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Abstract 

Breast cancer is one of the most widespread types of cancer in the world. The key 

factor in treatment is to reliably diagnose the cancer in the early stages. Moreover, 

currently used clinical diagnostic methods, such as X-ray, ultra-sound and MRI, are 

limited by cost and reliability issues. These limitations have motivated researchers to 

develop a more effective, low-cost diagnostic method and involving lower ionization 

for cancer detection. In this thesis, radar based microwave imaging is proposed as a 

method for early breast cancer detection. This imaging system has advantages such as 

low cost, being non- invasive and easy to use, with high image resolution and its thus 

good potential for early cancer detection.  

In the first stage, an ultra-wideband Vivaldi antenna and a slot Vivaldi antenna are 

proposed, simulated and fabricated for breast cancer detection. The designed antennas 

exhibit an ultra-wideband working frequency. The radiation patterns also achieve the 

desired directional radiation patterns.  

The second stage of this study presents a planar breast phantom and a hemi-sphere 

breast phantom. These two breast phantoms are simulated and fabricated using CST 

microwave studio and tissue-mimicking materials respectively. Mono-static radar 

systems based on a single antenna configuration and an antenna pair configuration are 

then proposed. These two systems are used to measure the planar breast phantom and 

hemi-sphere breast phantom, with the scattering signals measured in the frequency 

and time domains. Based on the measurement results, it is concluded that the reflected 

energy increases when the antenna moves close to the tumour; otherwise, the reflected 

energy is reduced when the antenna moves away from the tumour.  

The received time domain scattering signals are processed first and then used to 

create microwave images to indicate tumour position. A clutter removal method is 

proposed to extract the tumour response from the received signals. The microwave 

images are then created using the tumour response based on the simulation and 
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experimental results. The imaging results indicate that a 5 mm radius tumour can be 

detected.  

The tumour burial depth is also studied. A multi bio- layer phantom which contains 

deep and shallow buried tumours is simulated and measured using the Vivaldi antenna.  

A spectrum analysis method is proposed to distinguish between different tumour 

depths. The results indicate that a difference in depth of 15 mm results in a mean 

change of 0.3 dB in the magnitude of the spectrum. 

Discrimination between benign and malignant tumours is also considered in this 

study. The singularity expansion method (SEM) for breast cancer is proposed to 

discriminate between benign and malignant tumours based on their morphology. Two 

cancerous breast phantoms are developed in CST. The benign tumour is a 5mm radius 

sphere and the malignant tumour is a spiny sphere with an average radius of 5mm. 

The use of the SEM leads to the successful discrimination of these two tumours. This 

method provides a solution to discriminate between benign and malignant tumours 

similar size when the resulting images cannot provide sufficient resolution.    

A preliminary study of brain cancer detection is also concluded. Research in this 

area has never been implemented. A cancerous brain model is designed and simulated 

in CST. The antenna pair configuration is then used to measure the cancerous brain, 

with the scattering signals measured. Microwave images for brain cancer detection are 

then created based on the measurement results. The tumour is correctly indicated in 

the resulting images.    
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Chapter 1 Introduction  

 

 

1.1 Research Motivation  

Breast cancer is one of the most widespread cancer types in the world. For example, 

in the USA, breast cancer is exceeded in frequency only by lung cancer [1]. Nearly 

182,000 breast cancer cases are diagnosed in the USA every year. In Ireland [2], for 

example, 1 in 11 females are likely to suffer from this cancer. But it is encouraging 

that over 25,000 female patients have survived, which means that breast cancer is not 

an incurable disease. The key factor is to reliably diagnose it in the early stages. 

Given early breast cancer detection and treatment, the survival rate can even reach 97% 

in Ireland [2], which emphasises the urgent requirement for a reliable and highly 

efficient method of early breast cancer detection.    

  The most commonly used clinical diagnostic methods for breast cancer are X-ray 

Mammography, Ultra-sound and Magnetic Resonance Imaging (MRI) [3-4]. These 

three methods are used in regular medical examinations or for breast cancer diagnosis 

in patients with no symptoms. These three methods are painless compared with 

medical biopsy and are widely used in clinical diagnosis. However, X-ray 

Mammography [4] is quite painful due to breast compression. Beside this, the high 

level ionizing radiation involved are harmful to patients, and may even cause 

canceration of healthy tissues. With the use of the Ultra-sound system [4], it is difficult 

to detect deep- lying or solid cancerous tissue. The MRI system [4] provides extremely 

high resolution images of soft tissues, especially for small tumours. However, the 

http://zh.wiktionary.org/wiki/canceration
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highly costly and time-consuming diagnostic processes are major shortcomings. 

These limitations have motivated researchers to develop a more effective with lower 

level ionization and low cost diagnosis method for cancer detection. 

In this thesis, radar based microwave imaging is proposed as an early cancer 

detection method. This imaging system has advantages such as low cost, being 

non- invasive and easy-use, giving high image resolution and thus with potential for 

early cancer detection.     

Microwave imaging for cancer detection is based on the high differences in 

electrical properties difference between cancerous and surrounding tissues. The 

electromagnetic properties of electromagnetic wave interacting with a medium mainly 

depend on the relative permittivity and conductivity of that medium. A wide range 

scale of studies [5-9] revealed that the content of water in tissues determines their 

relative permittivity. Tissues with high water content, such as tumour have higher 

relative permittivity compared to low water tissues such as fat. The relative 

permittivity of the tissue is related to its electromagnetic energy storability, while the 

conductivity of the tissue indicates the attenuation of microwave energy when the 

microwave interacts it. Cancer detection based on microwave imaging relies on high 

differences in relative permittivity between healthy and malignant tissues. The 

relative permittivity of breast tissue in different frequency ranges has been studied 

[5-9], and the results prove that differences in relative permittivity between tumours 

and healthy tissue are sufficient for microwave images to show.  

Radar based imaging methods originating from ground-penetrating radar (GPR) 

were proposed for breast cancer detection by Hagness [10-13]. This radar based 

microwave imaging aims at focusing on the determination of objects such as tumours 

by creating images of back-scattering signals which arise the high dielectric constant 

difference between a tumour and surrounding healthy tissue. Compared with 

microwave tomography [14], the radar based microwave imaging only focuses on 
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detecting the tumour rather than the entire range of electrical properties. Therefore, 

the signal processing involved in radar based microwave imaging is much easier than 

that in microwave tomography. Beside this, radar based microwave imaging uses an 

Ultra-Wideband (UWB) pulse which includes low to high frequencies. The low 

frequency band ensures depth of penetration while the high frequency band ensures 

the resolution of the resulting images. Hence, both deeply buried and small size 

tumours can be detected based on the examination of the low frequency and high 

frequency bands. 

 

1.2 Research Investigations and Novelty  

The main components of the radar based microwave imaging in this study are the 

imaging system design based on ultra-wideband antennas, the design of breast 

phantom, signal processing and image processing methods. In this thesis, the 

following challenges have been addressed.    

 

1.2.1 Challenges 

1.2.1.1 Ultra-wideband Antenna Design 

Currently, multi-static and mono-static radar systems are used for breast cancer 

detection [15-18]. The multi-static radar system [15, 17 and 18] uses an antenna array 

and a complex switch network controller. The antenna array normally consists of 

more than ten antennas in order to collect a large number of transmission coefficients 

and this will obtain images of high resolution. The problem here [18] is that the 

geometrical dimensions of the antennas used must be as small as possible in order to 
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maximise the number of antennas used in the array. This, in turn, will result in a 

higher working frequency band which lacks the required penetration of 

electromagnetic energy into the breast [18]. On the other hand, the mono-static radar 

system [16] uses a single antenna or an antenna pair to scan the breast with 

mechanical movement. Hence, the design of the antenna is only concerned with the 

gain, bandwidth, radiation pattern and beam width.  

 

1.2.1.2 Breast Phantom Design and Experimental Setup 

The phantom design for the UWB transmission can be simplified in an 

approximation as a multi- layer model, with each layer corresponding to a particular 

layer [19]. The breast can also be modelled as layers of skin and fat. Representations 

of tumours and glands can then be fabricated and inserted into these special layers. 

Based on this theory, the breast phantom is simulated in the CST Microwave Studio 

software using the FDTD method [20-21]. In CST, a library which consists of a range 

of materials is available for use in designing the microwave devices as well as 

bio-organs.  

Electromagnetic based technology such as mobile phones and medical imaging 

applications works at microwave frequency. Therefore, the growing interest of the 

interaction of microwaves with bio-tissues has led the researchers to design 

bio-phantoms which mimic the electrical properties in the microwave frequency range. 

The most attractive tissue mimicking method is based on gelatine-oil [22-23]. This 

method has advantages such as giving stable mechanical properties at low cost and 

with easy fabrication. 

A mono-static radar system is adopted in this thesis. The challenges involved 

concern the different antenna configurations such as a single antenna configuration 
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and configurations of antenna pair. The spatial relationship between the antenna and 

the breast phantom, and the reduction of the mutual coupling between the transmitting 

and receiving antennas also need to be considered.    

   

1.2.1.3 Signal Processing  

The scattering signals collected contain skin reflections, multiple reflections from 

different layers, the tumour response and environmental noise. The tumour response 

is quite weak, and could easily be drowned out in the noise. Hence, signal processing 

is required in order to remove all unwanted parts of the signal in order to obtain high 

resolution images with low noise level for diagnosis. Skin and clutter removal 

methods have been proposed in many publications [17, 24-25]. A commonly used 

method for the removal of the presence of an unwanted signal is to measure reference 

transient scattering signals using a breast without tumour being presence. The 

reference signals only contain the skin reflection and clutter, and can then be used to 

calibrate the originally received signals. The tumour response can be extracted by 

subtracting the reference signal. This method is easily applied and able to remove the 

unwanted parts of the signal effectively. However, the problem is that this method 

cannot be applied in practice since the tumour cannot be removed and an identical 

healthy breast is also unavailable. Signal de-noising is thus a serious challenge in 

signal processing.    

 

1.2.1.4 Discrimination between Benign and Malignant Tumours  

 The discrimination of benign and malignant tumours is mainly based on the content 

of water within the tumour [26-28]. The increase of water content in a tumour 
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signifies the deterioration of cells, and this increases the values of dielectric constants 

and the conductivity of the tumour. Furthermore, the morphology of the tumour is 

another useful characteristic [29-31] which can be used to discriminate between 

benign and malignant tumours in terms of their size and surfaces. A malignant tumour 

usually has an irregular surface and spiculated periphery, while benign tumours have 

smoother surfaces and a roughly spherical shape. These two major discrimination 

criteria are often used in MRI and ultra-sonic imaging.    

Previous radar based cancer detection research has assumed that tumours have 

uniform shapes such as a sphere or ellipsoid [32-38]. Actually, tumours can also be 

classified as benign or malignant. Hence, the discrimination between benign and 

malignant tumours is also very important and needs to be addressed.     

 

1.2.1.5 The Preliminary Study of Brain Cancer Detection   

Radar based breast cancer detection has been investigated by many research groups. 

However, the study of radar based cancer detection for other organs has not yet been 

considered. In the presented study, brain cancer detection is considered since the brain 

has a similar shape to that of the breast. Both the breast and the human head have a 

spherical shape, and moreover are all composed of different layers. The breast can be 

considered as layers of skin and fat and the human head can be considered a s a 

combination of skin, fat, bone and white matter layers [19].  

From electromagnetic theory, the discontinuities of the boundaries cause strong 

reflections of incident electromagnetic wave [32-38]. The reflection level is highly 

dependent on the dielectric difference. For example, in breast cancer detection, the 

dielectric difference between the tumour and the fat can reach 10:1  [17]. For the brain 

cancer detection, the dielectric difference between the tumour and the white matter 
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can reach 1.44:1. This dielectric constant difference in the brain can still be observed 

even though it is much smaller than that of the breast.  

The ability of microwave to penetrate tissue is another important issue. In breast 

cancer detection, most of the incident wave is reflected by the skin and only very little 

energy reaches the tumour. Compared to this, the human head has more complex 

structure (skin, fat, skull and white matter) [19] and might reflect even more energy 

than the skin layer of the breast. This could be a major challenge for brain cancer 

detection.  

 

1.2.2 Research Objectives   

The main objectives in this thesis are as follows: 

 

1. to design an ultra-wideband antenna for breast cancer detection,  

2. to design a breast phantom for the microwave imaging system,  

3. to develop a signal processing method to remove the skin response and clutter,  

4. to develop a signal de-noising method to suppress noise,  

5. to study electromagnetic theory in the near-field, 

6. to develop a signal processing method to discriminate between benign and 

malignant tumours, and 

7. to study radar based brain cancer detection.     

 

1.2.3 Novelty 

The novel aspects of the present work are as follows:  
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1. A novel ultra-wideband directional Vivaldi antenna and a modified slot-Vivaldi 

antenna are proposed, simulated and fabricated. This Vivaldi antenna operates as a 

breast cancer detector with the advantages of ultra-wideband performance (5-10 

GHz), high near-field power flow density, and compact dimensions.  

3. Two proposed antenna configurations are used to measure the simulated and 

fabricated planar and hemi-sphere phantoms, with the simulated and measured 

signals recorded and analyzed. 

4. A novel signal processing method is proposed and applied to the received 

scattering signals. This method is able to remove the unwanted parts of signals  

such as skin reflections and clutters.  

5. Microwave images based on the single antenna and antenna pair configurations 

are created to indicate tumour position. A tumour with radius of 5 mm is clearly 

detected.  

6. The Singularity Expansion Method (SEM) is proposed for breast cancer detection 

and applied to discriminate between benign and malignant tumours both with a 5 

mm radius benign tumour and malignant tumour can be distinguished using the 

SEM. 

7. A spectrum analysis based method for the detection of tumour depth is proposed. 

The Vivaldi antenna and the slot Vivaldi antenna are used to measure tumour of 

different depth. The results indicate that the use of the slot Vivaldi antenna 

provides better detection capability.  

8. A wavelet based de-noising method is proposed and applied to the scattering 

signals. The use of this method can significantly suppress the noise.  

9. A preliminary study of brain cancer detection based on the microwave imaging is 

carried out. To the best knowledge, research such as this has never been 

conducted before.  
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1.4 Thesis Structure  

In chapter 2, a brief overview of issues related to breast cancer is presented. These 

include the physiology of the cancerous breast, currently used clinical diagnostic 

methods and microwave imaging for breast cancer detection.  

In chapter 3, the principles and important parameters of the Vivaldi antenna are 

discussed and analyzed first. The final optimized Vivaldi antenna and the 

measurement results are then presented. A slot Vivaldi antenna which is modified 

from the original Vivaldi antenna design using the equivalent circuit model method is 

also proposed.  

 In chapter 4, a planar breast phantom and a hemi-sphere breast phantom are 

proposed. These two phantoms are simulated using CST software and fabricated using 

the Tissue Mimicking method. Two antenna configurations, with a single antenna or a 

pair of antenna are also proposed and used to measure the phantoms, with the 

simulated and measured scattering parameters recorded.  

In chapter 5, the near- field electromagnetic theory for breast cancer detection is 

discussed, and then a skin effect and clutter removal method is proposed. The wavelet 

de-noising method is also proposed and applied to the scattering signals.  

 In chapter 6, the received scattering signals which are obtained from the Vivaldi 

antenna, slot Vivaldi antenna and single and antenna pair configurations are used to 

create the microwave images to indicate the position of tumour. The Singularity 

Expansion Method (SEM) for breast cancer detection is proposed and applied to 

discriminate between benign and malignant tumours. Furthermore, a method for the 

measurement of tumour depth based on spectrum analysis is proposed. Finally, the 

preliminary study of brain cancer detection is presented.  
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In chapter 7, the conclusions of the study and suggestions for future work are 

discussed.   

 

1.5 Summary  

Microwave imaging based breast cancer detection has the potential to be used for 

cancer diagnosis and to replace currently used clinical methods, based on its low cost, 

non- ionizing radiation, efficiency and small dimensions. The study of microwave 

imaging based cancer detection should focus on antenna and system design, signal 

and image processing.   
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Chapter 2 Background  

 

 

 

2.1 Introduction  

This chapter discusses the background of breast cancer in regard to the 

physiology of cancerous breast, and current breast cancer detection methods. This 

chapter provides necessary and important background information for the following 

chapters, especially for the cancerous breast phantom design. The structure of this 

chapter is organized as following. First, the physiology of the breast is introduced; 

followed by a discussion of current breast cancer detection methods. In the end, the 

final section focuses on the introduction of radar based microwave imaging for 

breast cancer detection.     

 

2.2 Physiology of Breast  

 

2.2.1 Anatomy of Breast 

The anatomy of the breast [40] and its surrounding tissues are illustrated in Fig 

2.1 [66]. In general, the breast is composed of skin, fat, connective tissue and 

glandular tissue. The breast lies on the chest wall with a shape which varies between 

individuals [41]. The proportions of fat, connective and glandular tissue also vary 

between different people and according to physiological periods such as pregnancy 
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and lactation [42]. The main function of the connective tissue (Copper‘s ligament) is 

to maintain the structure of the breast. The mammary gland which produces breast 

milk spreads inside the breast, connected by the lactiferous ducts and terminating at 

the nipple.  

 

 

Fig 2.1 Anatomy of Breast. [66] 

 

2.2.2 Breast Tumour 

A tumour [43-44] is formed by a lump of tissue which is composed of abnormally 

growing cells called cancerous cells. Normally, a small number of cancerous cells can 

be destroyed by the immune system. However, if the growth rate of the tumour 
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reaches the limits of the immune system‘s response capability, the cancerous cells 

may be out of control and form a mass of tissue. Cancerous cell can originate from the 

excitation of oncogenes or gene mutations.  

  Tumours [44] can be mainly classified as benign, potentially malignant and 

malignant. A benign tumour grows with a controllable speed and does not become 

transformed into a malignant tumour. Besides, the benign tumour does not invade or 

destroy surrounding cells or tissues. A potentially malignant tumour is a transitional 

form of the malignant tumour, and may be transformed into a malignant tumour given 

enough time. During this period, the potentially malignant tumour acts as a benign 

tumour and does not destroy surrounding healthy cells. A malignant tumour invades 

and destroys healthy cells and may grow at a high rate or spread to other adjacent 

organs.     

  The discrimination between benign and malignant tumours is mainly based on the 

content of water within the tumour [45-47]. An increase in water content in tumour 

signifies the deterioration of cells, and this increases the values of the dielectric 

constant and conductivity of the tumour. Furthermore, morphology [45-48] is another 

useful characteristic in discriminating between benign and malignant tumours in terms 

of their size, surface and packing density. A malignant tumour usually has an irregular 

surface and spiculated periphery and a benign tumour has a smoother surface and 

roughly spherical shape. These two major criteria are often used in medical diagnosis,  

such as when using MRI and ultra-sonic imaging.       
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Fig 2.2 The Anatomy of the Cancerous Breast. [67] 

 

Breast cancer [43] is a common cancer in women which usually originates from the 

lactiferous ducts. Genetic mutation, family history or environmental effects could 

cause breast cancer. Fig 2.2 shows the anatomy of a cancerous breast. The types of 

cancer can be classified as non- invasive and invasive. The most common breast 

cancer is invasive breast cancer (90% of cases). Specifically, Invasive Ductal 

Carcinoma, which occurs in the ducts, is the most common form of invasive breast 

cancer, according for more than 75% of cases.     
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2.2.3 Electrical properties 

  Electromagnetic based microwave imaging for cancer detection is based on the 

electrical properties of cancerous and surrounding tissues. The electrical properties of 

the tissues include two main parameters called relative permittivity and conductivity. 

The electromagnetic properties of the electromagnetic wave interacting with a 

medium mainly depend on its relative permittivity and conductivity. Many studies 

[48-55] have revealed that the content of water in a tissue determines its relative 

permittivity. Tissues with high water content tissues such as tumour have higher 

relative permittivity than those with low water content tissues such as fat. The relative 

permittivity of a tissue is related to the storability of electromagnetic energy in the 

tissue while the conductivity of the tissue indicates the attenuation of microwave 

energy when the microwave interacts with it.   

Cancer detection based on microwave imaging relies on large differences in 

electromagnetic properties between healthy and malignant tissues. The 

electromagnetic properties of breast tissue in different frequency ranges have been 

studied [48-52], proving that differences in the relative permittivity are sufficient for 

the microwave image. The contrast for relative permittivity and conductivity of 

normal and malignant breast tissues across 3MHz -3GHz range have been found to be 

4.7:1 and 5:1 respectively [54]. The relative permittivity and conductivity of normal, 

benign and malignant tissues have also been measured in the range between 500MHz 

to 20 GHz [55]. A Cole-Cole model has been developed based on relative permittivity 

and conductivity, as given in Equation (2.2.1) [54-55]:  

 

    =    +  
        

          
                                             (2.2.1) 
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where,  and   are the angular frequency and exponent parameter,          are the 

static frequency permittivity constants and time constant and            are static and 

infinite frequency permittivity constants. Fig 2.3 shows the Cole-Cole model and 

several studies of the relative permittivity and conductivity of benign and malignant 

tissues.  

 

 

(a)                                 (b) 

Fig 2.3 Measured Relative Permittivity and Conductivity. Black: Benign tumour, Red: 

Malignant tumour. [54] 
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2.3 Currently Used Clinical Diagnostic Methods  

The most commonly used clinical diagnostic methods for breast cancer are X-ray 

Mammography, Ultra-sound and Magnetic Resonance Imaging (MRI) [56]. These 

three methods are used in regular medical examinations or for breast cancer diagnosis 

for patients with no symptoms. These three methods are painless compared with the 

medical biopsy and are widely used in clinical diagnosis. The principles of these three 

methods are summarized as follows. 

 

2.3.1 X-ray Mammography 

  X-ray Mammography [56-57] uses X-rays as the examination wave to pass through 

the breast which is compressed by two plates, as shown in Fig 2.4. Images of the 

breast are then recorded on film for diagnosis. This process is efficient in terms of 

time but is quite painful due to the breast compression. Besides, the high levels of 

ionizing radiation involved are harmful to patients, and may even cause canceration of 

healthy tissues. The resolution of the resulting images is sufficient for most diagnostic 

requirement, but not enough for a high dense breast.    

 

Fig 2.4 X-ray Mammography. [67] 
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2.3.2  Ultrasound imaging  

Ultrasound Imaging System (Fig 2.5) [56] is based on the use of ultrasonic wave 

ranging from 1MHz to 15MHz. The radiation in this frequency range is not harmful to 

patients, however, it may be difficult to detect and distinguish deep lying and solid 

cancerous tissue. The resulting images can be in any orientation due to real time 

screening. Hence, the diagnosis of cancer is dependent on the doctor‘s experience. 

 

 

Fig 2.5 Ultrasound Imaging. [69] 

2.3.3 Magnetic Resonance Imaging (MRI) 

   

Magnetic Resonance Imaging (MRI) [56, 58] is based on the use of magnets to 

generate a very strong magnetic field for the creation of a pathological image. The 

patient lies on an examination table with several small scanner devices placed around 

breast to examine, as shown in Fig 2.6. The high sensitivity of MRI provides 

extremely high resolution images for soft tissues, and especially for small tumours. 

However, its high cost and the time consuming diagnosis process are major 

shortcomings.        
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  As discussed above, the advantages and disadvantages of diagnostic method can be 

classified as cost, safety, accuracy and scope of application. The limitations of these 

three methods have motivated researchers to develop a more effective, lower ionizing 

and low cost diagnosis method for cancer detection. For this purpose, microwave 

imaging has become a potentially significant method and is introduced in the next 

section.  

 

Fig 2.6 Magnetic Resonance Imaging (MRI). [70] 

 

2.4 Microwave Imaging for Breast Cancer Detection  

  Microwave imaging for cancer detection has advantages such as low-cost and the 

lack of dangerous radiation, and has attracted the attention of many research groups. 

Various types of microwave imaging methods, which can be classified as passive or 

active microwave imaging, have been proposed over the years. Passive microwave 

imaging [60] is based on the high temperature difference between the cancerous and 

healthy tissues when the breast is illuminated by microwave radiation. A radiometer is 

often used to transmit and receive the microwave signals and uses the received signals 

to map the temperature distribution for diagnosis. However, the challenge for passive 

microwave imaging is that the power radiated by tumour is not easy to detect. The 
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sensitivity of the radiometer must be high enough to detect small changes in radiated 

power. Besides, environmental heat source may easily interfere with the radiometer.   

Active microwave imaging relies on large differences in electromagnetic properties 

between healthy and malignant tissues. Two active microwave imaging methods have 

been proposed, namely microwave tomography [61] and radar based imaging [62-65]. 

Active microwave imaging is of most interest in this thesis and is discussed in the 

next section. 

 

2.4.1 Active microwave imaging  

Microwave tomography and radar-based microwave imaging are two major active 

microwave imaging approaches. The microwave tomography seeks to reconstruct the 

electrical profile inside the breast by solving inverse scattering problems [62, 65]. 

This procedure involves the solving of non- linear functions which causes difficulties 

in signal processing and image reconstruction. The radar based imaging method 

originates from ground-penetrating radar (GPR) and was proposed for breast cancer 

detection. This method focuses on the detection of objects such as tumours by 

creating images based on the high dielectric difference between a tumour and 

surrounding healthy tissues.  

2.4.1.1 Microwave Tomography 

For typical microwave tomography [61], the patient lies on an examination table 

with the breast through a hole and surrounded by a tank, as shown in Fig 2.7. An 

antenna array configured in the tank is immersed in coupling liquid in order to reduce 

noise and the discontinued electrical boundaries which cause multi-reflections. This 

antenna array is composed of several antennas to transmit and receive microwave 
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signals. The signals are used to measure the electrical properties such as relative 

permittivity and conductivity. The amplitude of the electrical properties of the whole 

breast is then mapped to indicate the tumour position, based on the principle that the 

tumour attenuates the strength of the signal to increase the electrical properties. The 

increases in electrical properties can be used to determine the tumour‘s position. 

Normally, a small antenna such as a monopole antenna is used in a microwave 

tomography prototype in order to maximize the number of configured antennas. The 

antenna array rotates vertically in small step to scan the breast. At each stop position, 

one antenna is used as transmitting antenna to transmit incident wave and the rest 

antennas are as receiving antenna to receive scatter wave. These received signals are 

normally processed by the solving of non- linear functions, and this is the most 

difficult part of microwave tomography. It is worth noting that microwave 

tomography attempts to reconstruct a map of all of electrical properties of the breast, 

whereas radar based microwave imaging only focuses on imaging the tumour rather 

than the whole breast.     

    

 

 Fig 2.7 Microwave Tomography. [71] 
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2.4.1.2 Radar based Microwave Imaging 

The radar based imaging method aims at focusing on the determination of the 

position of an object (tumour) by creating images using back-scattering signals. 

Compared with microwave tomography, radar based microwave imaging only focuses 

on imaging the tumour rather than the whole breast. Therefore, the signal processing 

involved in radar based microwave imaging is much easier than that in microwave 

tomography. Besides, radar based microwave imaging uses an Ultra-wideband (UWB) 

Pulse which includes low to high frequencies. The low frequency band ensures a 

sufficient depth of penetration while the high frequency band ensures the sufficient 

resolution of the resulting images. Hence, both the deeply buried and small size 

tumour can be detected based on the low frequency and high frequency bands. Radar 

based imaging prototype systems can be classified into multi-static radar [62, 64-65] 

and mono-static radar systems [63]. 

 Multi-static radar system 

In the multi-static radar system, a synthesized pulse generated from a frequency 

sweep is beamed into the breast using a transmitter antenna, and scattering signals 

received by one or more receiver antennas p laced around the breast.  In [64], a 

hemi-spherical antenna array based on a prototype of the multi-static radar system 

was developed by the University of Bristol. This antenna array is formed with 16 

cavity backed aperture stacked patch antennas connected with coaxial cables to an 

electromechanical switches network. This switch network chooses every possible pair 

of antennas in the antenna array and connects them to a Vector Network Analyzer 

(VNA), with one hundred and twenty measured transmission coefficients (S21) 

recorded for post-processing. During this experiment, the female patient lies prone 

with the breast falling through a hole in the examination plate, and the antenna array 

scans the breast, as shown in Fig 2.8[72]. The measured transmission coefficients are 

transformed into the time domain in cases where the VNA cannot process time 
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domain measurements and are then time-shifted to add coherently in order to enhance 

the tumour response and reduce clutter. These post-processed data are then used to 

create microwave images with the tumour highlighted.  

 

(a) 

 

(b) 

Fig 2.8 (a) The multi-static imaging system developed at the University of Bristol and (b) 

the clinical setup for breast cancer detection. [72] 

 

 Mono-static radar system 

Tissue Sensing Adaptive Radar has been developed based on the prototype of the 

mono-static radar system [63], as show in Fig 2.9. This system uses two antennas 

placed on opposite sides of the breast, with mechanical movement used to scan 

around the breast. The distance between these two antennas is aligned so as to achieve 

maximum sensitivity. A Vector Network Analyzer is connected to these two antennas, 
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and transmission coefficients are measured when they move to every observation 

position. These measured transmission coefficients are then post-processed to create 

microwave images highlighting the tumour.  

 

(a) 

 

(b) 

Fig 2.9 (a) The prototype and (b) experimental setup of the mono-static imaging system 

for breast cancer detection. [63] 

 

 Antenna design for radar based breast cancer detection  

  Comparison of the prototypes of the multi-static and mono-static radar systems can 
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be based on the complexity of their structure, signal processing and the resolution of 

the resulting images. The multi-static radar system uses an antenna array and a 

complex switch network controller. The antenna array normally consists of more than 

ten antennas (16 antennas were used in [64], respectively) in order to collect a large 

number of transmission coefficients to obtain high resolution in the resulting images. 

Another problem is that the geometrical dimensions of the antenna used must be as 

small as possible in order to maximise the number of antennas used in the array. This, 

in turn, will increase the working frequency, and the required penetration depth of 

electromagnetic energy into the breast will not be achieved [65]. In [65], the 

University of Bristol develop a wide-slot antenna with the dimensions of 14 × 13 

×1.25 mm. A cavity is added at the back of the wide-slot antenna in order to absorb 

the back radiation and reduce mutual coupling, as shown in Fig 2.10 (a). On the other 

hand, the mono-static radar system uses a single antenna (Fig 2.10 (b) [73]) or an 

antenna pair to scan the breast with mechanical movement. Hence, the design of the 

antennas only targets their gain, bandwidth and fidelity. Furthermore, the reduced 

number of antenna decreases mutual coupling and the complexity of the signal 

post-processing required. Another issue is the resulting image resolutions. The 

multi-static radar system can detect smaller tumours compared to the mono-static 

radar system due to the greater number of collected transmission coefficients [64].   

 

(a) 
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 (b) 

Fig 2.10 (a) Antenna designed at the University of Bristol used for multi-static imaging 

systems [26] and (b) antenna used for the mono-static imaging system. [73]  

 

2.5 Conclusion  

This chapter discusses the background of breast cancer and currently used breast 

cancer diagnosis methods. The anatomy of the breast and classification of tumours 

are discussed first. Tumours can be mainly classified as benign, potentially 

malignant and malignant tumour. The benign tumour grows with a controllable 

speed and does not invade or destroy the surrounding cell or tissues. The malignant 

tumour invades and destroys healthy cells and grows at a high rate or even spreads 

to other adjacent organs. The discrimination of benign and malignant tumours is 

mainly based on their electrical properties and morphology.  

The most commonly used clinical diagnostic methods for breast cancer are X-ray 

Mammography, Ultra-sound and Magnetic Resonance Imaging (MRI). These three 

methods are painless compared with the medical biopsy. Their advantages and 

disadvantages are classified in terms of cost, ionizing radiation, accuracy and scope 

of application.  
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Microwave imaging for cancer detection has the advantages such as low-cost and 

non- ionizing radiation, which has attracted the attention of many research groups. 

Microwave imaging methods can be classified as passive and active microwave 

imaging. Passive microwave imaging is based on the high temperature difference 

between cancerous and healthy tissues when the breast is illuminated by a 

microwave radiator. However, the challenge for passive microwave imaging is that 

the power reflected by the tumour is not easy to detect. Breast cancer detection 

based on active microwave imaging relies on high differences in electromagnetic 

properties between healthy and malignant tissues. Two types of active microwave 

imaging methods have been proposed namely microwave tomography and radar 

based imaging. Microwave tomography seeks the reconstruction of the whole 

electrical profile inside the breast while radar based microwave imaging only 

focuses on detecting the tumour. Therefore, the signal processing in radar based 

microwave imaging is much easier than that in the microwave tomography. Types 

of radar based imaging prototype system include multi-static and mono-static radar 

systems. Their principles, prototypes and antenna design have been discussed and 

analyzed. Mono-static radar based microwave imaging is used in this thesis.  
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Chapter 3 Ultra-Wideband Antenna 

Design  

 

 

 

3.1 Introduction  

Radar based microwave imaging focuses on the determination of tumour 

location by creating images using back-scattering signals from the tumour. Radar 

based imaging prototype systems can be classified as multi-static and mono-static 

radar system. The multi-static radar system [74-87] uses an antenna array and a 

switch network controller. The antenna array normally consists of more than two 

antennas in order to collect a large number of transmission coefficients to obtain 

images of high resolution. On the other hand, the mono-static radar system [79] 

uses a single antenna or an antenna pair to scan the breast with mechanical 

movement.  

  Antenna design is an important issue in the radar based microwave imaging. 

Traditional methods of antenna design assume that antenna is in the free space. 

However, for antenna design in radar based imaging, it is assumed that the 

antenna will lie close to the breast in the near- field. The pulse generated from the 

antenna is radiated into a bio- like tissue. This bio- like tissue has similar electrical 

properties to those of the body tissue which surrounds the breast in order to reduce 

the electrical property discontinuity caused strong reflection from the skin layer. 

Another issue regarding antenna design is its dimensions. The multi-static radar 

system uses an antenna array; hence, the geometrical dimension of the antenna 
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must be as small as possible in order to maximise the number of antennas used in 

the array and this, in turn, will increase the working frequency and the penetration 

of electromagnetic energy into the breast will be insufficient [89]. Another issue 

of concern is mutual coupling. Mutual coupling means that one antenna can 

generate an induced current due to the current flowing in adjacent antennas. This 

induced current could change the impedance of the antenna, the radiation pattern 

and the scattering parameters which makes the antenna‘s properties unpredictable. 

Hence, the dimensions of the antenna and mutual coupling are the major 

challenges in antenna design for multi-static radar based imaging system [88-89]. 

However, the mono-static radar system uses a single antenna or an antenna pair to 

scan the breast with mechanical movement. Hence, the design of antennas focuses 

only on its gain, bandwidth, and fidelity. Furthermore, the reduced number of 

antenna decreases mutual coupling as well as the complexity of signal 

post-processing.   

Ultra-wideband technology has been widely used in the radar and wireless 

communication fields for a long time. UWB systems use very short pulses 

(normally a few nanoseconds) and this, results in an ultra wideband spectrum 

[90-91]. The use of UWB provides several advantages, such as high capacity, low 

power transmission and high reliability [90-91]. Besides, another important 

application for UWB is radar based microwaving. The use of UWB provides high 

resolution in the resulting images due to the high bandwidth spectrum. Normally, 

the UWB working frequency contains both low and high frequency contents. The 

low frequency component provides a high penetration ability to detect relative 

deeply buried tumours while the high working frequency component lacks the 

penetration ability but offers high resolution to detect relatively small tumours. 

Hence, this unique feature is especially suitable for radar based breast cancer 

detection. Furthermore, the tumours in breast are often buried at shallow levels. 

Hence, the required depth penetration is only in the order of a few centimetres and 
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the corresponding working frequency is normally set to be a maximum of 10 GHz. 

Hence, the dimensions of the antenna can be very small, and this can provide a 

high working frequency, which helps to maximise the number of antenna in the 

multi-static radar system.   

 

3.2 Antenna theory    

  This section describes the antenna theory relevant to the design of antenna for 

breast cancer detection. 

 

3.2.1 Impendence Matching and Scatter Parameter 

Fig 3.1illustrates the transmission line model of the antenna [92]. The reflected energy 

can be reduced by matching the antenna‘s impedance to the characteristic impedance 

of the transmission line. The antenna impedance ZA can be calculated as: 

 

ZA = (RL + Rr) + j XA                         (3.2.1) 

 

where RL, Rr and j XA are the loss resistance, radiation resistance and antenna 

reactance, respectively.  

Normally, scatter parameters are used to describe the reflected energy [92]. 

Consider a black box with port 1 and port 2, where port 1 is the energy input port and 

port 2 is the output port. S11 represents reflected energy from port 1 while S21 shows 
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the transferred energy from port 1 to port 2. S11 and S21 are known as the reflection 

coefficient and forward transmission coefficient, respectively.  

 

Fig 3.1 The transmission line model of the antenna. [92] 

 

3.2.2 Power flow density  

Power flow density is defined using the Poynting Vector, represented as (3.2.2): 

   

               Sinst = E H (W/m2)                                 (3.2.2)  

 

where, Sinst is the Poynting Vector. E and H are the electric field and magnetic field, 

respectively. The radiated energy is calculated by summing Sinst over the whole 

radiation time. [92] 
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3.2.3 Near-field and Far-field 

The radiation field can be represented by three regions: the reactive near field, 

radiating near field and far field, as shown in Fig 3.2. In the reactive near- field, the 

relationship between the E field and H field is unpredictable. Hence, the calculation of 

the Power flow density is too complex, since the phase and angle relationship of E 

and H changes with the radiation direction. Besides, a certain amount of energy is not 

absorbed by the receiver but is stored by the transmitter antenna. Hence, the energy 

oscillates in this region. The boundary of this region [92] is given by       

 

                            0.62  
  

 
                           (3.2.3)  

 

where, R         are the reactive near field, maximum dimension of antenna, and 

wavelength.   

  In the radiating near field, the energy oscillation becomes progressively weak and 

the radiation field starts to radiate along the radiation distance. However, the radiation 

field also changes with the radiation direction. The boundary of the radiating near 

field [92] is given by:   

 

0.62  
  

 
      

   

 
                       (3.2.4)  

 

where, R         are the radiating near field, maximum dimension of antenna, and 

wavelength. 
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In the far field, the radiation pattern does not change with radiation distance and 

can be approximated as a plane wave or spherical wave. The E field and H field are 

orthogonal to each other. The boundary of the far field region [92] is given by:   

 

                                   
  

   

 

   
    

                          (3.2.5)  

 

where R         are the radiating near field, maximum dimension of antenna, and 

wavelength.  

 

Fig 3.2 Reactive near field, radiating near field and far field. [105] 

 

3.2.4 Half Energy Beam Width (HEBW) 

The power flow density represents the radiated power from the antenna front 

middle in the near- field [93]. To gain insight into the power flow density, we illustrate 

the power flow density quantitatively using Half Energy Beam Width (HEBW). The 

HEBW is defined as a plane perpendicular to the radiation direction. The HEBW is 
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described in the Y-Z plane, with the corresponding distance being between the 

antenna and the evaluation points in the X-axis. The X-axis, Y-axis and Z-axis are 

described using notations HEBWX (mm), HEBWY (mm) and HEBWZ (mm) 

respectively. The enclosed area of the HEBWY (mm) and HEBWZ (mm) is described 

using the notation HEBWYZ (mm2), as shown in Fig 3.3.  

 

 

Fig 3.3 Half Energy Beam Width (HEBW).  

 

 

3.2.5 Directivity and Gain 

Directivity is a parameter used for measuring the maximum direction of radiation. 

It is defined as the ratio of maximum radiation intensity of the measured antenna to 
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that of a reference antenna radiating the same amount of power. The reference 

antenna is an isotropic antenna and the directivity is given by [92]:  

 

                        D = 
           

    
                     (3.2.6) 

 

where                 are the maximum radiation intensity of the measured 

antenna and total radiated power.    

Gain is given by  

D = 
           

   
                     (3.2.7) 

 

where     is the input power of the antenna. The main difference between the 

directivity and gain is that the gain takes into account the thermal losses in the 

antenna.    

 

3.2.6 Radiation pattern  

  Radiation pattern is a representation of the radiated power by an antenna as a 

function of angle [92]. The radiation pattern can be specified as isotopic, directional 

or omni-directional. Isotopic radiation has been mentioned above, and is used as a 

reference. Directional radiation means that the radiation has the strongest radiation 

intensity in one direction, as shown in Fig 3.4. The strongest radiation is known as the 

main lobe. The width of the main lobe is calculated from its half-power point (-3 db), 



 

37 

 

and is known as half power beam width (HPBW). The omni-directional radiation 

pattern has a non-directional radiation pattern in all directions. It is worth noting that 

HPBW is defined in the far-field while the half energy beam width (HEBW) is 

defined in the near-field.  

 

 

Fig 3.4 The radiation pattern. [92] 

 

3.2.7 Polarization  

Polarisation describes the E field orientation of the electromagnetic wave. [92] 

Normally, the polarisation can be specified as circular and linear polarisation, as 

shown in Fig 3.5. In the circular polarisation, the direction of the E field changes 

rotationally, but with a steady intensity. In the linear polarisation, the direction of the 

E field is along a line.  
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(a) 

 

(b) 

Fig 3.5 The (a) circular and (b) linear polarization. [92] 

3.3 Review of the Vivaldi Antenna  

3.3.1 Ultra-wideband Antenna 

  The definition of the UWB bandwidth follows that of the Federal Communications 

Commission (FCC): [90]  

 

bw = 2
      

     
   0.2                   (3.3.1) 
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where bw,    and    are the bandwidth and highest and lowest frequencies, 

respectively.  

  Most UWB antenna prototypes are of the planar type. This planar topology is a 

good candidate for radar based microwave imaging for breast cancer detection, due to 

its relatively small dimensions. Hence, most researchers have chosen the microstrip 

antenna as the prototype which has the advantages of simple fabrication and easy 

integration. Fabrication of microstrip antenna is based on a printed circuit board 

(PCB), which offers high precision and extremely low cost. Furthermore, the 

microstrip antenna can be easily integrated into a PCB board with the whole 

microwave imaging system based on photo-etching technology, which increases 

system integration and reduces costs.  

  Non-planar UWB antennas such as the horn antenna and the log period antenna use 

resistive loading to expand the bandwidth, but this, results in low efficiency. Planar 

antennas such as the monopole antenna, bowtie antenna and stacked patch antenna 

have also been studied [76, 89]. Most of these except for the horn antenna are used in 

the multi-static radar systems due to its physical large dimensions.         

  In this thesis, the mono-static radar is selected as the prototype for the proposed 

imaging system. As mentioned above, mono-static radar uses a single antenna or a 

pair of antenna to mechanically scan the breast. Hence, the dimensions of the antenna 

are not a critical issue. In our study, the Vivaldi antenna is selected as the prototype 

for breast cancer detection. 

 

3.3.2 The Fundamental Description of the Vivaldi Antenna    

The Vivaldi antenna was first proposed in 1970 [94], with its significant advantages 

being wide bandwidth, high directivity and simple structure. Fig 3.6 shows three 
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kinds of tapered slot antennas (TSAs) [95]. The exponentially tapered slot is the basic 

profile of the Vivaldi antenna. The other two TSAs are a linearly tapered slot antenna 

(LTSA) and a constant width slot antenna (CWSA).  

 

 

Fig 3.6 Types of TSA: (a) exponentially tapered (Vivaldi); (b) linearly tapered (LTSA); 

and (c) constant width slot antenna (CWSA). [95] 

The Vivaldi antenna is a kind of travelling wave antenna. A travelling wave 

antenna is defined as one whose current has the same amplitude but different phases 

[92]. The Vivaldi antenna has an exponential tapered slotline which can be described 

using an exponential function. This exponential tapered slotline is also known as a 

radiation section since the wave is radiated along this slotline. Fig 3.7 illustrates the 

fundamental geometry of a Vivaldi antenna. The slotline is excited in the narrowest 

part of the slotline. Exciting methods used can be Directly Coupled Transitions [96] 

or Electromagnetically Coupled Transitions [97], as described below. The separation 

between the slotline starts to expand from the exciting point, and the separation 

distance determines the bandwidth of the Vivaldi antenna. The largest separation of 

the slotline is equivalent to half of the wavelength of the lowest working frequency, 

while the smallest slotline separation corresponds to the highest working frequency.  
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  As discussed above, the slotline of the Vivaldi antenna is known as the radiation 

part. The wave travels down the slotline from the narrow part to the largest part. 

During this process, the energy is tightly bound to the slotline in the narrowest part 

and starts to radiate due to the increase of slotline separation. The energy starts to 

radiate into the air when the separation of the slotline is close to one-half of the 

wavelength.    

 

Fig 3.7 Fundamental geometry of Vivaldi antenna. [104] 

 

3.3.3 Feeding Methods  

The fundamental structure and operating principles of Vivaldi antenna are now 

discussed. The exciting point is located in the narrowest part of the slotline, and there 

are two types of feeding approaches known as directly feeding and 

electromagnetically feeding.   

 Directly feeding  
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In directly feeding, energy is coupled to the slotline directly using a coaxial line. A 

coaxial probe is soldered to the Vivaldi antenna, with the inner conductor connected 

to one side of the slotline and the outer conductor soldered to the other side of the 

slotline as the ground.    

 Electromagnetically Coupled Transitions 

Unlike directly feeding, the energy to the slotline can be based on the 

electromagnetic coupling, of which microstrip coupling and stripline coupling are the 

best known types [97]. Fig 3.8 shows the microstrip coupling transition. [97] The 

microstrip and the slotline are etched on each side of the substrate. The microstrip and 

slotline cross by one quarter of a wavelength with each other. The quarter part of the 

microstrip acts as a short circuit when crossing with the slotline, while the quarter part 

of the slotline acts as an open circuit. Electromagnetic coupling is based on these 

‗short circuit‘ and ‗open circuit‘.    

Fig 3.9 shows stripline coupling. A stripline is located on the centre of the substrate, 

while slotlines are etched on both sides of the substrate. The stripline and slotline still 

cross by one quarter of a wavelength with each other as in the microstrip coupling 

transition mechanism. A stub can be added to both the microstrip/stripline and the 

slotline to match the impendence, and this therefore increases the bandwidth of the 

Vivaldi antenna, as shown in Fig 3.10.   
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Fig 3.8 Microstrip based Electromagnetically Coupled Transitions. [97] 

 

 

 

 

 

 

 

Fig 3.9 Stripline based Electromagnetically Coupled Transitions. 

 

Copper 

Stripline 

Substrate 
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Fig 3.10 Adding a stub to increase the bandwidth of the Vivaldi antenna. 

 

3.4 The Design of Vivaldi Antenna for Breast 

Cancer Detection  

 

3.4.1 Geometrical Parameters of the Vivaldi Antenna   

The Vivaldi antenna is a kind of travelling wave antenna and the operating 

principle can be summarized as follows. The exciting point is located in the narrowest 

part of the slotline and the microwave starts to radiate due to the increase in slotline 

separation. The energy starts to radiate into the air when the separation of the slotline 

is close to the half wavelength. The feeding methods can be directly feeding and 

electromagnetically feeding. Microstrip and stripline coupling are the best known 

types of electromagnetic coupling. In this thesis, microstrip feeding is chosen due to 

its excellent performance in terms of bandwidth and beamwidth. The proposed 

Stub 
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Vivaldi antenna model is shown in Fig 3.11, which also illustrates its parameters. 

These parameters are analyzed as follows.          

 

 Fig 3.11 The proposed Vivaldi antenna model.       

 

3.4.1.1 The Equivalent Circuit Model of the Vivaldi Antenna 

  An equivalent circuit schematic of the Vivaldi antenna is shown in Fig 3.12[98]. 

Here, Zm and Zs indicate the characteristic impedance of the microstrip line and the 

slotline respectively. Lm and Cs show the equivalent inductor and capacitor of the 
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microstrip line and the slotline respectively. Xm and Xs denote the input reactance of 

the microstrip line and the slotline respectively. Zant indicates the impedance of the 

cross-section of the slotline and microstrip line.  

 

Fig 3.12 The equivalent circuit model of the Vivaldi antenna. [98] 

3.4.1.2 Substrate 

The design of the substrate can be considered in terms of its dielectric constant and 

thickness. The use of higher dielectric constant substrate shrinks the antenna 

dimensions. Besides, the use of a substrate with a lower dielectric constant provides 

wider bandwidth. The trade-off between dielectric constant, dimensions and 

bandwidth needs careful consideration.  

The thickness of the substrate is the other important design parameter. Normally, 

the use of a thicker substrate improves antenna performance in terms of gain and main 

beamwidth due to the decrease in antenna reactance.  

In this thesis, a FR4 substrate (relative permittivity is 4.3, dissipation factor is 0.017) 

is used whose thickness is 1.6mm and having 35μm copper on both sides. This 
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substrate is also the most commonly used PCB board which is cheap and easily 

fabricated.  

 

3.4.1.3 Antenna Length  

  The length of the Vivaldi antenna should be longer than one wavelength of the 

lowest working frequency of the design [94]. An increase in length provides wider 

bandwidth. These requirements of the Vivaldi antenna guarantee excellent 

performance in terms of gain, directivity and beamwidth. In this study, the required 

bandwidth ranges from 5 to 10 GHz and the corresponding wavelengths range from 

30 mm to 60 mm. Thus, the minimum length is initially set at 60 mm first. However, 

achieve a desirable bandwidth is only one of the design targets. Gain and beamwidth 

can also be affected by antenna width.  

 

3.4.1.4 Antenna Width 

  The width of the Vivaldi antenna should be longer than half of the wavelength of 

the lowest working frequency [94]. A decrease in antenna width provides a wider 

bandwidth. In this study, the initial width is set at 30 mm.  

 

3.4.1.5 Mouth opening  

  The mouth opening is the maximum open size of the tapered slotline, as shown in 

Fig 3.13. The exciting point is in the narrowest part of the slotline. The radiation 

propagates through the increasing of slotline width and the energy starts to radiate 
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into the air when the separation of the slotline is close to the half wavelength. Thus, 

the mouth opening should be larger than the half wavelength [94], which is 30 mm in 

our case. An increase in the mouth opening results in a decrease in the lowest working 

frequency, and this, increases the overall bandwidth. 28 mm is chosen as the initial 

mouth opening. 

 

Fig 3.13 The mouth opening. 

3.4.1.6 Throat Length  

  Throat length is the slotline conductor separation distance, which is also the 

electromagnetic coupling point as shown in Fig 3.14. The microstrip and the slotline 

are etched on each side of the substrate and cross one quarter of a wavelength with 

each other at the throat. The quarter part of the microstrip acts as a short circuit when 

crossing with the slotline, while the quarter part of the slotline acts as an open circuit. 

The electromagnetic coupling is based on these ‗short circuit‘ and ‗open circuit‘. A 

change in throat length could result in a dramatic degradation of return loss [98-99].  

 

Fig 3.14 The throat length. 
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3.4.1.7 Edge offset  

  The edge offset is the extent of the extra metallization at the mouth opening, as 

shown in Fig 3.15. An increase or decrease in edge offset results in a change of the 

return loss and the radiation pattern [100]. Two approaches are proposed here to 

optimize edge offset. The first approach is to keep the mouth opening constant and 

increases or decreases the width of the Vivaldi antenna. The second approach 

maintains the width of the Vivaldi antenna while changing the mouth opening. The 

initial edge offset is set at 4 mm. 

 

Fig 3.15 The edge offset. 

 

3.4.1.8 Cavity Diameter 

  A circular cavity is added to the end of the slotline, as shown in Fig 3.16. The use 

of the cavity offers the freedom to tune the impedance matching [100], and this, 

affects the bandwidth of the Vivaldi antenna. In this study, the initial diameter is set at 

4 mm. 
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Fig 3.16 The cavity diameter and backwall offset. 

 

3.4.1.9 Taper 

  Taper design is based on two parameters: taper length and taper rate. The taper 

length should be on the order of one wavelength in the lowest working frequency 

[100]. Besides, the taper length is also dependent on the cavity diameter and antenna 

length. An increase in the taper length improves the bandwidth. The initial taper 

length is set at 60 mm. 

  The taper rate can be defined by an exponential function: 

X = C1 e
Ry + C2 

C1= 
       

          
                        (3.4.1) 

C2= 
   

        
    

          
 

 

where R is the taper rate, x1, x2, y1 and y2 indicate the slotline start and end points.  In 

this study, the initial taper rate is 0.05. 
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3.4.1.10 Backwall Offset 

  The backwall offset is the extension metallization between the cavity and the edge 

of the antenna, as shown in Fig 3.16. The use of the backwall offset prevents the 

abrupt end of the current flow, and this, offers the freedom to tune the bandwidth. In 

this study, the initial backwall offset is 5 mm. 

 

3.4.1.11 Microstrip Coupling Line   

Microstrip width is an important parameter in calculating the antenna impedance. 

In [102], the solution for calculating the characteristic impedance of the microstrip 

line is presented in Equation 3.4.1, where the substrate thickness is much smaller than 

the wavelength (h<<λ):  

 

Z0 = 

 
 
 

 
 

  

   
   

  

  
 

  

  
             

  

 
   

    

    
  

                 
  

           
           

  

 
  

       (3.4.2)  

 

where wm and h indicates the width of the microstrip line and the thickness of the 

substrate respectively. εe represents the effective dielectric constant: 

εe = 
    

 
  

    

           
                      (3.4.3) 

where εr is the relative permittivity of the substrate.  

Normally, a SMA connector is used as the feeding for the Vivaldi antenna, with a 

characteristic impedance of 50 Ohm. Based on Equation 3.4.1, the characteristic 
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impedance of the microstrip feeding line can be calculated, with the target being 50 

Ohm. The parameters are: h= 1.6 mm,    = 4.6. The calculated results are: Z0 = 

50.36 Ohm,    = 3mm. However, the width of the microstrip coupling line is 1mm, 

with the corresponding impedance being 95 Ohm. A taper is required to match the 

impedances (50.36 and 95 Ohm). This taper uses a trapezoidal microstrip line, with 

the bases being 3 mm and 1 mm respectively, as shown in Fig 3.17. The 3mm base 

corresponds to approximate 50 Ohm impedance, while the other base corresponds to 

the width of the microstrip coupling line, being 95 Ohm.  

    

 

Fig 3.17 The microstrip coupling line and radial stub. 

 

3.4.1.12 Radial stub 

  A radial stub is connected to the end of the microstrip coupling line, as shown in 

Fig 3.4.6. The radial stub reflects the incident energy to the microstrip coupling line, 

which increases the bandwidth. The radius and angle of the stub produce an effect on 

the working frequency, but this is not as significant as varying the antenna length and 

width. However, the variation in the radius and angle of the stub provides the freedom 

to tune the impedance and bandwidth. The impedance of the radial stub provides 

Trapezoidal 

taper 
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effective compensation for the microstrip line impedance [103]. In this study, the 

initial radius and angle are 4 mm and 90  respectively. 

 

3.4.2 The final design of Vivaldi Antenna 

 

3.4.2.1 Design Flow  

  The design flow is proposed in the flow diagram, shown in Fig 3.18. The starting 

point is the selection of the substrate and the dimensions of the antenna. Each of the 

parameters has been analyzed and simulated. The final design of the Vivaldi antenna 

is shown in the next section.  
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Fig 3.18 The Vivaldi antenna design flow diagram. 
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3.4.2.2 Final design  

The final design of the fabricated Vivaldi antenna is shown in Fig 3.19, with each of 

the parameters given in Table 3.1.  
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Table 3.1 The Parameters of the Vivaldi Antenna 

Parameters  Value  

Substrate Material FR4 

Substrate Thickness 1.6 mm 

Antenna Length 73.4 mm 

Antenna Width 42 mm 

Mouth Opening 33 mm 

Throat Width 0.95 mm 

Edge Offset 4.5 mm 

Cavity Diameter 5 mm 

Taper Length 63 mm 

Taper Rate 0.05 

Backwall Offset 5 mm 

Microstrip Width 0.8 mm 

The Radius of the Stub 3.78 mm  

The Angle of the Stub 90  
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(a)                                  (b) 

Fig 3.19 The (a) designed and (b) fabricated Vivaldi antenna. 

 

3.4.3 Antenna performance  

  The Vivaldi antenna is simulated using the CST 2011, based on the 

Finite-difference time-domain (FDTD) method. For the measurement, an HP 8510B 

Vector Network Analyser (VNA) is used to measure the S parameters of the Vivaldi 

antenna. This VNA is capable of measuring from 0 to 20 GHz. An HP 8341B 

synthesized sweeper is used to generate signal ranges from 45 MHz to 20 GHz, and 

connected to the VNA.     
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3.4.3.1 Scatter parameters  

   Fig 3.20 shows the simulated and measured S11 and S21 parameters, with good 

agreement between 5 and 10 GHz, although there is some discrepancy around 6GHz. 

The simulated and measured S21 shows acceptable agreement between 5 and 9 GHz. 

Besides, the simulated and measured profiles of the S21 are very flat from 5 to 9GHz, 

and this, provides minimal distortion. The discrepancy can be concluded by two 

aspects. Firstly, the fabricated Vivaldi antenna has some errors whose dimension 

cannot be exactly the same as the simulated antenna. Fig 3.19 shows the simulated 

and fabricated antenna. The S11 in 10 GHz corresponds to the throat length while the 

S11 in 5 GHz corresponds to the mouth opening part in the antenna. Hence, any 

fabrication error or even some small uneven could cause discrepancy. The solution is 

to fabricate the antenna more precisely. Secondly, the S11 and S21 parameters are 

measured in the lab using the VNA. The environmental influence for the 

measurement results is also significant. In the lab, electronic equipments, chair, table, 

human or even a cup of tea could cause impact on the measurement results. In order 

to avoid the environmental influence, the measurement should undertake in the 

anechoic chamber which will reduce the environment influence. Currently, 

microwave imaging based cancer detection is quite novel, and the quantitative 

evidence or specified certification to describe the scatter parameters is still studying. 

Here the words such as good agreements or acceptable agreement are based on our 

experimental experience, since the scatter parameters are close ly related to the 

imaging quality. In the future, specified certification for the scatter parameters will 

be studied.          
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 (a) 

 

(b) 

Fig 3.20 The (a) simulated and measured S11 and the (b) simulated and measured S21. 
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3.4.3.2 Farfield radiation pattern and gain  

 Fig 3.21 shows the Farfield radiation pattern for 5, 6, 7, 8, 9 and 10 GHz. It is 

observed that the radiation pattern becomes slimmer with increasing working 

frequency. The gain increases from 5 to 9 GHz, but then drops dramatically at 10 

GHz as shown in Fig 3.22.  
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            5GHz                             6GHz  

 

           7GHz                             8GHz  

 

           9GHz                             10GHz  

Fig 3.21 The radiation pattern from 5 to 10 GHz. 
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Fig 3.22 The gain from 5 to 10 GHz.  

3.4.3.3 Power Flow Density and Half Energy Beam Width (HEBW)  

  The power flow density and HEBW have been introduced previously. The HEBW 

is described in the Y-Z plane, with the corresponding distance being between the 

antenna and the evaluation points in the X-axis. The X-axis, Y-axis and Z-axis are 

described using the notation HEBWX (mm), HEBWY (mm) and HEBWZ (mm) 

respectively. The enclosed area of HEBWY (mm) and HEBWZ (mm) is described 

using notation HEBWYZ (mm2), as shown in Fig 3.23 and Fig 3.24. The HEBWY 

(mm), HEBWZ (mm) and HEBWYZ at 5, 6, 7, 8, 9 and 10 GHz are calculated at 

different value of the HEBWX (mm) = 10mm, 20 mm, 30 mm and 40 mm, 

respectively. Table 3.2 shows the calculated value of the HEBW. It is worth noting 

that the HEBWY (mm), HEBWZ (mm) and HEBWYZ are all calculated at the 

half-power point (-3 db).  
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Fig 3.23 The HEBW of the designed Vivaldi antenna.  

The HEBWYZ (mm2) for HEBWX at 10mm is reduced with increasing the operation 

frequency. Furthermore, the HEBWY increases progressively while the HEBWZ 

decreases gradually with an increase in operating frequency. A similar phenomenon 

also appears in different HEBWX corresponded HEBWY and HEBWZ. Based on these 

observations, it can be concluded that the HEBW decreases with increasing the 

working frequency. A similar phenomenon is also observed in the far field radiation 

pattern. Besides, the peak power starts moving to the front edge of the antenna. 

Another observation is that the HEBWY, HEBWZ and HEBWYZ increase with the 

increasing HEBWX. The reason for this is that the energy starts to radiate in different 

directions. The quantitative HEBW shows a clear presentation of near-field power 

flow density.    
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        5Ghz                  6GHz                   7GHz 

 

8Ghz                   9GHz                   10GHz 

Fig 3.24 The HEBW of the designed Vivaldi antenna from 5 to 10 GHz.  
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Table 3.2 A Comparison of the HEBW at 5, 6, 7, 8, 9 and 10 GHz 

f (GHz) HEBWX (mm) (-3 db) 

10 20 30 40 

 5 GHz HEBWY (mm) (-3 db) 39 50 70 90 

HEBWZ (mm) (-3 db) 55 74 93 103 

HEBWYZ (mm2) (-3 db) 2145 3700 6510 9270 

6 GHz HEBWY (mm) (-3 db) 40 49 62 80 

HEBWZ (mm) (-3 db) 50 68 86 100 

HEBWYZ (mm2) (-3 db) 2000 3332 5332 8000 

7 GHz HEBWY (mm) (-3 db) 38 47 61 78 

HEBWZ (mm) (-3 db) 43 62 82 99 

HEBWYZ (mm2) (-3 db) 1634 2914 5002 7722 

8 GHz HEBWY (mm) (-3 db) 42 48 60 76 

HEBWZ (mm) (-3 db) 38 60 83 99 

HEBWYZ (mm2) (-3 db) 1596 2880 4980 7524 

9 GHz HEBWY (mm) (-3 db) 42 48 56 77 

HEBWZ (mm) (-3 db) 32 58 88 96 

HEBWYZ (mm2) (-3 db) 1344 2784 4928 7392 

10 GHz HEBWY (mm) (-3 db) 51 59 64 83 

HEBWZ (mm) (-3 db) 28 46 80 85 

HEBWYZ (mm2) (-3 db) 1428 3304 5120 7055 
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3.5 The Modified Slot Vivaldi Antenna  

 

  The designed Vivaldi antenna provides an ultra-wideband working frequency 

ranging from 5 to 10 GHz. The directional radiation pattern and high gain also meet 

the requirements for breast cancer detection. This  section investigates the 

improvement of the Vivaldi antenna.  

  The improvement focuses on bandwidth, radiation pattern and gain. Generally, the 

first aim is to increase the antenna bandwidth, which will provide deeper penetration 

ability. The directional radiation pattern and high gain should be maintained or even 

improved. The most convenient method of extending bandwidth is to increase the 

dimension of the antenna, which will provide a lower working frequency band. 

However, this method will increase the difficult for the breast scanning due to the 

large dimension of the antenna. Therefore the design target is to increase bandwidth 

while maintaining antenna dimensions.  

 

3.5.1 Optimizing the Vivaldi Antenna using the Equivalent Circuit 

Method    

  The equivalent circuit schematic of the Vivaldi antenna is rewritten here, as shown 

in Fig 3.25 [98]. Zm and Zs indicate the characteristic impedance of the microstrip line 

and slotline respectively. Lm and Cs show the equivalent inductor and capacitor of the 

microstrip line and the slotline respectively. Xm and Xs denote the input reactance of 

the microstrip line and the slotline respectively. Zant indicates the impedance of the 

cross-section of the slotline and microstrip line.  
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Fig 3.25 The equivalent circuit model of the Vivaldi antenna [98]. 

The microstrip is inductive and the slotline is capacitive, and the bandwidth is 

increased to achieve impedance matching at more frequency bands. Hence, the design 

focuses on the changing of the reactance of the micrstrip line or the slotline.  

The widths of the microstrip and slotline have been optimized in previous sections. 

Hence, slight changes in the microstrip and slotline could result in significant changes 

in overall antenna performance. Another approach is to change the ground of the 

Vivaldi antenna. 

Based on design experience and the equivalent circuit schematic of the Vivaldi 

antenna, one or more slots can be added to the ground could generate capacitor, and 

this will increase slotline reactance Xs. 

The first step is to monitor the current density of the Vivaldi antenna. Fig 3.26 

shows the current density along the edge of the ground. This Vivaldi antenna is a 

standing wave antenna whose current has the same amplitude but different phases. Fig 

3.26 clearly shows the current density distribution. In order to maximum the 

capacitance of the slot, its position can be located at the edge between the positive and 
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negative peak of the current flow. The use of this optimization method based on 

equivalent circuit schematic provides a theoretical basis for optimizing the antenna 

rather than scanning parameters aimlessly, which therefore increases the design 

efficiency.  

The second step is to add a slot to the ground of the Vivaldi antenna. However, the 

dimensions and location of the slot can be varied to obtain different capacitance. The 

use of the parameter sweep function in CST provides the optimization approaches. 

Fig 3.27 (a) shows the single and multiple slot configurations. The length, width and 

location of the single and multiple slots are set as parameters to be swept in CST, with 

the results shown in Fig 3.27 (b).    

 

 

               (a)                            (b) 

Fig 3.26 The current density with the phase of (a) 0 and (b) 180 degree. 
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(a) 

 

(b) 

Fig 3.27 (a) the single and multiply slot configurations and (b) the simulated S11.   

 

 

3.5.2 The Final Design, Simulation and Measurement Results 

3.5.2.1 The final design and scattering parameters  

Fig 3.28 shows the simulated and fabricated slot Vivaldi antenna, with the slot 

dimensions being 10 *3 mm. The simulated and measured S11 and S21 are shown in 

Fig 3.29. As seen, the working frequency of the slot Vivaldi antenna ranges from 3 to 

10 GHz which is wider than that of the original Vivaldi antenna (5-10 GHz), and this, 

indicates that the modified slot Vivaldi antenna not only maintains the original 
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dimensions but also has a better impedance matching in 3 to 5 GHz. The simulated 

and measured S11 parameters show good agreement between 3 and 10 GHz, although 

there is some discrepancy around 5GHz. Besides, the simulated and measured S21 also 

show acceptable agreement between 3 and 10 GHz. Similarly, here we use the words 

good or acceptable agreements since there are no specified certifications for the 

scatter parameters. The fabrication process error and the environmental influence all 

contribute to the discrepancy around 5GHz, which has been analyzed in Section 

3.4.3.1.  

 

 

(a)                               (b) 

 

Fig 3.28 The (a) designed and (b) fabricated slot Vivaldi antenna. 
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(b) 

 

 

(c) 
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(d) 

Fig 3.29 The (a) simulated and (b) measured S11 and the (c) simulated and (d) measured 

S21 

 

3.5.2.2 The current flow density 

The current flow density is shown in Fig 3.30. As seen, the slot is located at the 

boundary between the maximum and minimum current density, which generates 

maximum capacitance to match the impedance. Besides, the positive and negative 

amplitudes are in the LHS and RHS of the slot at 0 degrees phase, while the opponent 

current density is observed at 180 degrees phase. This phenomenon can be observed 

from 3 to 7 GHz. From 8 to 10 GHz, the wavelength is too short compared with the 

slot. Hence, the peak current density only covers part of the slot edge.     
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3 GHz, 0 degrees           3 GHz, 180 degrees 

 

4 GHz, 0 degrees           4 GHz, 180 degrees 

 

5 GHz, 0 degrees           5 GHz, 180 degrees 

 

6 GHz, 0 degrees            6 GHz, 180 degrees 
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7 GHz, 0 degrees            7 GHz, 180 degrees 

              

 

8 GHz, 0 degrees            8 GHz, 180 degrees 

 

9 GHz, 0 degrees           9 GHz, 180 degrees 

 

10 GHz, 0 degrees             10 GHz, 180 degrees 

Fig 3.30 Current density with the phases at 0 and 180 degrees from 3 to 10 GHz. 
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3.5.2.3 The radiation pattern and gain 

The radiation pattern and gain are also simulated, with the results of radiation 

pattern shown in Fig 3.31. As seen, the designed slot Vivaldi antenna also has a 

directional radiation pattern along all working frequencies. Besides, the gains of the 

Vivaldi and slot Vivaldi antenna are also simulated, with the results shown in Fig 3.32. 

As seen, the gain in 3 GHz is close to 2.5. From 4 to 10 GHz, the gains of these two 

Vivaldi antennas are quite close, which shows that the slot Vivaldi antenna expands 

the working frequency while maintaining high gain.  

 

 

                 3 GHz                              4 GHz  

 

5GHz                              6 GHz  
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7 GHz                             8 GHz  

 

9 GHz                              10 GHz  

Fig 3.31 The radiation pattern from 3 to 10 GHz.  

 

Fig 3.32 The gain of the original designed Vivaldi and the slot Vivaldi antenna from 3 to 

10 GHz.  
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3.5.2.4 The near-field power flow density 

The near-field power flow density is also simulated, with the results shown in Fig 

3.33. It is observed that the energy gathers in the centre front of the antenna from 3 to 

9 GHz. However, at 10 GHz the peak power starts to disperse with the increasing 

working frequency, acting as a bidirectional antenna, with the two radiation points 

being at the front edge of the Vivaldi antenna.  

 

 

3 GHz                    4 GHz                  5 GHz 

 

6 GHz                    7 GHz                  8 GHz 

 

9GHz                   10 GHz              

Fig 3.33 The near-field power flow density from 3 to 10 GHz. 
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3.6 Summary  

 In this chapter, an ultra-wideband Vivaldi antenna and its modified version as a 

slot Vivaldi antenna have been proposed for use in cancer detection. The desired 

antenna performance in terms of bandwidth, working frequency, gain, radiation 

pattern and beam width are achieved by manipulating the structural parameters of 

the Vivaldi antenna. 

   The proposed Vivaldi antenna exhibits an ultra-wideband working frequency 

ranging from 5 to 10 GHz. The transmission coefficients S21 show a very flat profile 

which will provide a minimal distortion. Besides, the designed Vivaldi antenna has 

been fabricated, and the scatter parameters measured using VNA. The simulated and 

experimental results show good agreement. The gains ranging from 5 to 10 GHz 

achieve 3.613, 6.151, 4.476, 7.207, 9.625 and 3.067 respectively. Furthermore, the 

desired directional radiation patterns are also achieved from 5 to 10 GHz.  

   A modified slot Vivaldi antenna is also proposed in order to achieve a better 

performance while maintaining the total dimensions of the Vivaldi antenna. An 

optimization method based on the equivalent circuit schematic is proposed for the 

modification of the Vivaldi antenna. A slot is added to the ground of the Vivaldi 

antenna in order to increase capacitance, and this, will increase the impedance 

matching. The final design achieves 3-10 GHz bandwidth while maintaining the 

directional radiation pattern. The gains ranging from 3 to 10 GHz achieve 2.5, 5.1, 6, 

7.2, 7.1, 8.1, 10, and 4.8, respectively. The increase in bandwidth provides stronger 

penetration ability for the detection of deeply buried tumours.  
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Chapter 4 Breast Phantom 

Design and Experimental 

Measurement  

 

4.1 Introduction  

This chapter discusses the design of the breast phantom, including a simulation 

using the CST and the fabrication of the breast phantom based on 

tissue-mimicking method. The mono-static radar based microwave imaging 

system is then introduced. The breast phantom is measured using this imaging 

system, with the scatter parameters recorded in the time and frequency domains. 

In chapter 6, the received signals will be processed to create 3-D microwave 

images to indicate tumour position. This chapter only focuses on phantom design, 

experimental setup and signal collection.    

 

4.2 Breast phantom 

 

4.2.1 Simulated Breast phantom  

The phantom design for the UWB transmission can be simplified in an 

approximation as a multi- layer model, with each layer corresponding to a particular 

tissue layer [106-108]. For example, the human head can be modelled as a 

combination of skin, fat, bone, grey matter and white matter layers. The breast can 
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also be modelled as skin and fat layers. Tumours and glands can then be fabricated 

and inserted into these special layers. Several parameters indicate the properties of 

layers, with the most important parameters being each layer‘s dielectric constant   (f), 

which is frequency dependent.  

The dielectric constant   (f) in bio- layers can be derived by the Cole-Cole model  

given in Equation (4.2.1) [107-108]. The equation shows that the dielectric reduces as 

working frequency increases: 

 

          =    +  
        

          
                                       (4.2.1)                           

   

where,  and   are the angular frequency and exponent parameter,          are the 

static frequency permittivity constants and time constant.            are its static and 

infinite frequency permittivity constants.  

 

Fig 4.1 The relative permittivity of the skin, fat and tumour in the CST library. Eps', 

Eps'' and Eps TangD are the real, imaginary part and their tangent value.  
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  Based on this theory, the breast phantom is simulated in the CST Microwave Studio 

software using the FDTD method. In the CST, a library consisting of a range of 

materials is available for the design of the microwave devices as well as bio-organs. A 

phantom simulation of a bio-organ such as the human head is used for the 

measurement of Specific Absorption Rate (SAR). Furthermore, the bio-organ 

phantoms can be customized for different applications. Fig 4.1 shows the real and 

imaginary parts of the relative permittivity of skin, fat and tumour, as provided in the 

CST library. In this work, a cancerous breast phantom is designed for breast cancer 

detection, using these available materials such as skin, fat and tumour. For the study, 

two kinds of breast phantoms are proposed. One is a planar phantom and the other is a 

hemi-sphere phantom. The design of the planar phantom is concluded for the 

purposes of simplifying the working progress, whereas the hemi-sphere breast 

phantom provides a more realistic model.  

4.2.1.1 Planar breast phantom  

Fig 4.2 shows the designed planar breast phantom. The dimensions of the breast 

phantom is 148mm×86mm×37mm. A spherical tumour with a radius of 5 mm is 

embedded in the phantom, at a depth of 25 mm.  

    

 

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

 

Fig 4.2 (a) The planar cancerous breast phantom and the phantom in the view of (b) y-z 

axis (c) x-y axis and (d) x-z axis.  

 

4.2.1.2 Hemi-sphere breast phantom  

  The designed hemi-sphere breast phantom is shown in Fig 4.3. This hemi-sphere 

breast phantom consists of a skin layer (thickness = 2mm), a fat layer (thickness = 68 

mm), with a spherical tumour (radius = 5mm) embedded in the fat layer. The tumour 

is at a depth of 25 mm.   

25 mm 
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Fig 4.3 The hemi-sphere breast phantom. 

4.2.2 Tissue Mimic Breast Phantom  

Electromagnetic based technology works at microwave frequency. Therefore, the 

growing interest in the interaction of microwave with bio-tissues has led researchers 

to design bio-phantoms which mimic the electrical properties of real tissue in the 

microwave frequency.  

 

4.2.2.1 Fabrication Method 

Several tissue mimicking (TM) methods have been proposed [109-112]. The most 

attractive TM method is based on gelatine-oil. This method has advantages such as 

stable mechanical properties, low cost and easy fabrication. A gela tine-oil based TM 

25 mm 
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method has been proposed for UWB with working frequency ranging from 500MHz 

to 20 GHz [110-111]. The detailed fabrication method is as follows.         

 

1) Mix p-toluic acid into n-propanol in a beaker, and then heat until the p-toluic 

dissolves. The heating source should be controlled very carefully to avoid the 

over-heating.   

2) Mix (1) into deionized water which is at room temperature.  

3) Pour while stirring dry mass gelatine into (2). This procedure should be in 

room temperature and the gelatine must be dry.      

4) Cover the beaker using a film, heat and stir (3) using the water heating in 

order to prevent overheating. The heating should finish when the mixture 

become transparent with no air bubbles exist.    

5) Continue to stir the mixture until all air bubbles disappear and the mixture is 

uniform.  

6) Immerse the backer into cool water, stirring and wait the mixture to 50 .  

7) Pour safflower oil into (6) while stirring. The safflower oil should be 50  as 

well.  

8) Add Ultra Ivory detergent into (7) while stirring. This mixture should become 

while colour and very uniform. Cool the mixture until 40  by immersing the 

baker in cool water while continuing steering.   

9) Add formadldehyde solution into (8) while stirring. Cool the mixture until 

34  and then pour into a mould to produce phantom.   

10) Wait more than 5 days for the gelatine to become stable.  

 

It is worth noting that the fabrication procedures do not specify the used volumes of 

the chemical material. For the fabrication of each layer, the amounts of ingredients are 

given in Table 4.1. [110] 
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Table 4.1 The Amount of Chemicals for Each Layer. 

 

Chemical Amount 

Skin Fat Tumour 

p-toluic acid (g) 0.294 0.133 0.346 

n-propanol (mL) 28.69 6.96 17.00 

Deionized water (mL) 279.5 132.7 328.0 

200 Bloom gelatine (g) 50.02 24.32 58.67 

Formaldehyde (g) 1.53 3.33 3.72 

Oil (mL) 265.6 98.6 38.4 

Ultra Ivory detergent (mL) 12 5.86 2.00 

 

4.2.2.2 TM Planar breast phantom 

  In this work, the two-layer phantom is modelled as a cuboid, which consists of a 

skin layer 1 mm thick and a fat layer 35 mm thick. The dimensions of this breast 

phantom are 145mm  86 mm   45 mm. The chemical mixture for the skin layer is 

mixed and poured into a cuboid container. This skin layer mixture should then be 

allowed to rest for 2-3 days to become solid. Then the fat layer mixture can be poured 

into the same container to cover the skin layer. The solid skin layer is flexible, firm 

and off-white in colour. However, the solid fat layer is a slightly flaccid and a pale 

yellow colour. This colour difference is due to the fat layer containing more oil but 

less gelatine. The fabricated planar breast phantom is shown in Fig 4.4.  
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Fig 4.4 The TM planar breast phantom. 

4.2.2.3 TM Hemi-sphere Breast Phantom 

  The TM planar breast phantom has been fabricated to provide a simple prototype 

for preliminary study. However, a more realistic TM model is also required. The 

fabrication procedure for the TM hemi-sphere breast phantom is quite similar to that 

of the planar one. The only difference is the mould used. The mould for the planar 

breast phantom is a simple cuboid container. However, the mould for the TM 

hemi-sphere breast phantom is much more complicated, and the most difficult part is 

the fabrication of the skin layer.  
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  Fig 4.5 shows the mould for the TM hemi-sphere breast phantom. This mould has a 

cover and a base, with inner radius being 69 and 70 mm, respectively. The skin layer 

tissue can be fed into this 1 mm gap. The detailed fabrication procedure is as follo ws: 

1) Fabricate the skin layer tissue using the list of ingredients and amounts given in 

Table 4.1.  

2) Feed (1) into the base before the mixture becomes solid.  

3) Place the cover onto the base. 

4) Wait for 2 days for the skin layer to solidify 

5) Remove the cover. This procedure must be conducted very careful since the skin 

layer is very thin and easily damaged.   

6) Fabricate the tumour mixture and cut it down to a 5mm sphere.  

7) Leave the skin layer in the base and feed the fat tissue onto the skin layer. 

8) Place the tumour in the desired position before the fat layer solidifies. 

 

These 8 steps describe the fabrication procedure of the cancerous breast phantom. 

However, some challenges need to concern. In steps 3), the procedure of placing the 

cover to the base could easily produce air bubbles. The air bubbles could easily break 

the skin layer. In step 5) when remove the cover it is very easy to tear the skin layer. 

To avoid such problems, the trick is to compress and remove the cover slowly and 

carefully. Besides, the cover must be in the centre of the base and always maintain the 

horizontal to the base. However, even though we carefully carry out these steps, the 

skin layer is still easily broken since the skin layer is too thin (1 mm). The solution is 

to repeat the fabrication steps until successful. For our experimental work, we repeat 

this fabrication procedure 5 times to obtain a complete skin layer. Fig 4.6 shows the 

fabricated TM hemi-sphere breast phantom. In [110], the author uses two bowls to 

compress the mixture to produce the skin layer. The problem is that these two bowls 

are too light, which require compressing these two bowls using hand. This procedure 

is very difficult to carry out since it is very easy to use unequal pressure. The 
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thickness of the resulting skin layer could be unequal. However, in our experiment, a 

heavy plastic cover is used as the cover. The skin layer can be produced using the 

own weight of the cover to achieve the equal pressure.  

 

(a) 

 

(b) 

Fig 4.5 The mould for the TM hemi-sphere breast phantom, (a) the base and (b) the 

cover. 



 

89 

 

 

 

Fig 4.6 The TM hemi-sphere breast phantom. 
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4.3 Experimental Study of Planar breast phantom  

 

The breast phantom has been simulated and fabricated based on the CST and TM 

methods, respectively. This section describes the measurement of breast phantom 

using the designed Vivaldi antenna. The planar and semi-sphere breast phantoms are 

discussed separately, and the scatter parameters are measured using single antenna or 

an antenna pair in different configurations. However, in this chapter the microwave 

images are not presented. The scatter parameters obtained are analyzed and processed 

in the next chapter and then used to create the microwave images.  

4.3.1 Simulation 

  The planar breast phantom has been simulated in the CST. Two antenna 

configurations, a single antenna and an antenna pair, are proposed and used to 

measure the breast phantom, with the scattering parameters recorded.  

4.3.1.1 Single Antenna   

 Frequency Domain Signals 

  The single antenna configuration is shown in Fig 4.7. The Vivaldi antenna is placed 

on the top of the breast phantom, with the distance to the skin layer being 30 mm. The 

front middle of the antenna is located towards the tumour. This antenna is then moved 

to scan different locations in the steps of 10 mm. The dimensions of this breast 

phantom are 145mm  86 mm   45 mm. Hence, a total of 112 (14   8) sets o f 

scatter parameters are obtained by this antenna scanning, as shown in Fig 4.8. 

However, these scatter parameters have very close profiles and overlap with each 

other. It is very difficult to distinguish between them. Hence, only three sets of typical 

antenna locations are selected, with the notation of X1, X2, and X3 shown in Fig 4.7. 
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These three sets of S11 are located 0, 35, 70 mm away from the tumour in the Y-axis 

to provide a comparison of the sensitivity of the cancerous and healthy tissues to the 

antenna pulse.  

   

 

Fig 4.7 The single antenna configuration. 

 

 

(a) 
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(b) 

Fig 4.8 Results for (a) all sets of S11 parameters and (b) selected S11 parameters. 

 

The term ‗sensitive‘ here refers to the scatter parameter S11 which represents the 

reflected energy from the tissue. Fig 4.8 (b) shows that the X1 is higher than both X2 

and X3 in all working frequencies except 6.4 GHz. Besides, the X2 and X3 almost 

completely overlap with each other. Based on the collected S11, it can be concluded 

that the reflected energy (S11) increases when the antenna moves close to the tumour; 

otherwise, it is reduced when the antenna moves away from the tumour. This is the 

basic principle which can be used to create the microwave images to indicate the 

tumour position. However, the creation of the microwave image is not simple, since 

the received signals have to be processed first. Based on electromagnetic theory, the 

discontinuity of a boundary will cause a strong reflection of the incident 

electromagnetic wave. The reflection level is highly dependent on the dielectric 

constant difference. Hence, the strong reflection from the tumour is due to the high 

difference in relative permittivity between cancerous and healthy tissues. Furthermore, 
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the pencil radiation property of the Vivaldi antenna not only ensures that enough 

energy penetrates the phantom but also reduces the region of illumination, and this, 

increases the resolution of the microwave image.  

 

 Time Domain Signals 

In addition to the frequency domain scatter parameters, time domain signals are 

also measured. The simulated time domain signals O11 are presented in Fig 4.9. 

Similarly, the time domain signals in X1, X2, and X3 are also collected. An insert 

picture is also presented to indicate the very weak tumour response.  
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(b) 

 

 

(c) 

Fig 4.9 Results of (a) all sets of O11 parameters, (b) selected O11 parameters and (c) the 

enlarged part. 
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Fig 4.9 shows that the received signals have very similar profiles and the tumour 

response is very weak due to the most energy being reflected by the skin layer. The 

same conclusion can also be drawn based on the time domain signal, where the 

strongest tumour response can be received when the antenna moves close to the 

tumour.  

The use of the time domain signals allows for the identification of the different 

tissue response (skin and tumour responses) in the time sequence. The microwave 

propagation speed in different tissues can be calculated based on their relative 

permittivity:   

 

               = 
  

          
                                    (4.3.1)       

where    is the microwave wave propagation speed in different tissues,    is the 

relative permittivity of the tissue and    is the wave propagation speed in vacuum. 

Hence, the propagation time to the different layers (skin, fat and tumour) can be 

estimated using distance/speed. However, a more accurate method for the estimation 

of response time is introduced in the next chapter.        

  In addition to the identification of the different tissues in the time sequence, another 

advantage is that the use of time domain signals provides a better average description 

over the whole working frequency range rather than just focusing on certain working 

frequencies. The incident wave uses an UWB signal ranging from 5 to 10 GHz. The 

low frequency component provides high penetration ability to detect relatively deeply 

buried tumours while the high working frequency component lacks penetrating ability 

but offers higher resolution to detect relatively small tumours. The time domain 

signals contain the high and low frequency components which can be used to 

comprehensively describe the tumour properties.    
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4.3.1.2 Antenna pair I            

 Frequency Domain Signals 

  In this section, an experimental setup using the antenna pair is proposed. Unlike in 

the single antenna configuration, two Vivaldi antennas are used. One is the 

transmitting antenna and the other is the receiving antenna. The spatial relationship 

between the two antennas is clearly illustrated in Fig 4.10. The distance between these 

two antennas is larger than λ/2 which significantly reduces the mutual coupling. This 

antenna pair also moves to scan the breast phantom, as in the single antenna 

configuration. The forward transmission coefficient S21 is recorded instead of S11. 

Here, for S21, the notation 1 and 2 refers to the transmitting and receiving antennas 

respectively. The working principle is similar to that of the single antenna 

configuration. The transmitting antenna transmits the incident wave to the breast 

phantom, and the reflected wave is received by the receiving antenna.  
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Fig 4.10 The antenna pair I configuration. 

In the study of mono-static radar based imaging systems, the antenna pair is the 

most commonly used configuration. The transmitting and receiving antennas are 

connected to the transmitter and receiver, respectively. The use of the single antenna 

configuration requires a high speed switcher in order to switch the antenna to the 

transmitter and receiver in a very short duration. Firstly, the single antenna transmits a 

pulse to the breast and then the antenna should be connected to the receiver before the 

reflected wave is received. However, in this work, the antenna is connected to the 

Vector Network Analyzer (VNA). The scattering parameters can be directed 

measured and displayed using the VNA. The focus here is the investigation of breast 

cancer detection rather than transmitter and receiver design. Hence, based on the 

VNA, all of the signal and antenna pair configurations are acceptable.  

X3 X2 X1 
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(a) 

 

 

(b) 

Fig 4.11 Results of (a) all sets of S21 parameters and (b) selected S21 parameters. 
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Fig 4.11 shows the received and selected S21.The antenna pair moves together to 

scan the breast phantom. The selected S21 parameters correspond to three 

measurement locations X1, X2 and X3, shown in Fig 4.10. The received S21 parameters 

also show that the reflected energy increases when the transmitting antenna moves 

close to the tumour; otherwise, the reflected energy is reduced when the transmitting 

antenna moves away from the tumour. This conclusion is quite similar to that of the 

single antenna configuration. The difference between the single antenna and the 

antenna pair configurations is that the latter uses one antenna to transmit the signal 

and the other as the receiving antenna to receive the signal. The single antenna 

configuration uses the single antenna to both transmit and receive the signal.   

 

 Time domain signals 

  In addition to the frequency domain scatter parameters, time domain scattering 

signals are also collected. Fig 4.12 shows the received time domain signals O21 and 

three selected signals.   
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(b) 

Fig 4.12 The measured (a) all sets of O21 parameters, (b) selected O21 parameter. 

 

The same conclusion can also be drawn from the time domain signals that the 

highest tumour response can be received when the transmitting antenna moves closer 

to the tumour. The skin layer reflection is also significant compared to the tumour 

response. However, these received time domain signals cannot be directly used to 

create microwave images and the signal processing methods used are introduced in 

the next chapter. 
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4.3.1.3 Antenna pair II 

 Frequency domain signals 

  The experimental setup for the antenna pair was introduced above. This 

configuration places the transmitting and receiving antenna together and moves to 

scan the breast phantom. Compared with the single antenna configuration, the antenna 

pair configuration uses one antenna to transmit the signal and the other as the 

receiving antenna to receive the signal.  

  This section introduces another antenna pair configuration. Fig 4.13 shows the 

antenna pair II configuration. Compared with the antenna pair I configuration, one 

antenna faces now the breast phantom and the other is on the opposite side of the 

phantom. The antenna pair moves together to scan the breast phantom. In practice, 

this configuration cannot be applied due to the complex physiological structure of the 

human body. But multiple bio- layer transmission in UWB can be investigated using 

this antenna configuration.  

  Similarly, the reflection coefficients S11, S22 and transmission coefficients S21, S12 

are measured. Here, the notation 1 and 2 refers to the antennas in the LHS and RHS of 

the breast phantom, respectively. The transmitting antenna transmits the incident 

wave to the breast phantom, and the transmitted microwave through the breast 

phantom received by the receiving antenna, as shown in Fig 4.13.   

The experimental set up is as follows. Firstly, the phantom is removed and the S11 

and S21 are measured using only the two Vivaldi antennas. Secondly, the phantom is 

placed between the two antennas and the skin layer faces the transmitting antenna 

(LHS Vivaldi antenna), and the reflection and transmission coefficients are measured 

as S11 and S21. Then, S22 and S12 are measured, which means that the RHS Vivaldi 

antenna is used as the transmitting antenna and the LHS Vivaldi antenna is used as the 

receiving antenna. 
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(a) 

 

(b) 

 

(c) 

Fig 4.13 (a) and (b)The antenna pair II configuration and (c) remove the phantom. 

skin 
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Fig 4.14 (a) shows the simulated S11 and S22 when the breast phantom is removed. It 

is observed that the -10dB working region extends from 5 to 10 GHz, although there 

is some discrepancy around 6 GHz. As shown in [112], a wider bandwidth will 

provide the highest resolution. Besides, the magnitude of the transmission coefficient 

should be as flat as possible across the whole working frequency in order to achieve 

minimal distortion when the pulse radiates into the bio- layers. The transmission 

coefficients S12 and S21 are shown in Fig 4.14 (a). The simulated S12, S21 are very flat, 

which is benefited from the high gain and pencil-beam radiation pattern of the Vivaldi 

antenna. It is worth noting that S11 and S22, S12 and S21 are exactly the same since both 

transmitting and receiving antennas are the Vivaldi antenna.    
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(b) 

 

(c) 

Fig 4.14 (a) Simulated reflection (S11, S22) and transmission (S12, S21) coefficients without 

the phantom and the simulated (b) reflection (S11, S22) and (c) transmission  

(S12, S21) coefficients with the breast phantom.     

 

-35 

-30 

-25 

-20 

-15 

-10 

-5 

0 

5 6 7 8 9 10 

s11 simulated 

s22 simulated 

Frequency (GHz) 

S 
 p

ar
am

e
te

r (
d

B
) 

-90 

-85 

-80 

-75 

-70 

-65 

-60 

-55 

-50 

-45 

-40 

5 6 7 8 9 10 

s21 simulated 

s12 simulated 

Frequency (GHz) 

S 
p

ar
am

e
te

r (
d

B
) 



 

105 

 

Fig 4.14 (b) shows that the reflection coefficients S11 and S22 will rise when the 

phantom is placed between the middle of the antennas. This is due to part of the UWB 

signal being reflected by the phantom, but with some of the signal being transmitted 

through the phantom and detected by the receiver.  

In Fig 4.14 (c), the S12 has a profile very close to that of the S21 from 5 to 7.5 GHz. 

However, S21 is also slightly higher than S12 from 7.5 to 10 GHz. The close profile in 

the lower frequency band (5 to 7.5 GHz) is due to the relative large wavelength (λ = 

60 mm to 40 mm) compared to the thickness of the breast phantom (λ = 37 mm). 

However, in the higher working frequency band (7.5 to 10 GHz), the wavelength (40 

to 30 mm) is less than the thickness of the breast phantom. The electromagnetic 

properties such as refraction and scattering will affect the propagation even with a 

small boundary difference in the propagation path.    

Another simulation is then carried out, in which the antenna pair is moved to scan 

the breast phantom. This simulation is similar to the previous simulations with the 

single antenna and the antenna pair I configurations. However, in this simulation, the 

antenna pair is focused only on the tumour (X1), and then it is moved to the healthy 

region (X2) since we have the prior knowledge of the tumour location.  

Fig 4.15 (a) shows the received reflection coefficients in X1 and X2. As seen, both 

S11 and S22 have stronger intensity in the X1 position, which means that the reflected 

energy increases when the antenna pair moves close to the tumour due to the high 

difference in relative permittivity between the tumour and the healthy tissues. The 

same conclusion has been drawn for the single and antenna pair I configurations.  

 



 

106 

 

 

(a) 

 

(b) 

Fig 4.15 (a) Simulated reflection (S11, S22) and (b) transmission (S12, S21) coefficients in X1 

and X2 positions.  
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Fig 4.15 (b) shows the transmission coefficients S12 and S21. Take S21 for example, 

X2 has stronger amplitude than X1, which means that the transmitted energy is blocked 

or reflected by the tumour in the X2 position. Also, S12 and S21 have very close 

profiles since the energy transmission rate is very low. Furthermore, both S12 and S21 

in X1 and X2 are reduced with increasing working frequency due to the high 

attenuation rate in the high frequency band.  

 

 Time Domain signals 

The simulated time domain signals O11, O22 and O21, O12 are shown in Fig 4.16. The 

O11 and O22 are the reflection coefficients when the transmitting and receiving 

antennas respectively face the skin layer. As seen, the skin layer reflects more energy 

than the fat layer. The O21 and O12 are the transmission coefficients when transmitting 

and receiving antenna face the skin layer, respectively. Their profiles are very close 

due to the high attenuation effect of the breast phantom. Hence, the difference 

between the reflections caused by the skin and fat layer is too small compared with 

the breast phantom attenuation.  
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(a) 

 

(b) 

Fig 4.16 The simulated (a) reflection (O11, O22) and (b) transmission (O12, O21) 

coefficients with the breast phantom.     
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  Another simulation in which the antenna pair is moved to X1 and X2 positions is 

also carried out in the time domain, as shown in Fig 4.17. The observed results in the 

time domain are similar to those in the frequency domain. Firstly, the skin layer 

reflects more energy than the fat layer. Secondly, the tumour reflects more energy 

than the healthy tissues. Thirdly, the tumour blocks and reflects the transmitted energy. 

Fourthly, the transmission coefficients have very close profiles due to the high 

attenuation effect of the breast phantom.     

  The simulations based on the planar breast phantom have been discussed above, 

and three antenna configurations have been introduced. The following conclusions 

can be drawn based on the simulation results: 

1) The skin layer reflects more energy than the fat layer since the former has a higher 

relative permittivity.   

2) More energy will be reflected when the antenna moves close to the tumour, since 

the tumour has higher relative permittivity than the surrounding fat layer.   

3) Based on (1) and (2) it is concluded that the higher relativity permittivity tissue  

reflects more energy.  

4) The attenuation effect in the high working frequency is very significant, and this, 

is the reason why the lower frequency microwave penetrates more deeply than the 

high frequency microwave.  

5) It is better to use the reflection coefficients (S11, S22, O11, O22) than the transmission 

coefficients (S12, S21, O12, O21) since the latter could be too low to be drowned out 

in noise.  
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 (c)

 

(d) 

Fig 4.17 The simulated (a) (b) reflection (O11, O22) and (c) (d) transmission (O12, O21) 

coefficients with the breast phantom in X1 and X2.   
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4.3.2 Practical Measurement  

 

The simulation results have been presented based on the three antenna 

configurations of a single antenna and antenna pair I and II. All three are measured in 

both the frequency and time domains. Based on the simulation results, it is concluded 

that the reflected energy increases when the antenna moves close to the tumour; 

otherwise the reflected energy is reduced when the antenna moves away from the 

tumour.  

This section discusses the practical measurements. In the experiment, an HP 8341B 

synthesized sweeper and an HP 8510B vector network analyzer are used to measure 

the transmission and reflection coefficients through the breast phantom. Fig 4.18 

shows the experimental setup. The HP 8341B synthesized sweeper can generate 

signals ranging from 45 MHz to 20 GHz. The working frequency of the Vivaldi 

antennas ranges from 5-10 GHz, and so, the sweeper is set to that working frequency. 

The HP 8510B network analyser is connected to the Vivaldi antennas, one of which is 

connected to port1 (LHS in Fig 4.18) as the transmitting antenna. The other antenna is 

connected to port2 (RHS in Fig 4.18) as the receiving antenna. The two Vivaldi 

antennas are 93 mm apart from each other and fixed by two holders. The phantom is 

placed in the middle of the two antennas and the pink absorber is placed under the 

phantom to absorb the scatter from the ground. The skin layer faces the transmitter 

(LHS antenna in Fig 4.18) and the other side of the phantom faces the receiver.  
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Fig 4.18 Experimental setup.  

 

4.3.2.1 Single antenna   

 Frequency Domain Signals 

In this practical measurement, the Vivaldi antenna is placed on the top of the breast 

phantom, with the distance to the skin layer being 30 mm. The front middle of the 

antenna is located facing towards the tumour. The antenna is moved to scan the breast 

phantom, with three sets of S11 recorded in the locations X1, X2, and X3, as indicated in 
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Fig 4.19 (a) (b). These three sets of S11 are quite representative, which are located 0, 35 

and 70 mm away from the tumour in the Y-axis.  

Fig 4.19 (c) shows the measurement results. The amplitudes of S11 in the location 

X1 is stronger than those in the locations X2 and X3 at all working frequencies except 

for 6.3 GHz. Also, the S11 at the X2 and X3 almost completely overlap. Based on the 

measured S11, it can also be concluded that the reflected energy increases when the 

antenna moves close to the tumour, and is reduced when the antenna moves away 

from the tumour.  

 

(a) 

 

(b) 

X1 X2 X3 
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(c) 

Fig 4.19 (a)The planar breast phantom and antenna movement locations X1, X2, and X3, 

(b) the single antenna configuration and (c) the measurement results.  

 

 Time Domain Signals 

 The HP 8510B vector network analyzer is capable of measuring the scattering 

parameters in the time domain. The measurement principle is that the VNA first 

measures the scattering parameters in the frequency domain and then calculates the 

time domain scattering parameters based on the Chirp-Z Fast Fourier transform in the 

real-time. Fig 4.20 shows the received O11 in the locations X1, X2, and X3. The peak 

amplitude around 2 ns is the skin reflection and the peak amplitude around 2.5 ns is 

the tumour reflection. Similar to the S11, the O11 in the location X1 is higher than that 

in X2 and X3 due to the tumour response. It is worth noting that the O11 in X1, X2 and 

X3 are quite close due to the weak responses of the tumour.    
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Fig 4.20 The received time domain signals in X1, X2, and X3. 

 

4.3.2.2 Antenna Pair I 

 Frequency Domain Signals  

This antenna configuration has been introduced in the simulation section. This 

antenna pair moves to scan the breast phantom with transmission coefficients S21 

recorded. Fig 4.21 (a) shows experimental setup for this the antenna pair.      
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(a) 

 

(b) 

Fig 4.21 (a)The antenna pair I experimental setup, and (b) the measured S21 parameters. 
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Similar to the simulation, S11 in the locations X1, X2 and X3 are recorded. Fig 4.21 (b) 

shows the measurement results. The S11 at X1 is higher than those at X2 and X3. The 

simulation results showed that the S11 at X2 is quite close to that at X3. However, the 

measured S11 in X2 and X3 are not close to each other due to the non-planar surface of 

the breast phantom. However, the tumour still shows a strong response (at X1 

location), which also matches with the simulation results.  

 

 Time Domain Signals  

  The time domain signal is mathematically transformed from the S parameters based 

on the Chirp-Z Fast Fourier transform. Similar to the S21, the O21 in the location X1 is 

higher than that in X2 and X3 due to the tumour response. Also, the amplitude of the 

O21 is much smaller than that of the O11 due to the strong transmission loss as shown 

in Fig 4.22.  

 

 

Fig 4.22 The measured O21 parameters. 
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4.3.2.3 Antenna Pair II 

 Frequency Domain Signals 

For the antenna pair II measurement, one antenna faces the breast phantom and the 

other is on the opposite side of the phantom. The antenna pair moves together to scan 

the breast phantom. In practice, this configuration cannot be applied due to the 

complex physiological structure of the human body. But we can invest igate the 

multiple bio-layer transmission in UWB using this antenna configuration. Fig 4.23 

shows the antenna pair II configuration.  

 

 

(a) 

Fig 4.23 The antenna pair I experimental setup.  
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Fig 4.24 The measured S21 parameters in the locations X1 X2  

 

Fig 4.24 shows the measured S21 at the locations X1 X2. As seen from the results, 

the transmission coefficients increase when the antenna pair move away fro m the 

tumour since the energy transmitted is blocked or reflected by the tumour at the 

location X2. Besides, S12 and S21 have very close profile due to the low energy 

transmission rate. 

 

 Time domain signals  

  The time domain signals are also measured as shown in Fig 4.25. The measurement 

results also show that the transmission coefficients increase when the antenna pairs 

move away from the tumour.   
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Fig 4.25 The measured S21 parameters in locations X1 X2  

 

4.4 Hemi-sphere Breast Phantom Experiment  

The planar breast phantom has been measured using the designed Vivaldi antenna 

in the time and frequency domains. This planar breast phantom consists of a skin 

layer, a fat layer and a tumour, which represents a basic structure of breast. However, 

a more realistic breast phantom is required in order to acquire more precise 

measurement results.      

  The hemi-sphere breast phantom has been proposed, simulated and fabricated. In 

this section, this hemi-sphere breast phantom is measured using the Vivaldi antenna, 

with measurement results analyzed.  

4.4.1 Simulation  

4.4.1.1 Single antenna  

  The single antenna configuration is used to measure the breast phantom. Fig 4.26 (a) 

shows the single antenna configuration. The antenna is first placed at the top centre, 
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30mm away from the breast phantom. The Vivaldi antenna is then rotated along the 

surface of the breast phantom to transmit and receive the signals. Fig 4.26 (b) shows 

the rotation tracks and stop points. The Vivaldi antenna rotates and stops at these 

points, with the scattering parameters measured in the time and frequency domains. 

During this procedure, the antenna is maintained at the same distance from the surface 

of the breast phantom being steady.    

  Based on the planar breast phantom measurement, it is predicted that the reflection 

coefficients will increase when the antenna moves closer to the tumour due to the high 

difference in relative permittivity difference between the tumour and fat tissue.  

 

(a) 
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(b) 

Fig 4.26 (a) The single antenna based experimental setup of the imaging system using 

the hemi-sphere breast phantom and (b) the antenna stop positions. 

 

 Frequency Domain Signals 

 Fig 4.27 shows the received reflection coefficients S11 at X1, X2 and X3, which are 

indicated in Fig 4.26. As seen, the tumour response is very significant. The amplitude 

of X1 is higher than those of X2 and X3 in all working frequencies except 5.2 and 9.5 

GHz. Besides, the X2 and X3 are very close and the profiles almost completely overlap. 

These results confirm the prediction that as the antenna moves close to the tumour 

causes a strong increase in reflection coefficients.    
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Fig 4.27 The received reflection coefficients S11 in the X1, X2 and X3. 

 Time Domain Signals 

The time domain signals are shown in Fig 4.28, showing that the tumour response 

part is very weak. The O11 in X1 is slightly higher than those in X2 and X3. The time 

domain signal is an average description over the whole working frequency. As seen 

from Fig 4.28, the X1 is higher than X2 and X3 at all working frequencies except for 5.2 

and 9.5 GHz. Hence, the amplitude difference in the time domain between the X1 and 

X2, X3 is not as significant as that in the frequency domain. Besides, the skin layer 

reflection is very strong and the tumour response is relatively small. It is therefore 

necessary to further process the tumour response. Furthermore, it is worth analyzing 

that the discrepancy around 5.2 GHz and 9.5 GHz. As discussed below, when the 

antenna or antenna array moves to scan the breast phantom, the d istance between the 

skin layer and the antenna must be maintained. Any small change in the distance 

could cause unpredictable the measurement results. In the simulation work, the breast 

phantom is very smooth and the distance can be controlled precisely. However, in the 
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practical work, the antenna movement cannot be controlled as precisely as in the 

simulation work, which results in the change in the distance. This is the reason why 

the discrepancies occur. 

  

 

 

Fig 4.28 The received reflection coefficients O11 in the X1, X2 and X3. 
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4.4.1.2 Antenna Pair  

 

The single antenna configuration has been discussed above. This section considers 

the antenna pairs where one antenna is used one as the transmitting antenna and the 

other one as the receiving antenna. The distance between these two antennas is 30 mm, 

which is greater than λ/2, and this, significantly reduces their mutual coupling of the 

antennas. This antenna pair moves along the surface of the breast phantom to scan the 

breast while keeping their spatial relationship constant, as shown in Fig 4.29. The 

transmitting antenna transmits the incident wave to the breast phantom, and the 

reflected wave is received by the receiving antenna. The transmission coefficients are 

recorded in both the frequency and time domains.  

  

 

 

Fig 4.29 The antenna pair based experimental setup of the imaging system using the 

hemi-sphere breast phantom. 
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 Frequency Domain Signals 

  As before, the antenna pair moves to scan the breast phantom, with the received 

transmission coefficients S21 recorded in X1, X2 and X3. Fig 4.30 shows the received 

S21 in X1, X2 and X3. The X1 is higher than X2 and X3 in all working frequencies 

except 6.8 and 9.5 GHz. Also, the X2 and X3 are very close and almost completely 

overlap. Compared with Fig 4.4.2, the transmission coefficients are much lower than 

the reflection coefficients due to the signal attenuation caused by the multi-path 

transmission caused  

 

Fig 4.30 The received reflection coefficients S21 in the X1, X2 and X3. 

 Time Domain Signals 

  The time domain signals are shown in Fig 4.31. As seen, the skin reflection part 

dominates the whole signal and the tumour response is very weak. Besides, the peak 

value of the antenna pair based time domain signal (0.01 in Fig 4.4.6) is much weaker 

than that of the single antenna based time domain signal (0.1 in Fig 4.4.5) due to the 
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signal attenuation caused by the longer transmission path of the antenna pair 

configuration.  

  Furthermore, the amplitude at the X1 is stronger than those of the X2 and X3, which 

shows that the transmission coefficients increase when the transmitting antenna 

moves close to the tumour.  

 

 

Fig 4.31The received reflection coefficients O11 in the X1, X2 and X3. 

 

N
o

rm
a
li
z
ed

 A
m

p
li

tu
d

e 
(V

) 
N

o
rm

a
li
z
ed

 A
m

p
li

tu
d

e 
(V

) 



 

129 

 

4.4.2 Practical Measurement 

4.4.2.1 Single Antenna  

 Frequency Domain Signals 

The hemi-sphere breast phantom is also measured experimentally using the HP 

8510B vector network analyser. The experimental setup is as introduced earlier for 

the single antenna configuration. For this measurement, the only difference is that the 

planar phantom is replaced by the hemi-sphere breast phantom. This breast phantom 

is placed on the top of the pink absorber, as indicated in Fig 4.32 (a). The single 

antenna is placed at the top centre of the breast phantom with 30 mm away and moved 

to scan the phantom, with the reflected coefficients recorded. Similarly, the S11 at X1, 

X2 and X3 are shown in Fig 4.32 (b).      

Fig 4.32 (b) shows the measurement results. The S11 at the location X1 is higher 

than those at X2 and X3 at all working frequencies except 6.8 GHz. The measurement 

results confirm that the antenna which moves close to the tumour will obtain higher 

amplitude. Similarly, the measurement results also indicate that some discrepancies 

occur at 6.8 GHz. As we have discussed in Section 4.4.1.1, the discrepancies are due 

to the unsmooth surface of the fabricated phantom. The measurement results are very 

sensitive to the distance between the antenna and the phantom surface. The unsmooth 

surface will result in the discrepancies of the measurement results. The unpredictable 

measurement results could occur in different frequency band due to the unpredictable 

phantom surface. The discrepancies of the measurement result in the next several 

sections can be explained by discussed below.  
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(a) 

 

(b) 

Fig 4.32 (a)The hemi-sphere breast phantom and antenna movement locations X1, X2, 

and X3 and (b) the measurement results.  
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 Time Domain Signals 

The measured time domain signals O11 are shown in Fig 4.33. As seen, the 

amplitude at X1 is higher than those at of X2 and X3. The skin reflection is around 2 ns 

and the tumour response is around 2.5 ns. The tumour response is also very significant. 

It is worth noting that the tumour and coarse surface contribute to the tumour response 

together. This is the reason why the amplitude difference of the measured X1, X2 and 

X3 is stronger than that of the simulated X1, X2 and X3. Similar to the S11, the O11 at 

the location X1 is higher than that in X2 and X3due to the tumour response. 

 

 

Fig 4.33 The received time domain signals in X1, X2, and X3. 
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4.4.2.2 Antenna Pair  

 Frequency Domain Signals   

Fig 4.34 (a) shows experimental setup for the antenna pair which is placed 30 mm 

away from the top centre of the breast phantom and then moved to scan the breast 

phantom, with the S21 recorded at X1, X2 and X3.   

 

(a) 
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(b) 

Fig 4.34 (a)The antenna pair I experimental setup, and (b) the measured S21 parameters. 

 

Fig 4.34 (b) shows the measurement results. The S21 at X1 is higher than those at X2 

and X3 at all working frequencies. However, the S21 in X1 and X2 are much stronger 

than that in X3 since in X3 the antenna is quite close to the pink absorber, and this,  

reduces the reflection from the breast phantom.  

 

 Time Domain Signals  

  The measured time domain signals are also shown in Fig 4.35. Firstly, the measured 

transmission coefficient O21 at X1 is stronger than those in X2 and X3. Also, the phase 

delay between the X1, X2 and X3 is significant due to the different microwave 

transmission path.               
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Fig 4.35 The measured O21 parameters. 

 

 

4.5 The Slot Vivaldi Antenna Measurements  

 

The Vivaldi antenna has been used to measure the breast phantom in the time and 

frequency domains. The measured results indicate that the discontinuity of the 

boundary between the tumour and healthy tissue causes a strong reflection of the 

incident electromagnetic wave. This strong reflection can be observed from the 

scattering signals.  
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  The slot Vivaldi antenna has been proposed in the previous chapter. This has a 

wider bandwidth (3-10 GHz) compared to the original Vivaldi antenna (5-10 GHz) 

while maintaining the same dimensions. In this section, the slot Vivaldi antenna is 

used to measure the hemi-sphere breast phantom.  

   

4.5.1 The Hemi-sphere Breast Phantom Measurement   

The hemi-sphere breast phantom has been measured using the Vivaldi antenna. In 

this section, the slot Vivaldi antenna pair configuration is applied, with the scattering 

parameters measured in the time and frequency domains. Fig 4.36 shows the slot 

Vivaldi antenna configuration. The antenna pair is first located at the top of the breast 

phantom (X1) and is then moved to the position (X2).    

 

 

 

Fig 4.36 The slot Vivaldi antenna pair configuration.  

X2 

X1 
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This scan method has been discussed in previous sections, and the measurement 

results are presented in Fig 4.37. As seen, the amplitude at the X1 is stronger than that 

at the X2, which shows that the reflection (S11, O11) and transmission coefficients (S21, 

O21) increase when the transmitting antenna moves close to the tumour. This 

phenomenon has also been observed using the original designed Vivaldi antenna.  

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig 4.37 The slot Vivaldi antenna pair configuration. 
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4.5.2 The Detection of Deeply Buried Tumour 

The slot Vivaldi antenna provides a wider bandwidth (3-10 GHz) compared with 

the non-slot Vivaldi antenna (5-10 GHz). The lower working frequency provides a 

stronger penetration ability. Hence, the use of the slot Vivaldi antenna could have the 

advantage being able to detect deeply buried tumours. Hence, a multiple bio-layer 

phantom which contains skin and fat layers and has two tumours (T1 and T2) buried at 

different depths is proposed, as shown in Fig 4.38.  

 

  

 

Fig 4.38 The simulated breast phantom with two tumours embedded in different depth.  

The slot-Vivaldi antenna is used to measure these two tumours. The single slot 

Vivaldi antenna is moved to T1 and T2, with scatter parameters recorded in the 

frequency and time domains, as shown in Fig 4.39. It is observed that the depth 

difference caused amplitude difference is very weak. However, the enlarged signal 

part between 3.5 to 5GHz indicates that the shallow buried tumour reflects more 

energy than the deeply buried tumour, although the amplitude difference is quite 

small. The time domain signals at around 2 ns also show the same phenomenon.  
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The simulation results show that the use of the slot-Vivaldi antenna increases the 

penetration ability. However, the problem is that the difference between the shallow 

and deeply buried tumour responses is too weak to be detected.  
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(b) 

Fig 4.39 (a) The S11 at T1 and T2 and (b) The O11 at T1 and T2.  

Besides, we can also confirm the correctness of received time domain signal, as 

shown in Fig 4.39 (b). The microwave propagation velocity in the fat layer is v= 

1.3984e+008 m/s. Assume the distance between t1 and t2 is d= 0.01m, the phase 

difference in Fig 4.39 (b) can be calculated as t= d/v = 7.151e-11 s = 7.151e-2 ns, 

which confirms that Fig 4.39 (b) is correct.  
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4.6 Summary  

In this chapter, the planar breast phantom and hemi-sphere breast phantom have 

been proposed. The breast phantom is simulated and fabricated using the CST and 

tissue-mimicking materials, respectively. The mono-static radar systems based on 

single antenna configuration and antenna pair configuration are then proposed. These 

two imaging systems are used to measure the planar breast phantom and hemi-sphere 

breast phantom respectively, with the reflection coefficients and the transmission 

coefficients recorded in the time and frequency domains. Based on the measurement 

results, it is concluded that the reflected energy increases when the antenna moves 

close to the tumour; otherwise, the reflected energy reduces when the antenna moves 

away from the tumour. This is the basic principle which is used to create the 

microwave images to indicate the tumour position.  

Furthermore, the multi bio- layer phantom which contains a skin and fat layer with 

two tumours buried at different depths is also proposed. The slot-Vivaldi antenna is 

used to measure these two tumours. The results indicate that shallow buried tumour 

response is stronger than the deeply buried tumour. However, the difference in 

response is quite weak.   

In the next chapter, these measured scattering signals will be processed to create the 

microwave images used to indicate tumour position.    
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Chapter 5 Signal 

Processing for the Received 

Scattering Signals  

 

The antenna and breast phantom designs and experimental setup have been 

introduced. Based on the time and frequency domain signals collected and 

discussed in Chapter 4, it is concluded that the reflected energy increases when the 

antenna moves close to the tumour; otherwise, the reflected energy is reduced 

when the antenna moves away from the tumour. This is the basic principle which 

is used to create the microwave images to indicate the tumour position.  

  However, the collected signals contain strong skin reflections and 

environmental noise. Besides, the tumour response is quite weak, which could 

easily be drowned out in the noise. Hence, the signal and image processing is 

required in order to obtain diagnosis images with high resolution and low noise.  

Before applying signal processing methods, it is necessary to study the transient 

signal based electromagnetic scattering theory. In this chapter, the fundamentals 

of the electromagnetic scattering mechanism are analyzed first. The Singularity 

Expansion Method (SEM) is then investigated. The SEM is used to extract the 

complex natural responses (CNRs) of the illuminated object (tumour) in order to 

determine the morphology of the tumour. The morphology of the tumours are an 

important factor in discriminating between the benign and malignant tumour.  

Previous radar based cancer detection research has assumed the tumour has a 

uniform shape such as a sphere or ellipsoid [113-122]. Actually, as discussed in 
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the Chapter 2, tumours can be classified as benign or malignant tumours. Different 

tumour corresponds to different diagnosis methods. Hence, the discrimination 

between the benign and malignant tumours is also very important. The use of the 

SEM provides a mathematical approach to discriminate the benign and malignant 

tumours, and this, has the potential to complement the current radar based cancer 

detection.            

5.1 The Electromagnetic Scattering Mechanism   

  A typical radar system contains a transmitter and a receiver. The signal is 

transmitted by the transmitter and then scattered by the object. The scattering signal is 

then received by the receiver.    

  For the electromagnetic scattering mechanism research, these devices such as 

transmitter and receiver are all ignored. The transmitter is replaced by an incident 

wave while the receiver is replaced as an observation point. The incident wave and 

scattering wave are represented using electric field         and        . The induced current of 

the object after being illuminated is represented by   . Fig 5.1 shows the 

electromagnetic scattering mechanism. Based on these assumptions, an incident wave 

illuminates on an object, the scattered wave in the frequency domain can be 

represented as [123-125]   

 

                      (  , s) =    
  

 (  ,     , s)      (     ) d                       (5.1.1) 

 

where    is the dyadic Green function,   ,      are the backscattering wave 

observation point and one point inside the object ,    is the volume of the object,    

(     ) is the induced current of the object, s = jw represent the frequency domian.  
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  However, the electromagnetic wave also contains a magnetic component, which is 

not discussed here. The induced current    (     ) depends on the incident wave in 

terms of polarization, frequency, amplitude, etc as well as the object and the electrical 

properties of its surrounding medium.    is the dyadic Green function. In the far field, 

this function becomes     /4  , where   =     ,   is the attenuation factor and 

  is the phase constant. R is the distance between the observation point and one point 

in the object volume. In free space,   = 0, which means that this is a lossless medium. 

However, in practice,     0.       

  The time domain equation of Equation (5.1.1) is [123-125] 

 

                 (  , t) =    
  

 (  ,     , t – R/v) ⊗    (     ) d                  (5.1.2) 

 

where v is the propagation velocity in the medium, and R=           represents the 

distance between one point in the object and the observation point.  

 

   

Fig 5.1 The electromagnetic scattering mechanism. [123] 
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Electromagnetic scattering can be specified by three regions: the Rayleigh region, 

response region and optical region. The specification of these three regions is based 

on the ratio of the relative dimensions of the scattering object to the wavelength of the 

incident electromagnetic wave [126]. Equation (5.1.3) shows the relation between the 

scattering region and the relative dimensions of the scattering object to the 

wavelength of the incident microwave 

 

Scattering region=

 
 
 

 
 

  

 

 
                                

    
 

 
                       

 

 
                               

                   (5.1.3) 

 

where D is the dimension of the scattering object, and λ is the incident wavelength of 

the electromagnetic wave.  

Equation (5.1.3) shows the electromagnetic scattering region in free space; however, 

for the breast cancer detection, the tumour is buried in the breast and the 

electromagnetic wave propagates in a lossy medium. Hence, Equation (5.1.3) has to 

be modified. The propagation speed in the lossy medium depends on the relative 

permittivity of the medium, expressed by Equation (5.1.4): [133]   

 

                λ = 
  

 
 = 

  

      ε     
                               (5.1.4)       

 

where    is the electromagnetic wave propagation speed in the lossy medium, ε  is 

the relative permittivity of the lossy medium, and    is the wave propagation speed 

in free space.  
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Based on Equation (5.1.4), the wavelength and propagation velocity in different 

medium can be calculated. Table 5.1 shows the calculated wavelength λ in each layer 

of the cancerous breast, and the ratio of the scattering object dimens ion (D) to the 

wavelength ( ) of the incident microwave, 
 

λ
 in each layer. The working frequency 

ranges from 5 to 10 GHz, with the wavelength being from 30 to 60 mm. It is worth 

noting that for the 
 

λ
, this λ refers to the wavelength of the incident wave rather than 

that of the wave in the incident layer. For example, 
 

λ
 for the skin layer, λ is the 

wavelength in free space rather than that in the skin layer since λ refer to the incident 

wave. Likewise, 
 

λ
 for the fat and tumour layers, λ are the wavelength in the skin 

and fat layers, respectively. D is the dimension of each layer.  

Based on Table 5.1 and Equation (5.1.4), it can be concluded that the skin layer 

propagation mechanism involves in the optical regions, while the fat and tumour 

propagation mechanism involves the optical and resonance regions, respectively.  

 

Table 5.1 The Minimum and Maximum Wavelength in Different Layers of Breast.  

 

 Vacuum Skin Fat Tumour 

Min (λ) mm 30 10 26 8 

Max (λ) mm 60 11 28 9 

D N/A 440 427 31 

     λ   N/A 7 39 1.1 

     λ   N/A 15 43 1.2 
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The classification of three scattering regions has been discussed quantitatively. As 

seen from Equation (5.1.4), the optical scattering region is due to the wavelength of 

incident wave being much smaller than the object dimension. Most scattering waves 

are due to the specular reflection from the object surface. In the optical region, the 

theories of Geometrical Optics (GO) or Physical Optics (PO) can be used to solve the 

scattering problem [127, 134].        

The Rayleigh region is due to the wavelength of the incident wave being much 

larger than the object dimension. Hence, the object is too small to affect the incident 

wave.   

Resonance region scattering is of interest due to the tumour scattering mechanism 

being in this region. When the incident electromagnetic wave illuminates the object, 

an induced current surrounding the object will be excited. The generated electric field 

is opposite to the electric field of the incident wave.  

Fig 5.2 illustrates the electromagnetic scattering mechanism [123]. The object is 

assumed to be a perfect conducting sphere (PCS). This PCS is illuminated by an 

incident wave which is then followed by two scattering stages: early time response 

(ETR) and late time response (LTR). Part of the incident wave is directly reflected by 

the PCS, which is also called specular reflection. Another part of the incident wave 

propagates around the PCS until reaching the specular point. This part of the incident 

wave is also called the travelling wave. The travelling wave combines with the 

specular reflection wave constructively or destructively to generate a combined 

reflection wave which is also called the creeping wave. This reflection process is the 

so called ETR. As seen, the early time response is caused only by the incident wave. 

However, the late time response (LTR) is generated by the induced wave. As 

discussed, when the incident wave illuminates the object, an induced current and 

electric field surrounding the object will be excited. The excited and incident electric 

field have the opposite direction, which means that the induced electric wave resists 
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the incident wave. This induced electric field is called the resonant response, or late 

time response (LTR). It is worth noting that for the PCS based scattering mechanism, 

the creeping wave only travels along the surface of the PCS since there is no electric 

field inside the PCS. However, for an object in a lossy medium, an electric field is 

also generated inside the object. Hence, the creeping waves are generated on the 

surface of the object in the lossy medium as well as in the interior of this object.  

 

 

Fig 5.2 The resonant response. 

 

The reflected wave is the combination of ETR and LTR. The basic electromagnetic 

scattering mechanism discussed above can be applied to any object. However, the 

properties of object in terms of its material, relative permittivity and conductivity as 

well as the propagation environment could affect the transient response of the object. 

For electromagnetic scattering in breast cancer detection, the problem is considered as 

a lossy object (tumour) scattering in a lossy propagation medium. The lossy 

propagation medium is composed of air, skin and fat layer. As seen from Table 5.1, 

the scattering in skin and fat layer involves the optical region and the tumour 
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reflection involves in the resonance region. In other words, the skin and fat layer 

reflection is the early time response and the tumour reflection is the late time response. 

This unique feature provides the basis of the mathematical analysis in next section.   

 

5.2 Singularity Expansion Method  

The transient scattering discussed above can also be mathematically represented 

using singularity expansion method (SEM). The SEM was introduced by Baum 

[124-125] from the observation that the electromagnetic scattering response is 

dominated by exponentially damped sinusoids functions.  

The SEM based mathematical representation is developed by expanding the 

Laplace domain singularity such as poles and residues. Assuming a perfect 

conducting sphere (PCS) is illuminated by an electromagnetic wave, an induced 

current on the surface of the PCS can be expressed by: [123-125]     

                                             

   (   , s) =  
          

            
  

    
               +                                (5.2.1)  

 

where    is the induced current on the surface of the PCS,    is the electric field of 

the incident wave,    is the late time response (LTR) turn on time,    =    + j    

is the resonant response in the Laplace domain,      is the direction of the incident 

electromagnetic wave while     is its polarization of the incident electromagnetic 

wave,   and    are the damping factors and resonant frequencies,  
 

is the 

coupling coefficient which determine the induced strength of the incident wave,    is 
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the early time response (ETR),    is the natural mode structure of the resonant 

response.  

The scattering wave can be derived by substituting (5.2.1) into (5.1.1) as [123-125] 

 

        (   , s) = 
  

                                  
            

     

    
     

   
  

                                                                     (5.2.2) 

 

Equation (5.2.2) can be reduced to  

 

        (   , s) =  
  
                 

    
               +                                      (5.2.3) 

 

where    is the Early Time Response (ETR) part,   
      is  the residue of the pole. 

The residue here refers to the amplitude of the scattering wave at the resonance 

frequency, which depends on the direction (   ) and polarization (   ) of the incident 

wave and the distance between the scattering point and the observation point (  ).   

The time domain of Equation (5.2.4) can be expressed by the Laplace transform: 

[123-125]  

 

        (  , t) =    
                         u(t -  ) +   

                                     (5.2.4)  
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where      is a sum of exponentially decaying sinusoids function,    is the late time 

response (LTR) Turn On time which indicates the time boundary between the ETR 

and LTR, u(t -   ) is the unit step function. The ETR is the combination of the specular 

reflection from the surface of the PCS and the travelling wave surrounding it.      

represents the rapid decaying of the ETR. After the incident wave has travelled 

through the PCS, the LTR starts while the PCS acts as a source free oscillator.    

  As seen from Equation (5.2.3) and (5.2.4), the poles    =    + j    are 

independent of the properties of incident wave such as direction, polarization and only 

is dependent on the object properties such as relative permittivity, conductivity and 

shape. The residue of the pole   
      represents the amplitude of the scattering wave 

which depends on the direction (   ) and polarization (   ) of the incident wave. Based 

on the expression of the poles    and the residue of the pole    
     , it can be concluded 

that the scattering wave has the same poles but different residue. These distinctive 

features of the poles are very useful. As previously mentioned, the benign and 

malignant tumour can be distinguished based on their different shapes. A malignant 

tumour usually has an irregular surface while a  benign tumour has smoother surface 

and roughly spherical morphology. The resolution of the imaging results from the 

microwave imaging, MRI and CT approaches is not high enough to distinguish 

between benign and malignant tumours. However, the use of poles analysis method 

provides the mathematical approaches to distinguish between them.  

As previously discussed, the solution for distinguishing between benign and 

malignant tumours is to extract the poles of the tumour. Recalling Equation (5.2.4), 

the LTR is (5.2.5): [123] 
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x (t) =    
                      

    u(t -  )                                   (5.2.5)  

 

Equation (5.2.5) can be rewritten as: 

 

x (t+  ) =    
                      

    u(t)                                   (5.2.6)  

 

The digitized equation (5.2.6) can be expressed as:  

 

x (m   +   ) =    
                        

    =    
            

                   (5.2.7)             

 

where m = 0, 1, …, M-1, M is the total number of samples, and    is the sampling 

interval.   

Now the problem is reduced to calculate the pole    , or in other words, the damping 

factor. The mathematical solutions for calculating damping factor have been 

introduced in [135-139] such as Prony‘s method, Covariance method and Matrix 

Pencil Method (MPM).        
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5.3 The Transient Signal Analysis   

 

5.3.1 The Turn-on Time  

The Singularity Expansion Method (SEM) as introduced above provides the 

mathematical representation of the transient scattering wave. Specifically, the poles 

are independent of the properties of the incident wave such as direction, polarization 

and dependent on the object properties such as relative permittivity, conductivity and 

shape. The residue of the pole represents the amplitude of the scattering wave which 

depends on the direction and polarization of the incident wave. These unique features 

provide a mathematical approach for use in distinguishing between benign and 

malignant tumours. In this section, the received transient signals in Chapter 4 are 

analyzed based on the SEM.  

The electromagnetic scattering mechanism has been discussed in section 5.1. A 

PCS in free space is considered first and then this is followed by the analysis of a 

lossy object (tumour) embedded in a lossy medium (skin and fat layers). The skin 

layer propagation mechanism involves the optical regions, while the fat and tumour 

propagation mechanism involves the optical and resonance regions, respectively. 

Hence, when an incident electromagnetic wave illuminates a cancerous breast, the 

scattering wave contains reflections from the skin, fat and tumour. However, the skin 

and fat reflections involves the optical region, which means that in the SEM 

representation these reflections contribute to the ETR. The tumour reflection involves 

the resonance region and contributes to the LTR. The tumour reflection can be 

extracted based on this unique feature.  



 

154 

 

 

(a) 

 

(b) 

Fig 5.3 (a) The received transient signals from single antenna configuration and (b) the 

received signal when the antenna stops at the front centre of the tumour. 

 

Fig 5.3 (a) shows the received transient signals. These signals are obtained from the 

single antenna configuration, with each signal corresponding to an observation point. 

The detailed single antenna configuration has been discussed in Chapter 4. Here, the 
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received signal when the antenna stops at the front of the tumour is chosen as shown 

in Fig 5.3 (b).  

 

 

(a) 

 

(b) 

Fig 5.4 (a) free space scattering configuration [132] and (b) The transient scatter signal 

of the cancerous breast phantom. 
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The tumour response involves the LTR. Hence, the first step is to investigate the 

turn on time of the LTR which means the boundary between the LTR and ETR. In 

[132], the author suggests that the turn on time is equal to twice the time of the 

incident electromagnetic wave passing the surface of the object. Assuming the 

diameter of the object is    , the turn on time can be calculated as    =   /c. In [132], 

the turn on time    is considered in free space by using an object with irregular 

surface, as shown in Fig 5.4 (a). The turn on time    can be calculated as (5.3.1): 

 

   = R/c  

   =    +   /c 

      =     /c                                                  (5.3.1)                            

      2  +2       2   +    

 

where    and    are the incident electromagnetic wave propagation time when the 

incident wave reaches the point A and B.    is the object dimension along the wave 

propagation path, R is the propagation distance from the observation point to the point 

A. Lmax is the maximum dimension of the object,     is the width of the input pulse, 

   is the turn on time. Equation (5.3.1) provides the scattering model of an irregular 

surface object in free space. However, considering the breast phantom based 

scattering mechanism, Equation (5.3.1) has to be modified (5.3.2):   
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   = Rv/c + Rs/vs + Rf/vf 

   =    +   /c 

     =     / vf                                                  (5.3.2)             

      2  +2       2   +    

 

where Rf, Rs, Rf show the propagation path in free space, skin and fat layers 

respectively. vs and vf indicate the wave propagation speed in the skin and fat layers, 

respectively.      =    indicates the diameter of the object (tumour).  

Based on Equation (5.3.2), the turn on time     can be calculated. Fig 5.4 (b) shows 

the ETR, LTR and their boundary   . The ETR contains the scattering signals from 

the skin and fat layers. Specifically, the specular reflection contributes to the ETR. 

The tumour resonance response mainly involves in the LTR, which is caused by the 

induced current.  

  Equations (5.2.5-5.2.7) provide the mathematical method to decompose the LTR. 

The LTR can be decomposed to the sum of damping sine function. The frequencies of 

these damping sine functions correspond to the resonance responses of the tumour. 

These damping factors are expressed in the Laplace domain, which can be used to 

distinguish between benign and malignant tumours based on their difference in 

morphology. As discussed above, the damping factors are independent of the 

properties of the incident wave such as direction and polarization and dependent on 

the object properties such as relative permittivity, conductivity and shape.  

  However, based on Equations (5.3.1-5.3.2), the calculation of the turn on time    

requires the prior knowledge of the object such as its dimensions and the position. For 

the purpose of research, prior knowledge of the object can be obtained. However, in 
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clinical practice, prior knowledge of the object is not available. Hence, for radar based 

microwave cancer detection, the solution can be founded by first creating 

cross-section images of the breast. Information about the tumour such as its 

dimensions and location can be estimated based on the microwave images. Based on 

their information, the turn on time can be calculated from Equations (5.3.1-5.3.2). The 

LTR part can be extracted using signal processing methods such as applying a time 

window. The LTR will then be processed to extract the damping factors based on 

Equations (5.2.5-5.2.7). 

 

5.3.2 The Skin and Clutters Removal Method  

Fig 5.3.1(a) shows the received transient signals obtained from the single antenna 

configuration. The tumour response is too weak due to the strong skin layer reflection. 

Besides, the amplitudes of the tumour response are quite close to the clutter. Hence, 

cross-section images of the breast could be quite noisy if the received transient signals 

are used directly without any processing.     

Skin and clutter removal methods have been proposed in many publications 

[140-141]. A most commonly used method for the removal of unwanted signal is to 

simulate or measure the reference transient scattering signals using a breast without 

the presence of tumour. The reference signals contain the skin reflection a nd clutters 

and can be used to calibrate the original received signals. The tumour response can be 

extracted by subtracting the calibration signals. This calibration process can be 

expressed by Equation (5.3.3)  

 

Stumour = Srece – Sref                                               (5.3.3) 
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where Srece and Sref indicate the received scattering and reference signals, respectively. 

This method is easily applied and able to remove unwanted signals such as skin 

reflections and clutter. However, the problem is that this method cannot be applied to 

in clinical practice since the tumour cannot be removed and an identical healthy breast 

is also not available. To solve this problem, another method is needed to remove the 

skin reflection and clutter.      

The radar based microwave imaging for breast cancer detection uses a single 

antenna or an antenna array to detect the tumour and the received scattering signals 

can be expressed as:  

 

     
  =      

          
  +         

                                    (5.3.4)  

 

where      
  ,      

          
  and         

  indicate the received scattering signal, 

skin reflection, tumour response and clutters, respectively. The notation i indicates 

stop positions of single antenna or the antenna array. The target is to remove the       
 , 

        
  and extract the         

 . Instead of measuring the reference scattering signals 

using a breast without a tumour, it is proposed here that another reference signal is 

used which can be expressed by: 

 

    
  = (      

 -      
    +      

 -      
    +      

  –      
    +      

  -       
    )/4  (5.3.5)                                                                            

 

where      
   ,      

   ,      
    and      

    indicate four adjacent antenna stop positions. 

The mono-static radar based imaging method uses the antenna to scan the breast while 

maintaining the same distance between the antenna/antenna pair and the breast 
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surface constant, which means that the skin reflections and clutters can also remains 

steady. Hence, the received signal is subtracted by its surrounded four received 

signals and then the average value is taken. This process eliminates the unwanted 

parts of signal such skin effects and clutter while enhancing the tumour response. This 

method can also be applied to the frequency domain signals.    

 

5.3.3 The Hilbert Transform and Wavelet De-noising for the 

Transient Signals  

 

5.3.3.1 Hilbert Transform  

The received signals contain the skin, tumour reflection and clutter. The peak of the 

signals over a time period can represent each of these parts. Taking Fig 5.5 (a) for 

example, the signal from 1 to 1.5 ns represents the skin layer reflections while that 

from 1.5 to 2 ns represents the tumour reflection. The reflection over a time period is 

due to the multi- reflections between the antenna, skin layer and tumour.  

Instead of directly using the received signal s(t), we employ the analytical signal 

s+(t) which is represented as (5.3.6) [142-144]: 

  

s+(t)= s(t)+j H                                                    (5.3.6)                                               

 

where s(t) is the real part of the analytical signal s+(t) and H       is as the imaginary 

part which is transformed using the Hilbert Transform (5.3.7):  
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H      =  
 

 
  

    

      

  

  
                                           (5.3.7)                                            

 

The use of the Hilbert transform shift the received signal s(t) by     rad to create 

the imaginary part. The real and imaginary parts are orthogonal (5.3.8):  

 

     
  

  
                                                      (5.3.8) 

 

Fig 5.5 (b-e) shows the received signal s(t), its imaginary part H       and their 

envelope signal. This envelope signal is used for further processing since it is the 

average representation of the skin and tumour reflections. Specifically, the tumour 

reflection can be represented by a solo peak rather than a multi-peak. This solo peak 

will be used for the microwave image creation described in the next section.  

The next step is to eliminate the unwanted signals using Equation (5.3.5). Fig 5.5 (f) 

shows the signal after calibration. The skin effect and the clutter are significantly 

reduced compared with the original signal.   

 



 

162 

 

 

 

 

(a) 

 

 

 

 

(b) 

0               1.5              3              4.5              6          

                                 t(ns) 

0               1.5              3              4.5              6          

                                 t(ns) 



 

163 

 

 

 

 

(c) 

 

 

(d) 

0              1.5              3              4.5              6          

                                 t(ns) 

0               1.5               3              4.5             6          

                                 t(ns) 



 

164 

 

 

 

(e) 

 

 

 (f) 

Fig 5.5 (a) the received signal and (b) the received signal and its Hilbert Transform and 

(c) the absolute value of the received signal and its Hilbert Transform and (d) the 
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envelope signal of (c) and (e) the envelope signal and (f) the envelope signal after 

calibration.  

 

5.3.3.2 wavelet de-noising 

A continuous wavelet transform (CWT) function is defined as (5.3.9) [145-146]: 

 

Wf (a,b)= 
 

  
     
 

  
   (

   

 
)dt                                (5.3.9) 

 

where      is the mother wavelet function and    is the complex conjugate of 

    . 
 

  
 indicates the multiplication to normalize the amplitude. a and b denote the 

scale and translating coefficients. The selection of the mother wavelet function is 

dependent on the     . In the case of the radar based microwave imaging, the incident 

wave is a modulated Gaussian pulse. Hence, the Gaussian function is used as the 

mother wavelet function. The mother wavelet function is expressed as:    

 

     = Cn 
  

   
(       

 
)                                         (5.3.10)                                                    

 

where Cn indicates the normalization coefficient. If n is even, the real part of      is 

also an even function, and the imaginary part is an odd function, and vice versa.  

Instead of using CWT, the Discrete Wavelet Transform (DWT) is employed in the 

signal processing since the discretely sampled signal is more easily processed using a 

computer [145].  

The DWT of the original signal f(m,n) can be expressed as (5.3.11) [145-146]:  

 

    f(m,n)=     
 

  
    
  (t)dt                                  (5.3.11) 

 

where     (t) = 2-m (2mt - n) is the scaling mother wavelet.  
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(a) 

 

 

(b) 

 

 

Fig 5.6 (a) The decomposition of the signal F(t). (b) The chart flow of the decomposition 

and reconstruction. 

 

The Multi-Resolution Algorithm (MRA) is employed for the DWT to decompose 

the original signals into frequency and time scales. Fig 5.6 shows the procedure of 

decomposing signals using the MRA. A signal f(t) can be decomposed by:  

 

f(t) = A1+D1 = A2 + D2 + D1 = A3+D3+D2+D1                          (5.3.12) 
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where, Ai and Di are the approximation and detail coefficients at the i level. The 

signal f(t) contains high and low frequency components which are represented by the 

approximation coefficient Ai and detail coefficients Di.  

The low frequency components represent the major characteristics of the signal 

while the high frequency components represent its detailed characteristics. Taking 

human voice signal for example, the content of the voice signal can be obtained from 

the low frequency component but this cannot be used to distinguish who is speaking. 

The high frequency components represent the detailed characteristics of the vo ice.    

This procedure is equivalent to passing the signal f(t) to the high and low pass filter. 

In Fig 5.7 (b), H and G represent the low pass decomposition filter, the high pass 

decomposition filter, ↓ 2 and ↑ 2 represent the down-sampling and 

up-sampling.          denote the low and high pass reconstruction filter, respectively.  

The signal F(t) is filtered by the high and low pass filter respectively and then 

sampled. The obtained signal is decomposed into the approximation and detail 

coefficients by using the MRA. The de-noising method is applied to the 

approximation and detail coefficients. After de-noising, a reconstruction procedure 

can be applied to reconstruct the signal. The detailed procedures are as fo llows: 

1) Decompose the signal F(t) into the detail (Ai) and approximation coefficients 

(Di). The decomposition level depends on desired the signal-to-noise ratio 

(SNR).  

2) After decomposing, an appropriate threshold can be selected to remove noise at 

each decomposing levels. The threshold can be a hard threshold or a soft 

threshold. 

The hard threshold can be represented as  

       
             

          
                                  (5.3.13) 

where,       the hard threshold.       indicates the detail coefficient after 

de-noising using the threshold  . 

The soft threshold can be represented as  
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                   (5.3.14) 

 

where the soft threshold   =          ,   and   denote noise at this level 

and the length of soft threshold coefficients, respectively.  

3) After applying steps (1-2), the de-noising procedure is finished. The next step 

is to reconstruct the signal F (t) using Inverse Wavelet Transform (IWT).  
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(b) 

 

 

(c) 

Fig 5.7 (a) The transient scattering signal (red curve), with noise added such that the 

SNRs are 60 dB (green curve) and 45 dB (blue curve) and (b) the signals after 

de-noising and (c) the envelop of the de -noised signals.  
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The DWT based de-noising method has been discussed and proposed. To verify the 

effectiveness of the DWT for the breast cancer detection, white Gaussian noise is 

added to degrade the transient scattering signal such that the SNRs of the signals are 

60 dB and 45 dB, as shown in Fig 5.3.5 (a). In levels 1-5, the hard thresholds are 

setup to be 0.023, 0.022, 0.019, 0.025, and 0.035. Fig 5.3.5 (b-c) shows the signal 

after de-noising. It can be observed that these three curves have quite close profiles, 

which verifies the effectiveness of the DWT. However, the red curve (signal with 

SNR being 45 dB) still contains significant noise which could degrade the microwave 

images, and this is discussed in the next chapter.  

 

5.4 Summary  

The electromagnetic scattering mechanism to be used for the breast cancer 

detection is discussed. The singularity expansion method (SEM) for the breast cancer 

is then proposed. The natural response of the object only depends on its properties in 

terms of surface, material, relative permittivity and conductivity. Malignant and 

benign tumours have different morphologies, and this, causes different natural 

responses. This unique feature can be used to discriminate between malignant and 

benign tumours. The Hilbert Transform and the skin and clutters removal methods are 

then proposed to extract the tumour response part from the received signals. Finally, 

the white Gaussian noise is added to the received transient scattering signals. The 

wavelet de-noising method is proposed and used to de-noise the signals. The 

de-nosing results present that the wavelet de-noising method is an effective tool for 

the signal de-noising. 
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Chapter 6 Microwave imaging 

Results for Cancer Detection 

 

  This chapter considers the creation of the microwave images for the hemi-sphere 

breast phantom using the received transient signals. Microwave images are created 

based on the simulation and experimental results using the non-slot Vivaldi antenna 

and the slot Vivaldi antenna. The tumour buried depth is also studied. A multi 

bio- layer phantom which contains deeply and shallow buried tumours is simulated 

and measured using the Vivaldi antenna. A spectrum analysis method is proposed to 

distinguish between tumour depth differences. Besides, imaging results for the 

non-slot and slot Vivaldi antenna are also presented. Two cancerous breast phantoms 

are developed in the CST. One breast phantom contains a benign tumour and the other 

one contains a malignant tumour. The single antenna configuration is applied to these 

two phantoms and the microwave images are created first. The Singularity Expansion 

Method (SEM) for breast cancer detection is then applied to discriminate between 

benign and malignant tumours. Finally, a preliminary study of brain cancer detection 

is presented. A cancerous brain phantom is measured and imaged using the Vivaldi 

antenna, and the wavelet de-noising method is applied to suppress the noise. 

 

6.1 The Microwave Imaging Results  

  The transient signal processing and signal de-noising have been discussed in 

Chapter 5. In this chapter, the imaging results based on the received signals are 

created. Based on the simulation and experimental result in Chapter 4, the conclusions 
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has drawn that the reflected energy increases when the antenna moves close to the 

tumour; otherwise, the reflected energy is reduced when the antenna moves away 

from the tumour. This is the basic principle which is used in this section to create the 

microwave images. The antenna moves to different locations surrounding the breast, 

with scattering signals recorded at each stop location. The intensities of the scattering 

signals are used to create the images.  

Based on electromagnetic theory, the discontinuity of a boundary causes a strong 

reflection of an incident electromagnetic wave. The reflection leve l is highly 

dependent on dielectric differences. Hence, the strong reflection from the tumour is 

due to the high relative permittivity difference between cancerous and healthy tissue.  

  The microwave image of the breast cancer is an effective, visual method of cancer 

diagnosis. This section focuses on the creation of the breast cross-section images.    

 

6.1.1 The Hemi-sphere Phantom  

 

6.1.1.1 Single Antenna Configuration  

The single antenna configuration has been discussed in Chapter 4. This single 

antenna configuration is based on a single antenna which moves to scan the breast 

phantom. The reflected transient signals are measured at each stopping position. The 

intensities of each reflected signals are used to create the images.  

Fig 6.1 shows the single antenna configuration in the simulation and experimental 

work using the non-slot Vivaldi antenna and the slot Vivaldi antenna, respectively. 

The simulated images are created using the non-slot (Fig 6.2) and slot Vivaldi antenna 

(Fig 6.3) respectively, with the tumour being precisely located in x=0, y=0, z=45, 
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with little noise presented. The experimental imaging results (Fig 6.4 for non-slot 

Vivaldi antenna and Fig 6.5 for slot Vivaldi antenna) show greater noise due to the 

environmental interference. Besides, the use of the non-slot Vivaldi antenna provides 

clearer imaging results compared with the slot Vivaldi antenna in both simulation and 

experimental results. Overall, the imaging results are clear enough to indicate tumour 

position.    

 

(a) 

     

  (b) 

Fig 6.1 The single antenna configuration of (a) the simulation and (b) experimental 

work.  
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(a) 

 

(b) 
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(c) 

Fig 6.2 The simulated microwave images of the breast phantom based on the single 

antenna configuration (using the non-slot Vivaldi antenna) in (a) x-y plane, (b) 

x-z plane and (c) y-z plane. 

 

 

(a) 



 

176 

 

 

(b) 

 

(c) 

Fig 6.3 The simulated microwave images of the breast phantom based on the single 

antenna configuration (using the slot Vivaldi antenna) in (a) x-y plane, (b) x-z 

plane and (c) y-z plane. 
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(a) 

 

(b) 
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(c) 

Fig 6.4 The experimental microwave images of the breast phantom based on the single 

antenna configuration (using the non-slot Vivaldi antenna) in (a) x-y plane, (b) 

x-z plane and (c) y-z plane. 

 

 

(a) 
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(b) 

 

(c) 

Fig 6.5 The experimental microwave images of the breast phantom based on the single 

antenna configuration (using the slot Vivaldi antenna) in (a) x-y plane, (b) x-z 

plane and (c) y-z plane. 
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6.1.1.2 Antenna Pair Configuration  

The antenna pair configuration is presented in Fig 6.6, Fig 6.7 and Fig 6.8 show the 

simulated microwave images based on the non-slot and slot Vivaldi antennas. Fig 6.9 

and Fig 6.10 show the experimental microwave images based on the non-slot and slot 

Vivaldi antennas. The simulation images are still clear enough to indicate the position 

of tumour but more noise gathers surrounding the tumour compared with the images 

from single antenna configuration (Fig 6.2 - Fig 6.5). The use of the non-slot Vivaldi 

antenna also provides clearer imaging results than that of the slot Vivaldi antenna. 

However, the experimental images also show some fake points. The intensities of 

these fake points are close or even stronger than those of the tumour, which could 

cause misunderstandings of the real position of the tumour.   

 

 

(a) 
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(b) 

Fig 6.6 The antenna pair configuration of (a) the simulation and (b) experimental work.  
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(a) 

 

(b) 
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(c) 

Fig 6.7 The simulated microwave images of the breast phantom based on the antenna 

pair configuration (using the non-slot Vivaldi antenna) in (a) x-y plane, (b) x-z 

plane and (c) y-z plane. 
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(a) 

 

(b) 
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(c) 

Fig 6.8 The simulated microwave images of the breast phantom based on the antenna 

pair configuration (using the slot Vivaldi antenna) in (a) x-y plane, (b) x-z 

plane and (c) y-z plane. 
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(a) 

 

(b)  
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(c) 

Fig 6.9 The experimental microwave images of the breast phantom based on the antenna 

pair configuration (using the non-slot Vivaldi antenna) in (a) x-y plane, (b) x-z 

plane and (c) y-z plane. 
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(a) 

 

(b) 
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(c) 

Fig 6.10 The experimental microwave images of the breast phantom based on the 

antenna pair configuration (using the slot Vivaldi antenna) in (a) x-y plane, (b) 

x-z plane and (c) y-z plane. 

 

6.1.1.3 Signal- to-Noise Ratio (SNR) and Discussion  

 

  The microwave images are created based on the simulation and experimental work 

using the non-slot Vivaldi antenna and the slot Vivaldi antenna. Another quantitative 

measurement of the image quality can be presented using Signal-to-Noise Ratio (SNR) 

which can be defined as the ratio between the strongest intensity of the tumour to that 

of the noise. Table 6.1 shows the calculated SNR for the simulated and experimental 

results using the non-slot Vivaldi and slot Vivaldi antennas. It is worth noting that the 

presence of fake points is not considered before calculating the SNR.   
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Table 6.1Signal-to-Noise Ratio (SNR) 

Signal- to-Noise 

Ratio (dB) 

Simulated images  Experimental images  

Non-slot Slot  Non-slot Slot  

Single antenna 6.8 6.2 1.2 0.9 

Antenna pair 5.7 4.3 0.6 0.3 

 

The use of the SNR provides a quantitative description of the imaging quality. It is 

concluded that the single antenna configuration and the non-slot Vivaldi antenna 

provide a higher SNR. 

 

6.2 The Study of Tumour Buried Depth    

For breast cancer detection, information on the tumour buried depth can be derived 

from the 3-D images. However, the creation of the 3-D images is based on the 

particular shape of the breast which can be approximated as a hemi-sphere. In some 

other cancer detections such as for stomach cancer, pancreatic cancer and lung cancer, 

the 3-D images are quite difficult to obtain due to the complex structure of human 

body. Hence, one of the major challenges in UWB based breast cancer detection is the 

extraction of the tumour depth information (TDI). However, very few studies have 

been published on the investigation of the TDI. The major challenge is that scatter 

signals from different depths of tumours are too close to be distinguishable. In this 

section, we first propose a multi bio- layer phantom. This phantom consists of a skin 

and fat layer, with two tumours buried at different depths, as shown in Fig 6.11. The 

mono-static radar system using the non-slot Vivaldi antenna is then used to measure 
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this breast phantom, with scattered signals recorded. These scattered signals are used 

to create breast cross-section images, with the tumours highlighted. Finally, the TDI is 

extracted by analysing the frequency spectrum of the scattered signals.  

 

  

 

Fig 6.11 The simulated breast phantom with two tumours embedded in different depth.  

 

The Vivaldi antenna is moved to scan this phantom, with 64 sets of scattered time 

domain signals (O21) recorded. These recorded signals are used to create a 2-D breast 

phantom cross-section image, with the tumours highlighted. Fig 6.12 (a) shows the 

simulated 2-D image, with two tumours highlighted in the correct positions. However, 

the tumour depth information (TDI) is not available in these 2-D images. Hence, the 

spectrum information of the tumour reflections can be analysed to determine the TDI. 

Fig 6.12 (b) shows the received signals (O1 and O2) when the Vivaldi antenna mo ves 

close to these two tumours (T1 and T2). The skin reflections and clutters of these two 

signals are eliminated first using time windows. However, it is still difficult to 

distinguish between the amplitude differences of these two tumours due to the weak 

tumour response, as seen in Fig 6.12 (c). Hence, the spectrums of the tumour reflection 

are calculated and shown in Fig 6.12 (d). As seen, the magnitude of the shallow buried 

tumour (T1) is stronger than that of the more deeply buried tumour (T2), especially 
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from 4 to 8 GHz. This is due to the high attenuation ratio in the lossy medium, 

especially at high working frequency. It is also calculated that the 15 mm depth 

difference between the two tumours causes a mean change of 0.3 dB in the magnitude 

of the spectrum, ranging from 4 to 10 GHz. This information can be used as an 

effective tool for determining tumour depth information.  

 

(a) 

 

(b) 
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(c) 

 

  (d) 

Fig 6.12 (a) The received signals of the shallow and deeply buried tumours and (b) the 

tumour scattering responses with skin and clutter eliminated and (c) the 

spectrum of tumour response.   

 

Another experiment is also carried out based on the non-slot Vivaldi antenna and 

the slot Vivaldi antenna. The slot Vivaldi antenna provides a wider bandwidth (3-10 

 
(d

B
) 
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GHz) compared with the non-slot Vivaldi antenna (5-10 GHz). Theoretically, the 

lower frequency component of the electromagnetic wave provides stronger 

penetrating ability, which means that the use of the slot Vivaldi antenna could have 

the advantages of being able to detect deeply buried tumours. Fig 6.13 (a) and (b) 

show the resulting images based on the non-slot and slot Vivaldi antennas 

respectively. As seen, the deeply buried tumour is still difficult to distinguish from the 

images. However, the use of the slot Vivaldi antenna provides an image with lower 

noise due to the wider bandwidth as well as the lower frequency components. As the 

imaging results, the use of slot Vivaldi antenna cannot provide a clearer imaging 

compared with the use of the non-slot Vivaldi antenna. However, the use of the slot 

Vivaldi antenna provides an image with lower noise when measuring tumours with 

different depth due to the wider bandwidth as well as the lower frequency components. 

Hence, the slot Vivaldi antenna can be used when measuring and distinguishing the 

duo tumours with different depth.  

  

(a) 
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(b) 

Fig 6.13 the microwave images based on (a) the non-slot Vivaldi antenna and (b) slot 

Vivaldi antenna.  

6.3 The Discrimination between Benign and 

Malignant Tumour   

 

In Chapter 5, the Singularity Expansion Method (SEM) has been investigated. The 

SEM is used to extract the complex natural responses (CNRs) of the illuminated 

object (tumour) in order to distinguish the morphology of the tumour. The CNRs of 

the tumour only depends on its properties, such as shape and electrical properties. The 

morphology of the tumour is an important factor in discrimina ting between benign 

and malignant tumours. A malignant tumour usually has a more irregular surface and 

a benign tumour has a very smooth surface. Hence, the CNRs of benign and 

malignant tumours can be used to distinguish between them.   
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Fig 6.14 (a) shows the designed benign and malignant tumour. The benign tumour 

has a radius of 5mm while the malignant tumour has an irregular surface with an 

average radius of 5mm. The single antenna configuration shown in Fig 6.14 (b) is 

applied to these two phantoms, with microwave images created and shown in Fig 6.15  

(a-f).  

 

 

(a) 

 

(b) 

Fig 6.14 (a) Benign and malignant tumours, (b) the single antenna configuration. 

 

Malignant Benign  
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(a)                                (b) 

 

 

(c)                              (d) 

 

Malignant Benign  

Benign  Malignant 
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(e)                               (f) 

 

Fig 6.15 The simulated microwave images of the benign and malignant tumours in (a-b) 

x-y plane, (c-d) x-z plane and (e-f) y-z plane. 

 

The created microwave images show that the malignant and benign tumours can be 

indicated in the correct positions. However, the malignant and benign tumours cannot 

be distinguished due to the noise and the vague outline. Hence, the CNRs of the 

tumours are extracted in order to discriminate between them.  

The first step is to determinate the boundary between the ETR and LTR. The 

boundary can be estimated using Equation (5.3.1), which is shown in Fig 6.16 (a). A 

time window is then applied to remove the ETR and the clutter. The remaining signals 

which represent the tumour responses are shown in Fig 6.16 (b). The extracted CNRs 

and the spectrum of the benign and malignant tumours are shown in Fig 6.16 (c-d)  

The results indicate that the damping factors of the benign tumour are lower than 

those of the malignant tumour. Besides, the damping factors of the malignant and 

benign tumours increase from 5 to 8 GHz, then falling down until 9 GHz. Also, the 

spectrum of the malignant tumour response is lower than that of the benign tumour, 

Malignant 
Benign  
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ranging from 0 to 25 GHz. Based on the observations from Fig 6.16 (c-d), these 

conclusions can be drawn. Firstly, the damping factors and the spectrum can be 

affected by tumour morphology. The irregular surface of the malignant tumour causes 

higher damping factors and lower spectrum responses compared with the smoother 

surface of the benign tumour. This phenomenon is due to the higher microwave 

scattering caused by the irregular surface of the malignant tumour. The incident wave 

are scattered to different directions. However, the benign tumour has a smoother 

surface which reduces the scattering, and this, increases the amplitude of the spectrum 

and reduces the damping factors.   

The use of the CNRs provides a solution to discriminate between the benign and 

malignant tumour with similar size when the resulting images cannot provide 

sufficient resolution.      

 

 

(a) 
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(b) 

 

 

 (c) 
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(d) 

 

Fig 6.16 (a) The boundary between the ETR and LTR, (b) tumour response, (c) the 

damping factor and (d) spectrum of the benign and malignant tumour. 

 

6.4 The Preliminary Study of Brain Cancer 

Detection 

 

Radar based breast cancer detection has been investigated by many research groups. 

However, the study of radar based cancer detection for other organs has not been 

carried out. In our study, the brain cancer detection is considered since the brain has a 

similar shape compared to the breast. Both of breast and human head have a uniform 

sphere shape. Besides, they are all composed with different layers. The breast can be 
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simplified by skin and fat layers, and the human head can be considered as a 

combination of skin, fat, skull and white matter layers [147].  

Based on the electromagnetic theory, the discontinuity of the boundary causes 

strong reflection of the incident electromagnetic wave. The reflection level is highly 

dependent on the dielectric difference. For the breast cancer detection, the dielectric 

difference between the tumour and the fat can achieve 10:1. This significant dielectric 

difference causes strong reflection from the tumour. For the brain cancer detection, 

the dielectric difference between the tumour and the white matter can achieve 1.44:1. 

The dielectric difference of the brain is much smaller than that of the breast.  

Besides, the microwave penetrating ability is another important issue. For the 

breast cancer detection, most of the incident wave is reflected by the skin and only 

very little energy reaches the tumour. Compared with the breast, the human head has 

more complex structure (skin, fat and skull) which reflect more energy than the skin 

layer of the breast [147-148]. This could be the major difficult for the brain cancer 

detection.  

Some challenges and some assumptions for the brain cancer detection have been 

discussed. In this section, we present the preliminary study of the brain cancer 

detection in our work, and this, offers valuable further research experience towards 

the radar based cancer detections for other organs.   

 

6.4.1 The Brain Tumour and its Electrical Properties  

6.4.1.1 The Brain Tumour  

  The brain tumour is a tumour located within the brain and most such tumours lie 

inside the skull [149]. The tumour is created by abnormally growing cells and could 

spread to other organs.  
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  Brain cancer is a very serious disease due to the invasive properties of the tumours. 

Brain tumour can also be divided into benign and malignant tumours. Benign tumour 

does not invade or destroy surrounding cells or tissues. However, malignant tumour 

invades and destroys the healthy cells and grows at a high rate.  

  The signs and symptoms depend on the dimension and the location of the tumour.  

When symptoms become apparent depends on many factors, with the most important 

factor being the change from being a benign tumour to a malignant tumour [149].  

 

 

Fig 6.17 The MRI image for brain tumour. [9]  

 

  Medical imaging is an important diagnostic method for brain tumour detection. 

Invasive diagnosis methods such as PEG have been abandoned since it is harmful  

[149]. Currently, CT and MRI are the most commonly adopted imaging methods. Fig 

6.17 shows a cross-section image of brain tumour based on MRI. It is seen that the 
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tumour has brighter colour compared with the surrounding tissues. Similarly, CT 

images also show brain tumour in a brighter colour compared with the surrounding 

tissues.  

  The definitive diagnosis of a brain tumour cannot be achieved using the medical 

images, but can only be confirmed by the histological examination [149]. However, the 

latter is quite dangerous since most brain tumours are located inside the skull.     

6.4.1.2 Electrical Properties  

In microwave imaging based cancer detection, the tumour can be detected due to 

the significant difference in electrical properties between the tumour and its 

surrounding tissues. The electrical properties of the cancerous breast have been 

studied in Chapter 2, and in this section, the electrical properties of the cancerous 

brain are also presented.   

 

 

Fig 6.18 The relative permittivity of the skin, fat, skull, brain tissue and tumour in the 

CST library. Eps', Eps'' are the real, imaginary part of the relative 

permittivity.  
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The phantom design for the UWB transmission can be simplified in an 

approximation as a multi- layer model, with each layer corresponding to a particular 

layer. The human head can be modelled as a combination of skin, skull, grey matter 

and white matter layers. The dielectric constant    (f) in bio- layers can be derived 

from the Cole-Cole model, given by the equation (6.4.1). This equation shows that the 

dielectric reduces as the working frequency increases [149]: 

 

          =    +  
        

          
                                         (6.4.1)                      

where   and   are the angular frequency and exponent parameter,          are the 

static frequency permittivity constants and time constant.            are its static and 

infinite frequency permittivity constants.  

In this work, a cancerous brain phantom is designed for brain cancer detection, 

using the materials available in the CST. Fig 6.18 shows the relative permittivity of the 

skin, fat, skull, brain tissue and tumour in the CST library. 

  As seen, the ratio of relative permittivity between different layers of the human 

head can be summarized as follows: skin to skull = 2.46, white matter to skull = 3.02, 

tumour to white matter = 1.44. Similarly, for the breast cancer detection, the relative 

permittivity ratio of skin to fat is 6.7. As discussed previously, the discontinuity of the 

boundary causes a strong wave reflection from the tumour. The reflection level is 

highly dependent on the dielectric difference. The skin layer reflection in breast 

cancer detection is due to the high dielectric difference between the air and the skin. 

The same effect can also occur in the brain tumour detection. However, the human 

head has many more layers compared to the breast. As seen from the relative 

permittivity ratios between different layers in human head, the maximum ratio is that 

of the white matter to the skull (3.02) which is only the half of the skin to the fat ratio 

(6.7). Based on the ratios between these different layers, it could be predicted that the 
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energy reflections between head layers (skin and skull layer, skull layer and white 

layer) could be even smaller than those between breast layers (skin and fat layer). 

However, another issue is that the ratio of the tumour to the white matter (1.44) is 

much smaller than that of the tumour to the fat (12), which could reduce the tumour 

reflection.  

  This analysis can be verified using the measured reflections, transmission 

coefficients and microwave images, which are presented in the following sections.    

 

6.4.2 Brain Phantom Design and Measurement Results  

 

6.4.2.1 Cancerous Brain Phantom  

 

  The cancerous brain phantom design procedure is similar to that for the cancerous 

breast phantom. The brain phantom is designed using the CST Microwave Studio. Fig 

6.19 shows the designed cancerous brain phantom, which consists of a skin layer 

(thickness = 1mm), a skull layer (thickness = 10 mm), a white matter layer (thickness 

= 60 mm) with a spherical tumour (radius = 5mm) embedded in the white matter layer 

close to the skull.  
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Fig 6.19 The designed cancerous brain phantom.   

 

6.4.2.2 Experimental setup  

    The antenna pair configuration is used to scan the brain phantom, with the 

transmission coefficients recorded in the frequency and time domains.   
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Fig 6.20 The antenna pair configuration for brain cancer detection.  

 

As before, one antenna is used one as the transmitting antenna and the other one as 

the receiving antenna. The distance between these two antennas is 30 mm, which is 

greater than λ/2 and this, significantly reduces the mutual coupling of the antennas. 

This antenna pair moves along the surface of the cancerous brain phantom to scan it 

while maintaining a constant distance from the skin layer, as shown in Fig 6.20. The 

transmitting antenna transmits the incident wave to the breast phantom, and the 

reflected wave is received by the receiving antenna. Here the notations Oxy and Sxy are 

used to indicate the reflection coefficients and transmission coefficients in the time 

and the frequency domains, where x indicates the receiving antenna and y indicates 

the transmitting antenna.     

  Two experiments are carried out. For the first experiment, two sets of transmission 

coefficients O21 are measured in the time domain, with the measurement results 

shown in Fig 6.21. These two sets of O21 are for when the brain phantom is presented 

with (red curve) and without (blue curve) the tumour embedded. It is seen that the 

amplitude of the red curve is slight greater than that of the blue curve due to the 
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tumour reflection. This experiment confirms that the tumour inside the brain is 

detectable.  

 

 

 

Fig 6.21 The measurement results with and without the tumour presented.  
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The second experiment is carried out by moving the antenna pair to scan the brain 

phantom, with received transmission coefficients O21 recorded in the positions X1, X2 

and X3 as shown in Fig 6.22. This experiment is similar to that used for breast cancer 

detection. Fig 6.23 shows the measurement results. It is observed that the amplitude of 

the X1 is stronger than those of the X2 and X3, which shows that the transmission 

coefficients increase when the transmitting antenna moves close to the tumour due to 

the strong tumour reflection. Besides, the red and green curves have very close 

profiles since the X2 and X3 are in symmetrical positions.  

 

   

(a)                                   (b)                       

 

(c) 

Fig 6.22 The measurement positions in (a) X1, (b) X2 and (c) X3 



 

211 

 

 

  Based on these two experiments it can be concluded that the reflected energy 

increases when the antenna moves close to the tumour; otherwise, the reflected energy 

is reduced when the antenna moves away from the tumour. This is the basic principle 

which is used to create the microwave images for the breast cancer detection, a nd this 

principle, can also be applied to the brain cancer detection. Besides, although the 

brain contains more layers than the breast, the microwave energy can still reach the 

tumour. These important conclusions motivate us to create the microwave images of 

the cancerous brain.    

 

 

 

Green curve: X3 

Red curve: X2  

Blue curve: X1 
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(a)

 

(b) 

Fig 6.23 The measurement results in X1, X2 and X3. 

 

6.4.3 Imaging Results for Brain Cancer Detections and the Wavelet 

De-noising for Resulting Images  

 

6.4.2.3 Microwave images  

 

  The measurement results are used to create the microwave images for the cancerous 

brain. The image creation method is similar to that used in breast cancer detection. 

Firstly, the received images are processed using the skin and clutters removal method 

proposed in chapter 5. The extracted tumour response is used to create the microwave 

images based on the principle that reflected energy increases when the antenna moves 
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close to the tumour. The intensities of each part of tumour response are used to create 

the images. Fig 6.24 shows the microwave images based on the antenna pair 

configuration. The resulting images are clear enough to indicate the correct tumour 

position. These resulting images also prove that the radar based microwave imaging 

can be applied to the brain cancer detection.    

 

 

(a) 

 

(b) 
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(c) 

Fig 6.24 The microwave images created for the brain cancer detection in (a) x-y (b) x-z 

and (c) y-z.  

 

6.4.2.4 Wavelet De-nosing  

The wavelet de-noising method for cancer detection has been proposed in the 

previous sections. White Gaussian noise is added to degrade the transient scattering 

signal such that the SNRs of the signals are 60 dB and 45 dB. The use of the wavelet 

de-noising method greatly suppresses the noise, and the de-noised signals shown in 

Fig 6.25.    
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(a) 

 

 

(b) 

Fig 6.25 (a) The transient scattering signal (red curve), with noise added such that the 

SNRs are 60 dB (green curve) and 45 dB (blue curve). 
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It can be observed that the noise in the signal when the SNR is 60 dB (green cure) 

has been greatly suppressed while the red curve (signal with and SNR of 45 dB) still 

contains significant noise. This section describes the creation of the microwave 

images using these three de-noised curves shown in Fig 6.25 (b). 

Fig 6.26 (a-i) shows the resulting images created for brain cancer detection. Fig 6.26 

(a-c) show the 3-D cross-section of the tumour‘s position with no added noise. The 

brain tumour is clearly and correctly indicated. Fig 6.26 (d-f) show the tumour‘s 

location when the transient scattering signal has a 60dB SNR. The tumour‘s position 

is still clearly visible although the noise becomes stronger. Fig 6.26 (g-i) are created 

using the transient scattering signal with a SNR of 45dB. The tumour‘s location is still 

visible, but it begins to be masked by the noise.  

 

(a) 
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(b) 

    

(c) 
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(d) 

      

(e) 
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(f) 

 

(g) 
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(h) 

 

(i) 

Fig 6.26 The microwave images of the brain cancer detections in (a) x-y with no noise 

added (b) x-z with no noise added, (c) y-z with no noise added, (d) x-y with 

noise added (SNR=60 dB) (e) x-z with noise added (SNR=60 dB), (f) y-z with 

noise added (SNR=60 dB), (g) x-y with noise added (SNR=45 dB) (h) x-z with 

noise added (SNR=45 dB), (i) y-z with noise added (SNR=45 dB). 
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6.4.4 Conclusion for Brain Cancer Detection  

 

A preliminary study of brain cancer detection has been described in this section. 

Brain tumour and its electrical properties have been discussed first. A cancerous brain 

model is then designed and simulated in the CST. The antenna pair configuration is 

used to scan the cancerous brain with the transmission coefficients recorded. The 

analysis of the received transmission coefficients indicates that the reflected energy 

increases when the antenna moves close to the tumour, which is identical to the breast 

cancer detection. Based on this principle, the microwave images for the brain cancer 

detection have been created. The tumour is correctly indicated in the resulting images. 

To gain insight into brain cancer detection, white Gaussian noise is added to the 

received transient scattering signals. The wavelet de-noising method is then used to 

de-noise the signals. The de-noised signals are then used to create microwave images. 

The results show that wavelet de-noising is an effective tool for signal de-noising.  

The simulation presents that brain cancer can be detected using the radar based 

microwave imaging. However, the designed brain model still needs to be improved, 

since the structure of human head is much more complex than in the designed 

phantom. The use of a more realistic brain phantom will help to gain insight into radar 

based brain cancer detection.  

 

6.5 Summary 

Microwave images are created based on the simulation and experimental results 

using the non-slot Vivaldi antenna and the slot Vivaldi antenna. The imaging results 

indicate that a 5 mm tumour is detectable. The use of the non-slot Vivaldi antenna 
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provides clearer imaging results compared with the slot Vivaldi antenna in both 

simulation and experimental results. The experimental imaging results contain more 

noise than the simulated images, but the tumour position is still clearly indicated.    

The tumour buried depth is also studied. A multi bio- layer phantom which contains 

deeply and shallow buried tumours is simulated and measured using the Vivaldi 

antenna. However, it is still difficult to distinguish between these two tumours from 

the imaging results due to the very weak amplitude difference in tumour response. A 

spectrum analysis method is proposed to distinguish between tumour depth 

differences. The results indicate that a difference of 15 mm in depth between two 

tumours leads to a mean change of 0.3 dB in the magnitude of spectrum, ranging from 

4 to 10 GHz. This information can be used as an effective tool for determining the 

tumour depth information. Besides, imaging results for the non-slot and slot Vivaldi 

antenna are also presented. The deeply buried tumour is still difficult to distinguish. 

However, the use of the slot Vivaldi antenna provides images with low noise due to 

the wider bandwidth as well as the lower frequency components.  

The electromagnetic scattering mechanism for the breast cancer detection has been 

also studied in Chapter 5. The natural response of object depends only on its 

properties in terms of surface, material, relative permittivity and cond uctivity. 

Malignant and benign tumours have different morphologies, and this, causes different 

natural responses. The use of the SEM extracts the natural response of the benign and 

malignant tumour, which is an important factor in discriminating between them. Two 

cancerous breast phantoms are developed in the CST. The benign tumour has a radius 

of 5mm and the malignant tumour has an irregular surface with an average radius of 

5mm. The single antenna configuration is applied to these two phantoms and the 

microwave images are created. The benign and malignant tumours cannot be 

discriminated from the imaging results. Hence, the natural response and the spectrum 

of the tumour response are extracted from the transient signals. The results show that 
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the damping factors of the benign tumour are lower than those of the malignant 

tumour. Besides, the spectrum of the malignant tumour response is lower than that of 

the malignant tumour. The use of the SEM provides a solution to discriminate benign 

and malignant tumours with a similar size when the result images themselves cannot 

provide sufficient resolution.      

Furthermore, a preliminary study of brain cancer detection is also carried out. A 

cancerous brain phantom is measured and imaged using the Vivaldi antenna, and the 

wavelet de-noising method is applied. The tumour is correctly indicated in these 

resulting images. However, the designed brain model still needs to be improved since 

the human head structure is much more complex than the designed phantom. The 

preliminary study confirms that the brain tumour is also detectable using the radar 

based imaging method.  
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Chapter 7 Conclusions and 

Future Work   

 

7.1 Introduction  

This thesis presents several novel aspects of microwave imaging based breast 

cancer detection, which are the ultra-wideband antenna design, cancerous breast 

phantom design, experimental setup, signal processing and imaging processing. 

Besides, a preliminary study of the brain cancer detection is also carried out. This 

chapter gives a summary of the study and achievements in this thesis. The objectives, 

main contributions and achievements are reviewed, assessed and evaluated. In the end, 

the future work and final comments are suggested.    

 

7.2 Summary of the Research 

In chapter 3, an ultra-wideband Vivaldi antenna and a slot Vivaldi antenna have 

been proposed for the breast cancer detection. The desired antenna performance in 

terms of bandwidth, gain, beam width and radiation pattern is achieved by optimizing 

structural parameters of the Vivaldi antenna. The designed Vivaldi antenna exhibits 

an ultra-wideband working frequency ranging from 5 to 10 GHz. The transmission 

coefficient S21 shows a very flat profile, which will provide minimal distortion when 

creating microwave images. The gains ranging from 5 to 10 GHz achieve the values 

of 3.613, 6.151, 4.476, 7.207, 9.625 and 3.067 respectively. Furthermore, desired 
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directional radiation patterns from 5 to 10 GHz are also achieved. The Vivaldi 

antenna is then fabricated, with the scatter parameters measured in the frequency and 

time domains using the VNA. The simulated and experimental results show good 

agreement. Another slot Vivaldi antenna is also proposed in which the Vivaldi 

antenna parameters are modified in order to achieve a wider bandwidth while  

maintaining the original dimensions. The equivalent circuit schematic based 

optimization method is proposed for the modification of the Vivaldi antenna. A slot is 

optimized and added to the ground of the Vivaldi antenna in order to increase the 

capacitance, and this, increases the impedance matching in the lower working 

frequency component. The final design achieves a 3-10 GHz bandwidth while 

maintaining the original dimensions (73.4mm * 41.9mm). The gains ranging from 3 

to 10 GHz achieve the values of 2.5, 5.1, 6, 7.2, 7.1, 8.1, 10, and 4.8, respectively. 

The increase in bandwidth provides stronger penetration ability to detect more deeply 

buried tumours. 

In chapter 4, the planar breast phantom and hemi-sphere breast phantom are 

proposed. The use of the planar breast phantom simplifies the experiment and the use 

of the hemi-sphere breast phantom is more realistic. These two breast phantoms are 

simulated and fabricated using the CST and tissue-mimicking materials, respectively. 

Mono-static radar systems based on single antenna and antenna pair configurations 

are then proposed. These two systems are used to measure the planar breast phantom 

and hemi-sphere breast phantom respectively, with the reflection coefficients and the 

transmission coefficients recorded in the time and frequency domains. Based on the 

measurement results, it is concluded that the reflected energy increases when the 

antenna moves close to the tumour; otherwise, the reflected energy reduces when the 

antenna moves away from the tumour. This is the basic principle which is used to 

create the microwave images to indicate the tumour position. Furthermore, a multi 

bio- layer phantom which contains skin and fat layers with two tumours buried at 

different depths is proposed. The slot-Vivaldi antenna is used to measure these two 
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tumours. The results indicate that the shallow buried tumour response is stronger than 

that of the deeply buried tumour, but, the difference in response between these two 

tumours is quite weak.   

In chapter 5, the electromagnetic scattering mechanism for breast cancer detection 

is studied. The singularity expansion method (SEM) for the breast cancer is then 

proposed. The natural response of the object depends only on its properties in terms of 

surface, material, relative permittivity and conductivity. The Hilbert Transform and 

skin and clutter removal methods are proposed to extract the tumour response from 

the received signals. Nonetheless, white Gaussian noise is added to the received 

transient scattering signals. The wavelet de-noising method is proposed and used to 

de-noise the signals. The de-nosing results present that the wavelet de-noising is an 

effective tools for the signal de-noising. 

In chapter 6, the microwave images are created based on the simulation and 

experimental results using the non-slot Vivaldi antenna and the slot Vivaldi antenna, 

respectively. The imaging results indicate that a 5 mm tumour can be detected. The 

use of the Vivaldi antenna provides clearer imaging results compared with the slot 

Vivaldi antenna in both simulation and experimental results. The experimental 

imaging results contain more noise than the simulated images but the tumour position 

is still clearly indicated.  

Tumour buried depth is also studied. A multi bio-layer phantom which contains a 

deep and a shallow buried tumour is simulated and measured using the Vivaldi 

antenna. However, it is difficult to distinguish between these two tumours from the 

imaging results due to the very weak amplitude difference in tumour response. a 

spectrum analysis method is proposed to distinguish the tumour depth difference. The 

results indicate that 15 mm depth difference between two tumours leads to a mean 

change of 0.3 dB in the magnitude of spectrum. This information can be used as an 

effective tool for determining the tumour depth information. Nonetheless, this 0.3 dB 
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difference is still very weak, which could easily be drowned out in noise. Hence, the 

signal should be de-noised first. Besides, imaging results based on the non-slot and 

slot Vivaldi antenna configurations are also compared. The imaging results indicate 

that the use of the slot Vivaldi antenna provides an image with lower noise due to the 

wider bandwidth as well as the lower frequency components.  

The natural response of object depends only on its properties in terms of surface, 

material, relative permittivity and conductivity. Malignant and benign tumours have 

different morphologies, and this, causes different natural response. The use of the 

SEM extracts the natural response of the benign and malignant tumours, which is an 

important factor in discriminating benign and malignant tumours. Two cancerous 

breast phantoms are developed in the CST. The benign tumour has a radius of 5mm 

and the malignant tumour has an irregular surface with an average radius of 5mm. 

These two phantoms are measured using the single antenna configuration, and 

microwave images are created. The benign and malignant tumours cannot be 

discriminated from the imaging results. Hence, the natural response and the spectrum 

of the tumour response are extracted from the transient signals. The results show that 

the damping factors of the benign tumour are lower than those of the malignant 

tumour. Also, the spectrum of the malignant tumour response is lower than that of the 

benign tumour. The use of the SEM provides a solution to discriminate between 

benign and malignant tumours with similar sizes when the resulting images cannot 

provide sufficient resolution.      

A preliminary study of brain cancer detection is described in this chapter. The brain 

tumour and its electrical properties are discussed first. A cancerous brain model is 

then designed and simulated in the CST. The antenna pair configuration is used to 

scan the cancerous brain with the transmission coefficients recorded. The analysis of 

the received transmission coefficients indicates that the reflected energy increases 

when the antenna moves close to the tumour, as with breast cancer detection. Based 
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on this principle, microwave images for the brain cancer detection are created, which 

correctly indicates the tumour. The simulation shows that brain cancer can be detected 

using the microwave imaging method. However, the brain model requires 

improvement, since the structure of human head is much more complex than that of 

the designed brain phantom. The use of a more realistic brain phantom will help to 

gain insight into the radar based brain cancer detection.  

 

7.3 Contributions   

1. A novel ultra-wideband directional Vivaldi antenna is proposed, simulated and 

fabricated. This Vivaldi antenna operates as a breast cancer detector with the 

following advantages: a) ultra-wideband performance (5-10 GHz) to obtain high 

resolution images; b) directional radiation pattern; c) high near-field power flow 

density to radiate enough power into the breast phantom; d) compact dimension to 

obtain enough of signals during the experiment.  

2. A modified slot-Vivaldi antenna is proposed, simulated and fabricated based on 

the original designed Vivaldi antenna. As well as maintaining the advantages of 

the original Vivaldi antenna, the slot Vivaldi antenna expands the working 

frequency to (3-10 GHz), and this, increases the penetration ability of the antenna 

and the image resolution.        

3. A planar cancerous breast phantom and a hemi-sphere cancerous breast phantom 

are proposed, simulated and fabricated for experimental studies.  

4. The single and antenna pair configurations are proposed. These two antenna 

configurations are then used to measure the planar breast phantom and the 

hemi-sphere breast phantom, with the simulated and measured signals recorded 

and analyzed. 

5. A novel signal processing method is proposed and applied to the scattering signals 
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received. This method is able to remove unwanted parts of the signals such as skin 

reflections and clutter. Compared with the traditional skin effect and clutter 

removal method, the proposed method does not require a reference breast 

phantom, and therefore can be applied in clinical work.  

6. The single antenna and antenna pair configurations based microwave image are 

created to indicate the tumour position. A tumour with 5 mm radius is clearly 

detected. The Vivaldi antenna and the slot Vivaldi antenna based imaging results 

are also compared. The use of the Vivaldi antenna provides clearer imaging 

results compared with the slot Vivaldi antenna in both simulation and 

experimental results. The experimental imaging results contain more noise than 

the simulated images but the tumour position is still clearly indicated.    

7. Near-field electromagnetic theory for breast cancer detection is analyzed. The 

Singularity Expansion Method (SEM) for breast cancer detection is then proposed 

and applied to discriminate the benign and malignant tumours. A benign tumour 

with 5 mm radius and a malignant tumour with an average radius of 5 mm can be 

distinguished using the SEM. The use of the SEM provides a solution to 

discriminate between benign and malignant tumours with similar sizes when the 

resulting images themselves cannot provide sufficient resolution.      

8. A spectrum analysis based tumour depth detection method is proposed. The 

Vivaldi antenna and the slot Vivaldi antenna are used to detect tumours at 

different depth. The results indicate that the use of the slot Vivaldi antenna 

provides a better detection capability.  

9. A wavelet de-noising method is proposed and applied to the scattering signals. 

The de-noised signals are used to create the microwave images. The results 

indicate that the wavelet de-noising method can significantly suppress noise.  

10. A preliminary study of the microwave imaging based brain cancer detection is 

carried out. A cancerous brain model is proposed and simulated using the CST. 

This brain phantom is then measured using the antenna pair based mono-static 
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imaging system, with the microwave images created to indicate the tumour 

location. To the best knowledge, similar research has never been implemented. 

The results show that a brain tumour can be detected using the microwave 

imaging approach.  

 

7.4 Future work   

The possible topics are discussed for further investigation.   

 

7.4.1 The experimental setup  

The proposed Vivaldi antenna and the slot Vivaldi antenna achieve the required 

bandwidth, gain, radiation pattern and beam width for cancer detection. In this 

thesis, the mono-static radar system is employed for the experiments. This system 

uses a single antenna or an antenna pair to scan the breast phantom, with the 

received scattering signals recorded to create microwave images for locating the 

tumour position. The future work can be carried out from the following steps: 

 

7.4.1.1 The cancerous breast phantom  

The breast phantom is simulated and fabricated based on the CST and 

tissue-mimicking approaches. The main structural components of the cancerous 

breast phantom are skin, fat and tumours. However, real cancerous breasts are 

much more complex than the designed phantom. The detailed structure of breast 

has been discussed in Chapter 2. Also, the designed breast phantom has a 

hemi-sphere shape. Actually, the shape of the breast can vary between different 
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people and ages, and may be a hemi-sphere, a bowl shape or a spindle shape. 

Hence, the next step is to design a more realistic breast phantom. This target 

should not be difficult to achieve by simulation but fabrication may be more 

complicated. Hence, the experimental work should be carried out on real patients.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 7.3.1 The proposed imaging system 
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7.4.1.2 Imaging system design 

In this thesis, the antenna is connected to the VNA, with the scattering signals 

measured. The use of the VNA simplifies the design of mono-static imaging 

system. However, the disadvantages of the VNA include its high cost and heavy 

weight. Hence, the future work is to design an imaging system without using the 

VNA. Here, an imaging system can be proposed based on FPGA for real time  

signal processing, as shown in Fig 7.3.1. A driving clock is generated by an 

FPGA and then used to drive a Gaussian Pulse Generator. The Generated pulse is 

modulated by a modulator. This modulated signal is then amplified by a low 

noise amplifier and transmitted by the transmitting antenna. This is the 

transmitting part of the whole imaging system. The receiving part is quite similar 

to the transmitting part. The scattering signal is received by the receiving antenna 

and then amplified by the low noise amplifier. Next, the amplified signals are 

de-modulated and digitalized using the ADC Convertor. The digitalized signals 

are then sent to the FPGA for storage. Finally, the collected signals are 

transferred to a PC for signal and imaging processing. This imaging system is 

quite cheap and easily to be implemented.   

Another issue which should be considered in the future work is the distance 

between the antenna and the skin layer. As discussed, the mono-static imaging 

system uses the antenna to move to scan the breast while maintaining a constant 

distance between the antenna and the skin, since the scattering parameter is 

sensitive to their distance between the antenna and the skin layer. In this thesis, 

the breast phantom is designed as a hemi-sphere shape. Hence, it is easy to 

maintain the distance while moving the antenna to scan the breast. However, real 

breast is not uniform, which increases the difficult of maintaining a steady 

distance. Here we suggest using an infrared ranging system which could be 

mounted on the antenna. The use of the infrared ranging system provides a 
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precise distance detecting approach which would be able to maintain the constant 

distance to the skin.  

Furthermore, some of the studies such as the tumour depth investigation, and 

discrimination between malignant and benign tumours have only been carried out 

by simulation so far. Practical experimental work is still required.  

 

7.4.2 The brain cancer detection 

The results of the preliminary study of the brain cancer detection indicate that the 

microwave imaging method can be applied to brain cancer detection. The brain 

phantom has been simulated as a sphere composed of skin, skull and white matter. 

However, the head structure is much more complex in structure than the simulated 

brain phantom. A more realistic brain model is required for future work.  

 

7.4.3 Image processing 

The resulting images from the methods proposed clearly indicate tumour location. 

However, noise also gathers to mask the tumour. A wavelet de-noising method 

has been proposed and applied to the received signals, but image quality still 

needs to be improved. It is worth noting that strategies for the improvement of 

image quality should not only focus on image processing algorithms such as for 

image de-noising. The antenna design, experimental setup and signal processing 

all contribute to final image quality.   
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7.5 Final Comment  

Today‘s high incidence of cancer requires effective, low cost, diagnostic methods 

which are safe and comfortable for patients to detect cancer in its early stages. The 

microwave imaging based cancer detection method can be an attractive solution to 

satisfy all of these requirements. Currently, this type of emerging technology has not 

been fully studied and the mainstream clinical cancer diagnostic methods are still 

X-Ray, MRI and Ultra-sonic. In this thesis, several techniques to contribute to the 

study of microwave imaging based cancer detection have been proposed and 

developed. It is hoped that future will see the wide use of this potential cancer 

detection method in our daily lives.      
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Design requirements of the microwave imaging based cancer detection and the 

research investigations of this thesis are summarized in Figure 1-5. Each figure details 

the specific design tasks carried out in the appendix chapter and the design tools used 

to carry out the task. 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. The structure of Chapter 3- antenna design. 
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Fig 2. The structure of Chapter 4- cancerous breast phantom design. 
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Fig 3. The structure of Chapter 4- experimental setup and measurement results. 
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Fig 4. The structure of Chapter 5&6 - signal and image processing results. 
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Fig 5. The structure of Chapter 6 – brain cancer detection. 
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