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Near field imaging using microwave in medical applications has gain much attention recently as 

various researches show its high ability and accuracy in illuminating object comparing to the well-known 

screening tools such as Magnetic Resonance Imaging (MRI), digital mammography, ultrasound etc. This 

has encourage and motivate scientists continue to exploit the potential of microwave imaging so that a 

better and more powerful sensing tools can be developed. 

This thesis documents the development of antenna design for microwave imaging application such as 

breast cancer detection. The application is similar to the concept of Ground Penetrating Radar (GPR) but 

operating at higher frequency band. In these systems a short pulse is transmitted from an antenna to the 

medium and the backscattered response is investigated for diagnose. In order to accommodate such a 

short pulse, a very wideband antenna with a minimal internal reflection is required. Printed monopole and 

planar metal plate antenna is implemented to achieve the necessary operating wide bandwidth. 

The development of new compact printed planar metal plate ultra wide bandwidth antenna is 

presented. A generalized parametric study is carried out using two well-known software packages to 

achieve optimum antenna performance. The Prototype antennas are tested and analysed experimentally, 

in which a reasonable agreement was achieved with the simulations. The antennas present an excellent 

relative wide bandwidth of 67% with acceptable range of power gain between 3.5 to 7 dBi.  

A new compact size air-dielectric microstrip patch-antenna designs proposed for breast cancer 

detection are presented. The antennas consist of a radiating patch mounted on two vertical plates, fed by 

coaxial cable. The antennas show a wide bandwidth that were verified by the simulations and also 

confirmed experimentally. The prototype antennas show excellent performance in terms the input 

impedance and radiation performance over the target range bandwidth from 4 GHz to 8 GHz. A mono-

static model with a homogeneous dielectric box having similar properties to human tissue is used to study 

the interaction of the antenna with tissue. The numerical results in terms the matching required of new 

optimised antennas were promising.  

An experimental setup of sensor array for early-stage breast-cancer detection is developed. The 

arrangement of two elements separated by short distance that confined equivalent medium of breast 

tissues were modelled and implemented. The operation performances due to several orientations of the 

antennas locations were performed to determine the sensitivity limits with and without small size 

equivalent cancer cells model.  

In addition, a resistively loaded bow tie antenna, intended for applications in breast cancer detection, 

is adaptively modified through modelling and genetic optimisation is presented. The required wideband 

operating characteristic is achieved through manipulating the resistive loading of the antenna structure, 

the number of wires, and their angular separation within the equivalent wire assembly. The results show 

an acceptable impedance bandwidth of 100.75 %, with a VSWR < 2, over the interval from 3.3 GHz to 

10.0 GHz. Feasibility studies were made on the antenna sensitivity for operation in a tissue equivalent 

dielectric medium. The simulated and measured results are all in close agreement. 
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CHAPTER 1  

INTRODUCTION 
 

1.1 BACKGROUND AND MOTIVATIONS 

 

Breast cancer is one of the major causes of deaths amongst women. More than a million 

women diagnosed with the breast cancer throughout the world every year. The number 

of breast cancer patient in the UK has increased by 12% in the last 10 years. At the 

same time the cutting-edge screening tool reduce the death rate significantly [1]. The 

early detection by imaging the breast which helps in the prevention as well as help early 

treatment becomes the most important process. 

 

Figure 1.1: Incidence Rates, Females, UK, 1993-2009 [1]. 
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Figure 1.2: Survival Rates, Females, UK [1]. 

 

Various standard methods are available for the early detection of breast cancer such as 

X-ray mammography, magnetic resonance imaging (MRI) and ultrasound. Ideally 

imaging methods should be capable of demonstrating high accuracy and sensitivity 

between benign and malign tissues while minimizing the cost, man power and hazard  

[2]. X-ray mammography is the most affective tool and is used for the early detection of 

breast cancer. It shows high percentage of success compare to other screening tools. X-

ray mammography has also limitations [3], in particular  false positive and negative 

rates of 28% to 34% have been reported which have subsequently led to the 

introduction of alternative screening techniques and biopsies for verification. This is 

because the mammography fails to detect the breast cancer with different density and 

tissue content [3]. Also investment and research in X-ray mammography is less 

affordable in many developing countries due to capital expenditure and maintenance 

costs. The use of ionizing radiation is another issue which raises the concern of many 
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scientist and doctors. Although most mammography sets are designed to operate with a 

low radiation level, patients that are undergoing screening on a long term basis might 

suffer from breast cancer caused by the ionizing x-rays. 

 

 MRI and ultrasound which are radiation-free screening methods with contrast 

enhancement that also demonstrate potential imaging technique for breast cancer 

detection. Nonetheless these methods are found unsuitable for mass screening 

programmes and can only be used as a further diagnostic tool for malignity verification 

when dealing with different breast [3]. All these problems motivated and encouraged 

scientists to search for better solutions by taking other approaches such as tissue 

elasticity, temperature and electrical characteristics [4]. For the past two decades using 

microwave for breast cancer detection has attracted much attention as studies show the 

difference of the electrical properties between normal and malignant tissue [5]. As the 

depth of penetration and resolution is completely based on the frequency bandwidth, 

small tumours can be identified more accurately and the screening process is more 

comfortable as the process does not involve breast compressions and radiation [4, 6].  

 

Microwave Imaging via Space-time Beam forming (MIST) [7, 8] and Tissue Sensing 

Adaptive Radar (TSAR) are the two main microwave imaging systems for clinical 

applications. In MIST the candidate lies in a supine position and a series of antenna 

array transmit UWB signals into the flattened breast and the back scattered response is 

recorded. The back scattered response from the malignant tumours tend to create a large 

signal due to the large dielectric contrast between normal and malignant tissues [7-10]. 

These data from the reflected signals are used to construct the image using 3-D beam 

forming design [7, 8]. 
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For TSAR the patient lie prone exposing the breast through an aperture, an antenna is 

used to scan around the breast by transmitting UWB pulse by applying the same 

concept found in modern radar system and the back scattered response is recorded. The 

acquired data is used for the construction of image using 3-dimensional image 

reconstruction algorithm to image any scattering object within the breast. The 

algorithms indicate only the presence of tumour because these algorithms are pre- 

defined and suppress any reflections other than the unwanted one (i.e. well known 

reflection) [11-13] . 

 

MIST and TSAR both are capable of detecting tumours as small as 3mm which is 

crucial in order to differentiate between normal and malignant tissues [7, 8, 11-13]. This 

thesis presents an antenna design which is suitable to be applied in MIST system for 

transmitting UWB signals and capable of receiving any reflection. The antenna will 

operate from 3 – 12 GHz in order to transmit very short pulses with the duration of 4ns. 

 

1.2  OBJECTIVES 

Microwave imaging and non-invasive testing of biological structures has been of 

interest for many years. Recently microwave imaging has been applied to detection of 

breast cancer. Antenna is an important element of imaging system that is why it is of 

great importance to understand the interaction of antenna with breast tissue. 

 

The objective of this research is to create a prototype antenna array for use in 

microwave imaging system. A multistatic array is required in order to achieve high 

resolution with a small number of antennas. 

The main research objectives of the thesis are as the following. 
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 To obtain a comprehensive understanding of various technologies using for 

imaging.  

 To develop the theory of microwave imaging and investigate their performance 

in narrowband/wideband, near field/far field conditions. 

 To develop design concept of UWB antenna, the procedure should be able to 

translate requirements from the application such as operation frequency band, 

radiation pattern, gain etc. 

 To develop design strategies for two element antenna array, this would be able 

to provide the performance of the antenna in imaging system. The interaction of 

the antenna array with the human tissue will also develop using various software 

packages. 

 To verify the performance of the imaging system a prototype of the imaging 

system will be develop against the software design to obtain the comparisons 

which help to push the array-based UWB imaging concept forward into practice. 

1.3   THESIS OUTLINE 

 

This Thesis is divided into eight chapters. The main contents of these are summarized as 

follows: 

Chapter 2: This chapter presents the relevant history and background of the different 

technologies used for the detection of breast cancer. Different technologies are 

discussed and their basic concept of operation and the role potential for the detection of 

breast cancer. Also current regulation and standards activities are addressed.  

 

Chapter 3: This chapter covers the fundamental of microwave imaging, reviews the 

microwave imaging technologies and its applications in various disciplines. Various 
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type of method for breast cancer detection using microwave imaging and dielectric 

properties of biological tissues are also present in this chapter. Also discussed are the 

principles of microwave imaging by reviewing GPR technology and the antenna used 

for short pulse transmission. 

 

Chapter 4: gives the design of strip line fed monopole antenna for microwave imaging, 

and optimisation of the antenna dimensions. Experimental studies on the radiation 

characteristics of the antenna are discussed. Theoretical validation of the experimental 

observation is performed using finite difference time domain analysis.  

 

Chapter 5: In this chapter microstrip patch antenna with air as dielectric and different 

shapes of radiating patch are studied in the frequency domain. The operating principle 

of the antenna is addressed based on the antenna performance and characteristics. Also 

discusses are the simulated and measured results of the proposed UWB antenna designs. 

The interaction of the antenna with the tissue is also carried out using simulation 

software (HFSS). 

 

Chapter 6: discusses the development of a suitable phantom for the microwave 

imaging. The performance of the two antenna array is studied. We also experimented 

with the arrangement of transmit and receive antennas with respect to each other, and 

determine three layouts that provide the best tumour detection capabilities. These 

experiments were performed using phantom with a 4 mm skin layer filled with 

vegetable oil. These experiments performed by first recording a base line measurements 

i.e. when no tumours are  present and then the tumour is placed in the tissue 
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Chapter 7: presents the development of wire bow-tie antenna designed primarily for 

microwave imaging applications such as breast cancer detection. The application is 

similar to the concept of Ground Penetrating Radar (GPR) but operating at higher 

frequency band. In these antennas a short pulse is transmitted from an antenna to the 

medium and the backscattered response is investigated for diagnosis. In order to 

accommodate such short pulse, a very wideband antenna that occupied 4 to 8 GHz 

bandwidth with minimal internal reflections is required. The resistive loaded antenna is 

implemented to achieve the necessary operating wide bandwidth and also to minimize 

the late-ringing of the antenna. 

 

The basic concepts of the research and a summary of the principal outcomes are given 

in Chapter 8, together with notes on possible future developments to specific strands of 

the work, and the field as a whole. 
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CHAPTER 2  
 

VARIOUS TECHNOLOGIES 
  
2.1   VARIOUS TECHNOLOGIES FOR BREAST CANCER 
 

Breast cancer is the most common non-skin related malignancy and the second leading 

cause of cancer death among women in the United States [1]. Every year more than 

180,000 new cases of breast cancer are diagnosed and more than 40,000 women die 

from the disease. Early detection of the disease will be look upon as the best hope for 

reducing the serious toll of this disease until research uncovers a way to prevent breast 

cancer or to cure all women. The early detection of cancer by screening reduced 

mortality from cancer [1-4]. 

 

Fifty years ago there was no establish method for the detection of breast cancer at an 

early stage but advances in technology and legal mandates have thoroughly changed the 

situation. The use of X-ray imaging for the detection of breast cancer was first 

suggested in the early 1900, mammography was not an accepted technology until the 

1960s. New or improved technologies are also rapidly emerging and providing hope of 

early detection. 

 

Over the past decade the investment in breast cancer research including early detection 

has increased significantly. Research has intensified with federal funding and private 

firms have turned more attention to breast cancer detection. Large number of work on 

breast cancer gets support from the U.S.  Department of Health and Human Services, 

the U.S. Department of Defence, the national Aeronautics and Space Administration 
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and several intelligence services have agreed to apply their imaging expertise to 

mammography. Biotechnology and device companies have many developing 

technologies that might improve the ability to detect the breast cancer early at curable 

stage. 

 

Advances in imaging include reducing the dose of X-rays, enhancement of digital 

images, computer-assisted analysis of images and the use of alternatives to X-ray such 

as ultrasound, magnetic resonance imaging (MRI), and optical imaging help in the 

detection of tumour at early stage. Many techniques such as high-resolution imaging 

and image processing which were developed for application like space science are used 

for breast imaging which help us to improve accuracy, speed, easy to use and also lower 

the cost. Advances in genetics and increased knowledge of the basic biology and 

ethology of breast tissue also help in early detection and diagnostic of the tumour. 

 

Development of technologies and advance of new science is not enough for the early 

detection of breast cancer. The technological advances must be thoroughly evaluated 

before they are widely used by the women. The evaluation involve various stages, 

including Food and Drug Administration (FDA) approval, adoption by health plans and 

providers other factors are also consider like safety, accuracy, cost-effectiveness, and 

negative side effect. It is important to understand the value and limits of tests and how 

they fit into the goals of medicine [5].  

 

2.2  SCREENING 
 

Three related measurements define the performance of screening test i.e. sensitivity, 

specificity and positive predictive value. Sensitivity of the screening test shows 
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proportion of people with the disease who test is positive. Specificity is the measure of 

proportion of people with no disease. The positive predictive value is the portion of 

individuals with a positive screening test result who actually have the disease. When 

evaluating potential screening technologies it is important that the natural history of the 

disease should be sufficiently well known, risks resulting from screening should be 

acceptably low, and should be able to show high accuracy to conclude that the early 

detection of the disease will be beneficial. Above mention standard is useful in the 

judgments of the usefulness of the screening technologies. 

 

2.3  CANCER RISK 
 

The term risk refers to the quantitative measure of the probability of developing or 

dying from disease such as cancer. Various methods of risk are used to make the 

decision for cancer screening which include absolute risk or relative risk. 

 

Absolute risk is a measure of risk over time in a group of individuals and may be used to 

measure lifetime risk or risk over a narrower time period. For example, the absolute risk 

of developing breast cancer during any given decade of life will be lower than the 

absolute risk of developing breast cancer over a lifetime, which is essentially a 

cumulative risk over successive decades of life. It is a function of two factors that vary 

at different ages, the incidence rate of disease and the rate of death from other causes, 

both of which increase with age but which have opposite effects on the absolute risk of 

developing breast cancer. Thus the lifetime risk of developing breast cancer is 14.4%, 

whereas the absolute risk of developing breast cancer over the decade between the ages 

of 40 and 50 is 1.8%, over the decade between the ages of 50 and 60 is 3.2% and that 

over the decade between the ages of 60 and 70 is 4% [10].  
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Figure 2.1: A History of Breast Cancer Screening [6-9]. 
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Figure 2.2: Breast cancer incidence and mortality rates in the United States, 1950-1998. 

     
 

Relative risk is a comparative measure and is based on a comparison of the disease 

incidence in two populations. It compares the risk of developing cancer in people with a 

certain exposure or genetic trait (i.e. environmental or genetic risk factors) with that 

people without this exposure or trait. A relative risk greater than one implies elevated 

risk for the disease, whereas a value less than one implies a protective affect for the 

given factor. For example, smokers are 10 times more likely to develop lung cancer than 

non-smokers and are thus said to have a 10-fold relative risk of developing lung cancer 

compared to non-smokers (American Cancer Society, 2000), however, most relative 

risks for cancer are not this large. In the case of breast cancer, the relative risk 

associated with most defined risk factors is 2 or less. For example, women with a first-

degree (mother, sister, or daughter) family history of breast cancer have about a two-
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fold relative risk of developing breast cancer compared with that for women without 

such a family history.  

 

Relative risks may seem large while the corresponding absolute risk may be relatively 

small. For example, the relative risk for thyroid cancer following therapeutic radiation 

therapy is increased 16-fold compared with the risk for the general population; however 

this translates to an absolute risk of 1.7% over the 20-year period following radiation 

exposure [11]. Absolute risks may be directly compared with one another, whereas 

relative risks may vary depending on the reference (control) population being studied. 

 

2.4    BREAST CANCER DETECTION 
 

Breast cancer detection consists of three distinct stages. The first stage is the 

identification of the abnormal tissue either by physical examination or by an imaging 

techniques most commonly mammography. After identification of the breast cancer the 

tissue diagnosed as benign or malignant by using additional imaging techniques such as 

biopsy and microscopic examination of the tissue morphology. In third the abnormal 

malignant is further characterised to determine the stage according the size of the 

tumours and an appropriate treatment. There is less aggressive treatment for the tumours 

which are found by screening at their early stage. Screening is promoted as the key to 

the reduction in breast cancer mortality through early detection. Screening provides a 

mean for the identification of the tissue abnormalities and determines whether the 

abnormality identifies by the imaging system is benign and harmless or malignant and 

life threatening. Despite the screening method detect the cancer early and reduce the 

disease mortality rate to some degree, but all the cancer detection screening technology 

has the limitation because the sensitivity and the specificity are not 100%. Screening 
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program will provide some false findings such as false-positive and false-negative, 

which will have impact on the screening population, furthermore that the screening does 

not guarantee that the women will not die of breast cancer. Detection will not 

necessarily produce a cure. Some cancer will rapidly develop during the period between 

screenings and such aggressive tumours are difficult for treatment.     

 

One limitation with the current technology for mammography is the high rate of false-

positive result in which the abnormal patient are subsequently found to be free of breast 

cancer. To avoid  the number of false-positive results the specificity of a test must reach 

99%  but most of the screening test have specificity range of 90% to 98% and 

increasing the number of false-positive result becomes a cause of concern [12]. 

 

No screening or diagnostic technology is perfect and thus some false-negative results 

are inevitable. Some tumours are not detected by the mammography because a normal 

mammography does not guarantee that a woman is free of breast cancer. The publish 

study shows that the sensitivity of the screening mammography ranges from 80% to 

95% [12]. There are four main reasons for the failure to detect the breast cancer. 

Inherent limitations of mammography, inadequate radiographic technique, subtle or 

unusual lesion characteristics and errors of interpretation [13-15]. A false-negative 

finding on a mammogram can be quite harmful to the woman whose cancer is missed 

regardless of the cause. A delay in diagnosis will delay treatment, and at some point the 

treatment will not be effective because the tumour have sufficient time to grow and 

progress. 
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2.5     LACK OF DATA FOR OLDER WOMEN 
 

The risk of breast cancer increases with the age throughout the women lifetime and 

sensitivity and positive predictive value of screening mammography also improve as 

women age [12, 16]. However few data are available on the benefit of screening 

mammography in women age 70 and older and thus uniform recommendations do not 

exists for the women in this age group. Because the number of small data available the 

efficiency of the mammography in older women is unknown. Comparing with the other 

cases screening of some older women may be less beneficial and cost effective because 

of their shortened life expectancies. 

 

2.6     BREAST IMAGING AND RELATED TECHNOLOGIES 
 

Medical imaging is very important for breast cancer screening, diagnose and staging. 

The most sensitive technique for the detection of the breast cancer is mammography. 

The screening mammography secures an important place in health maintenance for 

women in the United States, but it is not perfect. 

 

X-ray mammography provides high-quality images at low radiation in majority of cases 

comparing with the conventional film-based mammography which may not provide the 

correct information for some women with radio dense breast tissue. According to the 

previous result the technology missed about 15% of the breast cancer lesions. Studies 

have shown the percentage of the positive predictive value of the conventional 

mammography ranges from 15 to 40%  [16-18] and 60 to 85% of the lesions detected 

by the mammography are benign and many biopsies could potentially be avoided which 

causes a major problem to improve detection, diagnosis and monitoring of treatment for 

breast cancer. Other imaging technologies such as magnetic resonance imaging and 
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ultrasound are being tested for the application of breast cancer which shows promising 

result. Additional tools such as positron emission tomography, magnetic resonance 

spectroscopy, scintimammography and optical imaging are under investigation. No 

single imaging method shows both high sensitivity and high specificity and diagnosis of 

breast cancer. 

 

The various technologies can be summarised into three categories as follows: 

 

1- One currently in use such as X-ray mammography and ultrasound. 

2-One commonly use for the medical imaging such as magnetic resonance imaging 

(MRI) we experiment with them with regard to breast cancer detection. 

3- Novel imaging modalities that may be used in the future. 

 

The later chapter will describe the current state of the art as well as the associated new 

promising imaging technology such as optical and microwave imaging and how the 

novel technologies had high impact on the breast cancer detection. 

 

2.7   BASICS OF IMAGING ANALYSIS 
 

         Three goals in mind when developing a technology for the breast imaging are: 

1- To identify abnormal tissues. 

2- To find the exact location of the abnormalities and helps for further examination 

and treatment. 

3- Characterize the abnormalities which help in the decision making process after 

identification. 
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An ideal imaging technique will accomplish the entire three goals in one single 

technique. But in real life most of the technology not able to achieve all the goals, the 

technology focus on one goal at a time. The developer focuses more on the detection 

method and generates detection method more practical, harmless, and inexpensive than 

the current method and is of interest to the patients. 

 

Some of the medical imaging methods used the structural or morphological difference 

in tumours such as tissue masses, micro calcifications, angiogenesis, asymmetry and 

architectural distortion and some of more recently developed imaging techniques give 

information about the biological or functional difference between the normal and 

tumours tissue [19, 20]. An ideal imaging technique should provide information on both 

the structure and function, but very challenging at present to achieve this goal. 

 

Imaging technology for the breast cancer detection is based on the physical, mechanical, 

electrical, chemical and biological properties of the tissue. Although the technical 

applications of the imaging tool vary in their main applied techniques but all of them 

have a common goal. All these imaging technique involve image assembly and also 

include the signal processing and identification of the reflected desired signals. 

 

 

Figure 2.3: Properties of breast tissue exploited by different modes of imaging 
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TABLE 2-1 Current Status of Imaging and Related Technologies Under Development for 

Breast Cancer Detection  

 Current 

Status  

  

Technology  Screening  Diagnosis  FDA approved for 

breast 

imaging/detection  

Film-screen mammography (FSM)  +++  +++  Yes 

Full-field digital mammography (FFDM)  ++  ++  Yes  

Computer-assisted detection (CAD)  ++  o  Yes  

Ultrasound (US)  +  +++  Yes  

Novel US methods (compound, three-

dimensional, Doppler, harmonic)  

o  o  No  

Elastography (MR and US)  o  o  No  

Magnetic resonance imaging (MRI)  +  ++  Yes  

Magnetic resonance spectroscopy (MRS)  −/o 
a
  +/o 

a
  No  

Scintimammography  o  +  Yes  

Positron emission tomography (PET)  o  o  Yes  

Optical imaging  o  +  No  

Optical spectroscopy  −  o  No  

Thermography  o  +  Yes  

Electrical potential measurements  o  +  No  

Electrical impedance imaging  o  +  Yes  

Electronic palpation  o  NA  No  

Thermoacoustic computed tomography, 

microwave imaging, Hall effect imaging, 

magnetomammography  

NA  NA  No  

 

— Technology is not useful for the given application.  

NA  Data are not available regarding use of the technology for given application. 

o  Preclinical data are suggestive that the technology might be useful for breast 

cancer detection, but clinical data are absent or very sparse for the given 

application.  

+  Clinical data suggest the technology could play a role in breast cancer detection, 

but more study is needed to define a role in relation to existing technologies.  

++  Data suggest that technology could be useful in selected situations because it adds 

(or is equivalent) to existing technologies, but not currently recommended for 

routine use.  

+++  Technology is routinely used to make clinical decisions for the given application. 
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2.8    IMAGING TECHNOLOGY FOR THE DETECTION OF                                                    

   BREAST CANCER 
 

2.8.1 Digital Mammography 
 

 Full field digital mammography (FFDM) is similar to that of the traditional film-screen 

mammography (FSM) system except that they have the facility of electronic detector 

that capture the X-ray signals and display them on the screen or laser printed film. Still 

the proper positioning and compression of the breast are the problem of the digital 

mammography. The digital detector array responds to X-ray exposure and then sends an 

electronic signal for each detector location to a computer, where it is digitized, 

processed, and stored as a specific signal and location. The goal of the digital 

mammography is to detect the breast abnormalities and to improve the image quality 

with the low dose of radiation compared with that required for the traditional film-based 

mammography. 

 

 

Figure 2.4: Examples of Film Screen Mammography images of the breast [21]. 
 

 

Digital mammography separates the picture from the display and add feature to the 

image like brightness, magnification and contrast which is not possible with the 
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traditional film-screen mammography FSM [21]. The digital mammography makes the 

question area more visible which help to avoid more X-ray exposure. The digital 

mammography also help us to construct a three dimensional image which is called 

hologram and this can be done by taking image at different angle and the other 

advantage is that these digital images can be transmitted to the far area by satellite or 

long distance transmission lines for the consultation and the process is known is 

telemammography. 

 

Figure 2.5: Examples of Full-Field Digital Mammography images of the breast [22]. 
             

 

When the image is shown on the monitor it can be made clearer by fine tuning which 

help to improve the cancer detection which is missed with the traditional 

mammography. Digital mammography faces some fundamental technological problem. 

One limitation of the digital mammography is the spatial resolution and luminance 

range when the image is displayed on the monitor. Even the more advance monitor 

technology is lower for the digital mammography compare to the traditional film-screen 

mammography. The best of the digital mammography have spatial resolution up to 12.5 

lines per mm where the conventional mammography has 20 lines per mm. The digital 
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mammogram can also be printed on the laser printer but they are costly and some time 

we need more than one version for the clarity of image. There is a great need for the 

cost effective digital display for the high-resolution and high-contrast. The other 

important issue is that how effective the data should present so that we can get the 

maximum information. This can be done by implementing user interface to process the 

data using computer work station. The other problem is the images on the FSM cannot 

be converted on the digital mammogram for comparison and the communication 

system, thus they should be advanced on these digital mammogram so that the specialist 

have access to these at different location. Recently developed digital mammography is 

photostimulatable phosphors, scanning detectors, optically coupled two-dimensional 

arrays, large area detector and new detector material. The detector should be good 

enough so that it can image the breast up to the chest wall. 

 

Four manufacturers currently have digital mammography systems. The Fuji and the 

General Electric systems have the mammography system with the spatial resolution of 

100µm and that of Fischer system is 54µm and Hologic`s have digital mammogram of 

resolution of 41µm. The first digital mammography machine, only facilitate the hard-

copy display which is not helpful for the development of the soft-copy in January 2000, 

In November the food and drug administration (FDA) gives approval to the General 

Electric for the soft copy mammogram reading. Many manufacturers conduct clinical 

trial with the FFDM to get the approval of the FDA but still waiting for the result. The 

U.S army support a trial in which a population of 7,000 women over age 40 were 

screened to compare the FFDM and FSM. The result shows that the FFDM performs no 

better than the standard FSM in detecting the malignant lesions. The available 

information shows that the FFDM are not more affective and offer significance over 
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FSM for the detection. The FFDM is at its early stage and the data available is not 

enough to decide the significance of FFDM over FSM. The American college of 

Radiology Imaging Network trial of digital mammography will play vital role to 

develop the FFDM and also the FFDM is at its early stage compare to FSM and the 

application to solve the digital information like tomosynthesis, telemammography and 

CAD make the FFDM technology more effective in the near future for the breast cancer 

detection. 

  

X-Rays can be another powerful technique for the detection of cancerous tissue. The 

synchrotron accelerator can generate near Nano-energetic X-ray instead of the X-ray 

used in conventional mammography. X-ray CT is used to generate three-dimensional 

images of the body for more than 20 years. X-ray computed tomography (CT/M) is used 

for early detection of the breast cancer. (CT/M) diagnosis where the mammography fail 

to detect a lesion[22].  Although CT/M will not replace conventional mammography for 

routine breast examinations, it may provide an option for overcoming some limitations 

of mammography [23]. 

 

For Example the tuned-aperture computed tomography (TACT) is the method of 

viewing the breast layer or constructs the 3D image. A reference system is used to 

reconstruct the image. The process is more comfortable in regard to the compression 

and the amount of radiation. Multiple TACT images can be reconstructed with the same 

dose of radiation to the patient needed to obtain a single two-dimensional conventional 

digital mammogram. 
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2.8.2 Computer-Aided Detection and Diagnosis  
 

CAD systems consist of sophisticated computer programs that are designed to recognize 

patterns in images. The main purpose of CAD is to detect the lesion and then 

differentiate it as benign and malignant. The CAD can also be used with the digital 

mammography or standard film-screen mammogram. In addition, the CAD is not very 

useful tool without the help of the radiologist, but it helps a lot the radiologist’s ability 

to detect and classify the breast lesion [24]. 

 

Image interpretation of the screen mammography is a challenging job out of 1000 

women screened for cancer 1.5 - 6 cancers are identified so the radiologist has to read 

many film to detect the effected one and the process is to be fast enough in that case 

some of the cancer missed and if the two radiologist interpret the screen image is not 

cost affective [25]. The CAD technology should be good enough to determine the false-

positive which will enable the CAD as accepted tool and it will avoid patient from 

further biopsy.  Further study of CAD with the digital mammography is continued and 

various companies linked together to introduce the digital mammography with the CAD 

approved by FDA. The commercially available CAD is not capable to differentiate the 

found lesion as benign or malignant. Current experimental systems used to distinguish 

benign and malignant lesions suggest that the positive predictive value of a radiologist's 

reading can be significantly increased by using CAD. 

 

2.8.3 Ultrasound 

Ultrasound waves are high frequency sound waves that reflect from the boundaries 

between the tissues with different acoustic properties. The depth of these boundaries is 

proportional to the time interval of reflection. The ultrasound uses for the identification 
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of cysts and help the patient for the further biopsy. The main development in the 

ultrasound is the differentiating between the benign and malignant and selection for 

biopsy. Due to the different sound of the normal tissue and a tissue with fluid-filled cyst 

determine the lesion is malignant or benign. In order to determine that the lesion that is 

found in the mammography, the X-ray mammography is followed up by ultrasound in 

order to determine that the lesion is cyst or solid because a fluid-filled cyst has a 

different sound. 

 

Ultrasound imaging of the breast help the radiologist evaluate some lump from the 

breast that can be felt but difficult to see on the mammogram in dense breast. 

Researches use ultrasound to distinguish the benign and the malignant [26]. Study of 

breast lesions shows that the ultrasound is 99.5% accurate to differentiate the benign 

and the malignant and more than half of the biopsy avoided by deciding who should be 

sending to biopsy [27]. The ultrasound with the standard mammography is good tool for 

early detection but the combine image is less. 

 

accurate for non-palpable tumours [28]. One screen study showed that the ultrasound 

could detect some early breast cancer so in future the ultrasound is useful tool for the 

screening of young woman with the dense breast and high risk. 

The conventional ultrasound is limited to its ability to detect cancer [29]. The 

phenomena called the speckle which is due to the interaction of ultrasound with the 

tissue. Speckle and other noise can degrade the detection of the cyst and the solid 

masses. A new technique called “compound imaging” reduces the speckle in breast 

images [29]. 
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Figure 2.6: Results from the Department of Defence study for the clinical evaluation of 

full field digital mammography for breast cancer screening. 
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In conventional ultrasound the beam strike the tissue from a single direction but new 

technique the beam strike the tissue from different angle which reduce speckle. A three 

dimensional imaging ultrasound is under investigation. In three dimensional imaging 

the volume of tissue rather than a single slice is display which gives more information 

about tumour and also shows changes of masses with time, the three dimensional 

imaging ultrasound getting attention in the gynaecology.  

 

The three dimensional imaging ultrasound for breast imaging is under development. 

Ultrasound is useful in providing information about blood flow through the acoustic 

frequency shift as a function of blood cell motion at particular position in tissue. The 

increase in the detection of tumour blood cell can play a role in the differentiation of 

benign and malignant but this is not proving to be reliable [30, 31]. 

 

 Elastography is another application of ultrasound in breast cancer detection. Like 

palpation it detects tissue stiffness and other mechanical properties. In elastography the 

mechanical properties are measured from point to point and are mapped into images. 

Elastography has the ability to detect the breast abnormalities. Ultrasound is well 

established for distinguishing cysts from solid lesion and detects the cancer before the 

biopsy and furthermore it has the ability to characterised tumour as benign or malignant. 
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2.8.4 Magnetic Resonance Imaging 
 

Magnetic resonance imaging is created by recording signal generated after excitation of 

hydrogen nuclei in tissue exposed to strong static magnetic field. The signals have 

characteristic that vary according to tissue type (e.g., fat, muscle, fibrotic tissue). The 

method has less hazards because no exposure to radiation. The MRI is used to find the 

structure abnormalities in the tissue. Some new version gathers information about breast 

lesion. The first result from MRI in 1980 was disappointing. The intravenous contrast 

agent with the MRI foils show advancement. The malignant showed intense uptake of 

the contrast agent while the normal tissue did not. 

 

Two different MRI techniques are being evaluated to detect breast tumours: dynamic 

contrast imaging and three-dimensional high-resolution imaging. Dynamic imaging uses 

contrast agent because the malignant have enhance and leaky vessel compared to the 

normal tissue so they take up the contrast agent more quickly [32]. Dynamic contrast 

imaging typically images only a cross section of the breast. Three-dimensional high-

resolution imaging, on the other hand, generates whole-breast images, which allow 

radiologists to detect additional breast lesions that may be missed by dynamic contrast 

imaging. Fast growing technology will enable us to allow dynamic imaging with the 

three dimensional high resolution images. MRI can miss small cancer if it not takes the 

contrast agent and negative MRI result show the absence of tumour. MRI more 

expensive compare to ultrasound and X-ray mammography and MRI capable of 

imaging the breast is not available in all institution. 
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Figure 2.7: Example of a magnetic resonance image of the breast [32]. 

 
 

2.8.5 Magnetic Resonance Spectroscopy 
 

Photo magnetic resonance spectroscopy used by the physical chemist to detect the large 

molecule in solution and also used to measure the biochemical component of the cell 

and tissue [33]. Metabolites changes to abnormal level in cancer and these changes can 

be detected in the tissue by MRS. The method is under active investigation as a 

diagnostic adjunct to mammography and other accepted imaging techniques. MRS can 

be used to analyse the fine needle aspiration (FNA). Cytological analysis of FNA is 

variable depending on the skill and experience of individual. MRS has been studied as 

an alternate approach to diagnosis by analysis of FNAs. The MRS has the potential to 

distinguish the benign and malignant. 

 

2.8.6 Scintimammography 
 
Unlike the imaging methods described thus far, in which the transmission of various 

forms of energy through the tissues is used to generate an image. Nuclear medicine uses 

radioactive emission from the traces injected in to the body that accumulate in the 
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specific tissue. Scintimammography uses radioactive traces to produce the images of the 

tumours. The traces more concentrate on the breast cancer than the normal tissue, 

different radioactive component but the one approved by the FDA is ,technetium-99m 

sestamibi (MIBI), because of the use of the radioactive compound the radiation may be 

harmful but a small dosage of radioactive is consider safe except for pregnant women 

and young children. The scintimammography is generally more expensive than X-ray 

and ultrasound but less expensive than MRI [34]. MIBI has limitation it can be affected 

by the dense breast tissue [35]. Different studies had find out that scintimammography 

did not meet the criteria to differentiate between the benign and malignant lesion. 

Scintimammography has the potential to detect similar to mammography but the 

technical limitation such as resolution limited its use. Although it is FAD approved but 

the data available not favour its standard implementation. Technological improvement 

and new compound may improve its application but its feature is uncertain. 

 

Figure 2.8: Example of scintimammography. Findings: Focal uptake in the right breast 

in the area of a palpable mass [34]. 
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2.8.7 Positron Emission Tomography 
 

Positron Emission Tomography (PET) use radioactive traces such as labelled glucose 

which identify the region in the body with increase metabolic activity [36]. Because the 

malignant tissue metabolizes the glucose that is different from benign lesion but there is 

not enough data to access that the PET in the breast cancer diagnostic. Theory shows 

that PET scan can useful to distinguish malignant from the benign lesion. PET scanner 

is very expensive and the agent uses by the PET also last for short time. 

 

2.8.8 Optical Imaging and Spectroscopy 
 

Investigators are developing a variety of devices and agents to aid the in vivo diagnosis 

of breast cancer by optical methods [37]. The use of light to image lesions in the breast 

was first reported by Cutler in 1929 and consisted of simple trans-illumination, 

performed by placing a light source against the breast and observing differences in the 

transmission of light through the tissue. During the 1980s, a digital trans-illumination 

system that used two light wavelengths (also known as diaphanography) was developed 

and tested, but the results were conflicting, and many systems showed low sensitivity 

and specificity, so the FDA approval was not granted and the technology did not go 

forward [38]. In the past the imaging tissue with light was restricted due to the 

overwhelming i.e. the optical radiation spread through the tissue. Now a day’s 

advancement in the optics has the potential for the detection of breast cancer [39, 40]. 

Currently two main areas are considered, these are the optical spectroscopy and optical 

imaging. 

 

Optical Spectroscopy to characterised the structure and the biochemical content of the 

lesion and the optic image for the location and type of lesion ”Optical Biopsy” through 
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spectroscopy in the technology under investigation for breast cancer detection [41] . 

Optical biopsy has the ability to differentiate between the tumour and normal tissue. For 

several years, researchers have been developing an optical biopsy technique known as 

“elastic scattering spectroscopy” (ESS) for the diagnosis of cancer. Elastic Scattering 

Spectroscopy in which pulse of light through the fibre optic in contact with the tissue 

and the spectral analysis of the light that reflected back from the tissue. Pre-defined 

algorithms are required for the spectrum analysis. 

 

Optical imaging or tomography is less expensive compared to the other mammography 

and is under investigation for the detection of breast cancer. The optical imaging use 

infrared range light wavelength 700 – 1200nm which is non-ionizing to produce an 

image. Advantages of technology involve comfort, speed, harmless. A scan can be taken 

by placing pad against the breast without compression in 30 second. Optical imaging 

and optical biopsy is under development for the breast cancer detection. Optical 

scanning images can also be digitized, thus allowing image manipulation, serial studies, 

and analysis by computer algorithms bring them to the clinic but it not certain yet 

further studies of both applications on going. 

 

2.8.9 Thermography 
 

Infrared thermal imaging has been used for several decades to monitor the temperature 

distribution over human skin. Abnormalities such as malignancies, inflammation, and 

infection cause localized increases in temperature that appear as hot spots or 

asymmetrical patterns in an infrared thermogram. Scientists have been thinking from 

many years that the technique can be used for breast cancer.  However, the results have 

been inconsistent and scientific consensus has been difficult to achieve but on the other 
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hand the infrared technique been used widely used in other application like industry and 

security application and in the recent years the technology is transfer from the military 

to the medicine use. 

 

A breast tumour can raise the temperature of the skin surface by as much as 3 degrees C 

compared with the temperature of the skin surface of a woman with normal tissue. 

Although this phenomenon is not well understood, likely mechanisms include elevated 

rates of tumour metabolism and elevated levels of vascularity and perfusion. The body 

dissipate the heat through the emitted infrared and the camera detects the heat. The 

procedure requires no compression of breast and no exposure to the radiation. The first 

report on the thermography was published in 1956 (Lawson) and good piece of work 

carried out on the thermography in between 1969 – 1970 nearly 2000 and 3000 clinic 

actively working in the united states before the FDA approval for the device become 

necessary [42]. In 1976 the first clinical trial on the thermography was carried out to 

compare the thermography with the mammography the published results show a high 

rate of false positive compare to the mammography. Due to the high interest in the 

mammography the interest in thermography disappear. However the recent development 

i.e. the modern digital infrared camera awake interest [43]. 

 

2.8.10 Electrical Potential Measurements 

The normal polarisation of the epithelial tissue depolarised with the rapid proliferation, 

this depolariszation involve the transmembrane electrical gradient and transepithelial 

electrical gradient which are the content of the epithelial cell. The technology uses 

electrical potential measurements for the detection of cancer. Electrical potential sensor 

placed over both the breast and reference sensor placed on the palm after a time period 
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average voltage of each sensor recorded difference in the electrical potential calculated 

on both the breast [44-46]. The technology is not approved by the FDA yet but it got the 

CE mark certificate will allow the system in Europe.  

 

2.8.11 Electrical Impedance Imaging 

Transmission of the low voltage signal through the breast tissue is used to measure the 

electrical impedance of the tissue. The cancerous tissue decrease the impedance 40 

compare to the normal tissue [47]. Electrical impedance imaging is pain less and do not 

require any compression of the breast and avoid exposure to the radiation. 1 volt of 

signal is transmitted to the breast through the patient arm and with the help of a probe 

the electrical signal is measured the region of low impedance show bright area on the 

computer screen. 

 

 

Figure 2.9: Example of an electrical impedance image of the breast. White Spots in the 

centre of the displays are the nipples. The white spots in the outer sectors identified by 

the arrows were found to be invasive ductal carcinoma on biopsy. Source: Transcend 

Medical, Ramsey, NJ. [47]. 
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2.8.12 Electronic Palpation 
 

Electronic palpation uses pressure sensor to measure the palpation i.e. the hardness and 

the size of the lesions. This technique can compare the electronic palpation with the 

manual physical examination but the electrical palpation offers the potential to 

standardize the performance, documentation, and serial monitoring of physical breast 

examinations. Assurance Medical has developed a system that uses an array of pressure 

sensors mounted in a handheld device that is gently pressed against the breast and 

moved over its surface (Assurance Medical, Inc., 1999). The resistance of the breast to 

the device are measured by the pressure sensor and generate the computer images which 

define the hardness and size of the breast lesions. 

 

2.9 EXAMPLES OF THE TECHNOLOGIES IN THE VERY EARLY 

STAGE OF DEVELOPMENT 
 

2.9.1 Thermoacoustic Computed Tomography 
 
Thermoacoustic computed tomography (TCT) exposes the breast to short pulses of 

externally applied electromagnetic energy. Differential absorption induces differential 

heating of the tissue followed by rapid thermal expansion. This produce a sound wave 

which is absorbed by array of ultrasonic transducers around the breast, the timing and 

the sound of the acoustic is used to construct a three dimensional image of the tissue 

[48]. TCT does not use ionizing radiation and does not compress the breast. As 

currently designed, the TCT ultrasonic transducers are arrayed around a hemispheric 

bowl that is filled with deionized water. The device is mounted beneath a table. To 

image the breast, the woman lays prone on the table with her breast immersed in the 

water through a hole in the table. The breast is scanned in approximately 1.5 minutes. 

One major limitation of traditional X-ray mammography is that it creates a two-

dimensional projection of the breast that is highly dependent upon the orientation of the 
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breast, the X-ray source, and the detector. The TCT produce the 3-Dimensional images 

which show less variability, changes are more apparent but the 3-Dimensional are 

difficult to display and analyse and the time and price is normally greater than the X-ray 

mammography. 

 

The TCT image basically determines the electromagnetic absorption properties of the 

tissue. Cancerous tissue is two to five time more absorptive than the non-cancerous 

tissue due to the increase water and sodium content in the malignant cell [49-51]. The 

development of the TCT is still in its early stages further studies going on with the 

technology. 

 

2.9.2 Microwave Imaging 
 

Microwave imaging is a new technique that uses the differential of the water content of 

the cancerous tissue and non-cancerous tissue. The technique transmit short pulses of 

lower power microwave into the breast and backscattered energy through the antenna 

position on the breast collect the signal and produce the three dimensional image. 

Normal tissue is transparent to microwave however the malignant tissue due to the 

higher water content and the dielectric properties of the cancerous tissue and the breast 

fatty tissue cause more scattering and help to detect the tumour [51]. Microwave has 

attractive feature it does not require breast compression and do not use ionize radiation 

and produce a high contrast 3-D image. Microwave imaging for the breast cancer is an 

extension of the work that was used for the non-medical application like ground 

penetrating radar for detection of land mine and detection of weapon at the airport 

(Microwave News, 2000). Microwave imaging research is implemented by the 

computer modelling which measure the electrical properties of the breast tissue and 
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modelling result shows that microwave can detect tumour up to 2mm at depth of 4 cm 

in the tissue. 

 

2.9.3 Hall Effect Imaging 
 

Hall effect imaging is based on the Hall Effect discovered in 1879 by Edwin Hall [52-

54]. HEI produce vibration in the charge particle when an electrical pulse is passed 

through the body and the body is exposed to a very strong electromagnetic field. The 

vibrating particle will produce sound wave that can be detect by the ultrasonic 

transducer which will form it into 3-dimensional image. Different material has different 

electrical properties as the other new technologies i.e. microwave, TCT using the 

electrical properties of the tissue. Hall Effect had been used non-medical application for 

many years now research using it for the human tissue for cancer detection. Perhaps the 

biggest limitation to the future application of the technology is the cost. As with MRI, 

HEI will require an expensive, superconducting magnet to produce a sufficiently strong 

magnetic field. Cost alone would likely limit its usefulness as a breast cancer screening 

technology, but if the technique is developed, it might be useful for limited, specific 

populations of women, as has been the case with MRI. 

 

2.9.4 Magneto-mammography 
 

Magnetic source imaging of the breast, magnetomammography (MMG), is a new 

technique being investigated by using extremely sensitive Superconducting Quantum 

Interference Device (SQUID) magnetometers. Tumour-specific agents introduce into 

the body intravenously and use SQUID magnetometers to detect tumours. This 

technique use same method to scintimammography except the magnet agents and 

SQUID magnetometer replace the radionuclides and gamma cameras. 
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SQUID magnetometer have been used in the past to detect the magnetic fields produce 

by the electrical activity of the body parts such as brain and heart [55]. MMG research 

is focus to develop the agent that is specific to cancerous tissue. At the present no such 

agent is available, so MMG is inactive practically. In theory MMG is effective for the 

women with the dense breast and would not require breast compression and ionization. 

 

MMG overcome some limitation of the scintimammography i.e. its lack of sensitivity to 

some lesions. Beside the development of the specific agent cost is another obstacle to 

develop the MMG. SQUID magnetometers are expensive, they are super conductor 

liquid helium or liquid nitrogen must be used to cool them down and both are not easily 

available and special environment is required for the MMG to operate. 

 

2.10 SUMMARY 
 
At present, mammography is the only technology suitable for screening of the general 

population for breast cancer. It therefore serves as a “gold standard” with which new 

technologies will be compared. The mammography is imperfect and improvement 

needed in its sensitivity and specificity in order to reduce the mortality and morbidity 

from breast cancer and the cost of screening. 

 

Many technical improvements to the mammography have been made but it is not known 

that these changes improve the survival rate among the screen women. Mammography 

is particularly limited in young women, because breast cancer is the principal cause of 

death for women ages 35 to 50. Affort has been made to develop an alternative 

screening method for the young women who are at high risk. Magnetic resonance 

imaging (MRI) and ultrasound been studied for this purpose. To date, however, the data 
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are not yet sufficient to draw sound conclusions with respect to the appropriate 

screening applications of these technologies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 
 

REFRENCES 

 

[1] Blanks RG , Moss SM, McGahan CE, Quinn MJ, Babb PJ., "Effect of NHS 

breast screening programme on mortality from breast cancer in England and 

Wales, 1990-8: comparison of observed with predicted mortality," pp. 665-669, 

2000. 

[2] Hakama M, Pukkala E, Heikkilä M, Kallio M., "Effectiveness of the public 

health policy for breast cancer screening in Finland: population based cohort 

study," BMJ, pp. 864-7, 1997. 

[3] C. Mettlin, "Global Breast Cancer Mortality Statistics," Ca—A cancer Journal 

for Clinicians, pp. 1 3 8 - 1 4 4, 1999. 

[4] Peto R, Boreham J, Clarke M, Davies C, Beral V., "UK and USA breast cancer 

deaths down 25% in year 2000 at ages 20-69 years," Lancet, pp. 9217-1822, 

2000. 

[5] Golub G, "Heroic Myths and Probability: Confronting the Limits of Screening. 

From: Kramer, BS; Gohagan, JK; Prorok, PC Cancer Screening: Theory and 

Practice. New York: M. Dekker," pp. 13-26, 1999. 

[6] Gold RH, Bassett LW, Widoff BE "Highlights from the history of 

mammography," RadioGraphics, vol. 10, pp. 1111-1131, 1990. 



42 
 

[7] B. Kevles, Naked to the bone: medical imaging in the twentieth century: Rutgers 

University Press 1997. 

[8] I. Jatoi, "Breast cancer screening," Am J Surg, pp. 518-24, 1999. 

[9] B. H. Lerner, "To See Today With the Eyes of Tomorrow: A History of 

Screening Mammography," 2001. 

[10] Wun LM, Merrill RM, Feuer EJ, "Estimating lifetime and age-conditional 

probabilities of developing cancer," Lifetime Data Anal, 1998. 

[11] Hancock SL, Cox RS, McDougall IR., "Thyroid diseases after treatment of 

Hodgkin's disease," N Engl J Med, vol. 325, pp. 599-605, 1991. 

[12] Mushlin AI, Kouides RW, Shapiro DE, "Estimating the accuracy of screening 

mammography: a meta-analysis," Am J Prev Med, vol. 14, pp. 143-53, 1998. 

[13] Harvey JA, Fajardo LL, Innis CA, "Previous mammograms in patients with 

impalpable breast carcinoma: retrospective vs blinded interpretation," 1993. 

[14] Van Dijck JA, Verbeek AL, Beex LV, Hendriks JH, Holland R, Mravunac M, 

Straatman H, Werre JM., "Mammographic screening after the age of 65 years: 

evidence for a reduction in breast cancer mortality," Int J Cancer, pp. 727-31, 

1996. 



43 
 

[15] Warren-Burhenne LJ, Wood SA, D'Orsi CJ, "Potential contribution of computer-

aided detection to the sensitivity of screening mammography," AJR Am J 

Roentgenol pp. 554-62, 2000. 

[16] Kerlikowske K, Grady D, Barclay J, Sickles EA, Eaton A, Ernster V, "Positive 

predictive value of screening mammography by age and family history of breast 

cancer," JAMA, pp. 2444-50, 1993. 

[17] D. B. Kopans, "The positive predictive value of mammography," AJR Am J 

Roentgenol, pp. 521-6, 1992. 

[18] DB Kopans, RH Moore, KA McCarthy, DA Hall, CA Hulka, GJ Whitman, PJ 

Slanetz and EF Halpern "Positive predictive value of breast biopsy performed as 

a result of mammography: there is no abrupt change at age 50 years," 1996. 

[19] Glasspool R.M, Evans T.R.J.. "Clinical imaging of cancer metastasis " European 

Journal of Cancer, vol. 36, pp. 1661-1670, 2000. 

[20] Hoffman JM, Menkens AE., "Molecular imaging in cancer: future directions and 

goals of the National Cancer Institute," Acad Radiol, vol. 7, pp. 905-7, 2000. 

[21] ED.Pisano, "Current status of full-field digital mammography," Radiology, vol. 

214, pp. 26-8, 2000. 



44 
 

[22] Chang CH, Sibala JL, Fritz SL, Dwyer SJ 3d, Templeton AW, "Specific value of 

computed tomographic breast scanner (CT/M) in diagnosis of breast diseases," 

Radiology, pp. 647-652, 1979. 

[23] Chang CH, Sibala JL, Fritz SL, et al, "Computed tomography in detection and 

diagnosis of breast cancer," Cancer Research UK pp. 939-946, 1980. 

[24] Thurfjell E, Thurfjell MG, Egge E, Bjurstam N, "Sensitivity and specificity of 

computer-assisted breast cancer detection in mammography screening," Acta 

Radiol, vol. 39, pp. 384-8, 1998. 

[25] EL Thurfjell, KA Lernevall and AA Taube "Benefit of independent double 

reading in a population-based mammography screening program " Radiology, 

vol. 191, pp. 241-244, 1994. 

[26] Ziewacz JT, Neumann DP, Weiner RE, "The difficult breast," Surg Oncol Clin 

N Am, vol. 8, pp. 17-33, 1999. 

[27] A T Stavros, D Thickman, C L Rapp, M A Dennis, S H Parker, G A Sisney 

"Solid breast nodules: use of sonography to distinguish between benign and 

malignant lesions," Radiology, pp. 123-134. , 1995. 

[28] Kolb TM, Lichy J, Newhouse JH, "Occult cancer in women with dense breasts: 

detection with screening US--diagnostic yield and tumor characteristics," 

Radiology, vol. 207, pp. 191-9, 1998. 



45 
 

[29] C. Merritt, "Future directions in breast ultrasonography," Seminars in Breast 

Disease, pp. 89-96, 1999. 

[30] Carson PL, Fowlkes JB, Roubidoux MA, Moskalik AP, Govil A, Normolle D, 

LeCarpentier G, Nattakom S, Helvie M, Rubin JM, "3-D color Doppler image 

quantification of breast masses," Ultrasound Med Biol, vol. 24, pp. 945-52, 

1998. 

[31] Mehta TS, Raza S, Baum JK., "Use of Doppler ultrasound in the evaluation of 

breast carcinoma," Semin Ultrasound CT MR, vol. 21, pp. 297-307, 2000. 

[32] Farria DM, Debruhl N, Gorczyca D, Bassett LW, "Magnetic Resonance Imaging 

of Breast Tumors," Seminars In Breast Disease, pp. 74-88, 1999. 

[33] T. Merchant, "MR spectroscopy of the breast," Magn Reson Imaging Clin N Am, 

pp. 691-703, 1994. 

[34] Allen MW, Hendi P, Bassett L, Phelps ME, Gambhir SS, "A study on the cost 

effectiveness of sestamibi scintimammography for screening women with dense 

breasts for breast cancer," Breast Cancer Res Treat, vol. 55, pp. 243-58, 1999. 

[35] Edell SL, Eisen MD, "Current imaging modalities for the diagnosis of breast 

cancer," Del Med J, vol. 71, pp. 377-82, 1999. 



46 
 

[36] M. E. Phelps, "PET: The Merging of Biology and Imaging into Molecular 

Imaging " The Journal of Nuclear Medicine vol. 41, pp. 661-681 2000. 

[37] Alfano RR, Demos SG, Gayen SK., "Advances in optical imaging of biomedical 

media," Ann N Y Acad Sci, vol. 30, pp. 248-70, 1997. 

[38] Moskowitz M, D'Orsi CJ, Bartrum RJ, Swets J, "Breast Cancer Diagnosis by 

Lightscan (Revised) Final Report: National Cancer Institute," Grant Number 

CA37970, 1989. 

[39] Bosanko CM, Baum JK, Clark K, Barth-Jones D, Levine AJ, "Optical 

spectroscopy (INVOS) is unreliable in detecting breast cancer," AJR Am J 

Roentgenol, vol. 155, pp. 43-7, 1990. 

[40] Hebden JC, Delpy DT, "Diagnostic imaging with light," Br J Radiol, vol. 70, pp. 

206-14, 1997. 

[41] Bown SG, Bigio I, Briggs GM, Pickard CDO, Ripley P, "Optical biopsy for the 

diagnosis of breast tumors. Era of Hope Department of Defense Breast Cancer 

Program Meeting," 2000. 

[42] K. R. Foster, "Thermographic detection of breast cancer," in Engineering in 

Medicine and Biology Magazine, IEEE, vol. 17, 1998, pp. 10-14. 



47 
 

[43] C. H. Jones, "Methods of breast imaging," Phys. Med. Biol, vol. 27, pp. 463-499, 

April 1982. 

[44] Cuzick J, Holland R, Barth V, Davies R, Faupel M, Fentiman I, Frischbier HJ, 

LaMarque JL, Merson M, Sacchini V, Vanel D, Veronesi U., "Electropotential 

measurements as a new diagnostic modality for breast cancer," Lancet, vol. 352, 

pp. 359-63, 1998. 

[45] Faupel M, Vanel D, Barth V, Davies R, Fentiman IS, Holland R, Lamarque JL, 

Sacchini V, Schreer I, "Electropotential evaluation as a new technique for 

diagnosing breast lesions," Eur J Radiol, vol. 24, pp. 33-8, 1997. 

[46] Fukuda M, Shimizu K, Okamoto N, Arimura T, Ohta T, Yamaguchi S, Faupel 

ML, "Prospective evaluation of skin surface electropotentials in Japanese 

patients with suspicious breast lesions," Jpn J Cancer Res, vol. 87, pp. 1092-6, 

1996. 

[47] K. Kleiner, "More gain, less pain," New Scientist, 1999. 

[48] Robert A. Kruger, William L. Kiser, Jr, Daniel R. Reinecke and Gabe A. 

Kruger, "Application of thermoacoustic computed tomography to breast 

imaging," SPIE, vol. 3659, pp. 426-30, 1999. 



48 
 

[49] Chaudhary SS, Mishra RK, Swarup A, Thomas JM, "Dielectric properties of 

normal & malignant human breast tissues at radiowave & microwave 

frequencies," Indian J Biochem Biophys, pp. 76-9, 1984. 

[50] Joines WT, Jirtle RL, Rafal MD, Schaefer DJ, "Microwave power absorption 

differences between normal and malignant tissue," Int J Radiat Oncol Biol Phys, 

pp. 681-7, 1980. 

[51] P. M. Meaney, M. W. Fanning, D. Li, S. P. Poplack, and K. D. Paulsen, "A 

clinical prototype for active microwave imaging of the breast," IEEE Trans. 

Microwave Theory Tech, vol. 48, pp. 1841-1853, 2000. 

[52] D. Graham-Rowe, "Closing in on cancer," New Scientist, 1999  

[53] H. Wen, "Volumetric Hall effect tomography--a feasibility study," Ultrason 

Imaging, pp. 186-200, 1999. 

[54] Han Wen, Shah J,  Balaban R S,, "Biomedical Engineering, IEEE Transactions 

on," vol. 45, pp. 119-124, 1998. 

[55] Clarke C, Titley J, Davies S, O'Hare MJ, "An immunomagnetic separation 

method using superparamagnetic (MACS) beads for large-scale purification of 

human mammary luminal and myoepithelial cells," Epithelial Cell Biol, pp. 38-

46, 199 



49 
 

CHAPTER 3  
 

MICROWAVE IMAGING 
 
 

3.1    MICROWAVE IMAGING 
 

Breast cancer is the most common non skin malignancy in women and the second 

leading cause of female cancer mortality. In order to reduce the death rate caused by it, 

various precaution steps have been proposed and implemented. Despite its recognized 

value in detecting and characterizing breast cancer, x-ray mammography followed by 

MRI and ultrasound has important limitation. Due to limitation of these method false 

positive and false negative tend to occur which lead to error in analysis. 

 

As a result there is considerable motivation for developing alternative and 

complementary imaging modalities for detecting and characterizing breast cancer. 

These concerns motivate the search for techniques that image other physical tissue 

properties or metabolic changes [1, 2]. The motivation for developing a microwave 

imaging technique for detecting breast cancer is the significant contrast in the dielectric 

properties at microwave frequencies of the normal and malignant breast tissue[3, 4]. 

Depending on the density of the normal tissue, the estimated malignant-to-normal breast 

tissue contrast is between 2:1 and 10:1. Thus while microwave technology does not 

offer the potential for the high spatial resolution provided by the x-ray, it does offer 

exceptionally high contrast with respect to physical or physiological factor of clinical 

interest, such as water content, vascularisation or angiogenesis ,blood flow rate and 

temperature. Furthermore microwave attenuation in normal breast tissue is low enough 

to make signal propagate through even large breast volumes quite feasible. 
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3.2     OVERVIEW OF MICROWAVE IMAGING 
 

Microwave imaging has gained interest in many applications due to its fast illumination 

response through electromagnetic wave i.e. civil and structural engineering, geophysical 

inspections and biomedical screening tools. For inspecting various applications the 

depth of penetration as well as the resolution can be controlled by varying the 

microwave frequencies (from 300MHz to 30 GHz). Microwave has been widely used in 

civil and structure engineering to inspect the condition of building for any defects [5]. 

Ground Penetrating Radar (GPR) is another common application of microwave which is 

used to find any buried ordnances such as metal and land mines beneath the ground [6-

8]. GPR is also used to prevent underground pipe line from damage due to construction 

works. 

 

Electromagnetic waves have been used extensively in medical application for both 

treatment and diagnosis purposes. Recently studies have been conducted on the 

implementation of UWB and narrow band (NB) signals in microwave hyperthermia for 

breast cancer treatment [1]. Early stage breast cancer detection is another great 

exploitation of microwave in medical application where the non-invasive imaging of 

biological tissue content of the human body [2-4, 9, 10]. The interest of enhancing this 

technology continues to grow due to its low cost and high efficiency compared to the 

current standard imaging method. 

 

3.3     MICROWAVE IMAGING FOR BREAST CANCER 

Microwave imaging can be defined as illumination of the enclosed structure of objects 

by using electromagnetic field at microwave frequency. Figure 2.1 illustrates the 

concept by transmitting high frequency waves to illuminate the breast. The receiver 
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antenna will record many reflections as the energy is travelling through the medium. 

Due to the different electrical properties between the normal and malignant tissue part 

of the energy is scattered with the present of tumor with in the breast. When the 

scattered energy is received and processed for image construction this will yield 

significant indication. 

 

Figure 3.1: a) General concept of microwave imaging in breast cancer detection where 

energy is radiated into the breast and detect reflected energy. b) Tumour can be 

identified as the transmitted and reflected energy differ from a tumour free case [11]. 
 

 

Microwave imaging for breast can be categorized in three types; passive, hybrid and 

active methods as shown in Figure 2.2 [12]. Passive method is based on differentiating 

the malignant and healthy tissue by increasing the temperature of the tumour by means 

of microwave radiometry [13]. Temperature measurement is then taken to map the 

complete image of the inspected region of the breast for further diagnosis and 

verification. Hybrid method involves microwave and ultrasonic to determine the 

presence of tumour. As tumour has higher conductivity than the normal tissue, 

microwave energy is absorbed by the tumour and heated using an ultrasonic 

transducers, pressure wave created by the expanded tumour will be detected and 
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transform into image to indicate the tumour [14, 15]. Active method using microwave to 

radiate into the breast to detect the presence of tumour and is most widely adopted 

method. Full map image is generated by controlling and reconstructing the 

backscattered energy. This is possible as there is a significant difference of dielectric 

properties between normal and malignant tissue which alter the reflected signal 

response [4, 16-18]. 

 

Active method is sub-divided into tomography and radar-base approaches [15]. In 

tomography a single transmitter is radiating into the breast while a number of antenna 

placed around the breast to receive any scattered wave. The procedure is repeated for 

various position of transmitter. Depending on the acquisition of data these data will be 

processed to produce a 2-dimensional or 3- dimensional image of the breast [19]. For 

radar base microwave imaging short-pulsed signal is transmitted from a single UWB 

antenna into the breast and receives any back-scattered wave from the same antenna. 

This process will be repeated for different location around the breast. Much energy is 

reflected back with the presence of tumour and this may significantly affect the 

response to predict the location of tumour. The travel time of the signals at various 

locations are recorded and computed [15]. This system does not require complex image 

reconstruction algorithms similar to any radar-based system and hence offer detailed 

information than the tomography microwave imaging method. 

 

Microwave Imaging via Space-time (MIST) and Tissue Sensing Adaptive Radar 

(TSAR) are the two types of Radar-based system that have been developed. MIST was 

first introduced by Hagness et al. [4, 9, 10, 16, 20-22] and the patient lie on her back 

while the antenna is placed on the flattened breast. TSAR system was developed by [2, 
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17, 23] and unlike the MIST system the patient is required to lie on her stomach and 

placing her breast through the examination table where the breast is immersed in the 

liquid medium. Antenna to accommodate large bandwidth are placed and scanned 

around the breast while the reflections from the breast are recorded.  

 

Figure 3.2: a) Passive method increases the tumour temperature using microwave 

radiometry to distinguish it from any normal tissue. b) Hybrid method involves the use 

of microwave to heat and expand the suspicion region, detect the pressure waves caused 

by the expanded lesion using ultrasonic transducers to locate the tumour. c) Active 

method applying UWB pulse into the breast and detect any reflected energy from the 

breast to generate the image. 
 

 

3.4     ELECTRICAL PROPERTIES OF THE TISSUES 

For potential usage in medical application for the past decades many studies on 

electrical properties of human tissue have been conducted. The human tissue comprises 

of dielectric constant (ε') and loss factor (ε") that interact with the field at microwave 

frequencies. Dielectric constant determines how capable the medium to store electric 

field energy whereas the loss factor determines the level of energy being transformed 
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into heat and dissipated. The water content very much affect these properties (relative 

permittivity, εr and conductivity, σ). Tissue with low water content such as fats has 

lower permittivity. Initial investigation of biological tissue on microwave frequency has 

been reported by Gabriel et al.[24-26]. Further investigation of permittivity and 

conductivity contrasts between normal and malignant tissue is later reported by [27, 28] 

and it is found that the properties of malignant tissues were about 10-20% greater than 

those of healthy tissues. Work by [29] and further studies by [4] suggested that the 

dielectric properties of the normal breast tissue are in an approximate ±10% for normal 

tissue εr = 9 and σ = 0.4 S/m where for tumour is εr = 50 and σ = 7 S/m. Figure 2.3 

shows the dielectric properties of normal and malignant tissues at microwave 

frequencies acquired by [10]. As clearly seen from the figure critical contrasts are found 

between normal and malignant tissue especially at higher frequencies. 

 

3.5   ADVANTAGES OF MICROWAVE IMAGING 

Microwave imaging for early breast cancer detection has numerous advantages over 

current standard screening tools. During the screening process it offers much higher 

sensitivity due to the fact that significant contrasts exist between normal and malignant 

tissue. The false-positive and false-negative may also decrease due to the ability of 

detecting small tumours. As a result patient undergoes early treatment and casualties 

can be avoided. Typical screening process using x-ray mammography require patients to 

place their breast between metal imaging plate and to be compressed at a certain level 

before x-ray is being projected through breast. 
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Figure 3.3: Electrical behaviour of normal and malignant tissues at different 

microwave frequencies acquired by applying four-term Cole-Cole parametric 

dispersions models [10]. 

 

The patient may find the process uncomfortable and painful. In microwave imaging 

there is no direct contact between the breast and sensor. The patients are only required 

to immerse the breast into dielectric liquid for better coupling with sensor. Ionizing 

level from imaging equipment is another issue that raises patients concern, although 

most of today’s screening tools are equipped with relatively low radiation rate. Patient 

who practices regular screening program, research shows that they may ironically 

develop breast cancer due to long term exposure to ionizing rays. By using microwave 

this can be avoided as it involve non-ionizing radiation. 

 

Imaging method such as MRI, digital mammography and ultrasound can provide 

sufficient detail on the early stage breast cancer compare to any other methods. But 

these equipments are much more expensive and make it impractical to be used on large 

scale especially in developing countries. Microwave imaging is using inexpensive 
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hardware which makes it more affordable. The screening time is also reduced with the 

fast response from the system. This makes the complete screening program possible to 

be realized in ground scale.  

 

3.6   PRINCIPLE OF MICROWAVE IMAGING 

 Microwave imaging system adopted the technology from the ground penetrating radar 

(GPR). This section will give brief description on the concept behind this method 

including the essential requirements such as the excitation and antenna design. 

 

Figure 3.4: General block diagram of a ground penetrating radar system [30]. 
 

 

3.6.1 Ground Penetrating Radar Operation Methodology 

GPR also known as subsurface radar have been used extensively for detecting buried 

objects beneath the ground such as underground pipes, anti-personal landmines and 

metallic objects [6-8]. These systems radiate the signal into the ground through the 

transmitter and received any reflected signals back from the ground by receiver. To 

locate the object accurately the data is fed to the signal processing modules. Figure 3.4 
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shows the general block diagram of the typical ground penetrating radar system [30]. 

The travel time for the propagated wave varied as different material consist of different 

electrical properties. This is one of the key feature how GPR can effectively illuminate 

buried objects. 

 

The main difference between GPR and any typical radar system is that it operates for a 

range of few meters and perhaps 10 meter the most whereas the resolution required for 

such range is only a few centimetres or less. As GPR working towards attenuating 

materials such as soil or concrete as a transmission medium, attenuation can be 

extremely high which also affect the GPR performance. 

 

The process started by transmitting short pulsed electromagnetic energy with duration 

of few nanoseconds to the target. The receivers will detect the reflected energy from the 

target and processes the data by sampling, filtering and transform into time domain by 

mean of Fourier transform before the image is mapped for analysis. In order to calculate 

the correct travelling time for the waves the distance of both transmitter and receiver 

from the ground should be equal. 

 

GPR should meet the following requirements to work effectively [30]: 

1. Sufficient signal to clutter ratio. 

2. Sufficient signal to noise ratio. 

3. Sufficient spatial resolution of the target. 

4. Sufficient depth resolution of the target. 
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Initially, the GPR performance can be estimated by considering the factors such as path 

loss, clutter and system dynamic range. Whereas the spatial resolution of the system can 

be acquired by talking depth and plane resolution into account separately. The range of 

the GPR comprises of the total path loss, material loss, the spreading loss and the target 

reflection loss (scattering) [30]. This relation is expressed as follows: 

 

Lt=Le+ Lm+ Lt1+ Lt2 + Ls+ La+ Lsc (3.1) 

 

Where 

Le - Antenna’s efficiency loss (dB). 

Lm - Antenna’s mismatch losses (dB). 

Lt1 - Transmission loss from the air to the material (dB). 

Lt2 - Retransmission loss from the material to the air (dB). 

Ls - Antenna’s spreading losses (dB). 

La - Attenuation loss of the material (dB). 

Lsc - Target scattering loss (dB). 

 

User can estimate the total loss that the GPR may encounter at a certain operating 

frequency using this expression which is useful in designing suitable system. Efficiency 

of the antenna can be measured from antenna loss (Le) and antenna mismatch loss (Lm) 

where the construction of the antenna is put into consideration in order to predict the 

loss that contribute to the system. The transmission coupling loss (Lt) describes the loss 

occur when the transmission is taken place from the antenna to the material and it can 

be expressed as: 
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Where Za is the characteristic impedance of the (377 Ω) while Zm is the characteristic 

impedance of the material and can be determine using the following expression: 
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The transmission loss from the material back into air known as the transmission 

coupling loss (Lt2) can be obtained by: 
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Spreading loss (Ls) define the inverse fourth power of distance for a point reflector and 

can be expressed as. 
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Where Gt is the transmitting antenna gain, Ar is the receiving aperture, R is the distance 

to the target and σ is the radar cross-section. 

 

Material attenuation loss (La) defines the losses for various materials at certain 

frequency and can be acquired using following expression 
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Where ƒ is the frequency (Hz), tan δ is the loss tangent of the material, εr is the relative 

permittivity of free space, εo is the absolute permittivity of the free space, µr is the 

relative magnetic susceptibility of material, and µo is the magnetic susceptibility of the 

free space. 

 

Finally, the target backscattered (Lsc) occur due to different characteristic impedance 

between two different materials, thus: 
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Signals which are completely irrelevant to the target but exist at the same time interval 

to the target wavelet, which often occur due to the internal reflections of the antenna is 

defines as clutters, reflection due to the coupling of the antenna to the ground plane. 

When the transmitter is placed above the ground surface and causes reflection also 

causes clutter, as this will mask the target so this is highly undesirable in GRP. 

Moreover clutter is found to be more significant at short duration than at longer times. 

Implementing radar absorbing material to attenuate part of the side lobes radiation and 

applying suitable antenna may overcome this issue. Large bandwidth is highly desirable 

in order to illuminate and distinguish various targets in detail. This usually associates 

with the system`s depth and plane resolution where it depends on the antenna 

characteristic as well as the signal processing being utilized. Using high gain antenna 

one can achieve high plane resolution. This is also true as the attenuation increases if the 

sufficient signal to noise and clutter ratio are consistent [30]. 
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3.6.2 Excitation 

The choice of excitation source also plays an important role in GPR system, depend on 

the applications. As mentioned earlier, wide bandwidth is required in order to produce 

high resolution image. Typical GPR system often employed short pulse Gaussian wave 

which is adequate to detect non-complex objects, such as landmines [31, 32]. In many 

applications differentiated Gaussian pulse has been widely adopted due to its unique 

feature of band pass Gaussian function with zero dc contents at a wide band [4, 33]. 

This is an essential requirement in order to differentiate multiple objects at the same 

depth, particularly involving human tissue such as for breast cancer. 

 

3.6.3 Antenna Design 

The antenna which is used as transmitter and receiver to transmit ultra-wideband signals 

to produce a high level of resolution. Such requirements thus limit the class of antenna 

that can be utilized. Large fractional bandwidth, low side lobes and low level of mutual 

coupling between the two antennas (bistatic radar configuration) are characteristic 

factors of the antenna which is also put into consideration [30]. GPR system often 

employs element antennas such as monopole, dipoles, conical and bowtie antenna as its 

main radiator. These antennas are usually with limited bandwidth, low directivity and 

linear polarized, to enhance the bandwidth commonly integrated with resistive loading 

method but at the same time decrease its efficiency [30]. 

 

It is important to understand, how the current and charge behave for these antenna when 

an impulse is applied. In addition, how an impulse affect the current and charge 

distribution along the conducting dipole antenna as illustrated in Figure 2.5. The current 

component started to deplete as the current and charge impulses travel towards the end 
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of antenna, while the amplitude of the impulse charge increase proportionally. This will 

results in reflected wave travel back to the feed point carrier by the current induced by 

the charge at the end of the antenna [30]. This phenomenon described as ringing, 

continuous until all current and charge depleted completely. Only a single impulse is 

desired to be applied in GPR so the reflected wave should be eliminated or minimised to 

reduce the amplitude of the current and charge [30]. This usually can be achieved by 

resistively loading at both end of the antenna where the resistor will absorb all the 

energy before it reflected back to the feed point, small discontinuity might still exist 

between the antenna end and the terminating resistor, as this method does not remove 

the ringing completely [34]. 

. 

 

Figure 3.5: Impulse response of the current and charge distribution along a conducting 

Dipole antenna [30]. 
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The technique of suppressing the ringing was firstly investigated by Wu and King [35]. 

They discovered the continuous resistive loading at the end of the dipole to eliminate 

the reflection. They found that when the internal impedance per unit length is tapered 

correctively an external travelling wave could exist on an antenna with a finite length. 

The loading principle known as Wu-King resistive profile and is expressed as follow: 

                                Hz

R
zR o
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Where Ro is the resistivity at the feed point of the antenna, H is the antenna length and 

‘z’ is the distance along the antenna. 

 

This method is later studied by Maloney et al. [36, 37] and verified using finite 

difference time domain (FDTD). Using Wu-King profile both the computational and 

experimental results are acquired and compared to a metallic monopole and showed 

good agreement in minimizing the reflection of the antenna [37]. Same theory was 

applied to a biconical and bow-tie antenna by the same group where excellent 

agreement has also achieved with the theoretical calculations [36, 38].  Lestari et al 

proposed a compact UWB radiator for GPR where the bow-tie antenna is represented by 

a series of wires [39, 40]. The antenna is linearly loaded with the lumped resistor at the 

end of each wire. The design has significantly demonstrated much higher radiation 

efficiency while maintaining a low level of late time ringing [40]. 

 

 

3.7   ANTENNA FOR MICROWAVE IMAGING 

Radar approach to breast cancer detection often requires antenna/s that is/are capable to 

transmit ultra-wideband signals. Several antenna designs have been proposed for these 
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applications to suit this particular need. Hagness et al developed a resistively loaded 

bow-tie antenna in which, the antenna operates in dielectric medium for biological 

sensing [4]. The material which was used to fabricate the antenna has an internal 

resistance per unit length and this can be expressed as following: 

          Hz

hzRR
RzR o

o
/1

)/)(2/(1
)( 2/1




  (3.9) 

Where Ro is the resistivity at the feed point of the antenna, R1/2 is the sheet resistance at 

half length of the antenna and ‘z /h’ is the normalised distance along the antenna. 

 

The antenna is backed with lossy dielectric similar to the properties of fats. The end 

reflection of the antenna is found to be -125dB relative to the excitation pulse compared 

to an all metal bow-tie antenna [4]. For better illumination capability as well reducing 

direct coupling between two antennas this antenna has also been arranged in maltese 

cross formation with two bow-tie antenna (a transmitter and receiver) in order to create 

cross polarization. Nonetheless, creating such antenna with different conductivity along 

the antenna length is somehow too complicated to fabricate. A dielectric-filled slot line 

bow-tie has also been purposed where it consist of a shaped slot Vivaldi with a linear 

and elliptical sections along the antennas profile [41]. The antenna is immersed within 

the dielectric material similar to [4] without applying any resistive loading method. The 

unique transition of the antenna enables the control of the antennas internal reflections. 

The antenna able to detect a reflection of -45dB below the excitation caused by the 

tumour phantom with a large operating bandwidth of 1 to 10 GHz in which the antenna 

structure is relatively complicated due to the antenna size. 

 

Yun et al. reported their novel design of antenna used for breast cancer detection where 

it consists of two crossed bow-tie antennas backed by octagonal shape cavity attached to 
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metal flange [42]. Substance resemble the fat properties is also incorporated into the 

antenna design. The antenna demonstrates excellent agreement between computational 

and experimental result operating from 2 to 4 GHz. The antenna is capable of detecting 

tumour as small as 4mm at 7cm below the antenna [42]. The antenna employed narrow 

frequency range which is sufficient to create 2-dimensional image of tumour. 

 

A stacked patch antenna has been developed by Craddock research group in university 

of Bristol for breast imaging [43]. The antenna cover bandwidth of 4 to 10 GHz. Due to 

the small size the antenna can be implemented as array; a spherical mould with a 16 

patch antenna is mounted for the initial test. Promising result have been achieved from 

120 signal recorded. The work documented in this report emphasized on designing and 

developing ultra-wideband antenna to transmit short pulses for breast imaging. 

 

3.8    CONCLUSIONS 

Alongside with multiple implementations of various disciplines a general overview of 

microwave imaging has been presented in this chapter. Different methods used in 

medical imaging have been presented along with the potential of microwave imaging 

for breast cancer detection. From biological tissue studies large contrasts between 

normal and malignant tissue at high frequencies is found as well as advantages over 

current screening methods permit microwave imaging for medical application more 

feasible and realizable. Description on GPR operation methodology and antenna due to 

similarity between microwave and GPR is presented before concluding this chapter by 

reviewing the purposed antenna design used for breast cancer detection. 
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CHAPTER 4   
 

PRINTED ANTENNA DESIGN 
 
 

4.1 ULTRA-WIDEBAND (UWB) PRINTED CIRCULAR 

MONOPOLE ANTENNA  
 

Vertical monopole antennas are capable of delivering ultra-wide bandwidth with nearly 

omni-directional radiation patterns [1, 2]. However for wideband application this type 

of antenna can be considered as planar structure and hence it requires a ground plane 

which in most design cases is perpendicular to the antenna. Although the ground plane 

can be miniaturized significantly, it is still not suitable for integration with a PCB. This 

drawback limits its practical application. There is a great demand for UWB antennas 

that offers a fully planar structure. In this chapter the printed circular monopole 

antennas will be studied in the frequency domain with reference to their fundamentals. 

There are two basic types one is microstrip [3-6], and the other one is a coplanar wave 

guide (CPW) feeding structure [7-13]. This section will focus on microstrip line feeding 

structure. The important parameters which affect the antenna performances will be 

investigated both numerically and experimentally to obtain some quantative guidelines 

for designing this type of antennas. 

 

4.2   PRINTED MONOPOLE ANTENNA  

A printed monopole antenna may be thought of as a planar monopole because the 

radiator is printed on the substrate on one side, and the ground is printed on the other 

side to form a planar structure. It’s originates from the conventional vertical monopole 

antenna design concept. 
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Table 4.1: Geometry of the Antenna. 

Length of the substrate (L) 36mm 

Width of the Substrate (W) 36mm 

Length of the strip line (TL1 ) 5.5mm 

Length of the Strip line (TL2) 6mm 

Width of the Strip line (TW1) 3mm 

Width of the Strip line (TW2) 2.5mm 

Length of the Ground (LG) 11mm 

Radius of the Circular Patch (r) 9mm 

 

 

4.2.1 Antenna Geometry 

The geometry of the proposed monopole antenna is shown in Figure 4.1, and its 

optimised size dimensions are obtained after several iterations are presented in Table 

4.1. As shown in Figure 4.1. The circular printed monopole antenna has a radius r and is 

mounted on a square-shaped finite ground of size 36 (W) × 36 (L) mm. The antenna and 

the ground are printed on an FR4 substrate with permittivity 4.4 and a loss tangent of 

0.002. The antenna is fed via a 50Ω microstrip feed line. The antenna consists of a 

partial ground of length LG at which it is printed on the other side of the substrate. 

Various techniques have been used to achieve ultra-wide bandwidth response including 

the use of partial ground and step feed lines. Simulation results show that the antenna 

performance is dependent on various parameters. A parametric study of several 

combinations of structure parameters was performed and is discussed in the following 

subsections. 
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50 Ω strip line Substrate

r

z

y

TW1

TW2

TL1

TL2

W

L

 

(a)Top view 
 

Ground Plane

LG

 

(b) Bottom view 

Figure 4.1: The geometry of the proposed antenna. 
 

4.2.2 Effect of the Feed Gap 

Figure 4.2 displays the simulated return loss for the different feed gaps (h=0.5, 1.5, 2 

and 2.5mm) while the other antenna parameters remain fixed at their optimised values. 
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Figure 4.2: Simulated return loss curve of the printed monople antenna for different 

feed gap with r = 9mmand W = L = 36mm. 
 

It can be shown that the -10dB return loss operating bandwidth of the antenna varies 

remarkably with the variations of feed gap h. The optimal feed gap is found to be 

between 0.5mm and 1.5mm for which the bandwidth covered an extremely wide 

frequency range from 3 GHz to 11 GHz. 

 

The variations of the corresponding input impedance is demonstrated in Figure 4.3. It is 

shown that the variations in resistance are close to 50 Ω, when the return loss 

considered is as low as -10dB. The frequency ranges for minimum variations were quite 

reasonable to cover the required operated bandwidth. On the other hand, the input 

reactance is varied slightly around zero values over the same frequency band for the 

four different feed gaps considered. When the gap widths (h) between the radiator patch 

and ground are 0.5 and 1.5mm, R varies tardily at the level of 50Ω whereas X remains 

small across an extremely wide frequency range, leading to a UWB characteristic. 

However when h varied between 2 and 2.5mm, R varies more widely and X also 
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fluctuates significantly across the frequency range, thus resulting in impedance 

mismatch at the antenna input port, and thus the operating bandwidth is decreased. 

 

(a) Resistance R 

 

 

(b)Reactance X 

Figure 4.3: Simulated input impedance curves of circular printed monopole antenna for 

different feed gaps with r=9mm and W=L=36mm. 
 

4.2.3 Effect of the Ground Plane 

In the previous section it has been demonstrated that the variation of the feed gap h 

leads to the variations of the input impedance and frequency bandwidth. Science h is the 
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gap between the ground plane and the disc, the ground plane serve as an impedance 

matching circuit and also it tunes the resonant frequencies. 

 

 

Figure 4.4: Simulated return loss curve of printed monopole antenna without ground 

plane when r = 9mm. 
 

Figure 4.4 illustrates the simulated return loss curve for the printed monopole antenna 

without a ground plane when r = 9mm. Figure 4.4 compares the operational bandwidth 

over the entire frequency range, with and in the absence of the ground plane. The 

impedance mismatch caused by the removal of the ground plane results in a very narrow 

bandwidth. It can also be seen from the simulation that -10dB operating bandwidth of 

the antenna is critically dependent on the width of the ground (W). The simulated return 

loss curve for the different width of the ground plane with r = 9mm, L=11mm and the 

optimal feed gap h=0.5mm are given in Figure 4.5. It is noticed in figure 4.5 that -10dB 

operating bandwidth increase greatly with W  being reduced from 36mm to 30mm, and 

the first -10dBbandwidth for W = 30mm ranges from 3GHz to more than 12GHz with a 

small mismatch at 11GHz. It can be seen in Figure 4.5 that the -10 dB bandwidth of the 

printed antenna is influenced by the length of the ground plane. When L rises from 9mm 
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to 12mm the lower end bandwidth does not change much while the upper edge varied 

tardily around 12 GHz. This result demonstrates that the antenna bandwidth is heavily 

dependent on the length of the ground plane. 

 

 As discussed earlier, the ground plane serves as an impedance matching circuit, Figure 

4.5 indicates that the impedance of the ground is mainly determined by the length of the 

ground. This is because the current is mostly distributed along x-direction, so the width 

of the ground can be reduced significantly without any cost to the operating bandwidth. 

This result is very important and encouraging for miniaturizing of the antenna later. 

 

 

Figure 4.5: Simulated return loss curves of printed monopole for different lengths of the 

ground plane with r=9mm, h=0.5mm and W=36mm. 

 

4.2.4 Mechanism of the UWB characteristic 

There is an important phenomenon in that the first resonance occurs at 4GHz for this 

antenna. Here the resonance frequency is located from the return loss minima. In fact, 

the first resonance is approximately fixed at 4GHz for different ground planes and feed 

gaps for this design. When the ground plane is reduced in either direction the resonance 
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is slightly shifted but still not far from 4GHz. This implies that this resonant frequency 

is mostly determined by the circular disc and slightly detuned by the size of the ground 

plane. The circular disc is capable of supporting multiple resonant modes, and the 

wavelengths of the higher order modes satisfy:  2r =nλn/4= λ1/4, where n is the mode 

number. It is also indicated that these higher order modes are closely spaced. Hence, the 

overlapping of these resonance modes leads to the UWB characteristic, as illustrated in 

Figure 4.6. 

 

 

Figure 4.6: Overlapping of the multiple resonance modes. 
 

4.2.5 Current Distributions 

The simulated current distributions of the printed monopole antenna at different 

frequencies with r=9mm, h=0.5mm and W=L=36mm are presented in Figure 4.7. 

Figure 4.7(a) shows the current pattern near the first resonance at 4GHz. The current 

pattern near the second resonance at around 8GHz is given in Figure 4.7(b), indicating 

approximately a second order harmonics. Figure 4.7(c) illustrates a more complicated 

current pattern at 10GHz, corresponding to the third harmonic. 

 

 As shown in Figure 4.7 the current is mainly distributed along the edges of the circular 

disc for all of the three frequencies. On the ground plane the current is mainly 

distributed along x-direction which confirms our previous observation that the 
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performance of the antenna is critically dependent on the length of the ground plane L 

and is not very sensitive to the width of the ground plane W. 

 

 

(a) 4GHz 

 

 

 

 

(b) 8GHz 
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(c) 10GHz 
Figure 4.7: Simulated current distributions of printed monopole antenna with r=9mm, 

h=0.5mm and W=L=36mm. 
 

4.2.6 Experimental Verification  

The prototypes of the printed monopole antenna with r = 9mm and the optimal feed gap 

of h=0.5mm were build and tested. The return loss was measured by using HP network 

analyser. The measured and the simulated return loss curves are plotted in Figure 4.9. 

 

Figure 4.8: Printed monopole antenna with r = 9mm and W = L = 36mm. 
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Figure 4.9: Measured and simulated return loss curves of printed monopole with 

r=9mmmm, h=0.5mm and W=L=36mm. 

 

The measured return loss agrees very well with the simulated one in whole frequency 

range from 3GHz to 11.5GHz. The measurements confirm the UWB characteristic of 

the printed monopole antenna as predicated in the simulations. 

  

(a) E-plane at 4.9GHz (b) E-plane at 5.8GHz 
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(c) H-plane at 4.9GHz (d) H-plane at 5.8GHz 

Figure 4.10: Measured (red line) and simulated (blue line) radiation patterns of printed 

circular monopole with r=9mm, h=0.5mm, W=L=36mm. 

 

 

The radiation pattern measurements of the antenna were also carried out inside an 

anechoic chamber. Figure 4.10 illustrates the radiation pattern. The measured and 

simulated radiation patterns agree very well at 4.9GHz and 5.8GHz. The E-plane 

patterns have large back lobes. The maximum direction is shifted from 60 degree to 50 

degree when the frequency varies from 4.9GHz to 5.8GHz. The H-plan pattern is omni-

directional. 

        

4.3   DIAMOND SHAPE PRINTED MONOPOLE ANTENNA  

In addition to the circular structure a planar diamond shape monopole antenna is also 

realised using a microstrip feed line see Figure 4.11 and Table 4.2 
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Table 4.2: Geometry of the antenna. 

W 30 mm 

L 30 mm 

M 15 mm 

L1 10.5 mm 

L2 10.25 mm 

LS 9 mm 

LW 3 mm 

LG 8 mm 

a`=a=b`=b=c`=c=d`=d 0.75 mm 

e`=e 0.5 mm 

 

The radiator and a 50Ω microstrip feed line are printed on the same side of the FR4 

substrate. The substrate has a thickness of 1.6 mm (H) and a relative permittivity of 4.4, 

L and W denote the length and the width of the substrate respectively. The width of the 

microstrip line is fixed at LW=3mm to achieve 50Ω impedance. On the other side of the 

substrate the conducting ground plane with a length of LG=8mm only cover section of 

the microstrip feed line. The gap between the feed point and ground plane is h, for this 

design five differently sized stair cased notches are cut from the resonator as a means of 

expanding the available bandwidth (see Fig. 4.11). 
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Figure 4.11: Geometry of the diamond shape printed monopole antenna. 
 

 

4.3.1 Experimental Verification 

Figure 4.12 presents a photograph of the printed monopole antenna. This is the optimal 

design, i.e. h=1mm. L=W=30mm. Measured and simulated return losses are compared 

in Figure 4.13. It should be noted that in Figure 4.13, the measured -10dB bandwidth 

ranges from 2.9GHz to 14GHz while in simulation they run from 3GHz to 13GHz. The 

measurement confirms the UWB characteristics of the proposed printed monopole 

antenna as predicated in the simulation. The UWB characteristic of the antenna can be 

again attributed to the overlapping of the first three resonances which are closely 

distributed across the spectrum. However, despite considerable effort spent in tuning a 

good overlap between the third and fourth harmonics cannot be achieved in this design. 

Thus the -10dB bandwidth of this antenna is always limited at the high end around 

10GHz. By viewing the simulated input impedance plotted on the Smith Chart given in 
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Figure 4.14. It is noticed that at the high frequency limit the input impedance loops out 

of the VSWR=2 circle, i.e. the impedance matching is getting worse. This can be 

understood by examining the variation in current distribution at resonances. 

 

 

 

 

Figure 4.12: Diamond shape printed monopole antenna. 
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Figure 4.13: Measured and simulated return loss curves of Diamond shape printed 

monopole antenna with h=0.3mm, W= L=30mm. 

 

 

 

Figure 4.14: Simulated Smith Chart of the printed monopole antenna with h=0.3mm, 

W=42mm and L=50mm. 
 

 

Measured 

Simulated 
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(a) Current distribution at 4GHz 
 

 

(b) Current distribution at 7.5GHz 
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(c) Current distribution at 12GHz 

Figure 4.15: Simulated current distributions (a-c) with, h=0.3mm, W=L=30mm. 
 

 

Simulated current distributions of the diamond monopole antenna are plotted in Figure 

4.15 at different frequencies. Figure 4.15(a) shows the current pattern near 4GHz. The 

current pattern near the second resonance at around 7.5GHz is given in Figure 4.15(b), 

indicating approximately a second order harmonic. Figure 4.15(c) illustrate more 

complicated current pattern at 12 GHz, corresponding to the fifth harmonic. 

 

The measured and the simulated radiation patterns at 4GHz, 7.5GHz and 10GHz are 

plotted in Figures 4.16. The measured H-plane patterns are very close to those obtained 

in simulation. The H-pattern is strongly Omni-directional at the lower frequency but 

still retains Omni directionality at the higher frequencies (7.5GHz and 10GHz). The 

measured E-plane also follows the shape of the simulated ones well. The E-plane is like 
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a donut at 4GHz. With increase of frequency it starts to form humps and get more 

directional.                                             

  
(a) H-plane at 4GHz (b) E-plane at 4GHz 

  
(c) H-plane at 7.5GHz (d) E-plane at 7.5GHz 
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(e) H-plane at 10GHz (f) E-plane at 10GHz 

Figure 4.16: Measured (red line) and simulated (blue line) radiation of the diamond 

shape printed monopole antenna with W=L=30mm. 

 

 

4.4 SUMMARY 

This chapter investigates the performance of the UWB printed monopole antenna. This 

type of antenna is initially realised from the vertical monopole antenna by using 

microstrip line to achieve low profile and compatibility with the printed circuit board. It 

has been demonstrated that the overlapping of closely spaced resonances accounts for 

the UWB characteristics of the printed monopole antenna. Normally the first three or 

four resonances are required to overlap each other properly in order to provide a 

bandwidth covering the whole FCC define UWB band from 3.1GHz to 10.6GHz  The 

important parameters of the antenna are also studied to derive the design rules. Both 

simulation and experiment have shown that the antenna exhibit nearly omni-directional 

radiation pattern in the H-plane over the entire operational frequency band. 
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CHAPTER 5  
 

PLANAR METAL PLATE ANTENNA 
WITH BROADBAND FEEDING 
STRUCTURE 
 
 

5.1  PLANAR METAL PLATE UWB ANTENNA 
 

The antenna is a key element of any microwave imaging system. It radiates and receives 

signals to or from nearby scattering objects. This technique is similar to ground 

penetrating radar (GPR) but operates at higher frequencies. Various wideband (WB) and 

ultra wideband (UWB) antennas have been proposed for microwave imaging. Most of 

the antennas present in the literature show an omni-directional radiation pattern with 

low gain [1-4]. These types of antenna are suitable for short-range indoor and outdoor 

communication. However, for a microwave imaging system that is used to operate and 

detect the breast tumour it may be preferable to have a directive antenna with high gain 

[1, 5-8]. This paper presents a planar metal plate antenna in the form of a circular disc 

mounted on two vertical rectangular plates. The antenna was simulated using HFSS and 

the CST transient solver. The results from these two software packages show good 

agreement with one another and with measurement.   

 

The planar metal plate antenna is capable of yielding an ultra-wideband response with a 

directive radiation pattern. These features together with their ease of construction, have 

led to extensive investigation and applications [9, 10]. 
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5.1.1 Antenna Design and Performance 

Figure 5.1 shows the geometry of the antenna. The antenna is placed on a ground plane 

of dimension L=W=40mm and thickness 0.5mm. The antenna is fed via a vertical plate 

of maximum height 5mm and width of 15mm, which is connected to the feeding probe 

through a slot of 4mm diameter in the ground plane. The antenna was modelled and 

optimised using HFSS [11].  

 

A parameter study was carried out to determine the optimal design performance prior to 

fabrication and electrical testing. Different configuration of antenna parameters were 

considered to optimise the operating bandwidth, subject to suitable radiated power gain. 

These parameters include the total size of the ground plane, the feed length, the 

diameter of the circular disc, and the gap between the vertical plates. To check the 

influence of these parameters on the impedance bandwidth, one parameter is varied and 

the remaining parameters remain fixed. Simulation results showed that the effect of 

changing these antenna dimensions appreciably modified the resonant frequency and 

return loss. This is shown in Figure 5.2, Figure 5.3, Figure 5.4 and Figure 5.5 for which 

the optimum dimensions can be summarised as follows: radius of the circular disc, gap 

between the vertical plates, ground size and height of the antenna from ground are 

12mm, 5mm, 40mm × 40mm and 5.5mm respectively. The antenna is designed to be 

placed directly on the breast so the interaction of the antenna with the tissue is 

investigated. The tissue is modelled as an homogeneous block with a permittivity of 9.0 

and an equivalent conductivity of 0.4 Sm
-1

.The antenna is placed on the tissue as shown 

in Figure 5.6, Figure 5.7 shows the reflection coefficient when the antenna is isolated 

and when it is in contact with the tissue, shift in the reflection coefficient from lower 

frequencies to the higher frequencies.  
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HFSS was used to model the antenna in contact with the tissue. Figure 5.8 and Figure 

5.9 shows the comparison of the reflection coefficient before optimisation with the 

tissue, and after the optimisation in free space and in contact with the tissue to penetrate 

more power into the tissue. Good matching is retained by reducing the height of the 

antenna from 5.5mm to 3.5mm when in contact with the tissue. The remaining 

dimensions of the antenna remain the same. 

 

 

 

(a)Top view 
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5.5mm

15mm

5mm

15mm

 

(b) Bottom view 

Figure 5.1: Geometry of the proposed antenna. 
 

 

 

Figure 5.2: Simulated return loss curves of the planar antenna for different diameter of 

the disc. 
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Figure 5.3: Simulated return loss curves of the planar antenna for different gap of the 

vertical metal plate. 
 

 

 

Figure 5.4: Simulated return loss curves of the planar antenna for different height of the 

antenna. 
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Figure 5.5: Simulated return loss curves of the planar antenna for different size of 

ground plane. 
 

 

Figure 5.6: Antenna with the Tissue. 
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Figure 5.7: Antenna input return loss in contact with the tissue and isolated. 

 
 

 

 

Figure 5.8: Antenna input return loss before optimisation with the tissue and after 

optimisation. 
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Figure 5.9: Antenna input return loss before optimisation with the tissue and after 

optimisation in free space and with the tissue. 
 

 

5.1.2 Experimental Verification 

A prototype of the antenna was fabricated from a copper sheet of thickness 0.5mm for 

the practical realization as shown in Figure 5.10. An HP 8510C network analyser was 

used for measurements. The experimental result in terms of input return loss showed 

reasonable agreement with the result of the simulation as illustrated in Figure 5.11. 

Further modelling was carried out using the CST transient solver [14] to verify and 

extend the basic concept. The impedance bandwidth of this proposed antenna, 

determined at -10dB |S11|, is 4.4 GHz or about 73.3% with respect to the 6 GHz centre 

frequency, which fully covers the frequency spectrum required for the microwave 

imaging application. The slight differences in the return loss curves may be attributed to 

possible inaccuracies in fabrication.  
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Figure 5.13 shows the calculated and measured antenna gain in the broadside direction 

over the entire spectrum considered. The overall measured gain variations are less than 

3.2 dB. The maximum and minimum measured gains were found to be 3.8 dBi and 7 

dBi respectively over the entire bandwidth considered. It should be noted that the 

simulated gain curve assumes an ideal feeding network, whereas the measured results 

include the insertion loss of the feeding network used, hence there are local 

discrepancies. 

 

Measurements of the far field radiation patterns of the prototype antenna were 

conducted in a far-field anechoic chamber using an elevation-over-azimuth-positioner, 

with the elevation axis coincident with the polar axis ( = 0) of the antenna’s co-

ordinate system. Two pattern cuts (i.e. x-z, y-z planes) were taken at three selected 

operating frequencies that cover the whole of the designated bandwidth in this study. 

The radiation patterns were measured at 5000, 6000 and 7000 MHz and the 

corresponding results were verified and plotted against the prediction as shown in 

Figure 5.14. This shows that the patterns of the prototype antenna are quite similar to 

each other for all the cases considered. It should be noted that the maximum variations 

of the front to back ratios for all cases studied were found to be between 10 to 17 dB.  

Both the simulated and measured radiation patterns are seen to be in good agreement.   
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Figure 5.10: Planar metal plate antenna with r = 12mm and W = L = 40mm. 

 

 

Figure 5.11: Measured and simulated return loss curve of the planar metal plate antenna. 
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Figure 5.12: Measured and simulated input return losses. 

 

 

Figure 5.13: Antenna gain versus the operating frequency. 
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(a) E-plane at 5GHz (b) H-plane at 5GHz 

  

(c) E-plane at 6GHz (d) H-plane at 6GHz 
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(e) E-plane at 7GHz (f) H-plane at 7GHz 

Figure 5.14: Measured (red) and simulated (blue) radiation pattern of the planar metal 

plate antenna. 
 

 

5.2   MICROSTRIP ANTENNA WITH A RECTANGULAR 

RADIATING PATCH 

 
The proposed antenna geometry for this variant is shown in Figure 5.15 the antenna is 

mounted on two vertical 15mm plates over a finite ground plane (40 mm × 40 mm). The 

metal thickness is 0.5mm. A rectangular plate of height 6 mm is used to feed the 

antenna by connecting the vertical plate to the feeding probe through a slot of diameter 

4 mm in the ground plane (refer to Fig. 1). Parametric reduced order models for this 

structure were generated and analysed using Ansoft HFSS. The parameter sweeps were 

used to guide the optimisation of the target antenna performance. Four parameters are 

considered in this analysis: the height of the antenna over the ground plane, the size of 

the rectangular patch, the separation, and height of the vertical plates. 
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Figure 5.15: Geometry of the Antenna. (a) Top view, (b) Ground plane (c) Side view. 
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(b) 
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(d) 

Figure 5.10: Parametric study. (a) Height of Antenna, (b) Gap between the vertical 

plates, (c) Height of the feeding plate (d) Size of the radiating patch. 

 

 

Figure 5.16: The return loss of the proposed antenna. 
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Figure 5.17: The power gain of the proposed antenna. 

 

 

Return losses are compared for the simulated model and the measured prototypes are 

given in Figure 5.17, it can be seen that these results are in close agreement over the 

proposed operating bandwidth (i.e. 4 GHz to 8 GHz). Variations of antenna power gain 

vs. frequency are given in Figure 5.18. These results clearly show that the gain is mostly 

6 dB over the operating bandwidth.  However, the minimum gain is 1.9 dBi at 3 GHz. 

The simulated E and E far field characteristics in the xz and yz planes are given for 

four selected frequencies are given in Figure 5.19. The radiation patterns shows an 

approximately 10dB front–to–back ratio. The operating frequencies under consideration 

display a beam width of 40, which is acceptable for our purposes. In addition the 

antenna presents a strong linear polarisation in the vertical sense. 
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(a) E-plane at 5GHz (b) H-plane at 5GHz 

  

(c) E-plane at 6GHz (d) H-plane at 6GHz 
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(e) E-plane at 7GHz (f) H-plane at 7GHz 

  
(g) E-plane at 8 GHz (h)H-plane at 8 GHz 

 

Figure 5. 18: Measured (red) and simulated (blue) radiation pattern of the planar metal 

plate antenna. 
 

 

5.3 MINIATURISED MICROSTRIP ANTENNA WITH A 

RECTANGULAR    RADIATING PATCH 
 

Based on the above design a miniaturized version of the microstrip antenna has been 

developed. The antenna has demonstrated a remarkable performance after more than 

25% size reduction by simply tapered edges from a simple rectangle. Figure 5.20  

shows the overall dimensions of the antenna. The antenna composed of a radiating 

patch mounted on two vertical plates placed on the ground plane of dimension L=W= 

30 mm and 0.5 mm thickness. A 50 Ω coaxial probe excites the antenna, and design 

parameters are obtained by performing parametric studies with simulation software 

HFSS [13]. Figure 5.21(a) shows the input impedance of the proposed antenna, showing 

that the real part of the impedance is close to 50 Ω over the targeted bandwidth (i.e., 4 

to 8 GHz). Figures 5.21(b) and 5.21(c) shows the reflection coefficients of the antenna 

for different heights of the radiating patch from the ground plane and varying gap 

between the two vertical plates. These results show that the reflection coefficient 
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improves with increasing height of the antenna and a narrowing of the gap between the 

vertical plates. 

 

  
(a) (b) 

  

(c) (d) 

7mm

6.5mm

Slot 4 mm diameter  
(e) 

 
Figure 5. 19: Geometry of the Antenna. (a) Conventional rectangular patch, (b) Final 

designed patch (c) Geometry of the Antenna, (d) Ground plane, (e) Side view. 
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(a) 

 
(b) 



116 
 

 
(c) 

Figure 5. 20: (a) Input impedance, (b) Simulated reflection coefficient of the antenna for 

different heights, (c) Simulated reflection coefficient for the gap between two vertical 

plates. 
 

 
(a) 
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(b) 

 
(c) 

 

Figure 5. 21: Antenna prototype (a) and (b); The input return loss of the proposed 

antenna measured and simulated (c). 
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5.3.1 Results and discussion 

The measured return loss of this prototype is given in Figures 5.22(a) and 5.22(b). The 

simulated and the measured return loss of the antenna are compared in Figure 5.22(c), 

indicating good agreement. The measured and simulated frequency range covered 

between 4GHz and 9GHz, with S11 < -10dB, corresponds to a relative bandwidth of 

77%. 

The antenna is designed to be placed directly on the breast, so the interaction between 

the antenna and tissue is investigated. A homogenous box with similar properties to 

breast tissue (εr = 10 and σ = 0.4 S/M) [14] is modelled. Figure 5.23(a) shows the input 

impedance of the antenna while in contact with the tissue, both before and after 

optimisation. The result shows that good matching is obtained after optimisation when 

the sensor touches the tissue, so that more power is penetrating into the tissue. This 

good matching is obtained without adding any matching materials or lumped loads. 

After optimisation the new height of the antenna from the ground plane is 4 mm and the 

gap between the two plates is 8mm respectively. The remaining dimensions of the 

antenna remain the same. The configuration of a two-element antenna array in the 

presence of tissue is illustrated in Figure 5.23(b). The two antennas are aligned face to 

face with 50 mm separation. Figure 5.23(c) shows the return loss (S11) and transmission 

coefficients (S21) of the antenna elements, indicating wideband characteristics for the 

impedance and transmission. 
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(c) 

Figure 5.22: (a) Simulated reflection coefficients of the sensor in contact with breast 

tissue before and after optimisation, (b) Configurations of two-element arrays, (c) 

Return loss S11 and transfer function S21. 
 

5.4   SUMMARY 
 

In this chapter a new compact UWB antenna design has been presented.The affect of 

the various antenna parameters on the bandwidth and the resonance characteristics were 

discussed. The operating bandwidth of the antenna at a minimum workable return loss 

of 10dB achieved was 3.6GHz to 8GHz. The measurement results show a good 

agreement with the simulated one. The antenna exhibited good directional radiation 

pattern with acceptable gain ranging between 3.8 dBi to 7 dBi over most of the 

bandwidth considered. It would be reasonable to propose this antenna as a possible 

candidate for imaging applications. 
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CHAPTER 6  

SIMULATION AND 

EXPERIMANTEL MEASUREMENTS 

FOR BREAST CANCER DETECTION 
 

6.1    INTRODUCTION 
 

The case for active microwave imaging as a diagnostic tool for breast cancer detection 

has been strengthened in recent years due to its improved tissue characterisation 

capability as compared with existing mammography. Several prototypes have been 

constructed and tested [1-5]. Performance has to be assessed using test phantoms and 

targets which emulate the actual dielectric mixture of normal and abnormal cancerous 

tissues in a sufficiently close manner. For a feasibility study, it is sufficient to use a 

uniform block as the phantom. In this chapter various materials are investigated and 

discussed, a programme of measurements is carried out with the eventual goal being to 

support the development of microwave imaging. 

 

6.2   REVIEW OF THE PAST WORK 
 

Dun Li et al reported the use of corn syrup for the dielectric filling of a breast phantom 

[3]. A cylinder of radius 5 cm was filled with corn syrup, and a mixture of glycerine and 

water in 65:13 ratios were used to represent the tumour. At 2.1 GHz the dielectric 

constants of the components were found to be 28 and 50, with equivalent conductivities 

of 0.08 and 1.2 Sm
-1

 respectively. Fear et al proposed an experimental radar approach 

using a PVC pipe of radius 12 cm and height 92 cm which represented the skin barrier 

[6, 7]. Air was considered as the normal tissue and coupling medium, the tumour was 
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represented by a block of wood. Xu Li et al used soya bean oil as the normal tissue and 

diacetin as the malignant tumour [8, 9]. The diacetin was poured into a cylinder of 

radius 2 mm and height 4 mm, and suspended in the soya bean oil by a nylon thread. 

FR4 was used to represent the skin barrier by placing on top of the phantom cylinder. 

The dielectric constants of the soya bean oil, diacetin solution and FR4 were 2.6, 8.7 

and 4.34 with equivalent conductivities of 0.05, 1.9 and 0.067 Sm
-1

, respectively (all 

taken at 6 GHz). Sill et al [10] and Fear et al [11] have provided simulation studies for 

the effects of microwave radiation on breast tissue. The healthy breast tissue was given 

equivalent dielectric properties (ε, σ), of (9, 0.4Sm
-1

) for the healthy tissue, and (50, 

4Sm
-1

) for the malignant tissue. 

 

6.3    MOTIVATION FOR THE PRESENT WORK 
 

Using the work described in the previous section, an electromagnetic model for the 

tissue-sensor interaction has been built up. A two layer model is used to represent the 

breast, the first layer is the skin and the second layer is the breast tissue, which extends 

to a width of 10 cm. The electrical properties are summarised in the table below [10-

11]. 

Table 6.1 Breast model parameters. 

Layers Skin Breast 

Thickness 4 mm 10 cm 

Permittivity 36 9 

Equivalent conductivity Sm
-1 

4.0 0.4 

 

Good matching may be obtained without the addition of a further matching medium or 

lumped load when the sensor is in contact with tissue. In microwave imaging 
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localization or radar applications a high gain is needed, typically a single UWB antenna 

element has relatively low gain of 3 to 4 dBi, which can be improved through using 

array methods. A dual element sensor is investigated in this modelling, and in the 

subsequent experimental investigations. Mutual coupling between the elements is an 

important issue, and must be taken into consideration within the design, and different 

configurations are investigated through simulation and measurement. As previously 

remarked on, a breast phantom must closely emulate the actual dielectric mixture of the 

tissue, and have an equivalent skin barrier. A simple model is used here, and is shown in 

figure 6.1, it comprises a rectangular tube with dimensions 10.0cm x 10.0cm x 12cm, 

and is initially filled with vegetable oil – the skin being formed from a plexiglass barrier 

with a thickness of 4mm. Vegetable oil was used as the dielectric filler for cost and 

safety. 

 

6.4 SIMULATION SETUP FOR ANTENNA WITH RECTANGULAR 

RADIATING PATCH 
 

This antenna was fabricated in microstrip with an air as dielectric. A rectangular patch 

was mounted between two vertical planes, with a total ground size of 40 mm × 40 mm. 

The performance of the antenna was assessed from different locations on the container 

wall to gain physical insight into the relationship between antenna performance and the 

system performance. Three distinct cases were examined. In Case 1, the transmit 

antenna (TX) and receive antenna (RX) are positioned at 0
o
. In Case 2 they are located 

180
o
 apart, and 90

o
 apart in Case 3. The analysis begins as a simulation exercise, by 

comparing the antenna return loss in air, and in oil. The S11 performance is poor in air, 

some improvement was observed with the oil filling present. Since the final design of 

the scanner will employ an array surrounding the breast. It is important to investigate 

the effects of mutual coupling. Initially two identical antennas were analysed for 
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different separation distances in air for a range of frequencies. This process was 

repeated for the oil filling. According to the study reported in [12] a coupling level of -

20 dB should be used as the target for imaging in the 4 GHz to 8 GHz range. These 

simulation results are summarised in Figure 6.1, it can be seen that S21 is less than -

20dB. For the container filled with oil, the analysis shows antennas return losses less 

than -10 dB and a mutual coupling of -20 dB between the antennas. 

 

 

 

 

 

Case 1: Microstrip patch  antennas, located 0° apart. 
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Case 2: Microstrip patch antenna located 180° apart. 

 

 

 

 

 

 

 

Case 3: Microstrip patch antennas, located 90° apart. 
 

Figure 6.1 : description of performed simulation: three distinct cases of the microstrip 

patch antenna with a rectangular radiating patch. 
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6.5    SIMULATION SETUP FOR ANTENNA WITH CIRCULAR          

   REDIATING PATCH 
 

The performance of a circular patch antenna is compared with that of the rectangular 

patch antenna. Both the antennas were designed to be directly placed on the tissue 

without the use of any matching medium.  Figure 6.2 shows the various location of the 

two element antenna array. The antenna reflection coefficient for the antenna 

performance through air and oil can be seen in Figure 6.2. For all three configurations 

the -10dB bandwidth extends from around 4 GHz to above 8 GHz when the antenna 

signal is propagating through air. The matching improves when the container fill with 

the oil. In this case the -10dB bandwidth extend from around 3.5 GHz to above 9 GHz 

(5.5 GHz in the simulated case) which is sufficient for this application. An objective 

comparison of the rectangular and circular patches indicates that the circular patch has a 

better -10dB bandwidth performance. The rectangular patch shows a dip in performance 

across the target 4 – 8 GHz frequency range. S11 in air is -7dB. Viewed in terms of S21 

the performance of the different patches is approximately similar. Return loss 

performance favours the circular patch, but the transmission properties are acceptable 

for both type as a regards the UWB detection requirement. 
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Case 1: Microstrip patch antennas, located 0° apart. 

 
 

 

 

 
  

 

  

 

Case 2: Microstrip patch antennas, located 180° apart. 
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Case 3: Microstrip patch antennas, located 90° apart. 

 

Figure 6.2: description of performed simulation: three distinct cases of the microstrip 

patch antenna with a circular radiating patch. 
 
 

 

6.6 EXPERIMENTAL INVESTIGATION OF THE RECTANGULAR 

PATCH 
 

 It is necessary to devise a suitable experimental verification of the simulation model, 

which may be subsequently generalised to the proposed microwave imaging system. A 

simple breast phantom was used see Figure 6.3. The complete test system consists of a 

rectangular 10cm x 10cm x 20cm plexiglass tube and the two element patch array. The 

dielectric constant of the plexiglass varies from 2.39 to 2.59, with an equivalent 

conductivity of 0.0093 – 0.007 Sm
-1

 over the 3 – 12 GHz range [13]. S11 and S21 were 

monitored using a network analyser for the empty tube and filled with oil. The antennas 

are in contact with the outer container and connected to the analyser with coaxial cables. 
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The simulation and observations are in close agreement, and the antennas were seen to 

be effective when the cylinder was filled with oil. Three prototypes were built to meet 

specific UWB imaging system requirements. UWB performance is defined partly via 

the reflection coefficient specifically |S11|< -10dB over the frequency range of 2 -12 

GHz. In order to compare the performances of the three antenna system several 

experimental configuration were utilized.  

 

Case 1: Antenna Apart 0
o
 

In order to access the performance of the two antenna array system we examine S11, S21, 

correlation, and total active reflection coefficient (TARC). The reflection coefficient for 

case 1 is obtained by placing the antenna on the wall of the container 0
o
 apart. Figure 

6.5 shows that the two antenna array operates over extremely wide bands. The 

transmission coefficient (S21) is also recorded with the antenna separated by 3cm. The 

antenna array exhibits greater S21 at high frequencies; however the transmission 

decreases below 4 GHz as shown in Figure 6.6. 
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Figure 6.3: A two-element sensor array in free space apart 0
o
. 
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Figure 6.4: A two-element sensor array with oil apart 0
o
. 
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Figure 6.5: Measured reflection coefficients of the two element sensor array with and 

without oil. 

 

 

Figure 6.6: Measured transmission coefficients of the two element sensor array with and 

without oil. 

 

The correlation of two antennas is evaluated from S-parameters according to the 

formula [14] 
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Figure 6.7 shows the correlation coefficient    with frequency in free space and when 

the two element antenna array mounted on the wall of the container filled with oil.  It is 

obvious that the correlation between antenna element changes with frequency. At some 

frequency the correlation become high while at other frequencies the correlation is low. 

The average correlation coefficient between antenna element is high when the antenna 

element in free space. The average correlation coefficient decreases when the oil is 

present. 

 

Figure 6.7: Measured correlation coefficient for two element sensor array. 
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TARC is also used to evaluate the antenna system performance. This parameter 

provides a more meaningful measure as compared to the simple reflection coefficient as 

it take the mutual coupling effects into account as well [15], for a two-antenna system.  

       2

2

2221

2

1211

 jj

a

eSSeSS 
  

(6.2) 

The TARC is calculated when the antenna is in free space and while the antennas are 

connected to the wall of container fill with oil. TARC values retain the original 

behaviour of a single antenna characteristic as shown in figure 6.8. However, bandwidth 

and return loss changes because TARC contains the effect of mutual coupling and phase 

of the incident wave. In conclusion of TARC can be thought of as the return loss of the 

whole two antenna system. 

 

Figure 6.8: Measured correlation coefficient for two element sensor array. 

 

The simulated reflection coefficient for the two antenna array system can be seen in 

Figure 6.9, along with the equivalent measured results. It can be seen that there is an 
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acceptable level of agreement between the two data sets. Both sets indicate that the -10 

dB bandwidth extends from 4 GHz to above 8 GHz which is sufficient for this 

application. The small differences between the two plots may be due to fabrication 

tolerances. This level of agreement gives confidence that the simulated and measured 

results reflect the true properties of the antenna. The simulated and the measured S21 

characteristics for the two antenna system show approximately the same performance. 

The simulated results show a good agreement with the measured ones. 

 

 

Figure 6.9: Scattering parameters for two element sensor array. 

 

Case 2: Antenna Apart 90
o
 

The reflection coefficient of case 2 where the antenna are apart by 90
o 

are obtain while 

the antenna in free space as shown in Figure 6.10 and 6.11 by placing the antenna on the 

wall of the container. Figure 6.12 compare the results indicating that the two antenna 

array system operate over extremely wide band. Case 1 antenna system has slightly 

wider bandwidth at higher frequencies. The transmission coefficient is recorded for case 
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2 as shown in Figure 6.13.  Case 1 where the antenna apart by 0
o
 exhibit greater S21 

when the antenna attached to the wall of the container filled with oil at higher 

frequencies. Case 1 shows slight strong transmission at lower frequencies. Case 1 and 

case 2 show similar performance in term of correlation coefficient and TARC as shown 

in Figure 6.14 and Figure 6.15. The simulated and measured return loss from 4 to 8 

GHz in free space and the antenna connected to the wall of the container filled with 

vegetable oil show good agreement is shown in Figure 6.16 and Figure 6.17. Both the 

commercial software simulation result and measurement results are in acceptable 

agreement. The measured S21 showed better agreement with the simulated result.  

 

 

Figure 6.10: A two-element sensor array in free space apart 90
o
. 
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Figure 6.11: A two-element antenna array with oil apart 90
o
. 

 

 

Figure 6.12: Measured reflection coefficients of the two element sensor array with and 

without oil. 
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Figure 6.13: Measured transmission coefficients of the two element sensor array with 

and without oil. 

 

 

Figure 6.14: Measured correlation coefficient for two element sensor array. 
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Figure: 6.15: Measured TARC for two element sensor array. 

 

 

Figure: 6.16: Scattering parameters for two element sensor array in free space. 
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Figure 6.17: Scattering parameters for two element sensor array attached to the wall of 

container filled with oil. 

 

 

Figure 6.18: A two-element sensor array apart 180
o
. 
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Case 3: Antenna Apart 180
o
 

In case 3 where the antennas are apart 180
o
 by distance of 10 cm the two prototype 

antennas were implemented to radiate into free space. All of the above cases serve as 

the intermediate step toward the final imaging system. Figure 6.18 show the physical 

detail of the imaging system. The s-parameters were measured using a vector network 

analyser. The UWB imaging system shows acceptable low-dispersive behaviour. We 

progress to use the UWB imaging system to radiate inside the tissue equivalent 

phantom. The antenna attached to the container filled with oil show little effect on S11 

as shown in Figure 6.19. The other parameter S21, correlation coefficient, and TARC 

further verify the performance of the two antenna array system as shown in Figure 6.20-

6.22. Measured and simulated result is shown in Figure 6.23 and Figure 6.24 for 

comparison. The S11 and S21 magnitude plots show a consistent frequency off set but in 

general the measured data are in acceptable agreement with the simulated result. 

 

Figure 6.19: Measured reflection coefficients of the two element sensor array with and 

without oil. 
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Figure 6.20: Measured transmission coefficients of the two element sensor array with 

and without oil. 

 

 

Figure 6.21: Measured correlation coefficient for two element sensor array. 
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Figure 6.22: Measured TARC for two element sensor array. 

 

 

Figure 6.23: Scattering parameters for two element sensor array in free space. 
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Figure 6.24: Scattering parameters for two element sensor array attached to the wall of 

container filled with oil. 

 

6.7   EXPERIMENTAL ANALYSES OF THE MICROSTRIP PATCH    

   ANTENNA WITH CIRCULAR RADIATING PATCH 
 

The performance of the circular patch microstip antenna in a two antenna array system 

is research. The research effort began with the critical component of the experimental 

system, antenna and the tissue. We integrate the system component with a vector 

network analyser and perform measurements. Photograph of the measured system is 

shown in Figure 6.25. The cases described earlier for the rectangular microstrip patch 

antenna are also applied to circular microstrip patch antenna. The same three cases for 

the two antenna array system were fabricated and tested. 

 Case 1              Antenna apart by 0
o
   

 Case 2              Antenna apart by 90
o
 

 Case 3             Antenna apart by 180
o
 

For each case a pair of antenna was tested. The reflection coefficient S11 and 

transmission coefficient S21 were measured with the network analyser.  
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Figure 6.25: A two-element sensor array apart 0
o
. 

 

After understand the interaction of the rectangular microstrip patch antenna with the 

breast tissue as a two antenna array system, the circular microstrip patch antenna is used 

to conduct the experimental investigation with the phantom.  
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Case 1: Antenna Apart 0
o
 

Case1 where antennas were apart 0
0
, Figure 6.26 shows that the

 
two antenna array 

system working effectively over the desired band. The antenna array shows acceptable 

S21 performance as shown in Figure 6.27. The correlation coefficient calculated form s- 

parameter show lower values for the frequency of operation as shown in Figure 6.28. 

The |TARC| < -10 dB over the frequency range of 4 to 8 GHz is shown in Figure 6.29. 

The s-parameter measurements are carried out along with simulated result. The 

performance of the antenna array is investigated experimentally by measuring  

 Antenna in free space 

 Antenna attached to the wall of container filled with oil 

Figure 6.30 and Figure 6.31compares the simulated s-parameter of the designed antenna 

array with the measured result which is in a fairly good agreement. The figure also 

shows the good performance of the antenna in the required frequency band. The observe 

resonances in the |S11| response are largely due to reflection from the skin.  

 

Figure 6.26: Measured reflection coefficients of the two element sensor array with and 

without oil. 



149 
 

 

Figure 6.27: Measured transmission coefficients of the two element sensor array with 

and without oil. 

 

 

 

 

Figure 6.28: Measured correlation coefficient for two element sensor array. 
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Figure 6.29: Measured correlation coefficient for two element sensor array. 

 

 

Figure 6.30: Scattering parameters for two element sensor array in free space. 
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Figure 6.31: Scattering parameters for two element sensor array attached to the wall of 

container filled with oil. 

 

The two antenna array system of the circular microstrip patch antenna apart 0
o
 shows 

excellent performance in term of S11, S21, correlation and TARC. The antenna array 

show better performance in free space and when attached to the wall of the container 

filled with vegetable oil compare to the rectangular microstrip patch antenna.  

Case2: Antenna Apart 90
o
 

 

Figure 6.32: A two-element sensor array apart 90
o
. 
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Figure 6.33: Measured reflection coefficients of the two element sensor array with and 

without oil. 

 

 

Figure 6.34: Measured transmission coefficients of the two element sensor array with 

and without oil. 
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Figure 6.35: Measured correlation coefficient for two element sensor array. 

 

 

 

Figure 6.36: Measured TARC for two element sensor array. 
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Figure 6.37: Scattering parameters for two element sensor array in free space. 

 

 

Figure 6.38: Scattering parameters for two element sensor array attached to the wall of 

container filled with oil. 
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Case 3: Antenna Apart 180
o
 

 

Figure 6.39: A two-element sensor array apart 180
o
. 

 

Figure 6.40: Measured reflection coefficients of the two element sensor array with and 

without oil. 
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Figure 6.41: Measured transmission coefficients of the two element sensor array with 

and without oil. 

 

 

Figure 6.42: Measured correlation coefficient for two element sensor array. 
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Figure 6.43: Measured TARC for two element sensor array. 

 

 

 

Figure 6.44: Scattering parameters for two element sensor array in free space. 

 



158 
 

 

Figure 6.45: Scattering parameters for two element sensor array attached to the wall of 

container filled with oil. 

 

Case 2 where antenna element apart 90
o
 and case 3 where the circular microstrip patch 

antenna element apart 180
o
,
  

by a distance of 10mm show similar performance with 

bandwidth and low mutual coupling. The input reflection coefficient for both the cases 

is below -10dB across the interval from 3.5 to 7.5GHz. It is seen from Figure 6.34 and 

Figure 6.41 that the mutual coupling between array elements is mostly below -20dB 

across the entire antenna bandwidth for both the cases. The TARC level is almost 

always below -10dB across the bandwidth. The correlation coefficient is lower when 

antenna element attached to the wall of the container filled with oil. As shown in 

Figures 6.37, 6.38, 6.44 and 6.45 the measured return losses for both cases are 

reasonably close to the simulated result. It is shown that both results in term of 

bandwidth have produce multiple resonances both covering the UWB bandwidth 

requirements. From the above result circular microstrip patch antenna is better than the 

rectangular microstrip patch antenna in term of impedance bandwidth, coupling, 

correlation and TARC. 
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6.8  MICROWAVE IMAGING SYSTEM TEST RESULT 
 

The specific goal of this part is to prove the measurement of scattered waves due to the 

transmitted ultra-wideband microwave signal travelling through a tissue mimicking 

environment like phantom and tumor. The critical components of the experimental 

system antenna and the breast phantom described above. The task now is to integrate 

the system components with a vector network analyser and perform measurements with 

various scattering objects. Photographs of the measurements system are shown in 

Figure 6.46, 6.47, 6.48, 6.49, 6.50 and 6.51. As discussed earlier three cases of two 

antenna array were tested.  

 

For each design option a pair of antenna was tested, one antenna designated as 

transmitter and the other as receiver. The propagated signals S21 were measured with the 

network analyser. In all cases S21 transmission parameter was first measured with no 

scattering objects present between the antennas. S21 transmission was measured again 

with the scattering object placed at different location between the antennas. The 

scattering object includes 10g of wheat flour mixed with 5.5g of water This produces 

mixture of water and wheat flour with a relative permittivity 23 and conductivity of 2.57 

(S/M) at frequency of 4.7GHz [16]. This mixture is used to construct tumor for various 

sizes and inserted in the breast phantom for experimental detection. 

 

In testing system the first pair of antennas and the 4mm tumor used as scattering object. 

The first set of data show measurements when antennas were placed 10cm apart in a 

straight path facing each other with and without the scattering object. Figure 6.52 and 

6.53 shows the time-domain reconstructed pulses with and without presence of target 

respectively, the scattered field shown in Figure 6.54 shows sensitivity of the imaging 
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system to this small object. The scattering object is placed in the middle, bottom and top 

of the cubical container keeping the antenna spacing 10cm and record the reflection 

from the target.  

 

Figure 6.46: A 4.5 (mm) diameter tumour. 

 

 

Figure 6.47: Microwave imaging system experiment set-up: a pair of antennas with a 

4.5mm scattering target. 
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Figure 6.48: Microwave imaging system experiment set-up: imaging tank. 
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Figure 6.49: Target at a distance of 3 cm. 

 

 

 

Figure 6.50: Target at a distance of 6 cm. 
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Figure 6.51: Target at a distance of 9 cm. 

 

 

Figure 6.52: Measured transmitted and received pulse with no target. 
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Figure 6.53: Measured transmitted and received pulse with target. 

 

 

Figure  6.54: Comparison of the backscattered responses from various positions. 
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Next are the time domain behaviour of the propagated signal with the two antenna are at  

0
o 
degree apart, measurement with the scattering object for this pair of antenna at 3cm, 6 

cm and 9cm. In all the cases 4mm sphere i.e. mixture of flour and water as a scattering 

object for time domain analysis a 4GHz bandwidth pulse was used. The time domain 

plots show the scattering plot for the microstrip antenna with a rectangular radiating 

patch and circular radiating patch. Figure 6.55 and 6.56 shows large scattering signal for 

both the rectangular radiating patch and circular radiating patch antenna. These result 

shows good encouragement in term the target objective 

 

Figure 6.55: Comparison of the backscattered responses from various distances for a 

rectangular patch antenna. 
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Figure 6.56: Comparison of the backscattered responses from various distances for a 

circular patch antenna. 

 

 

6.9 CONCLUSION 
 

An experimental investigation was made using small UWB antennas, a breast phantom 

and target, and a VNA. The measurements demonstrated that this system is capable of 

detecting small targets with dimensions comparable with those required for the early 

detection of breast cancer. Irregular shaped objects were not tested, however it is 

anticipated that scattering from such objects will be more pronounced than from a 

spherical target, in fact the lower limit on size is not determined, and it is likely that 

smaller target sizes may be detectable under the conditions described in this chapter. 

This conform the basic design concept, and the choice of antenna elements. At this stage 

imaging has not been attempted, but the measurements presented in this chapter may be 
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used as the basis for investigating a 3D inversion algorithm approach, and further 

experimental investigation of the super-resolution concept. 
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CHAPTER 7  
 

WIDEBAND WIRE BOWTIE 
ANTENNA DESIGN USING 
GENETIC ALGORITHMS  
 
7.1   INTRODUCTION 

 
This chapter discusses the semi-empirical development of a class of wire bow-tie 

antennas with resistive loading; the design strategy uses a Genetic Algorithm (GA) 

approach. The discussion begins with an introduction to genetic algorithms, followed by 

a discussion of the technology. The antenna development begins by initializing the 

fundamental parameters in the GA. The design and test result are presented in the last 

two sections. The models are verified using the CST transient solver and NEC2 WinPro. 

The prototype imaging antenna is investigated for free space operation, and in tissue 

equivalent dielectric. 

 

7.2 GENETIC ALGORITHM 
 

7.2.1 Introduction 
 

Genetic Algorithms (GA) are stochastic search techniques which are conceptually 

inspired from evolutionary processes and natural selection [1]. This powerful tool has 

been found to be highly effective in solving complex problems where the goal is to 

approximate an optimum global minimum in a high-dimensional configuration 

space.[2]. Genetic Algorithms (GA) were invented by John Holland [3] to develop a 

technique to model the natural evolution using the structure of computing algorithms. 
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The GA offers the potential methodology in utilizing the population solution to solve 

engineering optimisation problems.  

 

In general there are two distinct types of optimising methods: local techniques and 

global techniques. Local techniques employ methods such as conjugate gradient 

descent, simplex methods, and quasi-Newton methods. Other methods such as Random 

Walk (RW), Simulated Annealing (SA), and GA are classified as global techniques. 

One of the main differences between local and global techniques are that local 

techniques often depend on the initial or starting point which results in fast convergence 

to a local maximum. Nonetheless, this feature may also lead in significant level of 

constraint on the solution especially on dealing of differentiability and continuity  [3]. 

Global techniques however are completely independent on the initial point, while 

imposing fewer constraints on the solution domain. Despite converging at a slower rate, 

global techniques may perform efficiently when solving problems with discontinuities, 

constraints, and numerous potential local optima [4].  

 

7.2.2 Genetic Algorithm terminologies 

GA utilize the Darwinian notion of natural selection and evolution[3], under the 

selective pressure of the fitness function, the set of trial solutions or individuals will be 

choose and evolved toward the optimal solution. A typical GA optimiser should be 

capable of performing the following tasks: 

1. Encode the solution parameters as genes, 

2. Forming a chromosome based the string created from genes, 

3. Initializing starting population, 

4. Fitness values being evaluated and assigned to each individual in the population, 
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5. Reproducing through the fitness-weighed selection of individuals from the 

population, 

6. Producing members of new generation from recombining and mutating the 

acquired individuals. 

Table 7.1: Basic terms and description in GA. 

Terms  Descriptions 

Generation Successively created populations 

Population Set of trial solution. 

Parents Members selected in a probabilistic manner from a particular 

initialized population and weighted according to their fitness [4]. 

Children The products of crossover and mutation, generated by initial selection 

of parents to form new generation. 

Fitness Measurements of goodness of each individual. 

Genes Coded parameters required for optimisation process. 

Chromosomes A couple of genes in string format. 

Objective 

function 

Also known as cost function or fitness function. An expression 

represented in mathematical terms, describing the goal or objective to 

be achieve. 

Search space Region where all the possible solutions of the defined problem exists. 

In some certain cases the solution beyond the feasible conditions may 

be acquired. GA will than isolate them and pick the appropriate 

optimum solutions from this region. 

 

The terms used in applying the GA are listed in table 4.1, along with some brief 

descriptions. There are three main stages in GA optimisation; initiation, reproduction 

and generation replacement as shown in Figure 7.1  [3]. In the first stage the critical 
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variables constraints, search boundaries and possible solutions are considered. The 

initiation stage consists of random encoded parameter strings (or chromosomes) fill in 

the initial populations. All the parameters are coded and combined into chromosome 

using three coding techniques binary, floating point or mixed binary and floating point. 

Binary coding is the simplest technique to create fixed length chromosomes simply 

using 1,s and 0,s. Floating point coding as well as mixture of binary and floating point 

only applied to deal with weakness of binary technique. These chromosomes 

representing both individuals and groups are known as the current generation. The 

fitness value will be defined to this individual by evaluating the fitness function. 

 

New generation are produced from the current generation during the reproduction cycle 

stage. An evaluation of the optimum of each individual chromosome is conducted to 

calculate the performance of each solution. Parents are picked from a pair of individuals 

with in the population where they will undergo mutation and crossover to produce 

children in the new generation. In generational GA new generation will replace the old 

generation. For steady-state GA however overlap process will occur between old and 

new generation. 

 

In the final stage of the GA the old generation is replaced by new generation where 

fitness values are evaluated for the assigned to each of the new individuals by 

calculating the fitness of each chromosome. The evaluation, selection mating and 

creating processes are repeated until the terminated criteria are satisfied to create the 

fittest solution for the problem. 
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Figure 7.1: Block diagram of a simple GA optimiser. 

 

 

7.2.3 Selection Methods 

 

One of the most important elements in using GA for optimisation is the selection 

techniques where it affects the fitness function during the process. Since the best 

individual may not be the best optimal solution, selection cannot be focused purely on it 

due to the fact that genes carried by any unfit individuals may also have to be preserved 

from the population to avoid any lost. Various selection strategies have been developed 

and they generally can be categorized as stochastic and deterministic. These strategies 

usually taken place during the reproduction process [3]. 
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Population decimation is the most basic deterministic selection strategy to be used in 

GA. This strategy basically arranges individuals from the lowest to the highest based on 

their fitness value. To set a margin point a minimum fitness value is chosen arbitrary to 

be used as an eviction reference where any individual with minimum fitness lower than 

this value will be removed from the population. The new generation will be generated 

from the remaining individual through random pairing [4]. The simplicity of this 

strategy manages to filter unfit individuals effectively. Nevertheless any individuals 

with unique characteristics that have been removed from the population will not be 

recovered which may affect the fitness value obtained. 

 

Proportionate selection also known as roulette-wheel selection is most commonly used. 

Following expression show that individuals are selected based on the probability: 

            


)(

)(

i

i

selection
parent

parentf
P  

(7.1) 

All the individuals with high fitness will proceed to the reproduction stage with this 

strategy. Also in the mating processin dividual with low fitness value may also consider 

which will preserve their genetic information [4]. 

 

Tournament selection is the most effective strategy, a sub-population of N is randomly 

selected, typically N = 2. Other individuals will be replaced back in the general 

population while individuals from this sub-population with the highest fitness value will 

be selected and the process is then repeated. This method performs best when 

convergence is established early on[4].  
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7.2.4 Operation of genetic algorithm 

A pair of individuals will be identified as parents during the selection process and using 

GA operators children will be created by recombining and mutating the chromosomes 

of the parents; crossover and mutation applied with its respective probability. In single-

point crossover which is commonly used, the crossover operator is applied to distribute 

the characteristics of the accepted parents to generate two children. By rearranging the 

genes it produce individuals with improve fitness. Rapid searching processes result in 

high crossover probabilities. For a wide range of problem a probability of crossover 

with 0.7 has been found to be best. In the optimising process the mutation operator 

serves as a “finder” for new genetic material. Optimal values of the population`s 

average fitness may also decrease. A very low mutation probability value from 0.01 to 

0.1 is assigned. 

 

7.3 GENETIC ALGORITHM IN ANTENNA DESIGN 
 

GA is involved in many engineering applications where a clear solution is awkward, or 

impossible to define, and has become popular in antenna design [4]. Work has been 

done using GA to define and optimise antenna structures [4-8]. 

 

Johnson et al. have reported their work in combining GA with the method of moments 

to design antennas integrated feed networks[7].  In this work, the main objective is to 

acquire an acceptable 2:1 VSWR for a wideband patch antenna over 20% of the 

bandwidth centred at 3GHz. The fitness function for GA is set for operating frequencies 

at 2.7GHz, 3GHz and 3.3GHz is set to minimize the maximum magnitude of S11. 

Compare to the original design of the patch antenna it is found that the bandwidth has 

been improved as much as 14%. A dual-band patch is also presented operating at 3 GHz 
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and 4GHz where both numerical and experimental results show good agreement. 

Kerkhoff et al conducted an analysis of planar monopole using GA. For a particular 

bandwidth bow-tie and reverse bow-tie antennas were optimised for impedance 

matching [8]. NEC-2 combined with GA was used to create wire model of both 

antennas. Compare to the conventional bow-tie antenna the reverse bow-tie is found to 

perform better and can achieve upto 80% bandwidth with reduced size. GA was utilized 

for further investigation to design an arbitrary shape of planar monopole antenna 

achieving the same objective. Result show that the arbitrary planar monopole can 

achieve bandwidth up to 175%. 

 

Antenna suitable for ground penetrating radar applications have also been designed and 

optimise using GA. Coevorden et al. applied GA in optimising the wire bow-tie antenna 

to reduce the antenna’s internal late-time ringing by means of resistively loading [9]. 

The GA is used to select parameters such as number of wires and the resistor’s value 

along the structure. The optimised antenna operates at a centre frequency of 450 MHz 

with a bandwidth of 1GHz (VSWR less than 1.5) with radiation efficiency of 10% to 

35%. Late-ringing time of the antenna was significantly minimised. Telzhensky et al. 

reported applications for communications antennas minimising S11 while increasing 

correlation factor by optimising a simplified volcano smoke antenna. A simple version 

of the antenna with half of the size of the original was successfully created with the 

optimisation procedure. 

 

7.4    IMPLEMENTATION OF GENETIC ALGORITHM IN    

   ANTENNA DESIGN 
 

In this chapter, the main design activity is an extension of the wire bow tie concept for 

microwave imaging applications. The initial design process follows the outline of 
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Johnson et al, by combining the NEC2 code with GA optimisation, the resulting designs 

are then verified, and extended by the use of general EM simulators (i.e. HFSS, CST). 

 

7.4.1 Wire Bow-tie Antenna (WBA) 

The bow-tie (BT) antenna has been widely adopted in many applications due to its non-

dispersive and wideband characteristics, especially in subsurface radar and 

communications. By transmitting and receiving a relatively short transient pulse with 

minimum distortion and low level of late time ringing; the bow-tie antenna plays crucial 

roles in these applications. The first comprehensive investigation of the input 

impedance and radiation of the of the bow-tie antenna was conducted by Brown [9]. His  

study found that the unipolar bowties have the property of delivering a more broadband 

response than the cylindrical monopoles, despite being less broadband than the 

corresponding conical monopoles. The variation of input impedance and field pattern 

was studied in terms of the flare angle and antenna length. The antenna was studied in 

free space, but without being resistively loaded. 

 

To accommodate such application various improvements have been studied [10-15]. 

Rounded BT antenna in [13] record improvement in terms of return loss and input 

impedance. Excellent performances not just for bowtie antenna but also the others due 

to the round corners at the sharp vertexes of the radiation surfaces [13]. Bowtie antennas 

have been investigated for the use as pulse transmitters in [12, 14-15]. For these 

applications the antennas should have a minimal late-time in order to radiate the pulse 

successfully. This is normally achieved using resistive loading on the antenna structure. 

The inter reflection are significantly reduce by resistively loading the bowtie antenna 
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while the bandwidth is also improved[14-15]. The results show such approaches are 

highly applicable in microwave imaging applications. 

 

Lestari et al. [16-17] treat the bowtie as an array of identical dipole sources, this is 

possible as the bowtie may be approximated (constructed) with a sufficient number of 

wire antennas. These wire antennas may be easily loading with lumped elements 

resistors, without affecting the wideband antenna performance  

The imaging application requires antennas with non-dispersive characteristics whilst 

transmitting short pulses. 

7.4.2 Implementation of WBT Antenna Design in Genetic Algorithm 

 
Figure 7.2: Flow chart of the GA tools applied to optimise the WBT antenna design. 
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The general flow chart for this work is shown in Figure 7.2. The process started by 

initializing the variable constraint where the desire parameters to be optimised are 

assigned alongside with the cost function. This is followed by setting the appropriate 

GA parameters; mutation rate, population number, number of generation and etc. The 

algorithm randomly initiates its population and converts the parameters of the initiated 

individuals into a file to be called by electromagnetic simulator (in this case, NEC-2) to 

determine the performance. To evaluate the fitness the outcome from the simulator will 

then be fed to GA, until the optimum values satisfy the fitness function this process is 

repeated. 

 

 

The antenna design presented here is based on the wire bow tie structure in [15]. The 

main objective is to achieve suitable antenna geometry, with consistent input impedance 

across the operating frequency, whilst also minimizing late time ringing caused by 

internal reflections within the radiator structure. Unwanted clutter in the radiator 

structure is suppressed through the addition of resistive loading. These various design 

goals are controlled through the application of a genetic optimiser, the physical 

modelling in this design loop is carried out using [18]. And the final design candidate is 

cross validated through a transient analysis using CST Microwave Studio. The 

prototype antenna is then constructed, and measured. 
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Figure 7.3: Geometry of the proposed bowtie antenna. 

 

 

Figure 7.4: Simulated VSWR with different bowtie antennas. 
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Figure 7.5: Practical prototype of proposed bowtie antenna. 

 

The genetic optimisation starts with the initialization of the variables and constraints, 

and the target parameters are assigned to the cost function. Specifically, a candidate 

structure is formed from the random selection of 

 The number of wires.  

 The flare angles between the wires (which vary continuously from 30 to 

90). 

 The number, and value of the resistive loads placed along the wires (which 

vary from 5 to 300 Ω). 

 The length of the wire (which vary from 50 to 120 mm). 

 The optimum matched load (which varies from 30 to 300 Ω).  

With clinical implementation in mind, the antenna is designed for operation in a 

dielectric medium with relative permittivity 9.0 and conductivity 0.4 Sm
-1

, thus 

emulating the electrical properties of the breast tissue at microwave frequencies [16-17, 
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19-20]. Finally, the wings of the prototype bowtie structure are connected to a common 

feed point at the centre of the structure. Considering these constraints, the following 

cost function is implemented for the optimisation process. 
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For the cost function, w1 and w2 are the weighting coefficients, n is the number of 

selected frequencies over the simulated frequency interval, ZL(fi) is the input impedance 

at the operating frequency (fi), η(fi) is the radiation efficiency at fi, and ηc is the 

reference radiation efficiency. It should be noted that the radiation efficiency was 

computed from the near fields which are located on an equivalent surface encapsulating 

the antenna’s geometry, and including the lossy dielectric medium. The size of this 

equivalent surface is 110  80  120 mm
3
. The antenna is placed on xy plane, and at the 

centre of the z axis. Several reference radiation efficiencies were attempted, ranging 

from 40 % to 60 % within the design optimisation. 
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Figure 7.6: Measurement setup for the resistive loaded bowtie antenna with scatterer. 

  

Once the mutation rate, population size, maximum number of generations, and 

possibilities are set, the algorithm randomly initiates its population and converts the 

parameters of the individuals into a file which is called by the electromagnetic source 

code, and the antenna performance is calculated [9, 12, 15-16, 20-22]. These results are 

then fed into the genetic optimiser, and the resulting fitness landscape is evaluated. This 

process is repeated until the target parameters satisfy the fitness function. The genetic 

algorithm parameters, including the antenna design configuration within the tissue 

equivalent medium can be found in [16]. The weighting coefficients w1 and w2 are set to 

0.65 and 0.35, respectively. The total length of the antenna, and load impedance 

(obtained from the optimiser are), 70.3 mm and 188 Ω, respectively. The wire bowtie is 

discretized into N equal segments (on each wire) which constitute the antenna, and the 
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wire radii are set at 0.5 mm. It may be observed that as the number of resistive loads is 

increased from 1 to 6 on the antenna, the maximum fitness can be driven from 0.5 to 

0.72. 

 

Figure 7.7: Simulated and measured S-parameters of the two proposed antenna 

configurations. 

 

The resistive loading was achieved in practice through the use of surface mount 

resistors, and the optimised wire structure parameters were transformed to a printed 

strip-line antenna by adopting an equivalent surface area conversion. The width of the 

strip-line is 1.57 mm, the gap between the radiating arms is 4.5 mm, and the gap size 

accommodating the selected resistors is 1.4 mm. At this stage a further design 

optimisation was required in the theoretical model to achieve a realizable antenna 

structure. This analysis was performed through the time domain using CST Microwave 

Studio. Figure 7.3 shows the antenna geometry. The total antenna dimensions are 70.3 

mm × 37 mm, three wires and six resistors are used, with the flare angle between the 

wires set at 38. The optimum matched load is 188 Ω. Again, in Figure 7.3 the indexing 
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from ‘1’ to ‘6’ represents the location of each of the resistive loads their corresponding 

values are {109, 7, 11, 113, 120, 219}. 

 

7.5   RESULTS AND DISCUSSION 
 

The simulated VSWR performance of the unmodified antenna, operating in free space is 

compared with the resistively loaded structure operating in free space and in the tissue 

equivalent fluid. These results are given in Figure 7.4 the unmodified structure has a 

limited impedance bandwidth of approximately 26.42% for VSWR<2 (over 4.6 GHz to 

6 GHz). This is not sufficient for the target interval of 4 GHz to 8 GHz. Following the 

addition of the resistive loads, the antenna bandwidth expands to accommodate the 

upper frequencies. Moreover, within the tissue equivalent medium, the dielectric losses 

appear to contribute to an improved impedance matching characteristic above the 8.5 

GHz band.  

 

The prototype antenna shown in Figure 7.5 was constructed using a low loss flexible 

substrate. In this case Arlon’s ‘Foam Clad’ material [23] was used, the permittivity of 

this material is close to air, and varies between 1.15 and 1.30. Figure 7.6 shows the 

experimental test bed used to evaluate the practical performance of the proposed 

antenna. For simplicity only half of the antenna is used, this is placed over a 50×50 cm
2
 

ground plane and operates as a monopole. It should be noted that ideally uni-directional 

radiation pattern should be preferred for this application, however, in this study, a 

monopole type antenna is implemented, whose half of the power emit away from the 

target. 
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The immersion liquid and fatty tissues to have the same electrical properties as the 

vegetable oil, the practical tissue model can be easily specified. This can be done by 

filling the 54×30×11 cm
3
 rectangular cross section tank with vegetable oil. Unwanted 

and spurious reflections, due to the ground plane edges are minimized through the use 

of RF absorbent sheets. An impedance matching transformer operating over the 

frequency interval 3 GHz to 10 GHz is used to provide the conversion from 188 Ω to 50 

Ω, the insertion loss is better than 1 dB. The input power (5 dBm) used for the S-

parameter measurements, target detection and near field radiation patterns is set from 

the network analyser (HP 8510 C).  
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Figure 7.8:  Simulated (left) and measured (right) near field distributions for two 

operating frequencies; Top: 4 GHz, Bottom: 6 GHz. 

 

 

The simulated and measured S-parameter responses for the submerged antenna are 

shown in Figure 7.7 for the range 4 GHz to 8 GHz. It can be seen that there is close 

agreement between the simulated and empirical data, with an input reflection coefficient 

better than -10dB. The detection sensitivity of the antenna may be assessed by 

observing the transmission coefficient between two identical antennas, separated by a 

given face-to-face distance, in this case for an 80mm separation, an average 

transmittance of -46dB was achieved, with ±8dB of transmission parameter fluctuation. 

This result is comparable with the results quoted in [20] for a dipole antenna. Figure 7.8 

illustrates the near field radiation characteristic of the antenna at 4 GHz and 6 GHz. The 

near field radiation pattern is measured using a dosimetry metric assessment system 

(DASY 4, SPEAG). These fields were observed at the xz plane, for which a 20 mm 

minimum distance is constantly maintained from the antenna. It should be noted that 

since the probe is not calibrated for the vegetable oil, only the relative radiation 

intensity is measured. In general, both simulated and measured near field patterns are 
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consistent, and in acceptable agreement. However, some discrepancies between the 

computed and empirical data can be attributed to reflections from the SMA connector 

and the boundaries of the tank, which is not taken into account in the simulation. The 

results are also quite comparable to those reported in [21], using uni-directional antenna 

and slightly different medium properties. 

 

The measured radiation efficiency across the operating frequency band in free space 

was between 18% and 26%, for which the proposed antenna was not designed to 

operate in free space. Therefore we have performed one further test to measure the 

radiation efficiency of the antenna inside the lossy medium. For this particular 

configuration the distance between the antenna and the probe was kept at 8cm. The 

average radiation efficiency of the antenna at this distance across the whole band was 

found around 10%, and we do believe this figure quite low but more reasonable with 

this type of antenna. 

 

After validating the radiation characteristics of the antenna, the feasibility of using this 

antenna to detect anomalous scattering centres within breast tissue must be addressed. 

In the simulation model, the candidate antenna structure is embedded within a 

15×15×15 cm
3
 volume of the tissue equivalent medium. A spherical ball, of radius 5 

mm, is positioned directly below the antenna feed, with a separation distance of 3.0cm, 

simulating a tumour with dielectric properties r = 50.0, and σ = 9 S/m. In order to 

verify the simulated result, a 1.0×1.0 cm
2
 metal plate is placed at a distance of 3.0cm 

below the excitation point to represent a dummy target for preliminary proof of concept, 

as shown in Figure 7.6 Figure 7.9 illustrates the time variations in the normalised 

current components, with the scattering centre located at 1.5cm, and 3cm, respectively.  
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(a) 

 

(b) 

Figure 7.9: Time variations of the normalized current components in the presence of a 

scatterer at (a) 1.5cm and (b) 3.0 cm. 
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It should be noted that these responses are obtained from the subtraction between the 

residual response with no target and the actual response. Both the simulated and 

measured results are well correlated, and indicate the presence of a peak current 

component at 0.8ns and 1.1ns, for the scattering centre at 1.5 cm and 3.0 cm 

respectively. This indicates that the prototype has sufficient sensitivity for its intended 

application. 

 

7.6   CONCLUSION 

This chapter presented an overview of genetic algorithms. This is followed by a 

discussion of the optimisation and implementation of the antenna design. A resistively 

loaded wire bowtie antenna is designed, and optimised, using the genetic algorithm 

approach, and some empirical investigations. The target application is the development 

of an antenna element suitable for a clinical microwave imaging system. The design 

fundamental verified for free space, and within a tissue equivalent medium. A candidate 

structure was produced and verified in terms of scattering parameters, and near field 

patterns across the target interval. Both the simulated and measured results are in close 

agreement. Furthermore, a simple experiment was designed to verify the feasibility of 

the prototype antenna for scatter detection in a lossy dielectric medium. The initial 

findings demonstrate the potential suitability of the prototype, and the usefulness of the 

underlying approach.  
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CHAPTER 8    

CONCLUSION AND FUTURE PLAN 

8.1 CONCLUSIONS         

This chapter provides a summary of the thesis, and also addresses possible future 

directions for this research and its positioning in the broader field of activity.  

The following are the summarized conclusions: 

 

The use of non-invasive microwave techniques to reveal the internal structure of 

biological objects has provided a breakthrough in medical diagnostics. The scope of 

these techniques is still to be determined, and the broader issue of the interaction of 

electromagnetic waves in vivo drives several major areas of cross-disciplinary research. 

  

Breast cancer is the most common non-skin malignancy in women and a leading cause 

of female mortality, the most effective route to the reduction of risk is early detection. 

Currently X-ray mammography is the main technology for the detection, diagnosis and 

localization of breast cancer. It is currently the only medical imaging procedure used as 

a screening tool. This screening has reduced but not eliminates mortality from breast 

cancer. Screening mammography technique reduce breast cancer mortality by about 25 

to 30 percent among women ages 50 to 70, and by about 18% among women ages of 40 

and 50, in a randomized clinical trials. Although the incidence of the breast cancer 

increases with age, reliable data for older women are lacking because most such clinical 

trials excluded women over age 70. Mortality from breast cancer in the United States 
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and in some European countries has been decreased in recent years, and some of this 

reduction is consistent with the affect of screening. 

 

There is clearly room for improvement in the screening and diagnosis of breast cancer 

due to the technical and the biological limitation of the current methods. X-ray 

mammography has serious limitation. Mammography does not detect all breast cancers, 

mammograms are particularly difficult to interpret for women with dense breast tissue, 

who are at increased risk of breast cancer. The dense tissue interferes with the 

identification of the abnormalities associated with tumour. This leads to higher rates of 

false-negative and false-positive finding in these women. The current limitations of 

mammography and other existing technologies have been the driving force behind the 

efforts to improve mammography and other diagnostic techniques and to develop 

additional novel methods for the early detection of breast cancer. The aim of this thesis 

is to examine some of the many technologies under development and to identify 

potential impediments to the development of new breast cancer screening and 

diagnostic procedures. Many factors can influence the development, adoption and use of 

medical technologies, including the availability of research funds, the regulatory 

approval process, coverage and reimbursement decisions, acceptability to the target 

population and difficulties in ensuring broad access. 

 

Although many technologies describe in this report are at a relatively early stage of 

development and it is difficult to predict their ultimate value or use, they must clear 

many hurdles if they are to become part of the standard of care for women and thus play 

a role in reducing the toll of breast cancer. In assessing new technologies, three distinct 

goals regarding early detection listed below: 
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1. Identification of a higher percentage of women with an early stage of breast 

cancer. This aim could be achieved by improving the accuracy (sensitivity and 

specificity) and the accessibility of mammography and also by developing other 

technologies that can identify cancers that are often miss by mammography. 

2. Development of the technologies that can detect early changes before the 

appearance of a true malignancy that increases a women risk of developing 

invasive or metastatic breast cancer. 

3. To discover more acceptable and effective means of risk reduction for women at 

early points along the continuum of breast cancer initiation and progression. 

Research on the biological processes that increase a women risk may also lead to 

new intervention strategies directed toward these processes. An underlying 

context of this discussion of early detection is that new, more acceptable 

preventive strategies could be applied more widely and efficiently. That is a 

therapy with little or no toxicity or adverse consequence would be much more 

acceptable to women with only a low or a moderate risk.   

 

In the meantime enthusiasm for new technologies should be tempered by consideration 

of the ultimate goal: to reduce the morbidity and mortality from breast cancer among 

women. It is important to keep in mind that the ability to move toward detection at an 

earlier point does not necessarily mean that the further progress toward decreasing 

disease-specific morbidity and mortality will occur. It is also important to understand 

what is being detected and how to appropriately intervene. Decision about the new 

technologies should be firmly grounded in scientific evidence if investigators are to 

optimise the benefits and minimize the risks of early breast detection.  

The following factors provide the rationale for pursuing electromagnetic method 
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1. Significant difference in the electrical properties of normal and malignant breast 

tissue in the microwave spectrum. 

2. Microwave illumination can effectively penetrate the breast 

3. Breast tissues are easily accessible and it is an ideal site for advance near field 

imaging. 

This thesis focuses on the theoretical and experimental investigation of active 

microwave imaging techniques for breast cancer detection. Following are the unique 

feature of microwave breast imaging 

 Offer low health risk. 

 Is sensitive to tumor and specific to malignancies. 

 Detects breast cancer at a curable stage. 

 Is non-invasive and simple to perform. 

 Is cost effective and widely available.  

 Involve minimal discomfort. 

 Provide easy to interpret and consistent results. 

 

The main objective of this thesis is to develop suitable antenna as the radiator for 

microwave sensing tools. Since the large contrasts of the dielectric properties between 

the normal and malignant are observed, the potential of microwave imaging in detecting 

early breast cancer has been exploited extensively.  The demands on suitable antennas 

for use in medical, and other, microwave imaging systems has steadily grown in recent 

years.  

 

The use of circular printed monopole antennas originates from a conventional vertical 

monopole disc antenna by using microstrip line for the ease of integration with the 
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printed circuit board. Studies indicate that this antenna type was capable of supporting 

multiple resonant modes. Investigation has been carried out to analyse the design 

parameter of such antenna. The ground plane play an important role as it tunes the input 

impedance and changes the operating bandwidth when the feed gap is varied. The size 

of the circular patch has also impact on the antenna performance because the current is 

mainly distributed along the edges of the circular patch. So cutting the centre part of the 

antenna will not degrade the antenna performance. 

 

Another planar printed monopole antenna with improved bandwidth for ultra wide- 

bandwidth (UWB) applications has been presented and discussed.  This was achieved 

by tapering the base of the monopole with five steps to match the width of the feeding 

line from the ground plane. The simulated and measured results were shown to be in 

reasonable agreement over the whole UWB frequency band considered.  

 

The development of a new compact ultra wide bandwidth microstrip antenna with air as 

the dielectric over a finite ground has been presented. A parametric study of major 

elements size dimensions were carried out to achieve optimum antenna performance. A 

prototype antenna was implemented and tested. The experimental results have exhibited 

good agreement with simulations, and exhibits wide band and unidirectional radiation 

patterns, making it suitable for development in transmitter and receiver applications.  

Wideband characteristics are essential to transmit short transient pulses in confocal 

microwave technique. A cubical container made of Plexiglas filled with vegetable oil 

used as breast phantom in microwave breast imaging. 
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The WBT antenna was developed and manufacture on a low loss dielectric material. 

The use of genetic algorithms (GA) in enhancing antenna for microwave imaging has 

been demonstrated successfully. The main objective in this design was to eliminate or 

reduce the late time ringing of the antenna by resistive loading, to optimise the antenna 

for transmitting short pulses. Other factors such as size and low return loss are also 

considered. The WBT antenna was analysed in two different softwares and both shows 

good agreement. Further investigation on the antenna ability to detect object were also 

conducted and show promising outcome. 

 

It can be concluded that microwave technique developed in this work for breast cancer 

detection are coming of age. There is sufficient reason to be optimistic that a clinically 

viable system will be developed soon. X-ray mammography as a screening tool is not 

expected to be replaced by such system. But these systems if used together can improve 

detection and limit false findings. Perhaps for a young woman for whom mammography 

is not recommended, a microwave system will become useful as a painless low risk 

diagnostic aid. At present there is still a great deal of research and engineering design to 

be completed before this become reality. 

 

8.2    FUTURE PLAN AND INVESTIGATIONS 

The previous section presented good reasons to believe that microwave breast cancer 

detection will become a successful complement to conventional mammography with a 

variety of promising approaches. New solutions are likely to emerge with the 

development of existing technologies, and their use in conjunction with existing clinical 

practice will pave the road for the acceptance of new system. 
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The following factors indicate possible extensions of the work of this thesis. 

 

 Development of a microwave imaging system for real time application. A 

clinically viable system is yet to be realised, even though many prototype of 

microwave imaging systems are available. A clinically viable microwave breast 

imaging system is definitely a boon to breast cancer patients, as microwave 

technology is non-hazardous and can detect and image breast tumor at an early 

curable stage. 

 Microwave responses of some benign breast tumours are similar to those of 

malignant tumours. Further development of the microwave technique, and 

studies with these benign breast tumours need to be carried out, and a reliable 

identification procedure must be established. 

 Array designs should be considered, this will require improvements in the 

design and optimisation of the radiator elements. Detection limits will need to be 

ascertained. In practice, this must include a full characterization of the tissue 

contrasts between the suspect malignant growth, and the surrounding healthy 

tissue in terms of permittivity and conductivity. Full specification of the 

problems also requires the size of the malignant region, and its depth under the 

skin (i.e. the distance from the sensor). The optimal setup of the antenna in an 

array should be determined such that the maximum amount of information is 

retrieved while maintaining a relatively simple apparatus. 

 Further work aimed at more heterogeneous breast phantoms needs to be 

addressed. The experimental work will involve breast phantoms (i.e. substitutes 

for human breast tissue) as well as tumour stimulant embedded in the phantoms. 

The sensor design will be developed from both electromagnetic simulation and 
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measurements, the sensor sensitivity will be verified through phantom 

measurements. Further investigations into the use of various signal processing 

techniques to enhance the detection of a target in the obtain radar image will be 

required.  
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List of Abbreviations and Acronyms 
 

Acronyms  Meaning 

2-D  

3-D  

CPW 

2-Dimention  

3-Dimention 

Coplanar Wave Guide 

CT Computed Tomography 

CAD Computer Aided Detection 

DASY Dosimetry Metric Assessment System 

ESS Elastic Scattering Spectroscopy 

FDA Food and Drug Administration 

FFDM Full Field Digital Mammography 

FSM Film Screen Mammography 

FNA Fine Needle Aspiration 

GA Genetic Algorithm 

GPR Ground Penetrating Radar 

HEI Hall Effect Imaging 

HFSS High Frequency Structure Simulator 

MRI Magnetic Resonance Imaging 

MIST Microwave Imaging Space-time Beam Forming 

MRS Magnetic Resonance Spectroscopy 

MMG Magneto Mammography 

NB Narrow Band 

PCB Printed Circuit Board 

PET Positron Emission Tomography 

RF  Radio Frequency 

RW Random Walk 

SA Simulated Annealing 

SQUID Super Conducting Quantum Interface Device 

TA  Transmitting Antenna 

TACT Tuned Aperture Computed Tomography 

TARC Total ACTIVE Reflection Coefficient 

TSAR Tissue Sensing Adaptive Radar 
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UWB Ultra Wide-band 

VSWR  Voltage Standing Wave Ratio 

WB Wide Band  

WBA Wire Bow-tie Antenna  
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