [+ W”%:b" x (I + 1] Eq. (4-2b)

where w, is width of the horn aperture, w,, is height of the horn aperture and I is length

of the aperture. The aperture dimensions expand with respect to the increased length.

4.1.3.1. EXTENDED PDRH ANTENNA IN IDEAL HIGH DIELECTRIC

In this section, an extension was added to the PDRH antenna that was designed previously
in order to satisfy both delay and far field approach, by placing the antenna at a distance
from the scanning area. The wavelength can be determined by equation (4-1a) to be 4 =
31.2 mm. And the far-field region for the design, d defined by equation (4-1b), df =
65 mm. Therefore, there is need of a minimum of 30 mm extension to the outer aperture
of the design. The outer dimensions of the aperture of this design can be determined using

equations (4-2a, and b).

52 . 00mm

46.00mm

(a): Front view (b): Inside view (c): Back view

Fig 4. 24: Extended PDRH antenna with the dimensions.

The initial PDRH antenna was redesigned with an extension that has dimensions of I =
30, ap = 52, and b2 = 46 mm as shown in Fig. 4.24, in order to locate the antenna close to

far field region of scanning area of the human body.
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Fig 4. 25: S11 graph for the extended PDRH antenna design.

Fig. 4.25 represents the Si1 graphs, which defines the operating bandwidth of 880 MHz
covering frequencies from 1.3 GHz to 2.2 GHz. The graph demonstrates two resonant

frequencies of 1.58 and 1.81 GHz.
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Fig 4. 26: Extended PDRH antenna gain over the frequency range of 1 to 3 GHz.

Fig. 4.26 represents the gain of the design over a frequency range of 1 to 3 GHz. that
indicates increase rate from 7 dB to 17 dB. Concerning the two resonant frequencies of

1.58 and 1.81 GHz, which have gain of 12.09 dB and 13.33 dB.
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(a): E-plane polar pattern at 1.58 GHz. (b): H-plane polar pattern at 1.58 GHz.
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Fig 4. 27: E and H-plane polar radiation patterns in the resonant regions.

Figs. 4.27 (a) and (b) show the polar electric and magnetic far-field patterns at 1.58 GHz
representing the gain of 12.2 dB and low SLLs. The far field radiation patterns at 1.81
GHz demonstrate a higher gain of 13.4 dB and increase in the SLLs.

4.1.3.2. EXTENDED EDRH ANTENNA IN IDEAL HIGH DIELECTRIC

In this section, the EDRH antenna designed in previous part is modified with an extension
to the outer aperture in order to satisfy the far field region approach for avoiding
overlapping issue. The extended EDRH antenna design filled with the dielectric material
of 41 is purposed as shown in Figs 4.28. The design has been analysed with respect to

previous design with no extension and the results were discussed.

78 . 00mm .
T
i8.00mm

_5' 60 mm |
s :
3 —
2 / 8
(a): Front view (b): Inside view (c): Side view

Fig 4. 28: Extended EDRH antenna design dimensions.

Figs. 4.28 represents the design dimensions and the length of the antenna extension
determined using equations (4-1a, b). The wavelength of this design can be defined by

equation (4-1a) and is calculated to be A = 31.2 mm and the far-filed distance defined

by (4-1b) is calculated to be d; = 83.1 mm.
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The length of the extension part selected is 60 mm as shown in Fig. 4.28 (c). This length
plus 33 mm length of the antenna to the port is adding a gap of 93 mm, which should

satisfies the far field placement equipment.
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Fig 4. 29: S11 graph of the antenna design with an extension.

The resonant frequency of the design shifted to 1.37 GHz and the -10 dB bandwidth
reduced to 882 MHz shown in Fig. 4.29.
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Fig 4. 30: Extended design gain over the frequencies of interest (1 to 3 GHz).

The extended design gain over the frequency range of interest (1 to 3 GHz) is shown in
Fig. 4.30. The graph presents a gradual increase in the gain from 8.5 dB to 18 dB. The

gain at resonant frequency recorded a gain of 12.37 dB.
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(a): E-plane polar radiation pattern at 1.37 GHz. (b): H-plane polar radiation pattern at 1.37 GHz.

Fig 4. 31: E and H-plane Far-field radiation patterns at 1.37 GHz frequency, main lobe magnitude is 12.4 dB, main lobe

direction is 0 degree, angular width (3 dB) is 27.6 degree and side lobe level is —16.6 dB.

Figs 4.31 (a) and (b) represent the electric and magnetic far-field radiation patterns of the
antenna with the extension. The results indicate that the gain has improved slightly to
12.4 dB and the SLLs decreased in the new design result of removing the medium

mismatched due to increase of the permittivity of the material to the skin permittivity.

4.1.3.3. EXTENDED PDRH ANTENNA DESIGN IN CERAMIC

The extended PDRH antenna was redesigned and modified for the high dielectric ceramic
(VLF-440) that has permittivity of around 30 and conductivity of 0.04 S/m at the
frequency of interest. The ceramic was characterised in Chapter 3 of this thesis, and the
data was employed. In order to place the antenna in the far field, the gap is calculated
using equation (4-1a, b) [9, 10]. The wavelength of this design can be defined by equation
(4-1a) and is calculated to be A = 36.5 mm and the far-filed distance defined by (4-1b)

is calculated to be df =71 mm.

Concerning the far field distance, the length of the extended aperture of the antenna has
to be increased to at least 70 mm. This means that the extended part should have minimum
length of 40 mm. The width and height of aperture should be redefined also by equations
(4-2a, b) to 66 and 58 mm respectively. The ceramic material was modelled using the
data characterised previously and was fed into the CST Studio software deploying the

dispersion Debye 1% order dispersion model and the measured data shown in Fig. 4.32.

103



Electric Dispersion: Debye 1st Order Model
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Fig 4. 32: Ceramic data created using debye 1% order from the real data in CST Studio software.

The extended PDRH antenna was designed based on these dielectric properties as shown
in Figs. 4.33.

66.00mm
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(a): Front view (b): Inside view (c): Back view

Fig 4. 33: Extended PDRH antenna with the dimensions in the ceramic created using the Debye 1% order.

The design parameters were changed and compared to the previous design, based on the

ideal 41 permittivity and 0.1 S/m conuctivity.
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Fig 4. 34: S11 graph of the EPDRH antenna design with an extension in the real Debye 1% order.
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The S11 graph represented in Fig. 4.34, for the extended PDRH antenna offers more than

1 GHz of bandwidth and two resonant frequencies at 1.27, and 1.47 GHz (The highest

dip recorded for 1.47 GHz was —31.3 dB).

Max Gain over Frequency
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2 2.2 2.8 3
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Fig 4. 35: EPDRH antenna gain over the frequency range of 1 to 3 GHz.

The antenna gain increased gradually from 9.5 dB at 1 GHz to 18.3 dB at 3 GHz. The
gain at resonant frequencies (1.28 and 1.47 GHz) is recorded as 11.8 dB and 12.7 dB as

shown in Fig. 4.35.

Farfield Gain Abs (Phi=90)
—farfield (broadband) [1]

Phi=90 30—

.30

Phi=270

120 Frequency = 1.276

Main lobe magnitude= 11.4 dB
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 37.2 deg.

Theta / Degree vs. dB Side lobe level = -13.3 dB

(a): E-plane polar pattern at 1.28 GHz.
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(¢): E-plane polar pattern at 1.47 GHz.
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(b): H-plane polar pattern at 1.28 GHz.
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(d): H-plane polar pattern at 1.47 GHz.

Fig 4. 36: E and H-plane polar radiation patterns in the resonant regions.
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Figs. 4.36 (a) and (b) represents the polar E and H field radiation patterns at 1.28 GHz,
which provides acceptable directivity and gain of 11.4 dB with the slight SLLs.
Furthermore, the Figs. 36 (¢) and (d) expressed the same patterns at 1.47 GHz with a
higher gain of 13 dB and less SLLs due to better matching.

4.1.3.4. EXTENDED EDRH ANTENNA DESIGN IN CERAMIC

The extended EDRH antenna was redesigned and modified to move the centre frequency
and operating band to lower frequencies using the high dielectric ceramic (VLF-440) for

better penetration depth.

The ceramic measured permittivity was 29.2 and conductivity of 0.04 S/m as
characterised in Chapter 3. In order to achieve the goal of placing the antenna in the far
field and producing a delay, an extension was added to the design with a length that can
be calculated using the equations (4-1a, b). The wavelength of this design can be defined
by equation (4-1a) and is calculated to be A = 36.5 mm and the far-filed distance defined
by (4-1b) is calculated to be df = 87.7 mm.

Concerning, the far field distance; length of the extended aperture of the antenna has to
be increased to 60 mm as the EDRH antenna had more than 30 mm length up to the
connector points used to excite the wave. Therefore, the width and height of the aperture

was defined to 80 and 70 mm by defined equations (4-2a, b) at the start of this chapter.

62 .00mm ._.
o
i = 2 _..3.00mm
S8 E‘ | |
g E! |- 30 mm 30 mm
T I
3 i F
o E 31 )
o % e
Te} - Ty~ =
(a): Front view (b): Inside view (c): Back view

Fig 4. 37: Extended PDRH antenna with the dimensions in the ceramic created using the Debye 1% order.

The dimensions of the extended EDRH antenna shown in Fig. 4.37, were determined
based on the real measured ceramic dielectric properties that was plotted in the CST

software employing the Debye 1% order dispersion modeling method.
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S-Parameters [Magnitude in dB]
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Fig 4. 38: S11 graph of the EDRH antenna design with an extension in the real Debye 1% order.

Fig. 4.38 represents the Si1 graph showing a high resonant frequency at 1.17 GHz and
two standard resonant frequencies at 1.3 and 1.49 GHz. The graph shows more than 1

GHz of bandwidth with reference to —10 dB.

Max Gain over Frequency

11.727952| :

1 1.4 1.6 1.8 2 22 24 2.6 2.8 3
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Fig 4. 39: EDRH antenna gain over the frequency range of 1 to 3 GHz.

Fig. 4.39 represents the maximum gain of the extended EDRH antenna, specifying
gradual increase of the gain from 10 dB to around 20 dB over the frequency range of 1 to
3 GHz.

The gain at two resonant frequencies of 1.3 and 1.49 GHz is recorded to be 12.5 dB and
13.6 dB, which is premium in this design types.
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(a): E-plane polar pattern at 1.17 GHz.
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(c): E-plane polar pattern at 1.3 GHz.
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(e): E-plane polar pattern at 1.49 GHz.
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(b): H-plane polar pattern at 1.17 GHz.
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(d): H-plane polar pattern at 1.3 GHz.
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(f): H-plane polar pattern at 1.49 GHz.

Fig 4. 40: E and H field polar radiation patterns in the resonant regions.

Figs. 4.40 (a-f) represents the polar E and H field radiation patterns at all three resonant

frequencies of the design, indicating high directivity and gain as the frequency increases

and less SLLs.

4.1.3.5.

PDRH ANTENNA DESIGN IN OPTIMISED CERAMIC

The dielectric properties of the r-TiO2 was characterised in Chapter 3 and it was mixed

with the VLF-440 ceramic powder with different ratios, to increase the permittivity of the

material to the skin permittivity (41-45). The mixture of two portions of VLF-440 with

one portion of the r-TiO, was found to match perfectly to the dielectric properties at the

region of interest. The dielectric properties of the mixture at 1.8 GHz was measured to be
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& =44.1 and 6 = 0.002 S/m. Furthermore, the PDRH antenna was redesigned with
modified dimensions shown in Fig 4.41; In addition, the extension dimension was
determined using equations (4-2a) and (4-2b) and was added to the design in order to

place the antenna in the far-field region of monitoring area presented in Fig. 4.42 [11].

32.00mm

(a): Antenna front veiw (b): Antenna side veiw (c): Antenna Back veiw

Fig 4. 41: PDRH antenna dimensions in the mixture of the VLF-440 and r-TiOx.

52.00mm
E < 30 mm
(=]
o
=
AT
(a): The antenna front veiw (b): The antenna side veiw

Fig 4. 42: Extended PDRH antenna dimensions in the mixture of the VLF-440 and r-TiOx.

The high dielectric mixture sample made and measured in Chapter 3 was fed in the CST
software and was selected as background material in order to determine the design

operation as shown in Fig. 4.43.
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Fig 4. 43: Measured sample made of mixture of the VLF-440 and r-TiO2 was fed into the CST software.
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The reflection coefficient of the both designed antennas are determined using CST

software and presented in Fig. 4.44 as follows.

’E%mrneters [Magnitude in dB]
0 : : : : : :

—s11
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-25 ‘ |
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-35.135 9(1.4123,-10)
39.461 54 (2:3275,-10) d=4.3258

1 1.2 1.4 2 2.2 2.4 2.6 2.8 3

Frequency / GHz
Fig 4. 44: Reflection coefficient results of the PDRH and extended designs in a mixture of the VLF-440 and r-TiOx.

Fig. 4.44 represents the reflection coefficient results of the antennas (with and without
the extension), which demonstrates that the bandwidth of the design with the extension
increased by 267 MHz having a shift in the resonant point from 1.6 GHz to 1.75 GHz.
Fig. 4.45 represents maximum gain over the interested frequency region. The extended
design at 1.8 GHZ has approximately 4.5 dB higher gain as compare to the design with

no extension.

Max Gain over Frequency
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Fig 4. 45: Maximum gain results of the PDRH and extended antennas in the mixture of the VLF-440 and r-TiOx.

Finally, the H and E-plane polar far field radiation patterns are presented in Fig. 4.46.
they show the main lobe magnitude of 10.7 dB in the PDRH antenna case, which is
increased to 15.2 dB in the extended design. Moreover, the main lobe direction for both
the antennas are zero degree. The angular width at 3 dB point reduced in the case of the

PDRH antenna compared to the extended case. All the results indicate the increase of
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directivity in the extended case at the cost of increasing the SLLs, compared to the PDRH

antenna design.

Farfield Gain Abs (Phi=0)

Phi= 0 30 _
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Main lobe magnitude = 10.7 dB
Main lobe direction = 0.0 deg.
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(a): H-plane polar pattern at 1.68 GHz.
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Side lobe level = -22.4 dB

Theta / Degree vs. dB

(c): H-plane polar pattern at 1.8 GHz.
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Angular width (3 dB) = 51.0 deg.
Side lobe level = -20.0 dB

Theta / Degree vs. dB

(b): E-plane polar pattern at 1.68 GHz.
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Theta / Degree vs. dB

(d): E-plane polar pattern at 1.8 GHz.

Fig 4. 46: H and E-plane polar radiation patterns in the resonant regions.

4.1.3.6. EDRH ANTENNA DESIGN IN OPTIMISED CERAMIC
The EDRH antennas was designed and developed within the VLF-440 and r-TiO; mixture

that has the same permittivity as of human skin, using CST software with the given

dimensions shown in Fig 4.47.

wng0 T 0E

3B U 38.00mm

(c): Back veiw

(a): Front veiw (b): Side veiw

Fig 4.47: EDRH antenna dimensions in the mixture of the VLF-440 and r-TiOx.

The EDRH design was extended using equations 4-la and 4-1b, which have been
developed previously in this Chapter in order to place the antenna in the far field region

of scanning modelled tissue, as presented in Fig. 4.48;
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- -

82.00mm —
(a): Front veiw of the extended antenna (b): Side veiw of the extended antenna

Fig 4.48: Extended EDRH antenna dimensions in the mixture of the VLF-440 and r-TiOx.

The next step was to feed the mixture data as background material and generate the Si;

results using CST software.
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Frequency / GHz

Fig 4. 49: Reflection coefficients of the EDRH and extended antennas in a mixture of the VLF-440 and r-TiOx.
Fig. 4.49 represents the Sii results of both antennas, which indicates that the extended
antenna has higher resonance point as well as reduced operation bandwidth by 203 MHz.
Moreover, Fig. 4.50, which illustrates the gain of both designs over the frequency region
of interest, indicates higher gain for the extended design compared to the design with no
extension. This means that although the bandwidth of the antenna with extension is

reduced, it has higher gain.
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Fig 4. 50: Maximum gain results of the EDRH and extended antennas in the mixture of the VLF-440 and r-TiOx.

The polar far field radiations of both designs in electric and magnetic field planes
directions have been defined and shown in Fig. 4.51, which indicates the extended design

has better directivity and gain due to its elliptical shape.
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(a): H-plane polar pattern at 1.467-GHz.
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Theta / Degree vs. dB Side lobe level = -12.1 dB

(c): H-plane polar pattern at 1.32-GHz.
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Angular width (3 dB) = 80.2 deg.
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(b): E-plane polar pattern at 1.467-GHz.
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(d): E-plane polar pattern at 1.32-GHz.

Fig 4. 51: H and E-plane field polar radiation patterns in the resonant regions.
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4.1.3.7. EXTENDED PDRH ANTENNA DESIGN IN DISTILLED
WATER:

The EDRH antenna was redesigned in the distilled water with real measured dielectric
properties given in Chapter 3. The distilled water created inside the CST software using
the dispersion option from the real data as presented in Fig. 4.52 [12].

Electric Dispersion: Nth Order Model, N=1 (Fit)

90 ‘
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50 {-{Eps" (Fit) : 5.6810754 - : S R
40 |Eps' (Data lisp) : 79.726251 L N
30]-{Eps' Fiy: 79752781 |G _—
J—r
0 2 3 4 5 6 7 8 9 10 1

Frequency / GHz
Fig 4. 52: The distilled water material created in the CST studio using the real distilled water data.

In order to avoid over-lapping and propagating plane wave to the scanning region by
placing the antenna in the far field region, equations (4-la, b) were redefined and
employed. The wavelength of this design can be defined by equation (4-1a) and is
calculated to be A = 22.4 mm and the far-filed distance defined by (4-1b) is calculated

to be df = 91.4 mm.

Considering the far field distance, length of the extended aperture of the antenna should
be increased to 60 mm. Therefore, the width and height of aperture were recalculated to

be 72 and 66 mm by equation (4-2a, b) given early in this Chapter.

72.00mm 3 g
o6 e

68 . 11mm

66 . 00mm

(a): Front view (b): Inside view (c): Back view
Fig 4. 53: PDRH antenna design dimensions using the real distilled water data.

Fig. 4.53 represents the design dimensions from all perspective viewes when the PDRH
antenna design was extended and embedded in the distilled water with the permittivity of
almost 80 within the frequency range (1-3.5 GHz) chosen for this design.
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Fig 4. 54: S11 graph of the PDRH antenna design with an extension in the real distilled water data.

The Si1 result as shown in Fig. 4.54 represents two resonant frequencies. The first
resonant frequency, which takes place at 1.28 GHz, has provided a bandwidth of almost
600 MHz at —10 dB point. The other resonant frequency appears at 3.3 GHz and provides
a bandwidth of 460 MHz at —10 dB.
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Loy T 3 7.7 S S S S NS S—
_____ N
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Frequency / GHz
Fig 4. 55: PDRH antenna gain designed in distilled water over the frequency range of 0.5 to 10.5 GHz.

Fig. 4.55 represents the gain over the frequency range of interenst for the extended PDRH
antenna design, which has been designed to operate within the distilled water. The results
indicate that the antenna has acceptable gain for the frequencies below 500 MHz, which
means the antenna dose not radiate above 500 MHz and the energy absorb within the
antenna structure. This is due to the high conductivity of the distilled water that cause the

system not operating within the frequency of interest.
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(e): E-plane polar pattern at 3.3 GHz. (f): H-plane polar pattern at 3.3 GHz.

Fig 4. 56: E and H-plane field polar radiation patterns in the resonant regions.

The far-field polar radiation patterns shown in Figs. 4.56 (a-f), represent the directivity
of the extended PDRH antenna design in distilled water for all the resonant frequencies.
This indicates that the E and H-plane field radiation patterns are not directional and
energy is radiated in both the front and back direction as well as side in the H-plane field
patterns. This confirms that distilled water approach is not satisfactory and the design was

not employed due to high conductivity and therefore high-energy absorption.

4.1.3.8. EXTENDED PDRH ANTENNA DESIGN IN DEIONISED
WATER:

In this part, the functionality of the extended PDRH antenna in the deionised water that
has lower conductivity compared to distilled water is investigated. The deionised water
dielectric properties measured in Chapter 3 are employed to create the deionised water in

the CST studio using dispersion user define data as represented in Fig. 4.57 [12].
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Fig 4. 57: The deionised water material created in the CST studio using the real deionised water data.
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The data for the deionised water represents lower permittivity of 78. Moreover the

conductivity of deionised water is reduced by 0.1 S/m compared to the distilled water in

the frequency range of interest. Concerning the permittivity of the deionised water, it has

not much difference compared to the distilled water using the same design as shown in

Figs. 4.57, where the background material is replaced with deionised water and

functionality is obtained and observed.
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Fig 4. 58: S11 graph of the PDRH antenna design with an extension in the real deionised water data.

—S1,1

The S11 results shown in Fig. 4.58, represents no improvement when the deionised water

used, compared to the previous design where the distilled water employed in the design.

The results represents unstable reflection coefficient that may be resulted to the high

conductivity and absorption rate of the deionised water.
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Fig 4. 59: PDRH antenna gain designed in the deionised water over the frequency range of 0.5 to 10.5 GHz.

The maximum gain over the frequency region (i.e. 0.3-10.3 GHz) for the deionized water
design was improved as shown in Fig. 4.59. This indicates that the design is not operated
in the frequency range of interest due to energy absorption within the design structure,
however, there is a slight increase in the operational band to 750 MHz compared to the

distilled water design.
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Fig 4. 60: E and H field polar radiation patterns in the resonant regions.

The E and H field radiation patterns in the resonant frequencies demonstrated in Figs.
4.60 (a-f) represent a poor directive pattern same as the previous design in the distilled
water. The results presented here prove that by removing ions from the water, the

conductivity reduces slightly, but not enough for the wave to radiate through.

Therefore, the water is not a good choice for this system design. Different types of the
detergents and glycerol characterised in Chapter 3, were used to develop the antennas in
the mixtures. However, they failed to operate because of their high conductivity and

energy absorption within the antenna region after the wave excited.

4.1.3.9. EXTENDED PDRH ANTENNA DESIGN IN THE MIXTURE
OF LINSEED OIL AND TITANUIM OXIDE:

The next phase of the investigation was to use liquid oil for the antenna design due to low
conductivity of the oil [13]. Various types of liquid oils were characterised in Chapter 3
and linseed oil was selected based on its high permittivity. Moreover, the linseed oil was
mixed with the r-TiO; in order to increase the permittivity and keep the conductivity as
low as possible. Furthermore, the best mixture ratio chosen, which enabled to easily
remove the air bubbles by shaking the mixture was found to be 30 ml of the linseed oil

and 40 mg of the r-Ti0O».

The permittivity of the mixture measured by conventional open-ended probe was found
to be almost twice that of the linseed oil (i.e. &~5.26 at 1.8-GHz), and slightly higher
conductivity. The dimensions of E- and H- planes of a PH have been determined based
on the dielectric material and the equations presented in the seminal antenna textbook [3].
The antenna has been designed based on the calculated parameters, in order to operate

within the desired frequency of operation (1 to 8 GHz).
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Fig. 4.61 presents the modelling of the proposed antenna based on the measured mixture
of the material data (i.e., linseed and r-Ti0O) loaded into the software as a new material
by using the user dispersion option, as well as the time-domain transient solver. The next
stage of the antenna design is to propose a solution for the device to be located in the far-
field EM region of the targeted area of the body. This has been performed for the plane-

wave to penetrate more into the tissue.

(a): Outside view perspective (b): Inside view perspective

Fig 4. 61: Dimensions of the modelled PDRH design, when immersed in a mixture of the linseed oil and the r-TiOx.

In addition, equations (4-1a and b) have been used to define the design wavelength
followed by the far-field distance of the system (i.e., dy). The calculated wavelength is 74
mm and is obtained based on the operating frequency of 1.8 GHz, and the measured
material permittivity properties. The far field distance is also calculated according to Fig.
4.62 (a) and (b), which are defined based on the obtained wavelength (1) and largest
section of the design dimensions. The high-dielectric PDRH antenna has been extended
with the pyramidal aperture length of 40 mm, based on the equations (4-2a and b), in
order to maintain the primary design antenna objectives, as shown in Fig. 4.62. This was

to define the outer aperture of extended part, when the length of the extension changes.

84.00mm
(23]
[
o
1
(a): Outside view perspective (b): Inside view perspective

Fig 4. 62: Dimensions of the extended PDRH design, when immersed in a mixture of the linseed oil and the r-TiOx.

The developed mixed material has also been chosen as the background material in the
CST software, in order to effectively evaluate the antenna performance inside the

dielectric medium. As such, the primary figures of merit for the evaluation of the

120



proposed antenna, including the reflection coefficients based on the scattering (S)-

parameters, gain, and EM radiation patterns, have been obtained.

S-Parameters [Magnitude in dB]
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Fig 4. 63: Simulated S11 when the antenna is inside the proposed material (Linseed oil and r-TiOz).

The reflection coefficient (i.e., S11) results shown in Fig. 4.63 present the wide operating
bandwidth of 5.41 GHz from 1.5 to 6.91 GHz, taking —6 dB as a reference; commonly
defined for the on-body applications, as well as the large resonant at a low frequency of
1.77 GHz . Fig 4.64 represents the maximum gain over the frequency region of interest
(1 - 8 GHz) generated by the CST software that indicates the gain of 5.7 dB at first large
resonant point (1.763-GHz).

Max Gain over Frequency
30

0 i ; : ; : :
1 1.763| 2 3 4 5 6 7 8
Frequency / GHz

Fig 4. 64: Simulated S11 when the antenna is inside the proposed material (Linseed oil and r-TiOz).

In addition, Fig. 4.65 shows the H and E radiation patterns, in polar form, and the gain at
the resonant point (i.e., 1.77 GHz). This further depicts the gain of 2.92 dB in the zero
degree at the antenna front-end and the gain of 5.29 dB at the antenna back-end. The
higher gain in the back-end was caused by the dielectric properties of the material that

was selected as the background material in the modelling and simulation.
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Theta / Degree vs. dB Side lobe level = -2.0 dB Theta / Degree vs. dB Side lobe level = -2.0 dB
(a): H-plane polar radiation pattern at 1.7 GHz. (b): E-plane polar radiation pattern at 1.7 GHz.

Fig 4. 65: H and E-plane field polar radiation patterns in the resonant regions.

In order to improve the directivity of the design, [14] has proposed to utilize a sheet of
graphene in the lower- and upper-flare extensions of the antenna to reduces the SLLs and
hence to increase the directivity. In this regard, a thin, flexible, and magnetically loaded
silicone microwave absorbing material sheet (i.e., ECCOSORB FGM-40) was selected to
employ as part of the high-performance design of the proposed antenna. Hence, the
dielectric properties of this sheet was measured using the open-ended probe method and
loaded into the software-based modelling of the system. The measured dielectric
properties of this absorber sheet can be found in Figs. 3.20 (a) and (b). Based on the
measured data, the absorber sheets were modelled in the CST software and have been
attached to both the lower- and upper-outer extended flares of the antenna. These parts

are the locations of the ridges, which the EM wave is propagating through, as in Fig. 4.66.

/

Fig 4. 66: Extended PDRH antenna (with the absorber) immersed in the mixture, as the proposed background
material for the EM modelling.

Moreover, Fig. 4.67 (b) shows that the effects of the absorber on the frequency of
operation is negligible, due to a minor frequency shift for the first large resonant point

~20 MHz, and a slight increase in the bandwidth ~10 MHz.
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Fig 4. 67: Simulated S11 when the absorber sheet attached to the upper and lower flare of the extended PDRH
antenna.

Fig. 4.68 represents the maximum gain over the frequency of the interest (1-8 GHz) for
the design with the absorber attached to it that was generated by the software. The results

indicates more or less the same gain over the frequency as the design with no absorber.

Max Gain over Frequency
30

1 1.749| 2 3 4 5 6 7 8
Frequency / GHz

Fig 4. 68: Maximum gain over the frequency range of 1 to 8 GHz for the design when the absorber sheet attached
to the upper and lower flare of the extended PDRH antenna generated.

Moreover, the H and E far-field radiation patterns represents a significant effect on the
directivity and gain of the antenna, as in Fig. 4.69. The antenna gain increased to 5.39 dB,
and the SLLs reduced, exhibiting an improved directivity of the main lobe, compared

with the case without the absorber.
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(a): H-plane polar radiation pattern at 1.7 GHz. (b): E-plane polar radiation pattern at 1.7 GHz.

Fig 4. 69: H and E-plane field polar radiation patterns in the resonant regions.

4.1.3.10. EXTENDED EDRH ANTENNA DESIGN IN THE MIXTURE
OF PARAFFIN AND TITANUIM OXIDE:

After more literature review on the materials with high permittivity and low conductivity,
to replace the liquid oil with an alternative solid material due to unsuitability of using a
liquid for the system, paraffin is purposed as better solution in this section to be replaced
with the liquid oil. The paraffin was chosen as preliminary material due to the advantages
this material has such as solubility, flexible fixed shape, and low conductivity compared
to others. The measured dielectric properties of the paraffin, shown in Figs. 3.19 (a) and
(b) presents the low conductivity as well as not high permittivity at the frequency of 3.1

GHz (£,~2.16 & 6~0.003).

In order to increase the permittivity of the paraffin, it was mixed with the r-TiO> that has
a high permittivity and low conductivity. However, the conductivity of the mixture may
increase to some extent compared to r-TiO; conductivity, but the conductivity is still in

the acceptable range, which does not disturb the wave propagation.

The centre frequency of 3.1 GHz is chosen for the proposed system based on the tissue
penetration capability, and the required antenna bandwidth that increases the range
resolution. Consequently, the dielectric properties of the materials were measured in the
frequency range of 1 to 8 GHz. The ideal Three portions of the r-TiO> (60g) was mixed
with two portions of the paraffin (40g) in the liquid form at 70°C and left to cool down.
This has produced the white solid shape material, with the measured dielectric properties,
using the open-ended probe method in the range of 1-8 GHz; as shown in Figs. 3 (a) and
(b). The measured permittivity of the mixture is more than twice as the paraffin with a
slightly higher conductivity at the frequency of 3.1 GHz (¢~5.4 & ©~0.004). The

proposed medium for the developed antenna has a permittivity of 5.4 at 3.1 GHz;
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therefore, the impedance of the medium can be defined using (4-1a, b) as 160.75 ohms;

1.e., reduced by less than half compared to the free-space case.

The E- and H- planes dimensions of the elliptical design filled with the dielectric material
were determined by the equations presented in the seminal antenna textbook [3]. The
antenna design based on the defined parameters in the pyramidal design. Furthermore, it
is optimised, in order to operate within the desired frequency of operation as set in the

software shown in Table 4.1.

Table 4. 1. Antenna parameters dimensions.

Section | Size (mm) | Section | Size (mm) | Section | Size (mm)
Name Name Name
Waveguide | rwxr x1 Back rwXrh X1 Flare TwXrh X1
(Inside) 12x6x6 (Outside) 14x8x7 (Inside) | 27x19%40
Waveguide | wxIxh | Backspace Ib Flare wx1
ridges 6x4x4.7 (Inside) 5 ridges 6x42.72
Waveguide h Extended | rwxrnxl
ridges gap 2.5 Flare 42x32x40
Connector Ic Connector Th
diameters 0.4699 heights 30

Figs. 4.70 presents the modelling of the proposed antenna based on the measured mixture
of the material data (i.e., paraffin and r-T10) loaded into the software as new material by

using the user dispersion option, as well as the time-domain transient solver.

(a): Outside view perspective

(b): Inside view perspective

Fig 4. 70: Modelled EDRH antenna, with the aperture dimensions.

In order to achieve the objective of the system, which is to locate the antenna in the EM
far-field region for the propagation of the plane-wave, and furthermore to produce a delay

for avoiding the overlapping issue.

The optimal approach is to extend the outer aperture of the antenna to the defined length

so the scanning tissue area is placed in the far-field region. This might have added more
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complexity to the fabrication and realization of the device, with the increased cost, but on
the other hand, it has made the antenna more stable in its operation, and mostly free of

any destructive interference signals and noise.

In addition, equations (4-1a, b) have been used to define the design wavelength followed
by the far-field distance of the system (i.e., dy). The wavelength is calculated as 74 mm
and is obtained based on the operating frequency of 3.1 GHz, and the measured material

permittivity properties.

The far field distance was also calculated according to equations (4-1a, b), which are
defined based on the obtained wavelength (1) and largest section of the design dimension
(i.e., D). The wavelength of this design can be defined by equation (4-1a) and is calculated
to be A = 64 mm and the far-filed distance defined by (4-1b) is calculated to be d; =

91 mm.

The high-dielectric EDRH antenna extended with the pyramidal aperture length of 40
mm, based on equations (4-2a, b), in order to maintain the primary design antenna

objectives, as shown in Fig. 4.71.

Extension

86 .00mm

pinG anDm
— Yoog

33

!

umIgo 99

(a): Outside view perspective (b): Inside view perspective
Fig 4. 71: Aperture dimensions of the modelled extended EDRH antenna.

The developed mixed material was chosen as the background material in the CST

software, to evaluate the antenna performance inside the dielectric medium effectively.

As such, the primary figures of merit for the evaluation of the proposed antenna, including
the reflection coefficients based on the scattering (S)-parameters, gain, and EM radiation

patterns, have been obtained and further shown in Figs. 4.72 (a) to (d).
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Fig 4. 72: Simulated S11 when the antenna is inside the proposed material.

The extended EDRH antenna design dimensions in the mixture are shown in Fig 4.71.
Moreover the reflection coefficient (i.e., S11) results for the antenna obtained and shown
in Fig. 4.72 presents the wide operating bandwidth of 4.4 GHz from 1.82 to 6.22 GHz,
taking —6 dB as a reference. Where in the extended design, the results represent the slight
increased bandwidth to 4.41 GHz at —6 dB point. The -6 dB is in line with other
biomedical application [15]. The design was optimized to operate at (-10 dB) to account

for worst-case scenarios

1D Results\farfield 1D Results\farfeild

60 -60
90 --90
120 -120
S e
180
Theta / Degree vs. dB Theta / Degree vs. dB
(a): Antenna Design (b): Extended Antenna Design

Fig 4. 73: H-plane polar (solid line) and E-plane polar (dashed line) far-field radiation patterns of the antennas, at
the 3.1 GHz frequency with -6 and -5.2 dB sidelobe levels.

In addition, Figs. 4.73 shows the polar radiation patterns, in the magnetic and electric
field direction (Phi = 0° & 90°) at the antenna front-end that demonstrates slight SLLs.
Where in the extended design, the results represent an increase in directivity as well as

the SLLs at 3.1 GHz in the magnetic and electric field direction at the antenna front-end.
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Fig 4. 74: Gain over the frequency range of 1 to 8 GHz for both the EDRH and extended EDRH designs.

Fig. 4.74 presents the gain of the design over the operating frequency range (i.e., 1 to 8
GHz). This further depicts the minimum gain of 1.2 dB at 2.4 GHz and the maximum
gain of 6.5 dB at 6.25 GHz for the EDRH antenna design. Where in the case of extended
design, depicts significant increase in the gain over the operating frequency with a
minimum gain of 4.72 dB at 3.1 GHz and maximum gain of 8.26 dB at 4.85 GHz compare

to the design with no extension.

4.1.4. DRH ANTENNA IMPEDANCE MATCHING

The impedance matching is an important parameter in any antenna design. If an antenna
is not matched most of the energy will reflect back when it is exited from the connector
into the design structure. This is important in the design such as the horn antenna design
filled with high dielectric. Therefore, the design was partially tested to check the operation

of the design in each independence section.

4.1.4.1. IMPEDANCE MATCHING IN THE WAVEGUIDE

Previously in this Chapter, the concept of impedance matching for the DRH antenna
design based on the ridges and the tappers design dimensions were employed using the
equations (3-4 a to d) in Chapter 3. In this part of the thesis, to support the equations
given, the simulation results were generated to demonstrate the design matching within

the waveguide section of the antenna design [4].
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(a): Front view perspective (b): Back view perspective

Fig 4. 75: DRH waveguide design dimensions using the ideal high dielectric (41).

Figs. 4.75 represented the DRH waveguide design section filled with the created ideal
material with the permittivity of 41 and the conductivity of 0.1S/m. Two ports were
placed, one at connector point and one to the outer aperture of the waveguide, in order to

represent the impedance matching of this part of the horn design [16].
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Fig 4. 76: S11 graph over the frequency range of 0 to 3 GHz.

S11 graph shown in Fig. 4.76, represents that the waveguide has the acceptable operation
within the frequency range of 1.14 to 1.68 GHz that is almost 500 MHz of bandwidth.
The Si11 graph drops below —10 dB point and the S21 is nearly zero that represents; this

part of the antenna operates well in response to impedance matching.

Voltage S(nnﬂl.nr@m io (VSWR)
s L ;
] ! — VSWR1
_______________________________________________________________________________ e )
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11 1.1391 1.2 1.3 14 15 1.6 17
Frequency / GHz

Fig 4. 77: Voltage standing wave ratio (VSWR) graph at the operating frequencies of 1.139 to 1.67 GHz.
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Fig. 4.77 represents the VSWR graph, which indicates that this part operates well in the
interested frequency range (1.14-1.68GHz), as the graph stays below 2 within the given

frequency range.
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Fig 4. 78: Time domain refectory (TDR) graph at zero to 25ns time.

The time domain refectory (TDR) graph shown in Fig. 4.78 above represent the smooth
transaction of the energy over the time of 0 to 25 ns from the impedance of 50 to 0 ohms.

This explain the matching capability of the design.

4.1.4.2. IMPEDANCE MATCHING IN CONNECTION PIONT

In this section, the error that can be produced during the fabrication process are analysed.
Such as, when the antenna was designed in the ideal environment within the software
(CST Studio) with no air gap. An air gap between the core of connector and the ceramic

can be developed in the fabrication processes, which can be investigated here.

R

(a): Front view (b): Inside view (c): Back view

Fig 4. 79: the air gap created around the connector of the antenna design with the ceramic environment.

In order to justify the errors that can be added to the design during the fabrication process;
air gap with a thickness of 0.5 mm was created around the core of the design shown in
Fig. 4.79. The background material was chosen as the real ceramic by creating the

environment using measured data.
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Fig 4. 80: Si1 graph in the frequency range of 1 to 3 GHz.

Fig. 4.80 represents the Si1 graph, which compares to the previously design results that
does not have any air gap and presented in the section 4.2.3.3, generates two resonant
frequencies, which shifted slightly to a higher frequency and marginally shorter
bandwidth. Moreover, there is a considerable shift on the magnitude that can be related

to the design gain.

Max Gain over Frequency
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Fig 4. 81: Gain of the design over the frequency range of 1 to 3 GHz.

The gain of the design over the frequency range of 1 to 3 GHz represented in Fig. 4.81,
does not demonstrate many changes that indicates the air gap in the design does not have

much effect on the gain performance of the design.

Farfleld Gain Abs (Phi-90) Farfield Gain Abs (Phi=0)

Frequency = 1.314
Main lobe magnitude = 12.2 dB
Main lobe direction = 0.0 deg.

Frequency = 1.314
Main lobe magnitude = 12.2 dB

e Main lobe direction = 0.0 deg.

150

T Angular width (3 dB) = 36.6 deg. T Angular width (3 dB) — 41.5 deg.
Theta / Degree vs. dB Side lobe level = -15.6 dB Theta ' Degree vs. B Side lobe level = -19.9 dB
(a): E-plane polar pattern at 1.3 GHz. (b): H-plane polar pattern at 1.3 GHz.
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(c): E-plane polar pattern at 1.5 GHz. (d): H-plane polar pattern at 1.5 GHz.

Fig 4. 82: E and H field polar radiation patterns in the resonant regions.

The polar radiation patterns at the resonant frequencies indicate not much change on the
SLLs, as well as directivity of the design with air gap, compared to the one with no air
gap. Therefore, the results show, the air gap does not have a great effect on the

functionality of the design.
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4.2. DESIGNS COMPARISON

In this section, Table 4.2 is generated containing all the designs and their specification.

Table 4. 2. Different DRH designs with their specifications.

Name DRH antenna Surrounding Shape Size | Bandwidth Operating Gain (dB) at
Medium (e;) (cm) (GHz) frequencies lowest resonant
Initial P 1 (free space) pyramidal 10 2.56 294 -55 7.5 at3.16 GHz
Improved P 1 (free space) pyramidal 10 3.67 2.83 - 6.5 7.7 at 3.22 GHz
Initial high 41 (c=0.1 S/m) pyramidal 4 0.49 1.17 - 1.66 7.26 at 1.45 GHz
dielectric P
Improved high 41 (6=0.1 S/m) pyramidal 4 0.5 1.12-1.62 | 7.65at1.43 GHz
dielectric P
Guided P 41 (c=0.1 S/m) pyramidal 4 0.71 1.69 - 2.4 9.76 at 1.86 GHz
Elliptical 41 (c=0.1 S/m) Elliptical | 3.5 1.03 1.61 —2.64 | 10.39 at 2.04 GHz
Extended P 41 (c=0.1 S/m) pyramidal | 6.8 0.9 1.3-22 12.08 at 1.58 GHz
Extended E 41 (6=0.1 S/m) Elliptical | 9.8 0.82 1.07 - 1.89 | 12.25at 1.35 GHz
Extended P VLF-440 (&=29) | pyramidal | 8.3 1.08 1.09 - 2.17 | 12.77 at 1.47 GHz
Extended E VLF-440 (e=29) | Elliptical 7 1.08 1.09 -2.17 | 11.73 at 1.17 GHz
Skin-Matched (SM) | VLF&TiO2(e=44) | pyramidal | 3.8 0.64 1.45-2.09 | 10.72 at 1.68 GHz
Extended SM P VLF&TiO2(er=44) | pyramidal | 6.8 0.89 1.41-23 1522 at 1.75 GHz
Skin-Matched (SM) | VLF&TiO2(e=44) | Elliptical | 3.8 0.91 1.09 -2 30.3 at 1.47 GHz
Extended SM E VLF&TiO2(e=44) | Elliptical | 9.8 0.7 1.1-1.8 353 at 1.32 GHz
Extended P Distilled water pyramidal | 9.8 0.59 1.12 - 1.71 —3.6 at 1.28 GHz
(&=79.5)
Extended P Deionised water | pyramidal | 9.8 0.6 1.13 - 1.73 -235at1.3 GHz
(e=77.9)
Extended P Oil& TiO2 pyramidal | 8.8 5.2 1.6 —6.8 5.7 at 1.76 GHz
(e=5.26)
Extended P Paraffin& TiO2 pyramidal | 8.8 4.39 1.81 -6.2 5.7 at2.05 GHz
(e=5.4)

By analysing the Table 4.2, the antenna designs using the skin-matched ceramic (mixture
of VLF-440 and TiO») is the most compact design that has highest gain; however,
fabrication procedure is complex and costly. Concerning, the designs low-permittivity
designs (mixture of TiO> with oil and paraffin), these designs have wider bandwidth and
the fabrication cost is low compare to the ceramics, but the gain is relatively low that
would be result of mismatched. The designs with different type of water (distilled and
deionised) is not satisfactory due to the high conductivity values of these waters and
therefore the energy absorption within the medium that push the gain of design to
negative. Finally, free space designs suffers from the parameters such as being compact
in the frequency interest region and mismatching issue, which cause most of the energy
reflected from the tissue.
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4.3. CHAPTER SUMMARY

This Chapter consists of different types of a DRH antenna designs and simulation results
within the different mediums (Free Space, water, skin matched ceramic, mixture of an oil
and TiO2, and mixture of paraffin and TiO;) with different bandwidths and centre

frequencies. The Chapter’s summary can be outlined as:

= DRH antenna was selected as premium design for the system due to its large
bandwidth, directivity, gain and impedance matching capability.

» First two DRH antennas were designed in the free space having the large
bandwidth and gain. However, the designs were operated in the higher frequencies
than the system needs due to the penetration depth as well as enormous pulse
reflection due to the permittivity differs from free space (1) to the defined skin
medium (i.e. 40-45).

» Different DRH antennas were designed in the ideal dielectric constant of 41 and
almost the centre frequencies of 1.5 and 1.8 GHz and the best design was selected
for the real ceramic data.

» Pyramidal and elliptical DRH antennas were selected as a prime designs and were
modified to operate in the real ceramic design, which had permittivity of 30 at the
selected centre frequencies of 1.5 and 1.8 GHz.

* The extension for the antenna designs were purposed to locate the antenna in the
far field region with respect to the scanning tissue part of the body in order to
generate a plane wave propagating through the monitoring area.

= Different liquid such as distilled, deionised water and their mixture with other
detergent and glycerol were proposed to ease the fabrication, but due to the
substantial conductivity of water, the pulse energy was absorbed within the
antenna design.

= Dielectric measured linseed oil was chosen based on its low conductive; the
permittivity of the oil was increased by mixing the r-TiO> with the oil. Moreover,
PDRH antenna was designed for the mixture and the absorber sheet added to
increase the directivity at the low frequencies of interest.

= Paraffin was selected based on the ability to turn to the required shape, as it turns
to liquid form at 70°C and turns back into the solid form at normal temperature.
Paraffin was mixed with the r-TiO; to increase the permittivity. The EDRH

antenna was designed to operate within the mixture at the frequency of interest.
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» Impedance matching functionality was investigated at the waveguide section of
the design, which presents acceptable functionality.

» The fabrication error such as air gap between the ceramic and the core of the
connection was inspected in a simulation that illustrates not a great impact on the

design parameters.
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CHAPTER 5

5. ABDOMINAL FAT MEASUREMENT SYSTEM

In this Chapter, the system behaviour will be evaluated using various DRH antenna
designs in different material on the modelled human tissue (studied in Chapter 3 and 4).
Moreover, the hardware components would be needed to finalise the system hardware

design were considered base on availability.

5.1. SYSTEM DESIGN ANALYSIS

The system will be evaluated using different time domain approaches such as the reflected
pulse, TDR and reflection coefficient, employed by various research groups in the similar
systems [1, 2]. The system operation was investigated when the proposed antenna was
located on the modelled tissue in order to measure the fat thickness. Modelled tissue is
comprised of 2 mm skin, a large amount muscle, and a layer of fat with thickness varying

from 10 to 40 mm, in 5 mm increasing steps.

51.1. SYSTEM ANALYSIS USING THE FREE SPACE DRH
ANTENNA DESIGNS

Two PDRH antennas designed in free space in section 4.2.1.2 both benefiting from wide
bandwidth, and other designs that were developed within different high dielectric
materials will be individually applied and analysed in the system. Moreover, the tissue
modeled previously is placed in the far field distance in front of the antennas, the GP is
transmitted to the tissue, reflected pulse is recorded, and analysed based on the time of
arrival and amplitude reduction of received pulse. Furthermore, the system is evaluated
when it operates at different centre frequency and bandwidth (1 and 3.5 GHz), to assess

the effect of penetration depth and range resolution in the system performance.

5.1.1.1. WIDE BANDWIDTH DESIGN IN FREE SPACE
PERFORMANCE IN THE SYSTEM

In a design with wide bandwidth, a GP with the centre frequency of 3.3 GHz and
bandwidth of 1GHz (2.83-3.83) was generated using CST software as presented in Fig.
5.1. The created pulse was transmitted using the antenna to the modelled tissue and the

reflected pulses were captured and analysed.
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Fig 5. 1: Modelled tissue placed in front of the antenna and the GP was generated and transmitted using
CST signal excitation.

The impulse response is a common method applied in systems with time domain results.
There is possibility of acquiring information such as location and type of a medium by
impulse responses using the methods such as S;;, TDR and Group delay. Fig. 5.2
represents the transmitted and reflected pulses in free space, when the modelled tissue
was in the far-field region of the designed antenna in the time domain. In addition, the

reflected pulses were studied, in terms of time, amplitude and shape.
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Fig 5. 2: Transmitted (red) and reflected (green) pulses from the antenna to the tissue located in the far field region.

Furthermore, the acquired information were assessed, in the frequency and time domains,
when the thickness of the fat layer in the modelled tissue was changed from 10 to 40 mm
of 5 mm steps based on the abdominal fat thickness in humans. Fig. 5.3 represents the

generated reflection coefficient response in the frequency domain using CST software.
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Fig 5. 3: Generated return loss, when fat thickness varies from 10 to 40 mm with 5 mm iteration.
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The S11 graphs shown in Fig. 5.3, demonstrates non-uniform behaviour in terms of the
magnitude, time and shape when the tissue modelled with different fat thickness scenarios
(i.e. change of fat thickness from 10 to 40 mm) were employed in the system. These
cannot be easily interpreted in anyway refer to the inconstant changes of amplitude and
time. Therefore, the next step was to observe the time domain graphs to define the changes

in amplitude and time difference for fat thickness changes.
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Fig 5. 4: Generated reflected pulse when the fat thickness varies from 10 to 40 mm with 5 mm iteration.

Fig. 5.4 presents the generated reflected pulses in time domain when the fat thickness of
the modelled tissue changed from 10 to 40 mm in 5 mm steps. Moreover, analysing the
reflected pulses in different fat scenarios indicates that there is no constant change in
relation to the time shifting, amplitude of the pulse, which was expected due to the signal

overlapping issue.

GDelay_1(1)1(1)

— =10
| —tr1s

""""" ] — =25
— =30
— =35
— tf=40

28 2.9 3 3.1 3.2 33 34 3.5 3.6 3.7 3.8 3.9
Frequency / GHz

Fig 5. 5: Group delay when the fat thickness varies from 10 to 40 mm with 5 mm iteration.
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In addition, the group delay and TDR graphs were generated for different fat thicknesses
and are shown in Fig. 5.5 and Fig. 5.6 respectively. Fig. 5.5 represents the group delay
and demonstrates constant change of time for thicknesses from 10 to 20 mm, and start

lagging thereafter, which could be resulted by overlapping.
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Fig 5. 6: TDR results when the fat thickness varies from 10 to 40mm with 5 mm iteration.

Figs. 5.6 represents, the generated TDR for different fat layer thicknesses from 10 to 40
mm. The results indicate a constant shift in time for fat thicknesses of 10 to 25 mm;
however, when the thickness increased to 30 mm, signal shifted back to the same position
where the thickness was 10 mm with another cycle of time starting over. According to
the time domain results, the measurement of the fat thickness using the antenna in free
space, indicated that the system was unable to determine the fat thickness in the required
region. In addition, the generated results clarified that the antenna design and the pulse
were not suitable for the system. Furthermore, it is worth studying the specific absorption
rate (SAR) of the EM energy inside the medium for the different scenarios of fat
thicknesses. To define and gain understanding of the absorption rate parameter inside the

medium, when the permittivity is known, and the conductivity can be defined by equation

(5-1);

Eq. (5-1)
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where a is attenuation coefficient, &, is relative permittivity, y, 1s magnetic permeability
of free space, and f'is frequency. In addition, the SAR of an electric field inside a medium

can be defined by equation (5-2);

2
SAR = f%dr Eq. (5-2)

where, SAR is a function of the electrical conductivity (o, measured in Siemens/meter),
the induced E-field from the radiated energy (i.e. E, measured in Volts/meter), and the
mass density of the tissue (i.e. p, measured in kg/cubic-meter). The SAR is calculated by
averaging technique (i.e. integrating) over a specific volume (typically a 1-gram or 10-
grams area) [3]. Figs. 5.7 and 5.8, illustrate the induced E-field radiation energy that is
being absorbed by each layer through the medium. Fig. 5.7 represents the case, when the

modelled tissue has a fat layer with thickness of 10 mm, where Fig. 5.8 demonstrate the
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Fig 5. 7: The SAR radiation when there is a fat layer with 10mm thickness presented in the modeled tissue.
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Fig 5. 8: The SAR radiation when there is a fat layer with 40mm thickness presented in the modeled tissue.

Figs 5.7 and 5.8 represent an insignificant amount of the penetration in both cases where
the modelled tissue had fat thicknesses of 10 and 40 mm, however, it can be observed
that minor amounts of energy has been penetrated through the medium, which proves the
system has minor operation functionality. Defining the equation (5-2), there are two

elements that have more impact on the radiation pattern; the first element is electrical
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conductivity, which increased slightly from one tissue type to another, and second and
more important element is mass density that can change significantly from one type to
another. Each tissue type has an approximate mass density, which makes the simulation
more vulnerable in terms of the outcome results. Finally, based on the analytical and
simulation results, the system would not be able to determine the fat thickness and
therefore there is need of a wider bandwidth to satisfy the range resolution and lower

centre frequency to satisfy required penetration through the medium.

5.1.1.2. IMPROVED SYSTEM DESIGN IN FREE SPACE

In this section, the improved design in free space was employed in the system and a GP
with the centre frequency of 3.21 GHz and bandwidth of 3.66 GHz (2.83-6.49 GHz) was
generated using CST-MWS as shown in Fig. 5.9. In addition, the pulse has been

transmitted using the designed antenna to the tissue model and the reflections were

e Time / ns N ¢ 4

Fig 5. 9: The tissue placed in front of the antenna and the GP was generated and transmitted using CST signal.

recorded for further investigation.
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The thickness of fat layer changed from 10 to 40 mm with 5 mm steps and the responses

were generated and saved for each case individually for further analysis.
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Fig 5. 10: Captured Si1 for the Reflected Pulse when the fat thickness varies from 10mm to 40mm.

Fig. 5.10 represents the Si1 graphs of the system for different fat thicknesses. The results
specify non-constant changes regarding the magnitude and the frequency shifting as it
was expected. The next stage is to consider the time domain results and check if the

meaningful information can be acquired from the results.
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Fig 5. 11: Captured Reflected Pulse when the fat thickness varies from 10mm to 40mm.

Figs. 5.11 shows the reflected pulses generated for different fat thicknesses from 10 to 40
mm. Comparing the results, there are no regular changes concerning amplitude or time
shifting. This proves that the system is not operating due to low penetration in the

modelled tissue and the large reflection was generated result of the mediums mismatched.
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Fig 5. 12: Group delay graph results generated when the fat thickness varies from 10 to 40 mm with 5 mm iteration.

The group delay graph shown in Fig. 5.12 proves the irregularity in each case also the
concept of over-lapping results. The overall results have verified that the results have
been corrupted base on their unknown behavior and therefore one of the important
parameters (e.g. range resolution or penetration depth) for the pulse is not sufficient for

correct measurement of fat layer. Therefore, a new idea of habitation of a horn antenna to
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the materials with the close permittivity to the human tissue will present in the next

section.

5.1.2. SYSTEM ANALYSIS USING DRH ANTENNA DESIGNS
IN HIGH DIELECTRIC MATERIAL

Following more research and looking through different techniques that can improve the
system performance by minimising the large reflection from the skin results of the
mediums mismatch, and overlapping the pulse results of the range resolution. New
concept was introduced to design the antenna in a material with a high permittivity close
to the human skin (40—45). Refer to equation (2-13), the required bandwidth and therefore
the range resolution for the pulse could be defined to enable the system to detect a small
object. That part of the equation, which involves with the speed of the pulse in the free
space, worth it to be paid more attention to, especially when the antenna was embedded
in high dielectric materials. This means, the speed of pulse in free space can be reduced
by embedding the antenna in the high permittivity materials that has a permittivity close
to the skin’s permittivity and therefore better matching can be achieved. This not only
can compact the antenna and therefore the system, it also can reduce the first large
reflected signal that was produced due to mismatching issue, which must be removed
through complex signal processing technique. Table 5.1 illustrates the required bandwidth
for the pulse and therefore range resolution when it is operating inside a medium with a

high permittivity close to the human skin.

Table 5. 1: The human tissue thickness and related bandwidth required for detection in the skin’s environment.

Tissue types Thickness (mm) Required Bandwidth(GHz)
> vs/24R
Skin 2 11.71
Fat 16 1.46
Muscle 30 0.78

Table 5.1 demonstrates that by reducing c (speed of light) to vs (speed of signal transfer
through skin like medium), the required bandwidth to have premium resolution would
reduce significantly. By putting the antenna into the material with the permittivity close
to the skin’s permittivity (40-45) we reduce the large reflected pulse from the skin,

generated due to mismatches in the medium.
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The technique has its own limitation such as putting an antenna in such a medium that
may have high conductivity has great effect on the antenna operation and the transmitted
signal. This can reduce the gain, radiation pattern and signal power considerably but it is
worthy to try the technique and to eliminate the critical limitations such as using high
dielectric ceramic in the design that has low conductivity. Hence, based on previous
research, and the retrieved results, we are directed to the choice of embedding the antenna
in the medium with a high dielectric constant close to the human skin’s permittivity. This
reduces the size, large reflections resulting mismatched and required bandwidth
improving the range resolution. Therfore, a WB antenna is proposed for the system that
should have following features to satisfy the project requirements:
= [t should have centre frequency of less than 3 GHz to penetrate better through the
modelled human based on skin depth issue.
» [t should have a minimum bandwidth of 500 MHz to be able to satisfy the range
resolution.
» [t should have small dimensions, as it should be able to locate on the body and use
in the compact system.
* The developed antenna should be designed in the material that has the permittivity

close to human skin (40-45) as well as low conductivity.

Based on the considerations given above, the PDRH antenna designed in the previous
section has been redesigned to satisfy the given specifications. With the use of
mathematical equations in Balanis textbook [4], the minimum size for the aperture of horn
was found to be 40 mm for centre frequency of less than 3 GHz; however, by reducing
the centre frequency the bandwidth may be effected also but this can be addressed later.
More study on penetration depth as well as the range resolution suggest that the centre
frequency of 1.45 GHz is the optimum frequency for the system to be able to scan the
modelled tissue. Table 5.2 shows the dielectric properties, loss tangent, and wavelength

and penetration depth of each tissue layers at 1.45 GHz frequency using equation (2—10).

Table 5. 2: Penetration depth related parameters of three type of the modelled human tissue.

Tissue | Frequency | Conductivity Relative Loss Wavelength | Penetration

Name (GHz) (S/m) Permittivity tangent (mm) depth (mm)
Skin Dry 1.45 1.054 39.5 0.330 324 32.1
Skin Wet 1.45 1.066 44.5 0.297 30.6 33.6
Fat 1.45 0.066 54 0.153 88.8 186.1
Muscle 1.45 1.164 54 0.267 27.8 33.8
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Table 5.2 suggests the applicable penetration depth through each employed tissue
modelled at 1.45 GHz centre frequency. In addition, the antenna was redesigned based
on the operating centre frequency in the CST software and the defined parameters to get

the best performance.

5.1.3. NEAR AND FAR FIELD EFFECTS ON THE SYSTEM

In order to identify the location for the antenna with respect to the monitoring area, the
designed antenna was located in three different regions in front of the modelled tissue
(near, middle, far field regions). The concept of placing the antenna in the far-field region
of the monitoring area was developed to generate a plane wave and a delay. The concept
can address the overlapping issue that occurs when the antenna is used as a transceiver.
However, the concept can be ignored in the application where the antenna is not being
employed as a stand-alone transceiver. In addition, a GP with low and high centre
frequencies of 1.2 and 1.7 GHz were generated and transmitted through the modelled

tissue using the CST software, which is shown in Fig. 5.13.
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Fig 5. 13: The GP with lower and higher frequencies ( f; = 1.2 GHz, f,, = 1.7 GHz).

In order to be able to identify where is the best location to place the antenna against the
modelled tissue, the previously defined equations (5—3a, and b) were applied here again,

which determines the near and far field distance.

3x108

A ="/ e = Tasxaooaiar — 32-3mm Eq. (5-3a)
2 2x322

dp =2%D7/, = = = 63.4mm Eq. (5-3b)

Where A the wavelength, c is the speed of light, f is the centre frequency, &, is the
permittivity of the material that the antenna embedded in, d is the distance of the
modelled tissue from the antenna and D is the biggest dimension of the aperture of the

antenna. By applying the defined parameters of the design in the equations (5—3a, and b);
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the far field distance for the design was determined to be 63.5 mm. This means if the
SMA connection of the antenna where the pulse is excited from has distance from the
tissue less than the defined distance the antenna is located in the near field. Otherwise,

the antenna is located in the far field of the monitoring area.

Far field theory is defined that in the far field region an E and M field are orthogonal to
each other, a plane wave will be generated that propagates efficiently in this area and
therefore better response can be retrieved by the system. This means by locating the
monitoring area in the far field region of the antenna hawse have to take into account that
the extra distance in the medium will absorb some amount of energy to get to the scanning
medium. Therefore, three cases of modelling (Near, Meddled and Far field regions) were
proposed here to verify the best location where the antenna should be placed with respect
to the monitoring area to provide the best response. Moreover, as the antenna embedded
in the ideal high dielectric material that has the permittivity of 41 and conductivity of 0.1-
S/m, the far field distance will be reduced and therefore the antenna structure. In the first
case, the modelled tissue was located in the near field region of the antenna that shown

in Fig. 5.14 and the response was analysed.

Fig 5. 14: PDRH antenna filled with ideal high dielectric placed on the modelled tissue in the nearfield region.

The pulse transmitted to the modelled tissue for different fat thicknesses from 15 to 40
mm and the time domain results were generated using the CST studio software as shown

in Fig. 5.15.
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Fig 5. 15: Reflected pulses for the case when the modelled tissue placed in the near-filed region and consists of the
fat layer with thicknesses of 15 to 40 mm with 5-mm thickness iteration.

Figs. 5.15 represents the reflected pulses in the time domain when the fat thickness
changes from 15 to 40 mm in steps of 5 mm. As it can be observed, the reflected pulse
amplitude is overlapped, which forced the first two thicknesses (15 and 20 mm) to drop
below the amplitude of the rest. Regarding the pulses time delay, they show constant

changes approximately as expected.
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Fig 5. 16: S11 results for the case when the modelled tissue placed in the near-filed region and consists of the fat
layer with thicknesses of 15 to 40 mm with 5-mm thickness iteration.

Fig. 5.16 represents the Si1 graph for the same scenarios and indicates the results based
on the magnitude and frequency shift for the first two cases (15 and 20 mm), which are

lagging behind from other cases indicating the overlapping issue.
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Fig 5. 17: Group delay results for the case when the modelled tissue placed in the near-filed region and consists of
the fat layer with thicknesses of 15 to 40 mm with 5-mm thickness iteration.

The group delay graph for different cases are generated in Fig. 5.17 that indicates the
overlapping concept with reference to the frequency shift in the x-axes and time delay in

the y-axes of the graph.
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Fig 5. 18: TDR results for the case when the modelled tissue placed in the near-filed region and consists of the fat
layer with thicknesses of 15 to 40 mm with 5-mm thickness iteration.

Fig. 5.18 represents the time domain reflectometry (TDR) graph of the system with
respect to the modelled tissue where the fat thickness changed from 15 to 40 mm with
steps of 5 mm. The results represent the overlapping in the early stage of the time that can

be retrieved from the later time that is shown in the Fig. 5.18 (a).

In the improved case, the modelled tissue was located at the same distance found by

calculation and defined as a middle field. Fig. 5.19 represents the antenna was located
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30 mm apart from the outer aperture of the designed antenna that means 63 mm apart
from the excitation point (the core of SAM connector). The WB pulse was generated and
transmitted to the modelled tissue with different fat thicknesses and the reflected pulses

were captured and analysed in the time domain.

d=30mm

-

Fig 5. 19: PDRH antenna filled with ideal dielectric (41) placed 30-mm apart from the tissue in the transition region.

The approach was to change the fat thickness and record the reflection parameters to be
able to verify the concept, which was to measure the fat with different thicknesses. The
sweep of five times were generated in the software for the fat thickness parameters from

10 to 40 mm and results were recorded and presented in Fig. 5.20.
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Fig 5. 20: Reflected pulses when the antenna placed 30 mm apart in transition region from the modelled tissue and
the fat layer sweep from 10 to 40 mm with 5-mm iteration.
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Fig. 5.20 represents the reflected pulses in the time domain for different cases when the
fat thickness has changed from 10 to 40 mm. The results demonstrate the amplitude
reduction of the reflected pulse as it was expected, the time delay for the reflections can
verify that the system is operating based on changing parameters; however, the first case

is still lagging by small amount.
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Fig 5. 21: S11 results for the case when the modelled tissue placed in the transition region and consists of the fat
layer with thicknesses of 10 to 40 mm with 5-mm thickness iteration.

Fig. 5.21 illustrates frequency response of the system and shows constant changes of the
magnitude and shift of frequency from one case to another at the centre frequency of 1.45
GHz, which proves the concept of the measurement for the fat layer thickness with a

minor lagging to the first case.
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Fig 5. 22: Group delay results for the case when the modelled tissue placed in the transition region and consists of
the fat layer with thicknesses of 10 to 40 mm with 5-mm thickness iteration.

Finally, the group delay that retrieved from the time domain results is represented in Fig.
5.22 and the delays of the reflected pulses for different cases when the thickness of the
fat layer alters from 10 to 40 mm illustrates constant changes excluding with the first case
(10 mm). This verifies the system operation based on the simulated results with minor

shift to the first case.
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Fig 5. 23: TDR results for the case when the modelled tissue placed in the transition region and consists of the fat
layer with thicknesses of 10 to 40 mm with 5-mm thickness iteration.

The TDR graphs shown in Fig. 5.23 presents the time delay in each case where the fat

thickness changes in the earlier was sequential as the overlapping had occurred in the last

case due to the middle field distance for the system that placing the tissue far off by 30

mm more than the first case.

In the third and final case, the modelled tissue was placed 60 mm from outer aperture of

the antenna, which means more than 90 mm from the excitation point of the design. Fig.

5.24 represents the modeled tissue in front of the designed antenna and 60 mm to stay

well beyond the far field region.

e0mm

Fig 5. 24: PDRH antenna filled with ideal high dielectric (41) placed 60 mm apart from the tissue in far-field region.
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Fig. 5.24 illustrates the tissue model (2 mm Skin, 10 mm Fat, and 40 mm muscle) that
has been located 60 mm from antenna permitted to transmit the pulse, receive the
reflection pulse, and analyse it. The approach was taken to change the fat thickness and
record the reflection parameters to be able to prove the concept, which was to detect the
fat with different thicknesses. The sweep of five times has been generated for the fat
thickness parameter of 10 to 40 mm and the results have been recorded as is shown in

Figs. 5.25.
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Fig 5. 25: Reflected pulses when the antenna placed 60 mm apart in the far-filed region from the modelled tissue
and the fat layer sweep from 10 to 40 mm with 5-mm iteration.

Fig. 5.25 presents the reflected pulse in the time domain from different cases when fat
thickness changes from 10 to 40 mm with steps of 5 mm. The results demonstrates a
constant decrease in the amplitude of the reflected pulse for each case, which were
expected and a constant time delay for each reflection that verifies premium operation for

the system with reference to the different fat thickness.

In addition, comparing these far-field results, to the near-field results, we observe that
there is decrease in the amplitude of the reflected pulse, which was expected. Because,

the prior pulse always gets to the muscle earlier than others do, which means the pulse
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penetrates in the muscle and the energy gets absorbed after that point, and no more

reflection is expected refer to the unlimited muscle layer designed in the tissue modelled.
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Fig 5. 26: S11 results for the case when the modelled tissue placed in the far-field region and consists of the fat layer
with thicknesses of 10 to 40 mm with 5-mm thickness iteration.
Fig. 5.26 represents the S11 results of the system that verifies the magnitude and frequency
shift changes with regularity within the interested region at the chosen centre frequency

(1.4-GHz).

This verifies that the concept of measuring fat layer with different thicknesses using
magnitude changes based on the absorption and reflection has been evaluated in the

specific point and may differs in the higher frequencies.
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Fig 5. 27: Group delay results for the case when the modelled tissue placed in the far-field region and consists of the
fat layer with thicknesses of 10 to 40 mm with 5-mm thickness iteration.
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Fig 5. 28: TDR results for the case when the modelled tissue placed in the far-field region and consists of the fat
layer with thicknesses of 10 to 40 mm with 5-mm thickness iteration.

Figs. 5.27, 5.28 illustrate the group delay and the TDR response of the system for each
case at the chosen centre frequency for different the fat thicknesses. It shows the results

are in agreement with expected received time, which can be defined as following.

The traveling time of reflected pulse must be found first to be able to define the pulse
repetition time (PRT). However, defining the traveling time has a direct relation to the
distance to the medium and the speed of the pulse within the medium that can be defined

by the equation (5—4).

t =

d
e Eq. (5-4)

in which , t represents the time taken for the pulse to travel from the transmitter to the
target and reflected back to the receiver, d is the distance from the transmitter to a target
and back to the receiver end, found by equation (5—-6), and finally v is the velocity of the

wave in the medium.

The distance of the excitation point to the medium can be found using equation (5-5):

d=2 Eq. (5-5)

sinf
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Where [ represents the distance and 6 is the angle of the pulse from/to the
transmitter/receiver to the target. Moreover, the wave velocity can be defined by equation

(5-6).

Cc
V= = Eq. (5-6)

Where v is the velocity of the wave in the specific medium, ¢ = 3 x 108/, is the
velocity of the wave in free space (the same as light) and &, is the relative permittivity of

the medium in a specific frequency.

Table 5. 3: Time taken for a pulse to transmit from one end of the mediums and reflected back to the

same end.
Tissue types Speed within the Thickness - 1 Time taken to transmitt
medium - V(m/s) (mm) and reflect back - t (ns)
ceramic 0.046 x 10° 201 tm= 4.3
Skin 0.046 x 10° 4 ts=0.085
Fat 0.129 x 10° 20 tr=0.15
Fat 0.129 x 10° 10 tr=0.077

Table 5.3 illustrates the time taken for the pulse to travel through each medium, based on
their chosen approximate thicknesses. The calculation provides the time taken for the
pulse to travel from the antenna port inside the high dielectric ceramic material to the

modelled tissue and reflected back through the medium to the antenna port.

This means that the pulse must travel almost 105 mm to pass through the dielectric, which
takes app. 4.3 ns. Moreover, travelling through the skin with the thickness of 2 mm will
add up around 0.085 ns to overall travelling time, 0.15 ns for 10 mm of the fat thickness
and further 5 mm steps fat thicknesses, which was added each time initiate the time of
around 0.077 ns. Furthermore, there is delay inside the port itself, which is negligible and

not being taken into the account.

Using Table 5.3, by adding the three last columns that represent the traveling time of the
pulse from the port to the termination of the fat tissue layer in the first case, considering
only 10 mm fat thickness, the travelling time can be determined by equation (5—7) and is

shown in Fig. 5.29:
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t = tyuscle + tskin + trar = 4.3 + 0.085 + 0.15 = 4.535 ns Eq. (5-7)

T

D=90mm —Tf=10-40; Tm=o0

NS

Fig 5. 29: Length of the antenna and thickness of the modeling tissue layers.

For initiating, the second case forward where 5 mm thickness of the fat will be adding to
the fat layer, there is need of adding 0.077-ns to the time (t) that was defined by equation
(5—-7). Furthermore, the pulse itself has its own time taken to be generated based on its
wide bandwidth and shifted frequency that is modulated with sign wave, which should be
added to the delay initiate previously to be able to retrieve the pulse completion time into
the system. Furthermore, there is need to generate a graph and equation that can be used
to translate the results into a meaningful measurement of the fat layer thickness, to

generate this graph, following processes were taken:

The first step is to save and transfer the reflection pulses from different cases where the
fat thickness changed from 10 to 30 mm with steps of 5 mm individually. This can be
determined by generating each case separately in a new project and saving the reflected
pulse from the modelled tissue and transferring the data into the MATLAB software for
further analysis. Fig. 5.30 represents reflected pulses for the different cases when the fat
layer not presented and scenarios when the fat layer has a thickness of 10 to 30 mm with
steps of 5 mm. Furthermore, for the case when the modelled tissue has not been presented,
the energy has been absorbed within the high dielectric ceramic environment in the early
stage of the time. Where as in the cases when the modelled tissue has been located in

front of the antenna and specially the cases with a thicker fat layer, the energy has been
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absorbed in much later time. When the conductivity of the embedded environment of the

antenna is high and therefore the absorption rate parameter plays a critical role.
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Fig 5. 30: The reflected pulse recorded in the case there is no tissue presented and in the cases when the tissue
presented and thickness of fat layer differs from 10 to 30 mm by adding 5-mm fat to the fat layer of the each cases.

The next step was, to subtract all the five cases with different fat thickness from the case
where there was no tissue presented in the designed system, to eliminate the effect of the

antenna and the environment from the system.

Reflected pulses from the model human tissues with different fat thicknesses
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Fig 5. 31: The subtracted reflected pulse from the five cases thickness of fat differs from 10mm to 30mm by adding
Smm fat to each case from the case where the tissue was not present.
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The amplitude and time shift in the highest point of the reflected pulses are shown in Fig.
5.31 which highlights a gradual increase of the amplitude as it was expected and time
shifting which explains the time delays that have been added to each case as the thickness
of the fat increase by 5 mm rapidly. In the following step, the results taken from the
MATLAB were recorded in the Microsoft Excel (ME) and amplitude and time graphs

were generated as shown in Fig. 5.32.
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Fig 5. 32: Reflected pulses highest amplitude and related time of a chosen window time of 13 to 13.5 ns for different
fat thickness cases (10 to 40 mm).

Fig. 5.32 presents the estimated table values of the (a) amplitude and (b) time shifting in
the different cases where the fat layer is differing from 10 to 40 mm with steps of 5 mm.
The highest pick of the chosen window time (13 to 13.5 ns) were recorded using the

MATLAB graph shown in Fig. 5.31.

In addition, the graphs shown in Fig. 5.32 can be employed to generate an equation to
predict the unknown thickness of the fat layer based on the amplitude and time of the
reflected pulse. The method was applied to determine the thicknesses of few predefined
cases to validate the method in the simulation that shows the approximate confirmed

results, which verifies the system operation [5, 6].
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5.1.4. THE SYSTEM METHODOLOGY

This section is focuses on the methods used by the system to extract information from the
reflected pulses captured by the system for different fat thicknesses (15-40 mm). First
step is to separate the reflected pulse from the conjunction of the fat layer with the muscle
layer from the entire reflected pulses. To be able to assign a section of the reflected pulse
to conjunction of the fat and muscle layers, which in fact should be the second big

reflected pulse in the entire reflected pulses, the traveling time should be calculated.

5.1.4.1. TRAVELING TIME

The multilayers human tissue model has different specifications not only in terms of
electric properties but also in terms of the thickness of each layer, which causes generation
of several echoes traveling time specific to each layer in the system. The traveling time
of the reflected pulse should be determined in order to be able to define the PRT.
However, traveling time has a direct relation to the distance where the pulse is echoed by
a medium. The equations (5-5 to 5-7) will be used again to define the velocity and time

taken for the pulse to travel in each of these mediums.

Table 5. 4: Travelling time calculation for the pulse in the medium.

Environments Connector Antenna Skin Fat
Materials Teflon Ceramic Human Skin Human Fat
Relative 2.1 41 41 10

Permittivity (g,)

Length (mm) 10 91 2 10
Velocity (m/s)= 207019668 46852128 46852128 94868330
c/\/s_r
Time (ns)= Zl/v 0.096 3.884 0.085 0.2

Start of triggering for the monitoring window was selected based on the minimum size of
the fat layer and the end time can be defined for the case having larger amount of fat. The
total traveling time from the excitation point of connector up to the conjunction point of
the fat layer with muscle layer was calculated to be 4.26 ns in Table 5.4. The rise time

starting point, which is 2 ns, should be added to the time that comes to 6.26 ns.
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This gives the starting time of the scanning for the selected reflected pulse. The highest
amplitude after the start scanning window time is selected as inspection point of the

selected pulse, but this may alter a bit depending on the fat thickness.

5.1.4.2. REFLECTION BASED METHOD

This system operates based on the Reflection and the TDR techniques, which have been
used previously by researchers [7, 8]. This technique first monitors the reflected pulse
based on expected traveling time and then collects the highest amplitude point within the
monitoring time. The result then is inserted into the equation, which is defined based on
the data, retrieved for different fat thicknesses. The TDR technique is used alongside with
the reflection technique in order to increase the accuracy of the system. The monitoring
window has been calculated and set to 7 to 10 ns for the reflected pulse from the
conjunction of fat with muscle layer. The highest amplitude wave has been selected, and

the time and amplitude have been recorded for different fat thickness from 15 to 40 mm.

Table 5. 5: The highest amplitude of the reflected pulse from the fat to muscle conjunction.

Thickness (mm) Amp (v) Amp_diff (v)
15 0.195 X
20 0.196 0.0117
25 0.185 0.0187
30 0.166 0.0213
35 0.145 0.0212
40 0.123
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Fig 5. 33: Amplitude data generated from the reflected pulse based on different fat thickness (15 - 40 mm).
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The graph in Fig. 5.33 has been plotted based on the amplitude of highest point in the
monitoring window time. As it is noticed in the first point, there is a small shift in the
simulation, which is caused by the far field constraint and can be ignored. An equation
generated by the MATLAB software can describe the data and can be used to estimate

the thickness based on given amplitude shown in Fig. 5.34.

Linear model Poly2:

fi(x) = p1x? + pax +p; Eq. (5-8)
Coefficients (with 95% confidence bounds):

p1=-1152 (-3398, 1093), p> = 102.6 (-617.4, 822.6), ps=44.69 (-11.7, 101.1)
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Fig 5. 34: The MATLAB graph generated for amplitude change based on fat thickness change from 20 to 40 mm.

Fig. 5.35 represents the Si1 graph, for different fat layers from 15 mm to 40 mm, and
demonstrates the stability in system operation against frequency. The Si1 graph proves
that the pulse has better consistency in lower frequencies compared to high frequencies

where there would be less penetration depth.

[Parametric Plot] [Magnitude in dB] CST

“ |
—s1,1(
o

:;: ~ ~N/ TV
i -

-40

—— 51,1 (tf=35)
—— 51,1 (tf=40)

13 14 16 1.8 2 22 2.4 26
Frequency / GHz

Fig 5. 35: Generated S11 graph for the tissue model when the fat layer thickness changes from 15 to 40 mm.

The time domain refectory (TDR) graph has been generated using the CST software, the
TDRs have been investigated in terms of highest amplitude reflected pulse, for all cases

where the fat thickness was changing in steps of 5 mm and results are shown in Fig. 5.36.
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Fig 5. 36: Generated the TDR graph using the predefined widow for the time of arrival for the pulse for different
cases where the fat thickness changes.

The monitoring window has been selected based on the relaxation time of the reflected
pulse. The results were recorded in a Table and a graph was generated for time delay for

different fat thicknesses from 15 to 40 mm. Results are presented in Table 5.6, Fig. 5.37.

Table 5. 6: The time of the highest amplitude of the TDR graph when the reflected pulse was received from different
cases when the fat thickness iterates from 15 to 40 mm.

Thickness (mm) Time(ns) Time_diff (ns)
15 8.4394 X
20 8.4623 0.023
25 8.4804 0.018
30 8.5028 0.0224
35 8.5254 0.023
40 8.5497 0.024
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Fig 5. 37: Generated graph regards to the time difference for the cases when the fat thickness iterates from 15 to 40 mm.

Fig. 5.37 represents the time delay occurred for different fat thicknesses, which can be

used later in the system design to measure the fat thickness. An equation was generated

using the MATLAB software, which is used to determine any fat thicknesses base on the

TDR method. A good consistency of time delay concerning the fat thickness can be

observed in the simulation result shown in Fig. 5.38. This justifies why, the method is

chosen by researchers and widely being used in the system.

Linear model Poly2:

f2(x) = p1x® + px +p3 Eq. (5-9)
Coefficients (with 95% confidence bounds):

p1=-156.9 (-999.5, 685.8), pz=13313 (-1.336e+04, 1.999e+04),

p3=-1.74e+04 (-9.99e+04, 6.511e+04)
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Fig 5. 38: The Mat-Lab graph generated for the time change based on fat thickness changes from 15 to 40 mm.
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The TDR results shown in the Fig. 5.38 represent the time reflection pulses dealy for
different fat thicknesses from 15 to 40 mm. The results can be used to determine fat
thickness in the system. Both the reflection pulse and the TDR response can be used in

the system to increase the accuracy of the system.

5.1.5. SYSTEM ANALYSIS USING THE DRGH ANTENNA
DESIGNS WITHIN IDEAL HIGH DIELECTRIC

In this section, the system operation is investigated for the case when the DRGH antenna
is embedded in an ideal high dielectric (41) to measure the fat thickness of the modelled
tissue, which was designed and tested in Chapter 3. The design advantages from wider
bandwidth compared to the previous PDRH antenna design are better range resolution
and high centre frequency that results less penetration depth. A GP with the 700 MHz
bandwidth (f; = 1.7 GHz & f, = 2.4 GHz) was generated using the CST software as
shown in Fig. 5.39.

Excitation: default

—— default

Time / ns
Fig 5. 39: A GP with the lower and higher frequencies of ( f; = 1.7GHz, f, = 2. 4GHz) generated using the CST-
MWS software.

To be able, to recognize w here the best place to locate the tissue concerning the delay
needed to avoid overlapping and move close to the far field region. The calculations were

obtained to compute for far-field region, which was defined previously.

3x108

_C _ _ B

A= /f\/a = Toxtoonya = 2omm Eq. (5-3a)
2

dp = 2% b i zx;,z = 78mm Eq. (5-3b)

Refer to the parameter’s definitions determined using the predefined equations (5—3a, b),
the minimum antenna length should be 78 mm. Therefore, the antenna was placed 85 mm
apart from the modelled tissue to be close to the far field region of the antenna and getting
better response from the system.
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Fig 5. 40: Modelled tissue placed in front of the DRGH antenna, 85 mm apart in the antenna far-field region.

Fig. 5.40 represents how the DRGH antenna was placed in front of the modelled tissue

with distance of 85 mm apart. The simulation results will be generated for five sweeping

points, where the thickness of the fat increasing from 15 to 40 mm with 5 mm steps.

The created GP was transmitted through the antenna to the modelled tissue and reflected

pulses were generated using CST-MWS software for further analysis. The centre

frequency for the design was selected as 1.8 GHz considering the antenna operated

frequency and penetration depth parameter required for the system.

Table 5.7 illustrates the dielectric properties, loss tangent, and wavelength and penetration

depth defined for each tissue types in 1.8 GHz frequency based on equation (2—-10).

Table 5. 7: Dielectric properties and penetration parameters of three type of human tissues employed in the modelled

tissue.
Tissue | Frequency | Conductivity Relative Loss Wave | Penetration
Name (GHz) (S/m) Permittivity | tangent | -length | depth (mm)
(mm)
Skin 1.8 1.185 38.8 0.304 26.4 28
Dry
Skin 1.8 1.232 43.8 0.280 24.9 28.80
Wet
Fat 1.8 0.078 5.1 0.146 71.8 157
Muscl 1.8 1.341 53.5 0.226 22.60 29.2
e

The parameters determined in Table 5.7 for different tissue types with their dielectric

properties, suggest that employing the pulse with a 1.8 GHz centre frequency, there would

be applicable penetration depth through the modelled tissue.
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Fig 5. 41: Reflected pulses from the modelled tissue in the case where the fat layer thickness changes from 15 to 40
mm with thickness iteration of 5 mm.
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Fig. 5.41 represents changes in amplitude for different fat thicknesses of 15 to 40 mm

with 5 mm steps, which indicates an increase in the first two steps followed by a sudden

reduction of amplitude in next four steps and increase of last step. The first two amplitude

increase could be expected while increasing the fat thickness, but sudden changes in

amplitude can be explained as the pulse should be very weak by the time hitting the

muscle layer in the last case (¢##=40-mm).
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Fig 5. 42: Si1 results of the modelled tissue in the case where the fat layer thickness changes from 15 to 40 mm.

The Si1 results represented in Fig. 5.42, demonstrates the magnitude changes and shifting

of the frequencies that can be clarified from the chosen screening window (i.e. 1.8 to 1.9

GHz) from the lowest magnitude. This indicates same behaviour as reflected pulses for
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different cases and do not behave in repetitive manner in the higher and lower frequency

range for different fat thickness.
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Fig 5. 43: Group delay results generated for the modeled tissue in the cases where the thickness fat layer changes
from 10 to 40 mm with the thickness of 5-mm iteration.

Fig. 5.43 represents the group delay of the transmitted pulses for different thickness of
the fat layer from 15 to 40 mm. The results represents irregular changes for the lowest

and highest thickness, and regularity in other thicknesses, which was expected.
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Fig 5. 44: SAR results of the modeled tissue generated in the case where the fat layer thickness is 10 mm.

Finally, by analysing the SAR of the wave propagation through the medium with fat layer
thickness of 10-mm that (Fig. 5.44), it can be proved that the pulse strength is poor with
respect to the penetration through the modelled tissue compare with previous PDRH
designs. This can be the reason why it cannot illustrate good results in the first and last
cases. The next approach was to redesign the antenna to increase the bandwidth without
increasing the size, different approaches such as corrugation was studied, which makes
the design more complex. The new design was studied, which was to make the pyramidal
shape into the elliptical cylinder shape. The EDRH antenna had increased the bandwidth

to double the previous pyramidal design that may improve the system operation.
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5.1.6. SYSTEM ANALYSIS USING THE EXTENDED EDRH
ANTENNA IN HIGH DIELECTRIC MIXTURE OF
PARAFFIN AND TITANUIM OXIDE

The EDRH type of antenna has been selected by various research groups for biomedical
applications to monitor inside the human body. This antenna attracts the attention of many
other engineers and researchers in the radar field, due to its advantages such as large
bandwidth, high gain/directivity, and matching capability. These important principles
make this type of antenna an efficient solution, as compared with the other bidirectional
types, such as Vivaldi, bowtie, and wire helix. Considering these advantages, the antenna
suffers from some disadvantages, such as high fabrication cost due to the shape
complexity, and a large aperture for the low-frequency applications (2—6 GHz). Using the
low frequency for such an application that aims to scan the human body is a crucial
demand due to the penetration depth factor. The antenna with an extension was
successfully designed in Chapter 4 and embedded with the dielectric mixture of the
paraffin with the r-TiO; has been employed in this section, to analyse the system behavior
before proceeding to the experimental part of the system. A human abdominal tissue
consisting of 2 mm skin, 10 mm fat and infinite muscle, with width and height of 100 mm
were constructed in CST software and the extended EDRH antenna was placed in front
of the modeled tissue as presented in Fig. 5.45. The UWB GP with the given bandwidth
was generated using the CST software. The pulse later was transmitted to the tissue

modeled and the reflected pulse was recorded.

Fig 5. 45: The extended EDRH antenna filled with the ceramic placed on the tissue modeled.
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Moreover, the measured dielectric properties of the mixture in the frequency region, has

been loaded into the software using the new material dispersion, as shown in Fig. 5.46.

Electric Dispersion: Nth Order Model, N=1 (Fit)
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Fig 5. 46: Measured dielectric properties of the mixture has been loaded into the CST software.

The next step was to check the reflection coefficient of the antenna design when it has
been located on the modelled tissue when the fat layer has thickness of 35 mm (assumed
to be the obese case), which was modelled and generated using the CST-MWS software
and shown in Fig. 5.47.
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Fig 5. 47: S11 for the extended EDRH antenna filled with the ceramic placed on the tissue modeled.

The reflection coefficient of the antenna when was placed on the modelled tissue
presented in Fig. 5.40. The antenna operation point was selected at —5 dB, which was
defined by the researcher as acceptable operating point in the on body medical application
[9]. This confirms the antenna operating bandwidth of approximately 4 GHz that was
deepen at around 1.9 GHz frequency. The GP with the bandwidth of 1 GHz (1.9-2.9
GHz) was generated using the CST software as shown in Fig. 5.48. The pulse will be used

to transmit to the tissue and the reflected pulse will be recorded for further analysis.
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Fig 5. 48: Generated a GP with 1GHz bandwidth (1.2-2.2GHz).

The pulse transmitted to the tissue modeled in five sequences, where in each sequence,
the thickness of the fat layer was changing from 15 mm to 40 mm with steps of 5 mm,

and the reflected pulse for each case were recorded as is represented in Fig. 5.49.
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Fig 5. 49: Reflected pulses when the fat layer thickness changed from 15 to 40 mm with an iteration of 5-mm.
The window selected on the reflected pulses based on the calculated traveling time

represents a decrease in the amplitude and time shift of each case in a repetitive manner.
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Fig 5. 50: The TDR graph when the fat layer thickness changed from 15-40mm with an iteration of Smm.
The TDR graph that is represented in Fig. 5.50, demonstrates the reflected pulses in the

monitoring area where the reflection of the last layer that was 40mm expected to arrive.
The results show the continuous time difference between each case. In the next stage of
the system behaviour, the tissue model that consists of two layers, including 2-mm skin
and infinite muscle, has been redeveloped, assuming there is no fat existing in this specific
area. Fig. 5.51 shows the stage, presenting the proposed antenna filled with the mixture
material placed on the modelled forearm tissue.

Muscle  Skin

Fig 5. 51: Proposed EDRH antenna, which has been located on the modelled forearm tissue.
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The reflection coefficient results are obtained for a frequency range up to 8 GHz; assumed
as a calibration point shown in Fig. 5.52. These results demonstrate a frequency shift of
140 MHz in the spectrum of interest, compared with the case where the modeled tissue

was not present as shown in Fig. 5.47, but still obtaining the same bandwidth of 4 GHz.
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Fig 5. 52: Simulated S11 of the antenna, when the fat layer does not exist.

Fabrication of the complex 3D-printed EDRH antenna requires an 3D printer using a
metal (copper and aluminium) or plastic (polyethylene and acrylonitrile butadiene
styrene), and some modification to the design, such as cutting the antenna symmetrically
to two parts prior to printing, and attaching them back together, as in Fig. 5.53 (a) [10-
12].

The Stratasys Objet30 Prime 3D printer has been used to print the prototype with a
resolution of 100 um. The prototype has been realized with a clear finish, and the
supportive material that was removed by rinsing the prototype using pressurized water.

The cost of a Vero clear transparent polyethylene is ~ 650 USD per kg [13].

Hence, the cost of the Vero material including the support material used to 3D print the
prototype is less than 50 USD. Hence, the Objet30 printer, offers cost-effective solutions
for 3D printing small complex antenna structures with a high resolution. In addition, the
printed EDRH antenna is painted with a silver conductive paint with acceptable

conductivity [13] to the extended part.

In addition, the antenna was connected to a 50-ohm cable SMA connector with an outer
dimension of 1.19 mm fed and glued to the lower- and upper-ridges of the antenna, as
shown in Fig. 5.53 (b). The two sections of the antenna then glued together, and the glued

area was painted and finally filled with the prepared high-dielectric mixture. During this
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process, it was placed upside down to remove any remaining bubble gaps produced during

the mixing and filling process; i.e., Fig. 5.53 (¢).

(a). 3D-printed EDRH antenna using the polyethylene material.

(c). 3D-printed EDRH antenna, filled with the high-dielectric mixture.
Fig 5. 53: Fabrication process of the 3D-printed EDRH antenna.

The forearm of the body is selected as the equivalent tissue to the modeled tissue in the
simulations, with regards to the non existance of the fat layer. The flexible coaxial cable
is utilised to connect the antenna to the VNA and was calibrated to remove the cable
effects using the Ecal calibration kits. The fabricated antenna filled with the dielectric

mixure was placed on the forearm location of the human arm and is shown in Figs. 5.54.
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Fig 5. 54: The 3D-printed antenna placed on the arm for the calibration.

The reflection coeffeint results have been obtained and compared with the simulations at
the first resonance point below —6 dB (chosen to be the operating point for this antenna),
which refers to the on-body biomedical applications, as shown in Fig. 5.55 [9]. The
comparisons shows a frequency shift of 0.4 GHz, to the higher band, and an increase of
—-3.39 dB in the magnitude at the first large resonance. This was expected due to the
different effects and errors, such as the fabrication process, experimental environment,
and human errors can build up to the real data compared to the simulated data. It should
be noted that the air gap between the antenna and body can be reduced using the semi-
solid mixture (e.g., oil and r-TiO2) and have same dielectric constant that has removed
the effect of the air gap in the real experiment. This novel method of implementing a
materials-filled antenna system can be deployed in the other biomedical applications that

aim to scan inside the human body, such as in the abdominal fat measurement [14].
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Fig 5. 55: The red plot depicts the simulations; i.e., no fat case; and the black plot shows the measured results
obtained based on the arm’s case.
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5.1.7. SYSTEM ANALYSIS USING THE 3D EXTENDED PDRH
ANTENNA IN DIELECTRIC MIXTURE

In this part, the extended PDRH antenna was filled with the high dielectric mixture of the
linseed oil and the r-TiO2 that will be used to determine the fat thickness of the modelled
tissue. To prove the system operation, a liquid medium was modelled consisting of oil

and water and the system was tested and analysed.

5.1.7.1. SYSTEM EVALUATION USING A LIQUID
MODEL

A liquid model which consists of two layers of distilled water and linseed oil has been
proposed, in replacement of the fat and muscle in the human tissue model, and a thin layer
of skin was ignored, to approximately evaluate the performance of the system before

utilizing it in the developed model.

The centre frequency of 1.8 GHz is also chosen to monitor the system. The dielectric
properties of both the measured liquids using the discussed open-ended probe technique
was shown in Chapter 3. The antenna is placed on the liquid model, where the thickness
of the oil layer is zero at first, and is then increased from 10 to 30 mm, in steps of 10 mm

as in Figs. 5.56.

oit £
-
=+
Watar 4 5
Ny
(a) The distilled water. (b) The oil layer with thicknesses of 10 to 30 mm.

Fig 5. 56: Modeling of the developed PDRH antenna, which was placed on both liquid models.

The reflection coefficients for both cases was generated using the CST software and

presented in Figs. 5.57 (a) and (b).
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(a): Simulated S11 results of the antenna, when it has been placed in the distilled water.
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(b): Simulated S11 when the oil layer thickness changes from 10 to 30 mm, with an iteration of 10-mm.
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Fig 5. 57: Simulated return loss results for both cases when the oil does not exist, and the oil thickness iterates.

The method was developed to employ the highest magnitude of the first deepest

point in

reflection coefficient close to f. = 1.8 GHz. The first Si1 measurement has been chosen

for the case when only water exists, that is deployed to initiate the system calibration, as

in Fig. 5.57 (a). Followed by a set of scenarios when the oil thickness changes, and

markers have pointed out the changes in magnitude at the largest transition close to the

frequency of interest, as in Fig. 5.57 (b). Table 5.8 is generated from the

highest

magnitude point of the interested region for different scenarios, and a graph and an

equation have been generated, as shown in Fig. 5.58. This is obtained from the

experimental data, to relate the rate of change of magnitude to the oil thickness.

Table 5. 8: Difference in the frequency and magnitude at the first large transition point, with a reference to the oil
thicknesses.
QOil Thickness (mm) Frequency (GHz) Magnitude (dB)
10 1.752 —19.575
20 1.728 -21.077
30 1.712 -25.018
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Change of The Magnitude with Regards to Oil Layer Thickness
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Fig 5. 58: Generated graph and equation based on the simulated S11 data, presenting the rate of change in magnitude,
when the oil layer thickness iterates from 10 to 30 mm in the first large transition.

5.1.7.2. SYSTEM EVALUATION USING AN
ABDOMINAL TISSUE MODEL

In the next stage, the tissue model that consists of three layers; i.e., 2 mm skin, 15-30 mm
fat, and infinite muscle; has been thoroughly developed in the software. This has been
conducted to present the abdominal tissue and the antenna filled with the material

mixture, which is placed on this tissue model, as shown in Fig. 5.59.

3 = = | =
Sl 5 g3
(a) The tissue without the fat layer (b) The tissue with the fat layer.

Fig 5. 59: Modelling of the developed PDRH antenna, when the antenna was placed on both tissue modelled.

Moreover, the dielectric properties of the material in the desired frequency region, which
was already measured, has been also loaded into the software using the new material

dispersion, as shown in Fig. 5.60.
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Electric Dispersion: Nth Order Model, N=1 (Fit)
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Fig 5. 60: Measured properties of the mixture loaded into the software.

Furthermore, the high-dielectric material-filled PDRH antenna was placed on the tissue
model without fat layer, and the Si; results are obtained for a very low frequency range

up to 8 GHz that is assumed as a calibration point as shown in Fig. 5.61.
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Fig 5. 61: Simulated S11 of the antenna, when the fat layer does not exist.

The fat layer increases from 15 to 30 mm in steps of 5 mm and the results have been

captured and depicted in Fig. 5.62.
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Fig 5. 62: Simulated S11 when the fat layer thickness changes from 15 to 30 mm, with an iteration of 5-mm.
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The results demonstrate a constant change in the magnitude at the first large transition
with respect to the thickness of the fat layer, as in Table 5.9. Fig. 5.63 also shows a
generated graph and an equation based on the data collected from the magnitude
difference at the first large transition point, when the thickness of the modelled tissue fat
layer changes from 15 to 30 mm. The generated equation would be used in order to

accurately predict the fat layer based on the measured data [14, 15].

Table 5. 9: Difference in frequency and magnitude at the first large transition point, with reference to the fat
thicknesses.

Fat Thickness (mm) Frequency (GHz) Magnitude (dB)
15 1.824 —46.108
20 1.824 —31.458
25 1.824 —26.884
30 1.808 —25.455
10 Change of The Magnitude with Regards to Fat Thickness
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Fig 5. 63: Generated graph and equation based on the simulated S11 data, presenting the rate of change in magnitude,
when the fat layer thickness iterates from 15 to 30 mm in the first large transition.

5.1.7.3. ANTENNA FABRICATION, REALIZATION

Fabrication of the 3D printed PDRH antenna requires an in-house 3D printer, and some
modification to the design, such as cutting the designed antenna symmetrically to two
parts before the printing, and allocating a screw spacing on the side edges, to attach them
together, as in Fig. 5.64 (a). Also, the printed PDRH antenna has been painted with a
silver conductive paint, up to the extended part of the design. In addition, the antenna is
connected to a 50-ohm semi-ridge cable SMA connector with an outer dimension of 1.19
mm fed and glued to the antenna’s lower- and upper-ridges, as in Fig. 5.64 (b) [16]. The

antenna is filled with the titanium oxide mixture, and it has been placed upside down to
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remove any remaining bubble gaps produced during the mixing and filling process, i.e.,

Fig. 5.64 (¢).

(a): The 3D-printed PDRH antenna using the polyethylene material.

(b): The 3D-printed PDRH antenna conductive-painted and fed with a semi-ridged SMA connector.

(c): The 3D-printed PDRH antenna filled with the high-dielectric material and the absorbers are glued to lower and
upper-extended flares.

Fig 5. 64: Fabrication of the PDRH antenna filled with high dielectric mixture of the oil and the r-TiOx.

5.1.7.4. EXPERIMENTAL SYSTEM EVALUATION
USING LIQUID MODEL

A two-layer liquid model consisting of distilled water and linseed oil has been assembled,
to prove the concept of the system operation, which was to measure the oil thickness in
the two-layer model. The antenna is also connected to the VNA using a coaxial cable that
is calibrated using the ECal. The antenna is placed on top of the modelled liquid layers
and the reflection coefficient is measured and saved for different liquid modelled
scenario, to define a mathematical calibration and measurement method based on the
retrieved data. In the first scenario, the antenna has been accurately placed on the distilled

water, using a prepared setup, as shown in Fig. 5.65.
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Fig 5. 65: The prepared measurement setup, presenting the antenna placed on the distilled water for the experiment.

In addition, the reflection coefficient is generated by the VNA and is stored. The next part
of the experiment was focused on adding the linseed oil to the container to increase the

oil thickness to 10 mm thickness, followed by saving and plotting the Si; values.

The process is repeated for 20 mm and 30 mm oil thicknesses, and the generated data are

stored for the analysis, which has been shown in Fig. 5.66.

Fig 5. 66: The prepared setup of the developed liquid model, for different oil thicknesses of 10 to 30 mm for the

experiment.

The experimental magnitude of the first large transition point close to fc = 1.8-GHz of the

water is depicted in Fig. 5.67.
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S$11 Graph of Distilled Water
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Fig 5. 67: Measured S1: results of the antenna on the distilled water.

The measured results have been compared with the simulations to determine the
difference value, which refers to the difference between the simulation and experimental
environments. This value for the magnitude has been found to be around 2.35 dB. The
procedure, namely the calibration process, has been deployed, to subtract the value from
the measured results compared with the simulated results. The measured S11 results for

different oil layers have been shown in Fig. 5.68.
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Fig 5. 68: Measured S11 results of the antenna for three developed cases, when the oil thicknesses changed to 10, 20,

and 30 mm.
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This is effectively used to predict the first large transition points of the simulations, by
simply subtracting the magnitude rate. This has proved the output performance of the
system based on both the numerical and measured results. This has shown that there is a

negligible difference introduced into the system that can be the result of human errors.

5.1.7.5. ANTENNA MEASUREMENTS ON A REAL
HUMAN TISSUE

The proposed method presented previously has been employed, to calibrate the system,
followed by the measurement of the abdominal fat. Hence, the system has been calibrated
using an area of the human body, where there is none or a small amount of fat, such as
the arm and the results has been compared to the simulation results with the same scenario

((i.e., No fat layer exists model), as shown in Fig. 5.69.

Fig 5. 69: The developed antenna placed on the arm for the calibration.

The results exhibit a slight shift in magnitude and frequency, compared to the simulations,
as can also be seen in Fig. 5.70. This minor difference could be due to the differences that
may have been added to the system, during the experimental stage, as opposed to the
error-free simulation environment. It should be noted that the air gap between the antenna
and the body has been also eliminated by using the semi-solid mixture, which has

removed the effect of the air gap in the real experiment.
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S11 Graphs (Red:Sim No-Fat, Black:Exp Arm)
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Fig 5. 70: The red plot presents the simulations (i.e., no fat case), and the black plot shows the measurements,
obtained based on the arm case.

In addition, the antenna has been placed on the abdominal area of the human body that

had an unknown amount of fat, as presented in Fig. 5.71.

Fig 5. 71: The antenna placed on the abdominal for the fat measurement.
The S11 results have been obtained based on the measurements on the body, and further

compared with the measured results of the case based on the arm, as shown in Fig. 5.72.
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Fig 5. 72: The blue plot refers to the measured abdominal case, and the black plot refers to the measured arm case.

In addition, the change in the magnitude at the highest point of the first large transition
for the abdominal fat has been stored and calibrated using the simulations, to calculate
the estimated amount of the fat in the abdominal area. The highest point of the first large
transition for the arm has been recorded at the frequency of 1.867-GHz, with the
magnitude of —39.33 dB. In the abdominal case, these values are changed to 1.927-GHz
with the magnitude of —22.15 dB.

The developed method to calculate the estimated thickness of the oil layer has been used
in this case, to accurately predict the fat thickness. The first stage was to calibrate the
measured magnitude of the first large transition point at the frequency of interest,
according to the simulation results given in Table 5.9. By subtracting both the measured

and simulated magnitude values, the value has been further determined as —17.54 dB.

This value is then added to the measured abdominal value to determine the magnitude
value (i.e., —39.69 dB) of the real tissue, with respect to the simulations. This value has

been used in the equation in Fig. 5.63, to determine the fat thickness as 13.86 mm.
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5.1.7.6. SYSTEM ERROR ANALYSIS

Mean value: For a data set, the arithmetic mean, also called the mathematical expectation
or average, is the central value of a discrete set of numbers: specifically, the sum of the

values divided by the number of values presented in equation (5-10) [17].
Mean (%) = %Z Xj Eq. (5-10)

In statistics, the standard deviation (SD) is a measure that is used to quantify the amount

of variation or dispersion of a set of data values shown in equation (5-11) [16].

N .—%)2
Standard Deviation (SD) = /z‘:ﬁ%x)

The mean value and standard deviation were determined using the equations (5-10&11)

Eq. (5-11)

for all different scenarios, where the thickness of the oil was altered from 10 to 30 mm

and presented in Table 5. 10.

Table 5. 10: Definition of the mean value and standard deviation for the liquid modelled case.

Subtraction(dB)
Simulated Measured (Measured- Mean Value | Difference of | Standard
Oil Thickness | Magnitude Magnitude Simulated) (%) (dB) Subtraction & | Deviation
(mm) (dB) (dB) Mean (dB) (SD) (dB)
10 -19.575 -21.96 -2.385 -2.393 0.008 0.046
20 -21.077 -23.53 -2.453 -2.393 -0.059 0.046
30 -25.018 -27.36 -2.342 -2.393 0.051 0.046
Diff Value = X+ SD = —2.393 + 0.046 Eq. (5-12)
_ SD_ 0046 _ ~ _
Error = T 5303 0.019 = 2% Eq. (5-13)

The system error was calculated using the equations (5-12&13) and defined to be within

+1 mm thickness that was determined as substantial for such a system.
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5.2.SYSTEM HARDWARE DESIGN

In this section, all mathematical equations needed to analyse and evaluate the behavior of
the GP transmitted by the antenna (horn antenna) through the human abdominal tissue

(HAT) model as shown in Fig. 5.73 were obtained.
' Z/L

An UWB System - = [ Visceral —

GP  Abdominal Human body tissue model

Subcutaneous |

Retroperitoneal

A Double Ridge Horn Antenna
Fig 5. 73: A WB Fat Detection System.

The WB Fat Detection System shown in Fig. 5.73 consists of a WB system, A DRH
antenna, and a HAT model. A number of techniques have been used by researchers to
extract the information from the reflected pulse such as TDR, amplitude and phase-based
methods. The horn antennas will be regarded as a transceiver to transmit the Gaussian
pulse (generated by a WB pulse generator) and capture reflected pulse from each layer.
The captured pulses will be amplified, filtered, converted to digital format, and finally
will be transferred to a Laptop to be analysed and an image of the area of interest will be
created using the existing method. As the aim of the system is to detect and measure the
place and thickness of the fat layer in the model, there would be a need for wide
investigation to be done on the pulse, which will be transmitted through the suitable
antenna design in the system. There are some calculated parameters mathematically
defined to illustrate the pulse behavior during transmission and reflection period, which
is, get premeditated in this section before we intend to move to simulation and finally
practically test the system. A brief description produced for the system in following helps

to understand the hardware components and their operation in the system concisely;

The system consists of three major components: a computer, WB hardware system and a
horn antenna. The horn antenna has been selected in this system based on its specific
capability of high gain and directivity compared to the other antenna design. The WB

hardware subsystem consists of more elements; here some of its major components will
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be mentioned to provide an overview of the whole system that should take care of during
this project. UWB signal generator: the signal generator should be used later in the project
to be able to generate the pulse that was chosen based on the system operation. However,
it should be remembered that using expensive and huge signal generators is in
contradiction with the system’s needs in terms of designing and building a small and
cheap pulse generator that can generate the pulse. An ADC and FPGA device will be
chosen to be used for signal data processing, as an incoming reflected signal to the system,
which is analogue, should be converted to digital before being able to analyse the data
received from the antenna in an FPGA device. A VNA has all these components built in
but as the system should work independently from other expensive and big equipment,
there is a need to design our hardware separately. Some small components used in the
hardware will be mentioned here such as Voltage Control Oscillator (VCO), Power
Amplifier (PA), Low Noise Amplifier (LNA) and Band Pass Filter (BPF). These will be
discussed and designed later in the project. The operation of the system will be briefly
discussed in this part, to give an overview of what the system is supposed to do; The first
stage is to generate the pulse using a signal generator and mix it with a sine wave to adjust
the bandwidth to the required pulse bandwidth. Following generating the pulse, the LNA
and the PA will be used to amplify the pulse and finally transmit it through the switch
with the horn antenna to the modeled tissue. The next step is to capture the reflected pulse
by the receiver horn antenna. The pulse should be amplified, separated from other
components such as noise by the filter process, and finally converted from analogue to
digital data using the ADC. The data then will be sent to the FPGA device for sampling
and data acquisition and transferred to a laptop to construct the image as it is shown in

Fig. 5.74 [18].

Clock
Pulse
[11)—»—1 Generator

A 4

IFA LPF

FPGA IFA

Mixer

LPF

A 4

Fig 5. 74: a WB Fat Detection System component [17].
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5.2.1. SYSTEM HARDWARE DESIGN BASED ON LAB
COMPONENTS

In order to be able to prove that the simulation results are correct and the results in real
environment will have an approximately same outcome, the practical measurement has
to be performed and the results should be compared. The first part of the hardware in this
project is in fact the antenna, which should be placed on the tissue to transmit and receive

a WB pulse in order to be able to analyse the reflected pulse as it is shown in Fig. 5.75.

Fig 5. 75: Double ridged horn antenna filled with a ceramic with a high permittivity.

The next important step is to check the required components to create the hardware and
their availability in the lab to practically transmit a WB pulse and capture the reflected
pulse in cases of different fat thickness. The reflected pulses from each case where the fat
thickness in the modeled tissue is changed from 10 mm to 30 mm in steps of Smm, the
results are recorded and analysed. The components available in the antenna lab can be
used to construct the hardware to demonstrate the abdominal fat measurement as follows.
The first steps in the hardware set up is to produce a WB pulse that requires a WB signal
generator with a Local Oscillator (LO) or a Voltage Control Oscillator (VCO) to sweep

the pulse to the frequency of interest.

The in-house picosecond pulse generator (model 10060A as shown in Fig. 5.76), is
capable to generate a periodic rectangular pulse of 100 ps to 10 ns in the period of 10 us

up to 1 sec.
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Fig 5. 76: Model 10060A Programmable Pulse Generator.

The in-house radio frequency (RF) continuous wave (CW) generator, which is enabled
to generate CW signal from 20 MHz up to 40 GHz is illustrated in Fig. 5.77.

Both wave generators can be connected to the high-performance Marki mixer shown in
Fig. 5.78 that works in the frequency range of 1 MHz to 6 GHz, to mix the WB pulse with
the CW and produce an intermediate frequency (IF) for the generated WB pulse. The IF

modulated pulse can be defined by equation 1 as follows:

£ = sin2mnf.t pT <t<pT+7
F@) = 0 pT+t<t<(p+ 1T

Where p is the period, T is the signal repetition period, T is the signal duration and f, is

the centre frequency.

Fig 5. 78: The T3-03 is a high-performance mixer featuring LO/RF from 1 MHz to 6 GHz.

After the WB pulse has been generated, a 10 dB directional coupler will be used to divide
and distribute the pulse power as shown in Fig. 5.79. The generated pulse that transmitted
through portl will divide the 75% of transmitted power directly to port 2 and 25% of the
signal power will appear on coupled port 3 for monitoring where the port 4 is isolated.
The directional coupler circuit diagram and actual component have chosen as is shown in

Figs. 5.79 and 5.80.
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Fig 5. 79: The block diagram of the 10 dB directional coupler in transmitting and receiving condition.
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Fig 5. 80: C0825-06 Coupler SMA 0.8-2.5 GHz 6dB VSWR 1.2.

The high gain block amplifier used in this step of the design is amplify the pulse before

transmission. This improves the detection of reflected pulse and benefits the noise filter.
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Fig 5. 81: The 23 dBm P1dB, 50 MHz to 4 GHz, Gain Block Amplifier, 26 dB Gain, 35 dBm IP3, 5 dB NF, SMA.

The next step is to transmit the pulse and to capture the reflected pulse, for this section of
the hardware set up, there is need of a circulator to redirect the reflected pulse to a data
analyser for further analysis. Fig. 5.82 demonstrates an SMA circulator, which operates

in 1-2 GHz frequency band.

Fig 5. 82: CF1020 Circulator 1-2Ghz VSWR 1.35 S Steel SMA 50Watts.

The next step of the hardware set up that needs to tackle is remove the noises were added
to the reflected pulse, a Low Noise Amplifier (LNA) component is suggested, as reflected
pulse will attenuate result of passing through the channel and mix with some noise in the
channel. The CBLU1033213 Broadband LNA, which can cover the bandwidth of 0.1-3
GHz with a gain of 32 dB and noise figure as low as 1.3 dB as is shown in Fig. 5.83 and

will be used during the experiment.
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Fig 5. 83:CBLU1033213 Broadband low noise amplifier (0.1-3GHz).

Finally, the serial data logger/analyser LeCroy SDA1100 shown in Fig. 5.84 will be

connected to the directional coupler to check the transmitted pulse as well as capturing

the reflected pulse to save and later being compared by other scenarios where the fat

thickness alters.

Fig 5. 84: Serial Data Logger/Analyser LeCroy SDA11000 (maximum sampling rate: 40 Gbit/sec).

The abdominal fat measurement system consists of all components has been illustrated in

Fig. 5.85. The system can be improved by adding a power amplifier (PA), and a switch

to increase the power level and switch for send a pulse at each operating time and wait to

receive the reflected pulse before transiting the next pulse for the comparison and

accuracy. The components were all selected based on the technical requirements and cost.
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Fig 5. 85: WB reflected based abdominal fat measurement system set up.
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5.3. ELIMINATING SYSTEM ERRORS

The built-in errors during the design development and implementation can create great
side effect on the operation of the system. These errors should be considered in each stage
and eliminate their effect on the system. Therefore, in this section, the solutions

considered to eliminate some of these side effects has been presented.

In this section, the gaps between the antenna and the human skin when the antenna is
attached to the body for the system measurement were analysed. These gaps can produce
the errors as well as the dry skin and wet skin may differ in permittivity by some amounts
refer to the person to another can add another error to the system. Both errors can be
minimised by applying a gel to the skin before the system touch the skin. The technique
not only eliminates the gap between the device and the skin, furthermore, it can minimised
the error caused by the skin dielectric properties difference, due to different dryness
conditions of one person to another. The detergent and food liquid solutions such as Triton
100, Polysorbate 20, glycerol and xylitol can be mixed with the distilled water to increase

the permittivity to 40 as mentioned in Chapter 3 of this thesis.
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5.4. CHAPTER SUMMARY

The system was analysed based on the time domain techniques when the tissue consists
of skin, fat, and muscle modeled in the CST studio and the antenna was placed in the far-
field region from the tissue. The fat thickness iterated from 10 to 40 mm and the time

domain results were analysed respectably.

» In the first phase, the WB DRH antenna that was designed in free space and was
placed in front of the model tissue. Two cases were obtained where the pulses
with short (1GHZ) and wide (3.6GHz) bandwidth was generated and transmitted
and reflected time results were analysed when the fat thickness changed from 15
to 40 mm. The results describe the overlapping issue in both cases. However, in
the first case, it was more severe, and the reflected pulse combines with the vast
bulk reflection from the skin, which makes the second pulse that comes from fat
layer more difficult to retrieve.

* In the second phase, the DRH antenna was designed in the background material
that had a permittivity of 41 and conductivity of 0.1S/m and was placed in front
of the modeled tissue at different distances (attached, near and far field). The
results describe the best results with the less overlapping issue can be retrieved
when the antenna was placed in far-field region of the tissue.

*  Next and third phase was to use the reconfigured design for the dielectric ceramic
that was characterised in Chapter 3. The PDRH and EDRH antennas were
designed using ceramic data and with the extension to determine the reflected
pulse and the TDR graph.

» The extended EDRH antenna filled with a mixture of the linseed oil and r-TiO»
were designed and fabricated using 3D printing method, and the reflection
coefficient of the antenna on the arm was investigated.

» The extended PDRH antenna filled with a mixture of paraffin and the r-TiO;, were
designed, fabricated and employed in the system to identify the fat thickness using
the reflection coefficient method. The system operation was first tested and
approved on the liquid modelled of the oil and water to identify the oil thickness.

»  The fourth phase was to define the hardware components based on the lab
availability that should be used in future for the hardware system design.

. Fifth phase was to investigate the errors developed during the design process
such as air gap between the transmitter and the modeled tissue and use matching

gel to eliminate the air gap as well as matching the environment.
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CHAPTER 6

6.1. DISCUSSION

The defined equations and mathematical results, produced in Chapter 2 of this thesis,
indicate that in order to design a WB abdominal fat measurement system, which satisfies
the objectives of the project, several important factors need to be addressed such as the
penetration depth, range resolution and antenna structure. The first two of these factors
were discussed in detail, and a frequency range of 1 to 3 GHz with a minimum bandwidth

of 500 MHz were found to satisfy the system needs.

Regarding the antenna design, it seems that a DRH antenna may meet the system
requirements, but designing such an antenna to operate in free space and at such high
frequencies requires the antenna to be quite big in size. Therefore, the option of designing
an antenna for operation in a medium with high permittivity (close to the skin’s
permittivity) was considered. This choice has many advantages such as reduction in
antenna size and cost, and also it considerably reduces the strength of the first large
reflection from the skin. Hence, this option have resulted in a compact system with better

performance.

However, as the greatest amount of the pulse energy will be absorbed within the high
permittivity material, this technique has the undesirable drawback that it will reduce the
penetration depth. The solution to overcome the shallow penetration depth would be to

reduce the center frequency and therefore to increase the system penetration depth.

In fact there is a trade-off between these factors (i.e. penetration depth and range
resolution); improving one, would deteriorate the other. In this project, an optimal point
for this trade-off has been investigated. Therefore, the system was named as WB system
and not a UWB system, since UWB is specified to operate within the UWB range
(3.1-10.6 GHz).

Regarding range resolution requirements, the simulation results using CST software,
generated for the purpose of finding the required bandwidth indicated that a horn antenna
with minimum bandwidth of 500 MHz is required to satisfy the system’s resolution
criterion. In addition, the simulation results verified the validity of equation (2-9), and so

proved that the range resolution does play a critical role in one-dimensional models.
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Therefore, A DRH antenna for use in free space with bandwidth of 460 MHz, which
operate at the centre frequency of 3.1 GHz was designed and developed (using the CST
software). Then modelled tissue was placed in front of the antenna and the system was
run to analyse different fat thicknesses. The results proved that the system can not
distinguish the tissue with different fat thicknesses based on the amplitude reduction and

time shifting methodologies.

The same procedure on the new design embedded in a high dielectric material with a
higher centre frequency of 1.8 GHz proved that for thicknesses of fat layer larger than 30
mm the pulse amplitude is lagging from all consistence cases when the fat thickness is
less than 30 mm. This proves that with increasing the bandwidth, the range resolution has

been increased and therefore the system is operating successfully.

The pyramidal and elliptical DRH antennas with the extension were further designed and
proposed for this application. The extension was added to the design to satisfy the far
field region phenomena in order to separate and identify the reflections and increase the

gain and directivity of the antenna designs.

The linseed oil and paraffin were selected due to their low conductivities and were mixed
with the r-TiO; to increase the permittivity. These high dielectric mixtures were
embedded into the designs to reduce the magnitude of reflections from the skin. The
antenna designs were fabricated using polyethylene material using an in-house 3D

printing method and were painted with the high conductivity paint.

In addition, a semi-ridge cable SMA connector was used to connect the source signal to
each designed antennas, finally, each horn antenna was filled with the mixture. Both
designed antennas were used to measure the fat thickness, and the results verified that the
pyramidal shape has better performance. This proves it has the better penetration depth

due to the design’s lower centre frequency.

The reflection coefficient and TDR results for the reflected pulse were generated in the
simulation to relate the tissue fat thicknesses to the energy loss and the time delay of the
system. Concerning the demands for equipment needed to perform each technique, the
reflection coefficient technique was selected for the experiment because of the equipment
availability. This technique was employed first on the liquid modelled (oil and water) and
then on the real human tissue, and the technique provided measurement of the fat

thickness with =1 mm error margin.
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6.2. CONCLUSION

Comprehensive investigation on the available systems and techniques to measure the
abdominal fat and their advantages and disadvantages, motivates the use of the WB
technique. The WB technique satisfies evaluation criteria based on specified factors such
as penetration depth and range resolution. The pulse parameters such as a centre
frequency within the range of 1 to 3.5 GHz and minimum bandwidth of 500 MHz were

specified as the optimal frequency for the premium system operation.

The abdominal modelled tissue was designed using the real abdominal tissue
specification such as dielectric parameter values and using realistic thicknesses of each
tissue type. To transmit a pulse into the modelled tissue, an antenna that operates at the
pulse centre frequency and within the specified bandwidth is required. Therefore, the
DRH antenna was proposed here, due to its wide bandwidth and high gain and directivity

as well as its matching capability.

The main concern of this type of antenna is bulky size and structure when designed for
the frequency range of interest. Therefore, a method of immersing the antenna in a high
dielectric material was proposed to enable reduction of the antenna’s size and reduce the
large reflections caused by mismatching. Different dielectric materials were examined for

selecting the best material with high permittivity and low conductivity.

Among all, the barium based VLF-440 ceramic, linseed oil, and paraffin where chosen
because of their low conductivity. The oil and paraffin were mixed with a concentrated
portion of the anatase r-TiOz, using a best available mixer creating less bubbles, to

increase the permittivity of the filler material.

The pyramidal and elliptical DRH antenna were designed and an extension was added to
each design to locate the antenna in the far field region of the scanning area. Different
time domain methods such as the pulse reflection were investigated for the purpose of

determining the fat thickness of the modelled tissue.

The reflection coefficient method was used successfully to measure the thickness (10 to
40 mm) of fat on the modelled tissue in the simulation, and also in the experiment with

measurement error within + 1 mm.
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6.3. NOVELTIES

The main contributions of this work can be summarized as follows:

1.

The proposed pyramidal and elliptical DRH antenna has a shape that is not only
suitable for the finalized system, but it has also improved the operational
parameters such as directivity, gain, and bandwidth compared to the similar types

of horn antenna.

The extension was proposed and added to the antenna in order to keep the antenna
in the far-field region of the monitoring area. This will eliminate signal overlap
issues in the case of using the antenna as a transceiver in a system and also isolate
the internal area of the design to some extent, and also cause the wave propagating
into the medium to be closer to a plane wave. In addition, an absorber sheet was
added to the designs that improve the designs’ directivities and further insulates

the internal structures.

The wide range of dielectric materials with low conductivities was proposed to
miniaturize the design and reduce the reflection within the system. The proposed
different materials have advantages such as ease and low cost to manufacture into

the required shape, and also have high permittivity close to that of the human skin.

The dielectric properties of the materials were measured within the frequency
range of interest (0.3 — 3.3 GHz) using the open-ended high-temperature probe

and results were confirmed by other methods such as the resonant cavity method.

The reflection coefficient technique was selected and applied to the system to
measure the abdominal fat thickness in both the simulation and in experiment, and

the technique proved the system operation with an accuracy within 1 mm.
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6.4. FUTURE WORK

For future work of the project, following actions may be considered:

= To fabricate the antenna design using the modified skin’s permittivity matched
ceramic, which involves processes such as compressing, sintering, milling and
machining of the ceramic sample. In addition, the ceramic sample that was cut to
the required shape will be painted using highly conductive silver paint, and finally
connected to the SMA connector for experimental test. This involves antenna
characteristic measurements and placing the antenna on the known fat thickness
of abdomen for the calibration. Furthermore, proving successful operation of the
system requires to measure the unknown thickness of abdominal fat for different
individuals.

= To order the hardware components that were purposed in the final part of Chapter
5, to produce the system design and enable the user to take advantage of the
antenna designs within the hardware to be built. This enables the user to take
advantage of different types of techniques such as reflected pulse, TDR and group

delay to measure the abdominal fat.

Moreover, in order to improve the performance of the system, some of the important key

points are summarized as follows:

= Different pulses may be considered and the optimal pulse for this application in
terms of centre frequency, shape, and bandwidth can be investigated.

= Different techniques such as reflected pulse, group delay and return loss may be
used to extract information such as the location and the type of tissue.

* Two and three-dimensional techniques for reconstructing the image based on the
acquired information may be considered.

= A hardware system that can generate, transmit, receive and analyse the reflected

pulse can be designed and produced.
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