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Near field imaging using microwaves in medical applications is of great current 
interest for its capability and accuracy in identifying features of interest, in 
comparison with other known screening tools. Many imaging methods have been 
developed over the past two decades showing the potential of microwave imaging 
in medical applications such as early breast cancer detection, analysis of cardiac 
tissues, soft tissues and bones. Microwave imaging uses non-ionizing ultra- 
wideband (UWB) electromagnetic signals and utilises tissue-dependent dielectric 
contrast to reconstruct signals and images using radar-based or tomographic 
imaging techniques. Microwave imaging offers low health risk, low operational 
cost, ease of use and user-friendliness. 
This study documents microwave imaging experiments for early breast cancer 
detection and bone fracture detection using radar approach. An actively tuned 
UWB patch antenna and a UWB Vivaldi antenna are designed and utilised as 
sensing elements in the aforementioned applications. Both UWB antennas were 
developed over a range of frequency spectrum, and then characteristics were 
tested against their ability for microwave imaging applications by reconstructing 
the 3D Inversion Algorithm. 
An experiment was conducted using patch antenna to test the detection of 
variable sizes of cancer tissues based on a simple phantom consisting of a plastic 
container with a low dielectric material emulating fatty tissue and high dielectric 
constant object emulating a tumour, is scanned between 4 to 8 GHz with the 
patch antenna. A 2-D image of the tumour is constructed using the reflected 
signal response to visualize the location and size of the tumour. 
A Vivaldi antenna is designed covering 3.1 to 10.6 GHz. The antenna is tested 
via simulation for detecting bone fractures of various sizes and 2-D images are 
generated using reflected pulses to show the size of fracture. The Vivaldi antenna 
is optimised for early breast cancer detection and detailed simulated study is 
carried out using different breast phantoms and tumour sizes. Simulations are 
backed with the experimental investigation with the test setup used for patch 
antenna. Generated images for simulations and experimental investigation show 
good agreement, and show the presence of tumour with good location accuracy. 
Measurements indicate that both prototype microwave sensors are good 
candidates for tested imaging applications. 
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Chapter 1 
 
 

1 Introduction 

 
 

1.1 Background and Motivations 

 

 
Microwave Imaging (MWI) has proven to have strong diagnostic capabilities in 

several areas, including industrial and civil engineering applications such as non- 

destructive testing and evaluation, geophysical prospecting, and medical 

engineering. In past decades extensive research has been performed on the use 

of microwaves as a medical diagnostic tool. Many studies have been conducted 

on their use in breast cancer detection and bone density measurements. 

Emphasise of this study is on the use of microwave techniques towards detection 

of breast cancers and bone health-related issues. Breast cancer is one common 

causes of death in women above 50. In the UK, about 48000 women get breast 

cancer every year. The number of women affected by breast cancer has risen by 

12 % in the last decade. 11716 death were caused by breast cancer in 2012 in 

the UK. Early detection of breast cancer helps in curing the disease before it can 

cause serious harm. Different imaging methods are available for detecting breast 

cancers such as Ultrasound, X-ray mammography, Computerized Tomography 

(CT) scans and Magnetic Resonance Imaging (MRI) [1, 2]. X-ray mammography 

is the most effective tool for early breast cancer detection. However, it suffers 

from high false positive and negative rates of 28% and 34% respectively. Varying 

breast density among patients is one of the limiting factor affecting X-ray 
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mammography. Radiation exposure during screening is also another concern 

which causes cell damage which can cause complications. MRI and Ultrasound 

are alternative to X-ray mammography which is radiation-free. MRI can be used 

in addition to mammography for detecting breast cancer at its earliest stage but 

it cannot be used as a replacement. Increased sensitivity of MRI can cause even 

the healthy breast to show abnormal thus producing high false-positive rates. 

Furthermore, under the affordable act, it is more expensive than mammography 

[3-5]. In microwave diagnostic, dielectric properties of the tissues are observed 

when exposed to microwave radiations. Studies show that malignant tissues 

have dielectric properties much different than healthy tissue. Penetration of 

waves is dependent on frequency and bandwidth it allows detection of small 

tumours more accurately by using UWB signals and screening process is more 

comfortable as the process does not involve breast compression and radiation 

[6]. 

 
 

Osteoporosis is a common disease which leads to bone mineral density loss, 

making bones weak, fragile and more susceptible to fracture. Around three million 

people in the UK have or are at the risk of osteoporosis. Around 230000 fragility 

fractures are reported every year in the UK. Common fractures are that of wrist, 

spine and hip. Hip fractures cost NHS 1.7£ billion a year. In the US, osteoporosis 

affects roughly 55 % of the population. These are the developed countries for 

which it is easier to get such statistics because of digital records. For developing 

countries, these numbers might be higher and without proper diagnostic tools, 

most people do not even realise that they are suffering from this disease[7, 8]. 

Bone Density Measurement (BDM) using X-ray, primarily Dual Energy X-ray 
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Absorptiometry (DEXA) is used to detect osteoporosis. This technique provides 

a measure of bone mass but lacks to provide an insight into the bone structure, 

biology and quality which are essential to determine bone health. DEXA is not 

very accurate when it comes to differentiating between cortical and trabecular 

spaces and is prone to error. Quantitative computed tomography is another 

technique which gives a more accurate measure of bone density and quality but 

is limited because of exposure [9-11]. Dielectric properties of bone have been 

studied in detail. The literature shows microwave tomography or radar-based 

approaches used for breast cancer detection have been successfully tested for 

bone imaging such as imaging fractures, ligament tears and other bone-related 

issues with great results with very little changing in the hardware and 

methodology [12, 13]. 

 
 

This report tends to develop a near field imaging system consisting of Ultra- 

Wideband (UWB) antenna transmitting UWB pulses for short duration to detect 

the presence of tumour in the breast using the radar-based approach. And tends 

to utilise the same methodology for bone health-related issues such as detecting 

fractures in bone using the designed sensor. 

 

 
1.2 Objectives 

 

 
This thesis emphasises the hardware part of a near field imaging system which 

is the UWB antenna. The objective is to design an antenna that satisfies the 

requirements to be used as the primary sensor for microwave imaging 
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applications. This includes design, simulation, implementation of the prototype 

and experimental investigation. Antenna designed will be used for near field 

imaging hence far-field measurements and radiation characteristics will not be 

significantly considered for antenna design. After the design process antenna will 

be tested in microwave imaging applications for early breast cancer detection and 

bone fracture detection via simulation and practical investigation. A robust 

environment will be designed to test the detection capabilities of the sensor and 

2D imaging scenarios will be implemented. Imaging results will be analysed to 

access the performance of the sensor for Microwave Imaging applications. 

 
 

The main research objectives of the thesis are: 

 
 

• To obtain comprehensive knowledge and understanding of the various 

imaging technologies. 

• To understand the basic principles of UWB Microwave Imaging its various 

applications with emphasis on the medical applications. 

• To understand the technical challenges faced by UWB medical imaging. 
 

• To develop a simulated proof of concept model for breast cancer detection 

using radar approach. 

• To design a UWB antenna for medical imaging applications using UWB 

microwave signals. 

• To test the antenna for breast cancer and bone fracture detection cases 

via simulation and experimental investigation. 
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• To establish an imaging methodology and evaluating antenna’s imaging 

performance for both medical applications with the simulated and 

experimental investigation. 

 

 
In addition to the objectives following design, requirements were set for the near 

field antenna. 

 
 

• Covers the UWB band from 3.1 to 10.6 GHz. Bandwidth is essential for 

high-resolution imaging. 

• Small size for easy implementation so that antenna can also be 

represented as an array for enhanced imaging applications. 

• The input impedance of the antenna needs to be constant for operating 

frequency. Minimise the miss-match over the operating band. Ideally 

matched to 50Ω load. 

 
 

1.3 Thesis Contributions to Knowledge 

 

 
The study contributes following in the field of ultra-wideband microwave imaging. 

 
 

• A new UWB patch antenna has been designed for early breast cancer 

detection and imaging. Antenna performance has been evaluated 

experimentally. The antenna is further enhanced to allow active tuning via 

varactor diode. 
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• A UWB Vivaldi antenna is designed for bone fracture detection and 

imaging and performance is evaluated via simulations showing the 

capabilities of UWB MWI for bone health-related issues. 

• Potential of UWB MWI is explored in non-medical applications using 

Vivaldi antenna designed for bone fracture detection. Small circular 

metallic objects are localised and imaged using radar approach. 

• Vivaldi antenna is tested for early breast cancer detection and imaging 

with experimental verification using homogenous breast phantom. The 

results are compared with existing studies. The study shows the use of the 

same antenna for medical and non-medical imaging applications of UWB 

MWI without requiring and additional hardware or software resources. 

 
 
 

1.4 Thesis Outline 

 

 
Chapter 2 consists of an overview of various imaging methods available for early 

breast cancer detection. E.g. Ultrasound, X-rays, MRI etc. It discusses each in 

detail, their history, clinical use and equipment diagnostic accuracy, drawback 

and their biological effects on the human body. 

 
 

Chapter 3 covers UWB microwave imaging in detail. It discusses UWB signals 

and basic operational principle of MWI (Microwave Imaging) system with a focus 

on Radar approach. It provides insight into medical applications of MWI with 

emphasis on early breast cancer detection and bone fracture detection. Its 

limitations, advantages and drawbacks. 
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Chapter 4 covers the concepts of FDTD for early breast cancer detection with 

simulated examples. It also covers the design procedure of UWB patch antenna 

of operational frequency 4 to 8 GHz, its implementation and performance in a 

practical scenario for early breast cancer detection. It is showing results of the 

system’s capability for detection of cancer, with attempts to implement an imaging 

algorithm with a tested system and measured data. 

 
 

Chapter 5 shows an investigation into bone health monitoring with a primary 

focus on bone fracture detection using UWB microwave signals. The chapter 

details the design process of UWB Vivaldi sensor with an operating frequency of 

3.1 to 10.6 GHz and evaluates its performance for bone fracture detection. A 

simulated study is performed in which a designed sensor is tested with a bone 

structure in which cracks of variable width are introduced. 2D imaging is 

implemented via Delay and Sum imaging algorithm, and imaging results are 

analysed which show excellent results. The results prove that the designed 

sensor is an excellent candidate for Microwave Imaging applications. 

 
 

Chapter 6 shows design optimisation of UWB Vivaldi antenna operating between 
 

3.1 GHz to 10.6 GHz designed in chapter5 and analyses its performance for 

identifying & localising targets in the air and for early breast cancer detection. 

Simulated results prove sensors capability in detecting early-stage cancer which 

was also confirmed by the 2D imaging results in both theory and practical. 
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Chapter 7 concludes the overall work briefly describing the work done in each 

phase of the study and the corresponding outcomes and provides a general 

conclusion to the overall work and its contribution to the UWB Microwave imaging 

while suggesting further improvements for future work. 
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Chapter 2 

 
2 Various Technologies for Breast Cancer 

Detection 

2.1 Introduction 

 

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

leading cause of cancer death among women in the United States. 40,000 

women lose their life to breast cancer every year and 180, 000 new cases are 

diagnosed. Until a cure is found, prevention and early detection are the best hope 

for reducing the mortality rate because of breast cancer. The early detection of 

cancer by screening reduced mortality from cancer [14-17]. 

 
 

There was no established method for early breast cancer detection sixty years 

ago; however, thanks to the advancement in medical technology situation has 

changed considerably. In early 1900s X-ray was first suggested for diagnosis of 

early breast cancer. In the 1960s mammography was adopted and it has evolved 

since then with the addition of a few more technologies. Last decade has seen a 

significant increase in investment towards breast cancer analysis and early 

breast cancer detection. Federal funding and funds from the private sector have 

intensified the research in this field. U.S. Department of health & human services, 

NASA and several other agencies are providing support and technical facilities 

for the research and improvement in mammography. 
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There are three distinct stages of breast cancer. The first stage is the detection 

of abnormal tissue either by screening or physical examination; most commonly 

mammography is used. After identification of abnormality, it is diagnosed as 

either malignant or benign via other techniques such as biopsy. In the third and 

final stage, the stage of cancer is characterized according to properties e.g. size 

of the malignant tissue. Treatment depends on the stage of cancer; initial stage 

cancers are generally dealt with less aggressive treatments. Screening at an 

early stage is essential for reducing mortality due to breast cancer. Efficient 

screening provides information about abnormal tissue being malignant or benign 

and helps in deciding the course of action. Despite advancements in screening 

limitations still exists, such as false-positive or false-negative findings. Even after 

screening, there is no guarantee that the patient will not die of breast cancer as 

detection is not a cure. Also, aggressive tumours tend to proliferate despite 

screening at the early-stage treatment of such tumours is very difficult. 

 
 

One of the limitations for screening technology such as mammography is the high 

rate of false-positive results. In such cases, valuable time and resources are lost 

for cancer-free patients. To avoid such scenario specificity of a test should reach 

99% but most screenings have test specificity range between 90 to 98 % that 

gives rise to high false-positive results, which is a significant concern. 

 
 

No screening tool is perfect and thus, some false-negative results are inevitable. 

Some tumours may not be detected by mammography, which does not mean that 

woman is cancer-free. According to published studies, the sensitivity of 

mammography screening is between 80 to 95% [18]. Common reasons for failure 
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are inherent limitations of the mammography, interpretation error, unusual lesion 

characteristics and poor radiographic technique [19-21]. 

False-negative can be very harmful to the patient regardless of the cause. As 

false-negative means delay in treatment and delay means more time for cancer 

to spread and a stage might come where treatment will no longer be possible. 

 
 

New screening technologies and advancements in existing technologies are vital 

in the fight against breast cancer. Existing technologies such as X-rays can be 

enhanced by using them in conjunction with alternate techniques namely MRI 

and Ultrasound to double-check findings and or reducing the dose of X-rays 

without losing valuable information or using computer-assisted systems for 

diagnostics. Technologies that were developed for space applications such as 

image processing, high-resolution imaging are now being used for breast cancer 

detection. These help in reducing costs and speed up the process for discovering 

newer methodologies. All the advancements in genetics and increased 

understanding of breast cancer causes help in early detection and improving 

patient’s survival chances. 

 
 

However, just the development of new methodologies on its own is not enough 

as it has to go through many steps before being widely adopted. Any new 

screening technology is evaluated by the Food and Drug Administration (FDA) 

and gain approval. Its safety, side effects, accuracy and cost-effectiveness, are 

evaluated. [22]. 
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2.2 Basics of Imaging Analysis 

 

 
For any technology being developed for breast screening three common goals 

that are kept in mind are: 

1- Identification of abnormal tissue. 
 

2- Accurate localization of the abnormal tissue. 
 

3- Characterization of the abnormalities to help diagnosis. 

 
 

An ideal technique will accomplish all three goals; however, in reality, not all goals 

are accomplished. Instead, one goal gets priority over the other two in most 

cases. Developers tend to focus more on detection methodology, making it more 

realistic, accurate, inexpensive and safe for the patients. 

 
 

Different techniques focus on different methods for detection such as 

microcalcifications, morphological or structural differences in tissue masses and 

some modern and more developed techniques give the functional difference 

between cancerous and healthy tissues. Ideal diagnosis technique should give 

information on the function and structure of the tissue but is very challenging in 

practice at present [23, 24]. Medical Imaging has evolved in generations with 

each generation providing faster, better and more detailed results.[25] 

 
 

Its primary operations, such as filtering, enhancement, classification, and 

combination of images obtained from different modalities, can assist screening, 

diagnosis, research, and treatment. Development of Computer-Aided Diagnosis 

(CAD) systems has automated the process of abnormality detection which 
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depends on pattern recognition technique. Often this involves identifying 

structures such as tumours or lesions, but it can also include monitoring present 

structures such as the size of the heart in chest X-rays. Cases in which a large 

number of images need to be examined, but relatively few would be expected to 

show abnormalities use CAD systems. They are adopted as an alternative 

‘second opinion’ that can assist a radiologist in detection lesions and in making 

diagnostic decisions. CAD systems detect, accurately, objectively, reproducibly, 

and reduce the number of false positives (diagnoses of malignancy) by analysing 

mammographic lesions [26]. Medical imaging community is now able to probe 

into structure and pathology of the human body with a range of medical systems. 

These systems assist in planning treatment and surgery. These provide data sets 

in two, three or more dimension with detailed information for clinical or research 

applications.[27] 

 
 

Any imaging technology for breast cancer screening depends on the chemical, 

physical and biological properties of the breast. All imaging technologies have a 

common goal despite having different technical applications. They all include 

signal processing, image formation and extraction of desired reflected signals. 

 

 

 

Figure 2-1: Properties of breast tissue exploited by different imaging modes 
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2.3 Imaging Technologies for the Detection of Breast 

Cancer 

2.3.1 Digital Mammography 

 
Full Field Digital Mammography (FFDM) is similar in operation to Film Screen 

Mammography (FSM) except for electronic detectors to capture and display X- 

ray signals on a screen. Electronic detector pick of X-ray exposure and sends the 

signal to an array of detectors where the signal is processed and stored. The goal 

of FFDM is to use low radiation dosage as compared to FSM and detect breast 

abnormalities while improving on the image quality. Digital mammography adds 

features to the displayed image such as contrast, brightness and magnification 

which are not available in FSM. These features enable to focus on the area of 

interest with limited or less X-ray exposure. FFDM allows the generation of 3D 

images also known as a hologram by taking images at various angles. Images 

generated by FFDM can be transmitted via the internet to distant places for 

further consultation [28]. 

 

 

Figure 2-2: Film Screen Mammography [28]. 
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Figure 2-3: FFDM.[29] 

 

 
Digital images obtained via FFDM can be fine-tuned by various imaging 

techniques to aid cancer detection which can be missed in FSM either cause of 

technological limitation or human errors. Despite its discussed advantages, 

FFDM is not problem-free. Uncomfortable breast compression is the same as 

FSM. Another limitation is the luminance range of the digital displays used and 

spatial resolution of FFDM systems. A mammogram is actually density lines 

showing different shades of grey. The ability of display monitor, to distinguish 

between different shades dramatically affects the interpretation results. Food and 

Drug Authority (FDA) has set standards for the soft copy mammograms and 

approves digital mammogram displays. It enforces strict rules on vendors and 

manufacturers to maintain the standards, this makes the displays very costly. 

FDA enforces strict rules on maintenance of the mammography systems which 

require human resources and money. The spatial resolution of FFDM is less than 

that of FSM. Advance FFDM has a resolution of 12.5 lines per mm while FSM 

has 20 lines per mm. Cost-effective solutions are required for displaying or 
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printing digital mammograms. Also, the conventional mammograms cannot be 

converted to digital mammograms making it difficult for specialists to do a 

comparison. 

 
 

Few manufacturers such as Fuji and General electronics have very high- 

resolution systems available. Their systems offer a resolution of 100µm. Fisher 

and Hologic’s also have digital mammogram systems offering resolutions of 

54µm and 41µm respectively. FDA approved FFDM systems in 2000 for clinical 

use. A large trial was conducted by the support of the US army in which 7000 

women over 40 were screened to compare FSM and FFDM. Results showed that 

FFDM did not perform any better than FSM in detecting malignant lesions. FFDM 

is still developing and improving, with current data, it is hard to declare a clear 

winner between FSM and FFDMM, however, over the time with more data and 

studies thing may become clear. Computer-aided detection can be used in 

conjunction with FFDM for better diagnostic results. 

 
 

Other technologies such as X-ray CT can be used to overcome limitations of 

FFDM [29]. For example, Tuned Aperture Computed Tomography (TACT) can 

be used to construct a 3D image of the breast for diagnosis. The process is more 

comfortable in regard to compression and amount of radiation exposure [30]. 

2.3.2 Computer-Aided Detection and Diagnosis 

 
Patterns in images are identified by a sophisticated software program in CAD 

systems. The main goal is to detect the abnormality or cancerous tissue and help 

in deciding if it is malignant or benign. CAD can be used with either digital or film- 
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screen mammography. It is a handy tool for radiologists to detect and classify 

breast lesions. [31]. Interpretation of images of screen mammography is not an 

easy task; only 1 – 6 of the screened women out of 1000 are identified as affected. 

So many images are read by radiologists to find cancer effected patient and the 

process needs to be quick enough to diagnose as early as possible [32]. For CAD 

to be used as an accepted tool, it should be able to determine false positive such 

that biopsy can be avoided. At present CAD is not advance enough to distinguish 

breast lesions as benign or malignant. Digital mammography and CAD are under 

research and efforts are being made to improve performance and get approval 

from the FDA for the use of digital mammography and CAD for early breast 

cancer screening. 

2.3.3 X-Ray Computed Tomography 

 
X-ray computed tomography or CT is an imaging technique that produces cross- 

sectional images representing the X-ray attenuation properties of the body. For 

image formation, in CT, a beam of x-rays is transmitted and received by an x-ray 

receiver after passing through the patient’s body. Using thin beams a set of lines 

is scanned covering the entire field of view. The process is then repeated for 

various angles and x-ray attenuation is recorded. Based on these measurements, 

actual attenuation at each point of the scanned slice can be reconstructed. Other 

imaging modalities such as Positron Emission Tomography (PET), Single Photon 

Emission Computed Tomography (SPECT) also are a kind of CT but the term CT 

is allocated to computerized x-ray tomography. A few research groups have 

developed dedicated Breast CT scanners. In these, the patient is placed in the 

prone position and the gantry is positioned horizontally underneath the patient. 
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X-ray tube and flat-panel detector system then rotate around the pendant breast, 

acquiring the cone-beam projections which allow reconstruction of 3D volume 

data set of the breast. The principal benefit of this approach is that the 3D data 

set allows the radiologist to avoid overlapping anatomy. 

 

 
Figure 2-4: Breast CT prototype [33]. 

 

 
Because CT is based on X-ray attenuation, the same contrast agents as in 

radiographic imaging can be used. However, CT is more sensitive to small 

intensity differences than radiographic projection images and, consequently, 

contrast agents in small concentrations can also be noticed outside the blood 

vessels or cavities. This way anatomical differences from an increased or 

decreased vascularisation or diffusion volume and functional diffusion of 

perfusion differences can be visualised. Radiation doses are relatively high in CT. 

For example, the effective dose of a CT of the head is 1– 2 mSv and of the chest, 

abdomen or pelvis on the order of 5– 8 mSv each. A low-dose lung CT is 

responsible for an effective dose of 1.5– 2 mSv and a whole-body screening for 

7 mSv or more. This is on the order of 10 to 100 times higher than a radiographic 

image of the same region. The possible harm is too high to be neglected, and the 

patient dose must be kept as low as possible. Taking the required image quality 
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into account, this can be done by the correct use of the equipment and by keeping 

the equipment in optimal condition. The dose can be limited by a low integrated 

tube current (mA s) and a limited scan range. Some scanners apply a modulated 

tube current to reduce the dose. They use a larger tube current in views with 

higher attenuation. The optimal condition of the equipment requires a daily 

calibration of the CT scanner by performing several blank scans (i.e., scans with 

only air inside the gantry). Phantom measurements must check image quality and 

constancy. Maintenance and safety inspections must occur several times a year. 

To measure absorbed dose before scanning CT Dose Index (CTDI) has been 

defined. D(z) is radiation doze along the z-axis, n number of detector rows and 

n∆z the total detector width. There are two different phantom models that exist. 

A body phantom with a diameter of 32 cm and a head phantom of diameter 16 

cm. Scatter radiation outside the scanned slab is also taken into account. So 

CDTI shows dose obtained by circular scanning a series of adjacent slices. Unit 

of CDTI is Gy, i.e. J/Kg. [33] 

2.3.4 Ultrasound 

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

boundaries between the tissues with different acoustic properties. Time interval 

of reflection is proportional to the depth of tissue boundaries. Ultrasound is mainly 

used for the detection of cysts and help in the further biopsy. Ultrasound is 

capable of differentiating between benign and malignant tissue. It does so by 

detecting the different sounds of the fluid-filled cyst and healthy tissue. 

Mammography is often followed by an ultrasound to determine whether the lesion 

found is solid or cyst. Radiologists use ultrasound to evaluate the lump in the 
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breast which can be felt but is difficult to see on a mammogram for denser 

breasts. Ultrasound distinguishes between benign and malignant tissue with very 

high accuracy [34]. According to studies, ultrasound is 99.5% accurate in this 

diagnosis and helps in decided which patient needs biopsy [35]. Ultrasound is a 

good tool to be used with mammography for differentiating benign or malignant 

tumours but the accuracy of the combined image is reduced for non-palpable 

tumours [36]. 

 
 

Phenomena known as speckle limits the ultrasound’s ability to detect cancer. 

Speckle and other noise reduce the ability to ultrasound to detect solid masses 

and or cysts. Speckle is reduced by using compound imaging. In compound 

imaging ultrasound beam strikes the tissue from different angles rather than a 

single angle as in conventional ultrasound [37]. Three-dimensional (3D) imaging 

in ultrasound is under investigation and is getting attention in gynaecology. In 3D 

ultrasound volume of tissue is displayed, which gives more information about 

tumours and shows changes in mass with time. Ultrasound is capable of 

providing information about blood flow. It does so by detecting a shift in acoustic 

frequency as a function of blood cell motion. Ability to detect tumour blood flow 

motion can help in differentiating benign and malignant at an early stage. 

However, it is not proving to be reliable [38, 39]. 

 
 

Another useful application of ultrasound is Elastrography which detects stiffness 

and other mechanical properties of tissues. Mechanical properties are measured 

point to point and are mapped to form an image. Ultrasound imaging technology 

also suffers from a few health issues. The tissue absorbs the ultrasonic energy 
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and is converted to heat. To prevent tissue damage, the thermal index based on 

the transmitted power has been introduced. Parameters are indicated on the 

ultrasound scanners, and they must not exceed the threshold. Tissue damage 

can also be caused by collapsing of microscopic gas bubbles in areas of low local 

density caused by negative pressure. 

2.3.5 Magnetic Resonance Imaging 

 
MRI provides a spatial map of the hydrogen nuclei (water and lipid) in different 

tissues. The image intensity depends upon the number of photons in any spatial 

location, as well as physical properties of the tissue such as viscosity, stiffness 

and protein content. In MRI, a strong magnetic field is applied which forces the 

protons to align with that field. Afterwards, radiofrequency current (RF) pulsed 

through the patient, which excites the protons and forces them to spin out of the 

equilibrium against the magnetic field. When the pulse is stopped, protons realign 

with the magnetic field. The energy released and time taken by protons to realign 

depends on the chemical nature of the molecules. And the diagnosis is made 

based on the magnetic properties of these tissues. In comparison to other 

imaging modalities main advantages of MRI are, no ionizing radiation is required, 

images can be acquired in two or three-dimensional plane, there is excellent soft- 

tissue contrast spatial resolution of the order of 1mm can be readily achieved. 

The signal has a characteristic that varies with the tissue. MRI is used to find 

structural abnormalities in breast tissue while newer versions are also capable of 

gathering information about breast lesions. In 1980 the initial trials with MRI were 

disappointing but later use of contrast agent improved its performance. As the 
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contrast agent uptake of malignant tissue was significantly more than that of 

healthy tissue. 

 
 

Dynamic Contrast Imaging (DCI) and 3-Dimensional High-Resolution imaging 

(3DHRI) are two widely used MRI techniques to detect breast tumours. Contrast 

imaging uses a contrast agent which the cancerous tissue take up more than 

normal tissue. DCI only show sections of the breast, whereas 3DHRI gives a high- 

resolution image of the whole breast the help the radiologist to detect multiple 

tumours that could have been missed in DCI. With developments in technology, 

DCI may also yield 3D images in the future. MRI is not error-free, it can also give 

false-negative results; for example, if the tumour is tiny and does not take contrast 

agent, MRI will not detect it. MRI is more expansive than X-ray mammography 

and ultrasound also MRI capable of breast imaging is not available in all facilities 

[40]. 

 
 

It has some drawback too such as acquisition time is slower than CT and 

ultrasound, a significant percentage of patients are precluded from MRI scan due 

to metallic implants, systems are much more expensive than CT or ultrasound 

units. In normal operating conditions, MRI is safe medical imaging technology, 

because it employs nonionising RF waves and the energy of the waves is much 

less than that of x-rays. However, RF power that can be safely absorbed is 

prescribed by specific absorption rate or SAR value expressed in watts per 

kilogram body weight. MR systems use a patient’s body mass data and calculate 

the SAR of each pulse. If the SAR value is too high, then the pulse sequence 

does not start. Low-frequency electrical current is induced in conducting materials 
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because of changing magnetic flux. Fast-changing of high gradient magnetic 

fields can induce a current in tissues such as blood vessels, muscles etc. if their 

stimulation threshold is exceeded. Therefore modern MRI systems have 

stimulation monitor so that stimulation threshold of tissue is not exceeded. 

 
 

Ferromagnetic objects must not be brought into the MR examination room 

because the strong static magnetic field would attract such objects toward the 

centre of the magnetic field. This would destroy and may seriously harm the 

patient inside the coil. Metallic objects inside the body are not unusual. Patients 

with heart valves, pacemakers and recent surgical clips must not be scanned 

using MRI. Caution is particularly needed for patients with a metallic body in the 

eye etc. Conductive elements, such as electrodes, may produce burn lesions due 

to the induced current and must be insulated. 

 
 

Similarly, when positioning the patient, conducting loops should be avoided. An 

example is a patient with his or her hands folded over the abdomen. The RF 

pulses will cause electrical currents in those conducting loops, which may cause 

burns. Examples of severe burns caused by improper positioning have already 

been reported in the specialized MR literature. Patients with implanted devices 

with magnetic or electronic activation should in principle not be examined using 

MRI. For example, the RF pulses can reset or modify the pacing of a pacemaker, 

which may be life-threatening for the patient. A cochlear stimulator can be 

severely damaged. [41] 
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Figure 2-5: MRI of the breast [40]. 

 
 
 

2.3.6 Magnetic Resonance spectroscopy 

 
Magnetic Resonance spectroscopy is used to detect large molecules in the 

solution and measure the biochemical composition of cells and tissues. MRS is 

currently under research; it can detect the abnormal changes in metabolites 

caused by cancer and help avoid unnecessary biopsies. [42]. It has the ability to 

differentiate between malignant and benign tissue. It can also be used as an 

alternative for diagnosis of Fine Needle Aspiration (FNA), as the cytological 

analysis of FNA is variable and mainly depends on experience and or skill of the 

individual carrying out the analysis. 

2.3.7 Scintimammography 

 
All imaging methods discussed so far used some form of energy transmitted 

through the tissue and generate images based on the interaction of the energy 

with different tissues. Scintimammogrphay is a form of nuclear medicine in which 

radioactive traces are injected in the body. These traces accumulate differently 
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in different tissues and concentrate more on cancerous tissue than healthy tissue. 

Scintimammography uses radioactive emissions from these traces to detect and 

image tumours. FDA has approved the use of radioactive compound known as 

technetium-99m sestamibi (MIBI). Use of radioactive compounds can be 

dangerous but a minimal dose is considered safe except for pregnant women and 

children. This technique is cost-effective than MRI but is more expensive than 

ultrasound and X-ray. Performance of MIBI is also limited in denser breast [43]. 

Scintimammography has detection capabilities similar to mammography, but 

technical limitations such as resolution etc. limit its use. Different studies found 

that it did not meet the criteria to distinguish between malignant and benign 

lesions [44]. Although scintimammography is FDA approved but data available 

from research does not approve its regular use. New radioactive compound and 

technological improvements may improve its performance but its future is 

uncertain. 

 

 
Figure 2-6: Scintimammography, Trace accumulation in cancerous tissue [43]. 
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2.3.8 Optical Imaging and Spectroscopy 

 
Various technologies are being investigated for using optical methods for breast 

cancer screening. Using light as a screening tool to image lesions was first 

proposed in 1929. The proposed method was straightforward, it involved 

observing light transmission through various tissues when a light source was 

placed against the breast. The technology saw a slight improvement in 1982 with 

the development of digital trans-illumination that used two light wavelength but 

the results were not reliable and hence FDA did not approve the technology [45] 

[46]. In the past, the imaging tissue with light was restricted due to very high 

optical radiation spread through the tissue. Advancements in optics have paved 

the way for more research in determining its potential for breast cancer detection. 

Optical spectroscopy and optical imaging are two areas currently under research. 

[47, 48]. 

 
 

Optical spectroscopy has the potential to be used as a diagnostic tool for breast 

cancer screening. In this technology, the tissue is illuminated with the selected 

light spectrum, and changes in the reflected spectrum are observed and used to 

diagnose. It has the ability to distinguish between malignant and benign tumour 

[49]. 

 
 

Optical imaging uses non-ionizing infrared light range with wavelengths between 

700 – 1200mm to illuminate the breast. It works by detecting differences in blood 

oxygenation level in cancerous and healthy tissues. Various devices have been 

developed by research groups which are small, portable, cheap and easy to use. 

It is used as a pre-screening tool. 



27  

2.3.9 Thermography 

 
Thermography has been used for many years in healthcare to monitor skin 

temperature, inflammation, infection and other abnormalities in the patients. 

These abnormalities show as red spots in the thermogram. Since all objects with 

a temperature above absolute zero emit infrared radiation thermography makes 

it possible to see objects without the presence of visible illumination. Infrared or 

thermal imaging has found applications in the security industry, military etc. It 

has also been investigated by scientists for early breast cancer detection but 

inconsistent results hinder its widespread use. 

 
 

A breast tumour can cause a rise of body temperature up to 3-degree centigrade, 

dissipated heat in infrared can be captured by an infrared camera. No radiation 

exposure or breast compression is needed. In 1956 Lawson published the first 

report on thermography and a lot of good work was carried out between 1969 

and 1970. Nearly 3000 clinics were working with thermography in the United 

States before the FDA made the approval of the device necessary. A first clinical 

trial to compare thermography with mammography was carried out in 1976; 

results showed a high rate of false positives as compared to mammography. 

Because of these results, thermography did not get much attention. High interest 

in mammography led to the disappearance of interest in thermography. However, 

recently the development of Infrared digital cameras has awoken interest in 

thermography [50, 51]. 



28  

2.3.10 Thermo-acoustic Computed Tomography 

 
Thermo-acoustic Computed Tomography (TCT) transmits short electromagnetic 

pulses in the tissue. The tissue absorbs these pulses and gets heated; this results 

in expansion and produces ultrasonic waves which are absorbed by an array of 

ultrasonic transducer that surrounds the breast tissue. A 3D image is generated 

based on the timing and sound of the ultrasonic waves. TCT does not use ionising 

radiation and or compression. It analyses the electromagnetic absorption 

properties of the tissue. Malignant tissue contains more sodium and water content 

than healthy tissue and tends to absorb more 2 to 5 times more electromagnetic 

energy. Standard equipment consists of an array of ultrasonic transducers in a 

semi-spherical bowl fitted under the table filled with deionising water. The patient 

lays in a prone position such that the breast is immersed in the water. The scan 

takes approximately 90 seconds [52]. Mammography generates 2D images 

which are dependent on the quality of source and detector, while TCT produces 

3D images. Changes are more prominent in 3D images but it requires more 

computing resources and time to display and analyse, also TCT is more 

expansive than X-ray mammography. The technology is in its early stages and 

further studies are in progress for enhancing the technology [53-55]. 

2.3.11 Microwave Imaging 

 
Microwave imaging is a new technique that differentiates between cancerous 

and healthy tissue based on their water content. In microwave imaging, low 

powered short pulses are transmitted into the tissue and reflected energy is 

recorded by the antenna placement over the breast. This backscattered energy 

is used to develop 3D images of the breast. Dielectric properties of the cancerous 
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tissue differ from the normal tissue and the fatty tissue around it this contrast in 

dielectric properties gives more backscattered energy which helps in detecting 

the tumour [55]. Microwave imaging does not use ionizing radiation making it safe 

for patients. There is no breast compression as in mammography which is 

uncomforting for the patients and the non-ionizing radiation makes it a suitable 

candidate to monitor the patient’s progress and response to the treatment. Non- 

medical applications of microwave imaging such as Ground-penetrating radar 

drew scientist’s attention towards its possible application in breast cancer 

detection. The technology is under a lot of research from computer modelling to 

experimental investigation and research has shown it’s capable of detecting small 

tumours of 2mm at depths of up to 4cm. 

 

 
2.4 Conclusion 

 

 
This chapter discusses various screening technologies available for breast 

cancer detection, namely Mammography, MRI, Ultrasound, Thermography X-ray 

CT etc., their operating principle and technological limitations are discussed. In 

all screening technologies Mammography comes on top in terms of detection 

capabilities and lower false-positive or false-negative results. It serves as a gold 

standard for comparing new technologies for breast cancer detection. However, 

it cannot be deemed perfect and it needs further improvements. Although many 

improvements have been made still, it cannot be claimed that the survival rate 

among the screened patients has improved. Young and middle-aged women, 

aged 35 to 50 are at high risk of breast cancer and this is where mammography 
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needs further improvement as it is not very efficient in detecting early-stage 

cancer and or differentiating between benign and malignant tumours. Other 

screening technologies such as MRI and Ultrasound are being used but they are 

also prone to limitations. Microwave imaging is emerging as an alternative to 

mammography and research shows that it has a lot of potentials. However, not 

enough data is available at the moment to draw any sound conclusion, only time 

will tell. 
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Chapter 3 

 
3 Background of Ultra-wideband (UWB) and 

Literature Review on UWB Breast Cancer 
Imaging 

 
 

3.1 UWB Fundamentals 

UWB is a radio technology which transmits low powered high bandwidth 

information using pulses. In February 2002 it was defined by United States (U.S) 

Federal communication commission (FCC) as, 

Signals having fractional bandwidth equal or larger than 20% or absolute 

bandwidth BW greater than 500MHz are called UWB signals. While transmitters 

capable of transmitting such signals are called UWB transmitters. 

 
 

Fractional bandwidth is the ratio of bandwidth to centre frequency (Fc), where 
 

centre frequency is given by 
 

𝐹ℎ + 𝐹𝑙 
𝐹𝑐 = 

2
 

 

 
(3-1) 

 
 
 

Unlicensed use of spectrum for UWB devices was permitted by FCC in order to 

protect and avoid interference with existing radio services. UWB devices have 

been categorised into three categories; vehicular radar, imaging and 

communication. Authorised frequency range varies for each category. For 

example, wall medical imaging systems must operate in the frequency band of 

3.1 to 10.6 GHz. 



32  

 

Besides the frequency spectrum, the limit on the emission of UWB devices is also 

applied and is measured by Equivalent Isotropically Radiated Power (EIRP) or 

effective isotropically radiated power. The EIRP is defined as the “product of the 

transmitter power output and the antenna gain in a given direction”. The 

transmission power output is the amount of radiofrequency energy that a 

transmitter produces at its output. And gain describes how well the antenna 

converts input power into radio waves. Depending on different application 

scenarios, the EIRP of UWB devices has been restricted, which are summarised 

in Table 3:1 Emission limits for UWB devices in each frequency band[56]. 

 

 
  

 
 

Application categories 

Operation Band (GHz) 

 
 

0.96 to 

1.61 

 
 

1.61 to 

1.99 

 
 

1.99 
 

to 3.1 

 
 

3.1 to 

10.6 

 
 

10.6 to 

22.0 

 
 

22.0 to 

29.0 

EIRP 
 

(dBm) 

 

Communicati 

ons 

Indoor -75.3 -53.3 -51.3 -41.3 -51.3 -51.3 

Outdoor -75.3 -63.3 -61.3 -41.3 -51.3 -51.3 

Imaging (mid- frequency) -53.3 -51.3 -41.3 -41.3 -51.3 -51.3 

Vehicular Radar -75.3 -61.3 -61.3 -61.3 -61.3 -41.3 

Table 3:1 Emission limits for UWB devices in each frequency band[56]. 

 

 
Due to its capability of fast illumination response through the electromagnetic 

wave, ultra-wideband microwave imaging has gained many interests in many 

applications; from civil and structural engineering, geophysical inspections to 

biomedical screening tools. By varying the microwave frequencies (from 300 
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MHz to 30 GHz), the depth of penetration, as well as the resolution, can be 

controlled for inspecting various applications. This has been widely used in 

structural engineering where the microwave is being utilised to inspect the 

condition of building walls for any defects [57]. In medical applications, 

electromagnetic waves have been used extensively on both treatment and 

diagnosis purposes. Recently, studies have been conducted on the 

implementation of ultra-wideband (UWB) and narrowband (NB) signals in 

microwave hyperthermia for breast cancer treatment. Another significant 

exploitation of microwave in medical applications is the noninvasive imaging of 

biological tissue where microwave frequency is applied to illuminate tissue 

content of the human body, particularly for early-stage breast cancer detection 

[58, 59]. Due to its practically low-cost and high efficiency compared to current 

standard imaging methods, the interest in enhancing this technology continues 

to grow as it has the potential to be the ultimate imaging tool. 

 

 
3.2 UWB Applications 

3.2.1 High Speed Data Transmission 

 
UWB can offer high data rate for information transmission based on Shannon’s 

formula [60]. For example, in OFDM data rate as high as 480 Mb/s can be 

reached by dividing 3 to 10 GHz spectrum into 528 MHz bands and using OFDM 

in each band. In-home networks such as WPAN where high-speed real-time data 

exchange is required between devices UWB is deemed as a promising physical 

layer alternative. Low energy consumption of UWB communication makes it 

attractive for sensor networks. Low transmission power and posing no harm to 
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the biological system, make UWB popular choice for WBAN [61] enabling reliable 

high data rate communication between wearable devices. Which shows that 

various applications from WPAN to WBAN, civilian or medical fields are possible 

with high-speed data transmission capability of UWB devices. 

3.2.2 Precise Localisation 

 
High bandwidth signals (typically larger than 1GHz) such as that used in UWB 

systems offer enhanced position accuracy. UWB based sensing can provide 

better resolution when compared to conventional motion and proximity sensors. 

[62] Various UWB sensing applications have been developed by utilising object 

differentiating capability and high ranging accuracy of UWB sensing. 

 
 

Using UWB localisation indoor environments can be constructed, which has been 

demonstrated in [63, 64]. One application of such technology can be a navigating 

robot which senses its surroundings and concurrently builds a map while 

navigating. Optically challenging scenarios such as low light areas, disaster areas 

filled with dust and smoke degrade the performance of camera-based vision 

systems UWB localisation can be used in such cases with better results. UWB 

localisation for asset management and tracking is being used in the industry. 

Various studies on the viability of UWB localisation have been extensively studied 

on such example is in [65] where the author evaluated the performance of 

commercially available UWB tracking system. In which a static model for 

estimating position error as a function of receiver position is developed which can 

be used as a guideline for practitioners. 
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3.2.3 High Resolution Imaging 

 
UWB imaging systems aim to sense and ‘see’ the objects in a structure, which 

were classified as Ground Penetrating Radar (GPR), wall imaging, through-wall 

imaging (TWI) and biomedical imaging. The wide frequency range of UWB (3.1 

to 10.6 GHz) ensures both through the interface penetrating capability and high 

resolution [66]. UWB signals can penetrate dielectric materials; this allows them 

to be used for crack detection, material characterisation or other sensing and 

detection application in industry. Sensing and detection are based on 

transmission and reflection where either one or more antenna is used to serve as 

transmitter and while the other as a receiver. Depending on EM properties of the 

material, its response to the EM waves varies. Any anomaly present in the 

structure with different EM properties can cause reflections. This reflected signal 

carries information about the anomaly, combining it with a suitable imaging 

algorithm image profile of the illuminated object can thus be made. Linear 

sampling method-Green’s function approach can be used for non-destructive 

testing of concrete structures. In [67] authors presented a fast and efficient 

technique using microwaves to detect cracks in the arbitrary structure. Using a 

new formulation based on the linear sampling method called no sampling linear 

sampling which allows for one-shot regularisation without any loss in the 

reconstruction process. Through-wall imaging is a new and very important 

direction in UWB imaging. The application includes urban search and rescue 

scenarios and searches for objects located behind an obstruction such as a wall. 

Know through-wall radar structures are produced using analysis software, which 

is based on various techniques; real aperture, holographic, short electromagnetic 

reconstruction, diffraction, and near field methods. Main purpose of such imaging 
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technique is security but other surveillance applications are also possible. Using 

a proper Green function for inhomogeneous structure presence of a hidden object 

can be detected. Other approaches are also possible. Electrical conductivity of 

various tissues, bones differ from each other which allow various patterns of 

electromagnetic distribution in the body. Observing these pattern for diagnosis 

and treatment of various medical ailments is under research. Some of them are 

discussed below. 

3.2.4 Breast Cancer Detection 

 
Breast cancer has the highest mortality rate due to malignant tumour disease for 

women worldwide. X-ray mammography is a widely adopted method for detection 

of breast cancer at early stages. However, due to sensitivity and specific 

limitations, high false-positive rate 4-34% and high false-negative rate up to 70% 

are associated with x-ray mammography. More ever iterative exposure to x-ray 

is not safe. MRI is also used but its higher sensitivity tends to give high false- 

positive rates. UWB imaging has been widely researched for early breast cancer 

detection because of its safety, high contrast and low cost. Microwaves are 

transmitted from one end travel through the body and are received by a receiver 

at another end. Microwaves travelling through tumour experience change in di 

electrical properties which leads to scattering of incident waves. This scattering 

changes the energy detected at the receiver end. Images are created from the 

information obtained at receiver end either by microwave tomographic approach 

or radar-based approach. [68-70] 
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Figure 3-1: Simulation of a breast cancer detection system[71] 

 
 
 

3.2.5 Brain Temperature Sensing 

 
UWB Microwave radiometry is under research for non-invasively measuring body 

temperature, especially of the scalp during surgical procedures. It is very 

important for anesthesiologists to monitor and manage the body temperature for 

a quick recovery to good health. When body temperature is below 36 C risk of 

surgical wound infection, increase blood loss, prolong surgical recovery increase. 

Current temperature measuring and monitoring equipment in clinical use 

measure surface temperature or intracavitary surrogates of body temperature, 

which do not reflect the temperature of deep-lying tissue such as the brain. 

Readily available non-invasive measuring tools such as forehead surface 

thermometer can show different results with the environment, movement, 

perspiration etc. giving an unreliable prediction of deep body temperature. 

Infrared thermography can sense thermal emission of tissue near the surface but 

cannot give accurate information about deep tissue. Placement of internal 

temperature probes is uncomfortable and may require anaesthesia or sedation 

and is not risk-free. Various researches show the ability of UWB microwave 
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sensing systems in determining deep tissue temperature especially of the brain 

non-invasively and with a high degree of accuracy. [72, 73] 

3.2.6 Bone Health monitoring 

 
Osteoporosis is the most common bone disease in humans and affects millions 

of people across the globe. It is estimated that one in five Caucasian male suffers 

from this disease. Osteoporosis makes the bones weak and more susceptible to 

fracture. A person can be a patient of osteoporosis without realising. Dual-Energy 

X-Ray absorptiometry (DEXA) is used for diagnosis of osteoporosis and predict 

future fracture risk. BDM is the standard used in DEXA to measure bone health; 

however, bone health is also dependent on bone quality, bone tissue composition 

and mineralisation. Quantitative computed tomography (QCT is another 

technology used for diagnosing osteoporosis and is more sensitive than DEXA. 

 
 

QCT can provide densitometry and geometrical components either of the entire 

bone or its cortical and trabecular components separately, but it is more costly 

and results in even greater radiation exposure than DEXA. A new diagnostic tool 

is required capable of looking beyond bone mineral density and more at the bone 

quality. Microwaves imaging is based on dielectric properties of tissues which can 

quantify the interaction of the material with external EM fields. Studies show that 

the major source of dielectric dispersion in bones is collagen which makes up to 

20% of the bone by weight and is very important for bone tensile strength. Studies 

in [7, 74, 75] show how microwave imaging can be used for monitoring bone 

health using different approaches. 
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3.3 UWB Imaging for Breast Cancer Detection 

 

 
Breast cancer remains to be a significant health issue for women worldwide, and 

various precaution steps have been proposed and implemented in order to 

reduce the death rate caused by it. Presently, X-ray mammography is the most 

widely used and effective screening method for early-stage breast cancer 

detection, followed by MRI and ultrasound. Due to the limitations of these 

methods, false positive and false negative tend to occur which leads to error in 

analysis. Some of them are discussed in the next section briefly. 

3.3.1 Deficiencies of Existing Techniques 

 
Three standard screening methods for breast cancer currently used are 

Ultrasound (US), Magnetic Resonance Imaging (MRI) and X-ray mammography. 

The inherent limitations of US and MRI make them less popular than 

mammography. US practicability is limited by its poor image resolution and high 

rate of false-positive results. High cost and bigger structural requirements make 

it difficult for the MRI to be considered as a screening tool with wide coverage. 

Additionally, MRI is unsuitable for patients with implanted devices. 

Mammography is currently the widely used modality for breast cancer screening. 

It is used in conjunction with MRI [76]. In mammography, low energy X-rays are 

used to examine the breast and identify tumour based on detection 

characteristics of micro-calcifications, as micro-calcifications exhibit higher 

attenuation compared to healthy soft tissue[77]. Mammography also suffers from 

drawback. It may fail to detect the presence of tumour, false positive and false 

negative results can appear. False-negative can cause a delay in essential early- 
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stage treatment. While false positive can cause unnecessary anxiety to the 

patient. Painful breast compression during screening and misinterpretation of 

results is a concern. Finally repeated radiation exposure is not safe, repeated 

screening and radiation exposure can induce breast cancer. 86 cancer and 11 

deaths were predicted to happen out of 100,000 women who were screened 

annually from the age of 45 to 55 year and biennially after that to age 74 years, 

due to radiation-induced breast cancer [78-80]. 

3.3.2 Microwave Imaging for Breast cancer 

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

objects by using the electromagnetic field at microwave frequencies. Figure 3-2 

illustrates the concept by illuminating the breast by transmitting high-frequency 

waves. 

 

 
Figure 3-2: Concept of MWI for breast cancer a) No tumour. b) With tumour[11] 

 

 
As the energy is travelling through the medium, many reflections will occur and 

this will be recorded by the receiver antenna. With the presence of tumour within 

the breast, the incident waves encounter different electrical properties between 
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the normal and malignant tissue, and as a result, part of the energy is scattered. 

This will yield a significant indication when the scattered energy is received and 

will be processed for image construction. In general, microwave imaging for 

breast can be categorized into three approaches; passive, hybrid and active 

methods as depicted in Figure 3-3. [70] 

 

 

 

Figure 3-3: a) Passive method. b). Hybrid method. c). Active method.[11] 

 

 
In the passive method, healthy and malignant tissue is separated by heating the 

tissue using microwave radiometry. Tumour absorbs energy and its temperature 

increases. Temperature measurements are taken from the inspected region to 

map the image for further verification and diagnosis. In the Hybrid method, 
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ultrasonic detection techniques are used in conjunction with microwaves. Tumour 

absorbs more energy as compared to healthy tissue because of its higher 

conductivity. It gets heated and expands, pressure waves created by the 

expanding tumour are detected via ultrasonic transducers. This information is 

processed to form the image to indicate the presence of tumour [81, 82]. The 

active method, which is the most widely adopted method, is based on detecting 

the presence of tumour by radiating microwave frequency into the breast. 

Backscattered energy is then collected and reconstructed to generate the full map 

image. Backscatter response of malignant tumour differs from that of normal 

tissue because of the difference in their dielectric properties. The generated 

images indicate the presence of tumour based on this difference. 

 
 

For the active method, it can be sub-categorized into tomography and radar- 

based approaches. In tomography microwave imaging, a single transmitter 

(monopole antenna) is radiating microwave signal into the breast while several 

antennas are placed around the breast to receive any scattered waves. The 

position of the transmitter is then varied and the whole process is repeated. These 

data will be processed to produce a 2-dimensional or even 3-dimensional image 

of the breast depend on the acquisition of data. This has been successfully 

demonstrated by the pioneer group at Dartmouth College despite more 

improvement involving the coupling issue between the breast and sensors are 

still in progress. For radar-based microwave imaging, a short-pulsed signal is 

transmitted from a single UWB transceiver into the breast, which picks up any 

back-scattered waves from the tissue. This process is repeated for different 

locations around the breast. With the presence of a tumour, much energy is 
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reflected back and this may significantly affect the response. The travel time of 

the signals at various locations are recorded and computed in order to predict the 

location of the tumour. Similar to any radar-based system, complex image 

generation algorithms are not involved; therefore less detail is offered by the 

system when compared to Tomographic microwave imaging methods [83, 84]. 

3.4 Technical Advances and Challenges of UWB Breast 

Cancer Imaging 

3.4.1 Numerical breast phantom 

 
The best way to test a hypothesis is by modelling and simulation, which save a 

lot of time and money. Accurate modelling is essential to obtain reliable simulation 

results. In microwave imaging for breast cancer interaction of EM waves and 

breast tissue is the first issue that needs to be addressed, which involves the 

construction of breast phantoms and signal propagation modelling. For realistic 

breast modelling, it is essential to incorporate various breast attributes such as 

the spatial distribution of various tissues, accurate geometrical properties and 

dispersion etc. Following factors determine the fidelity of a numerical breast 

model. 

• Model Dimension 

 
Accurate dimensions of the model are very important to obtain reliable results. 

Models can be 1D, 2D or 3D. Many studies are performed on 2D models for 

proof of concept such as in [85]. Where the author used a 2D model and 

assumed that the model extends to infinity in Z-axis with no change in shape. 

Such a model can be used for proof of concept model or to analyse a particular 

case for example, when incident wave is uniform in Z. Because of this, all 
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partial derivatives of field components in Z will be zero. Such a model does 

not conform to a practical imaging scenario as the real breast is not 2D. 

• Geometrical Property 
 

The geometry of an object gives the relation between points, lines, volume 

and surface of an object. Characteristics of scattered fields generated 

when microwave signals interact with a structure depend on objects 

geometry. These scattered fields serve as the foundation for inverse 

scattering techniques used in non-invasive imaging methodology [86]. 

Many studies are available which use 3d models for simulations but lack 

accurate geometrical properties. For example, rectangular blocks were 

used to represent the breast in [87] and [88]. Such cuboid-shaped breast 

models can be suitable for comparing different imaging algorithms; 

however, realistic shaped models should be used to properly investigate 

the performance of UWB sensors or imaging algorithms to gain results 

closer to realistic scenarios. 

• Tissue Composition 
 

Organs such as breast can be formed by the functional grouping of 

multiple tissues. An accurate numerical model that mimics the properties 

of breast tissue can be very challenging. Therefore to accurately represent 

breast numerically, structural heterogeneity, density and dispersive 

properties need to be considered. 

• Tumour Modelling 
 

Finally, accurate tumour modelling for various simulation scenarios is 

important. In [89] tumours with different sizes are described. The 

magnitude of the backscattered signal depends on the size of the tumour, 
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which is essential to detect and localise tumour for energy-based 

techniques. 

3.4.2 Modelling of Signal Propagation 

 
• FDTD 

 

FDTD is a time-domain method that solves Maxwell’s curl equations using 

finite difference approximations. Electric and magnetic field components 

are solved in leapfrog agreement at alternative time steps, and the process 

is repeated until fields in the desired region are evaluated. A variety of 

magnetic and dielectric materials can be modelled via FDTD. It is well 

suited for transient analysis problems. Because of its time-domain nature, 

it treats linear and nonlinear problems naturally and can cover a wide 

frequency range with one run [90] [91]. 

• TLM 
 

Transmission Line Matrix (TLM) is also a time and space discretising 

method. In this method field problems are replaced by an equivalent 

network based on Huygen’s wave propagation model. Mapping of 

transmission line equations and Maxwell’s equations give an analogy 

between transmission line currents and voltages and electric fields. TLM 

provides versatility and flexibility for analysing complicated structures 

because it incorporated properties of the material media, electromagnetic 

fields and their interaction with boundaries. Because of this flexibility and 

versatility, it requires extra memory. A large memory might be needed for 

a finer high-quality mesh which could burden the computing resources.[92, 

93] 
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• FEM 
 

Finite Element Method (FEM) finds an approximate solution of Maxwell’s 

partial differential equations by dividing the problem domain into smaller 

sub-domains, where each subdomain is called a finite element. The final 

solution is calculated by combining all the subdomains. It gives flexibility 

when solving complicated domains as it allows to give different resolution 

to each domain. However, specific electromagnetic interference problems 

are not accurately dealt with this method as shown in [94]. 

• FDFD 
 

FDFD is very much similar to FDTD except that it is in the frequency 

domain. Both share the same discretisation constraints but exhibit different 

capabilities. FDFD is more adaptable in defining composite structures in 

each sub-regions and is more memory efficient than its time-domain 

counterpart. However, it is computationally more extensive for large scale 

problems [95, 96]. 

• MoM 
 

Method of Moment (MoM) solves an integral form of Maxwell’s equation 

by dividing them into linear equations and discretises the structure with 

planar or curvilinear triangular elements. It is highly efficient when the 

problem to be solved deals with perfectly conducting wire scatterers, but 

suffers when dealing with complex heterogeneous geometries [94, 97]. 

3.4.3 Image Reconstruction Algorithm 

 
Another vital aspect of UWB imaging system is the imaging algorithm (also called 

image formation algorithm, or image reconstruction algorithm) used for 
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generating images. UWB imaging can mainly be classified as qualitative and 

quantitative methods. Qualitative methods identify abnormalities in the tissue, 

whereas quantitative methods tend to recover the dielectric profile of the breast. 

[84, 98] Qualitative methods can further be divided into two categories: data- 

independent and data-dependent techniques. Data-dependent algorithms 

attempt to estimate the propagation channel based on the signals reflected from 

the object of interest (OI) [99-101] whereas data-independent methods employ 

an assumed channel model to compensate for path-dependent propagation 

effect [85, 102]. Challenges and limitations that need to be addressed by an 

imaging algorithm can be summarised as follows. 

 
 

• Over-simplistic Imaging Scenario 
 

Using ideal scenarios such as homogeneous tissue for breast cancer 

detection can be of importance for proof of concept models, but in reality, 

breast is heterogeneous with varying densities of tissue layers and this 

heterogeneity will not only increase complexity in estimating propagation 

channel but also will cause severe attenuation in signal thus making 

identification of small tumours very challenging. Moreover, in proof of 

concept models, some authors have used 2D breast models to show the 

performance of the imaging algorithm. In such cases 3rd dimension is 

assumed to be infinite and effects of fields considered invariant, hence 

modelled tumour with infinite third dimension may give stronger reflections 

making it easily detectable with imaging algorithm, therefore for accuracy 

and realistic approach 3D models need to be evaluated [87, 88]. 
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• Limited Detectability of Multiple Scatterers 
 

Many proofs of concept models rely on big dielectric contrast between 

adipose tissue and malignant tissue to show tumour detection. But in 

denser breast including more tissue layers this contrast decreases 

significantly due to the presence of breast glandular tissue whose 

dielectric properties are not that much different from malignant tissue. In 

such cases, reflections from glandular tissue can easily obscure 

reflections from tumour making tumour detection very difficult. Also, the 

increased signal attenuation makes channel propagation estimation more 

complex. Hence it is important to evaluate performance in denser breasts 

for tumour detection [103]. 

• Vulnerability to Artefact Signals 
 

Removal of artefact signals is also crucial. The artefact is typically orders 

of magnitude higher than the actual reflected response from the tumour; 

thus, it is very easy that the tumour response gets masked by the artefact 

and result in failure of imaging algorithm. Ideal artefact removal is used in 

most literature and is used as a base of performance evaluation of imaging 

algorithm [87, 88]. Ideal artefact removal requires information of tumour- 

free breast; however, in reality, this prior knowledge is not available thus 

need an efficient artefact removal technique arises. Many practical, 

feasible artefact removal algorithms have been proposed [104-106] 

However, even the most advanced method is not able to entirely remove 

the unwanted signal. Therefore an imaging algorithm with high artefact 

resistance is practically desirable. 
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3.4.4 Physical Breast Phantom and Antenna Design 

 
It is important to validate the design of an experimental testbed before clinical 

trials. Therefore a robust breast phantom model and a sensor capable of 

transmitting ultra-wideband signals are required. Materials that mimic dielectric 

properties of different breast tissue such as skin, fat, breast glandular tissue etc. 

are used to fabricate realistic breast phantoms. Phantom should also exhibit 

dispersive property and varied density classifications. Many efforts have been 

addressed to design compact antennas for collecting signals from physical breast 

phantom. A dielectric-filled slot-line bowtie antenna has also been purposed 

where it consists of a shaped slot Vivaldi with linear and elliptical sections along 

with the antenna’s profile. A stacked patch antenna has been developed by 

Craddock research group in the University of Bristol for breast imaging. This 

unique wideband patch antenna covers the bandwidth of 4 to 10 GHz and it has 

been designed in small size to be implemented as an array. The antenna array 

which consists of 31 patch antennas, is mounted on a hemispherical mould for 

initial tests. The array provides 465 pairs of S-parameter measurements in 90 

seconds. The design is now improved to include 60 element array and operates 

between 4 to 8 GHz attenuations suffered by upper band 8 GHz-10 GHz in the 

breast were high making it less significant. The new system also takes less time 

and gives more data i.e. it takes 10 seconds to give 1770 S-parameter 

measurements. The system is known as MARIA. [107, 108] 

3.5 Conclusion 

This chapter provides the background of UWB technology. Starting with its 

definition and various applications in other fields such as localisation, high-speed 
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data transfer etc. Medical applications of the UWB are discussed with a focus on 

breast cancer detection. It discusses in detail about the technology being a 

promising alternative for breast cancer screening, by highlighting deficiencies in 

existing techniques. Advantages of the MWI are discussed followed by the 

technical challenges faced by UWB imaging such as modelling, numerical breast 

phantoms signal reconstruction, antenna design and image reconstruction 

algorithms. Existing limitations and other challenges that affect the performance 

of UWB imaging systems are identified. 
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Chapter 4 

 
4 Simulations and Design of UWB Patch antenna 

for Early Breast Cancer Detection 

4.1 Breast Cancer Detection Using FDTD Numerical 

Methods 

FDTD numerical technique is a robust and accurate tool for the analysis of 

problems in electromagnetics, arguably the simplest method, both conceptually 

and in implementation. It has been successfully applied in a number of 

electromagnetic research areas including bio-electromagnetic, microstrip 

antenna, integrated optics and ultra-high-speed electronic circuits. FDTD gives a 

direct solution of Maxwell’s fundamental curl differential equations on space grids 

in the time domain. In this method, electric-field and magnetic-field vector 

components in a volume of space can be solved at alternate time steps. The 

process is repeated until the desired electromagnetic field is fully evolved. Since 

the FDTD technique allows the assignment of material property at all points within 

the computational domain, it enables the modelling of a variety of dielectric and 

magnetic materials. It can provide a wide frequency response from a single 

calculation, due to its time-domain basis [109, 110]. 

4.1.1 Formulation Model 

 
The FDTD method solves Maxwell’s curl equations for electric and magnetic 

vector fields within a finite computational domain truncated by proper boundary 

conditions. In the presence of electric and magnetic losses, these equations in 

differential form for a source and isotropic medium are: 
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Assuming cubical FDTD cells are used, the finite difference updating equations 
 

yield following[111].  
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Where electric updating coefficients are: 
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And magnetic updating coefficients are 
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The computational domain is truncated using a perfectly matched layer (PML) 

absorbing boundary conditions. The formulation used in these codes is based on 

the original split-field Beranger PML. The configuration of the fields enables the 

realisation of a discretised version of Maxwell’s equations. After determining the 

spatial resolution based on geometrical features and the operating frequency, a 

suitable step time is chosen to ensure stability. A leapfrog arrangement between 

E and H components is used to implement the time-stepping FDTD algorithm. 

The half-cell displacement between the E and H grids reflects the physical reality 

that the computer must work through them alternatively. To ensure the accuracy 

of the combined results, the spatial increment ∆ must be small compared to the 

b 
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wavelength (usually ∆ ≤ λ/10) and the minimum dimension of the scatterer 

(whichever is smaller). Stability requires that the numerical solution of the 

differential equation should not grow in future time steps in an uncontrollable 

manner. 

 

 
Figure 4-1: FDTD flow chart. 

 

 
Once the proper spatial increments are chosen, stability is achieved by using the 

courant stability condition, which sets the relation between the time step and cell 

size for three-dimensional FDTD as follows: 

 

 

maxt   
1

 
 

 

 

 
(4-19) 
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𝑜 𝑜 (4-22) 

Where V𝑚𝑎𝑥 is the maximum wave phase velocity within the model? For a cubic 
 

cell of size ∆, in a d-dimensional spatially homogeneous FDTD grid (d=1, 2 or 3), 
 

equation (4-19) becomes:  
 

∆ 
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(4-20) 

 
 
 
 
 

 

To minimise the computer run time requirement, the time step should be chosen 

as large as possible yet satisfying equation (4-20). Smaller time-steps give more 

accuracy but with longer simulation run times. Stability also depends on the 

algorithm used to model the Absorbing Boundary Conditions to simulate the 

domain extension to infinity. 

Source of excitation used for simulation models comprises a differentiated 

Gaussian pulse with the following time and frequency properties: 

 

 

v(t) = vo sin(2fo (t − to ))e
−((t −to ) / )
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(4-21) 
 

 

𝑉(𝑗𝜔) = ―𝑗𝜏 𝜋𝑒 ―𝑗𝜔𝑡𝑜 .𝑒 ― 𝜏2 (𝜋2 𝑓 2 + 0.25𝜔2)𝑠𝑖𝑛ℎ (𝜋𝜔𝑓 𝜏2) 
 
 
 
 
 
 

Where f=6 GHz, =0.133ns, to=4π and v0 is the voltage amplitude. Temporal width 

of pulse 0.22 ns and amplitude spectral width of 4 GHz with zero dc content 

centred at 6 GHz. 

𝑉𝑚𝑎𝑥 𝑑 
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4.1.2 Simulation and Results 
 
 
 

 

 

(a) 

 

 
(b) 

 
Figure 4-2: Geometrical plan of the 1D and 2D FDTD models of the proposed work; (a) 

1D, (b) 2D, (dimensions mm). 

 

 
The two FDTD geometrical models used in the work are shown in Figure 4-2. 

Mur’s absorbing boundary condition was used for 1D model whereas Beranger 

PML was used for 2D model. 
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Tissue ε o [S/m] 

Skin 36 1.247 

Fat 9 0.4 

Tumour 50 2.57 

Table 4:1: Electrical properties of tissues for FDTD simulations. 

 

 
The thickness of skin for both models is 2mm. Electrical properties of the layers 

used are in Table 4:1. More layers could be added for both models; however, the 

idea here is to find the optimum performance of the detection technique and its 

feasibility including the limitations that possibly compromise accuracy. 

 
 

The 1D FDTD model was run without a tumour and reflections were recorded, 

after which a tumour was placed at various distances from the source and the 

reflections were recorded again. 2mm and 4mm tumour sized were considered, 

and the computed FDTD cell adopted here is 0.25mm. This was selected to see 

detail reflection and scattering fields caused by the skin surrounding the fat tissue. 

The fat length is 80mm, equal to the diameter of the cylindrical tissue applied later 

in the 2D FDTD model. The detected tumour signal was computed with the help 

of the differences of the reflections collected at the source of the excitation port. 

Figure 4-3 shows the resultant differences of the reflection amplitudes from both 

2mm and 4mm tumour sized. Data was normalized to maximum reflection 

computed from the nearest position of the tumour from the skin and excitation 

source. The amplitudes of the reflections for both tumour sizes were comparable 

to each other. The maximum difference over the range of 210 cells is around 

20dB, which is workable value for detection purposes. Reflections from nearest 
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and closest targets could be easily identified for both tumour sizes even with 

double reflection caused by the small scale tumours. 

 

 

 

Figure 4-3: Reflections from the tumor of width 2mm (left) and 4mm (right) for various 
depth from the centre of problem space; (a) 140cells left, (b) 70 cells left, (c) at centre 

(d) 70 cells right. 

 

 
For the 2D model, the field distribution components for 3000 and 6000 time-steps 

are presented in Figure 4-4. The cell size here is 0.5mm. The position of the 

reflection from the small size tumour (4mm cylindrical diameter) is clearly found. 

Tumour reflections are shown for various depth distances from the excitation 

source are again normalized to the nearest tumour position from the source. The 

difference in magnitude over 120 cell widths is around 34dB. 
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Figure 4-4: E-Field Distributions (left) 3000-time steps, (Right) 6000-time steps. 
 
 

 

 

Figure 4-5: Reflection from the tumour of width 4mm for various depths from the centre 
of the problem space: (a) 75 cells left, (b) 40 cells let, (c) at the centre, (d) 40 cells 

right. 
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4.2 Design of Active Planar Metal Plate UWB Antenna 

for Breast Cancer Detections. 

 
 

The antenna is the key element of a microwave imaging system. It radiates and 

receives signals to or from nearby scattering objects. The technique is similar to 

ground penetrating radar (GPR) but operates at high frequencies. This section 

covers the design of a planar metal plate antenna in the form of a circular disc 

mounted on two vertical rectangular plates. The antenna was designed using 

High-Frequency Structure Software (HFSS) and also verified via CST. The 

results from the two software packages show good agreement with each other 

and with measurement. 

 
 

The planar metal plate antenna is capable of yielding ultra-wideband with a 

directive radiation pattern. Due to their attractive feature of ultra-wideband 

operation, simple configuration and easy construction planar metal plate antenna 

have received much attention and many related studies have been reported [112, 

113]. 

 
 

The objective is to develop an antenna that satisfies the requirement in order to 

be utilized as the main sensor as a microwave imaging tool. This includes the 

initial design, computational simulation, Prototype implementation and 

experimental accomplishment. Typical antenna measurement such as far-field 

measurement, radiation and frequency domain characteristics are not considered 

as this antenna is designed based on near-field applications. 
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Ideally, the acceptable antenna design should satisfy the following: 

 
 

a) Operates from 4 to 8 GHz (centre at 6 GHz) to accommodate short pulse 

transmission. This is important in order to produce high-resolution imaging due 

to the complexity content of the breast. 

b) Small size, i.e. a few centimetres in total length for easy implementation. The 

antenna design is preferred to be in a few centimetres total length for easy 

implementation. This may also be an advantage so that the antenna can be 

represented as an array that is required for, enhance image reconstructed 

algorithms. 

c) Minimum antenna’s internal reflections (ringing level less than 10-4 dB). To 

avoid any masking on the target, the antenna’s internal reflection has to be as 

minimal as possible. This can be done by applying a resistive loading method on 

the antenna using lump elements. Nonetheless, this may decrease the gain of 

antenna which may lower the antenna’s overall performance. 

d) The input impedance of the antenna has to be constant across the operating 

frequency and match to a 50 Ω load to minimise mismatch. This is important so 

that the antenna is capable of transmitting the energy with low reflected energy 

back. Therefore, the return loss of the antenna has to be at least -10 dB across 

the operating frequency. 

4.2.1 Antenna Design and Performance 

 
The antenna is placed on the 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 
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4mm diameter in the ground plane. The antenna was modelled and optimised 

using high-frequency structure simulator (HFSS) and is shown in Figure 4-6, 

Figure 4-7 and Figure 4-8. 

 

 
Figure 4-6: Antenna geometry. 

 
 
 

 

Figure 4-7: Top View 
 
 
 

 

 

Figure 4-8:  Bottom view 
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The parametric simulation was carried out with HFSS in which the numerical 

analysis is based on the Finite Element Method (FEM). The parametric study 

helps to optimise the antenna performance before the antenna is manufactured 

and tested experimentally. Different antenna parameters were considered for 

optimisation of the operating bandwidth, subject to suitable radiated power gain. 

Some of these parameters are the total size of the ground; feed length; 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 changed the 

resonant frequency and return loss. This is shown in Figure 4-9, Figure 4-10, 

Figure 4-11 and Figure 4-12 for which the optimum dimensions can be 

summarised as follows: radius of the circular disc, the gap between the vertical 

plates, ground size and height of the antenna from the ground are 12mm, 5mm, 

40mm × 40mm and 5.5mm respectively. 

 

 

 

Figure 4-9: Return loss curves for the different radius of circular patch 
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Figure 4-10: Return loss curves for different gap of the vertical metal plate 
 
 
 

 

Figure 4-11: Simulated return loss for parametric study of antenna height 
 
 
 

 

Figure 4-12: Return loss curves for parametric study of ground plane size. 

 

 
The antenna is designed to be placed directly on the breast so the interaction of 

the antenna with the tissue is investigated. A homogenous block of tissue 
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characterized by conductivity  = 0.4 S/m and a relative permittivity r = 9 in the 

form of a cubical box of 15 cm side length, has been used as an equivalent model 

of the breast tissue. The antenna geometry including the tissue model is shown 

in Figure 4-13. Figure 4-14 shows the return loss of the isolated antenna and in 

contact with the tissue. 

 

 

 

Figure 4-13: Antenna in contact with tissue. 
 
 
 
 

 

 

Figure 4-14: Return loss, Isolated and In contact with tissue 
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Figure 4-15: Before and after optimization when in contact with tissue 

 

 
By observing the resultant return loss when the antenna is in free space and in 

contact with the tissue, it is seen that the antenna matching from lower 

frequencies up to 6.8 GHz was adversely affected by the presence of the tissue 

model. Therefore, the antenna parameters are further optimized with the antenna 

in contact with the tissue. 

 
 

After several attempts, good matching is achieved by reducing the height of the 

antenna from 5.5 mm to 3.5 mm when the antenna in contact with the tissue, 

keeping the remaining dimensions of the antenna fixed. Figure 4-16 summarizes 

the variations of the reflection coefficients of the antenna before optimization with 

the tissue, after the optimization in free space and in contact with the tissue. As 

can be seen, the antenna exhibits the required frequency band of interest 

proposed for this application. 



68  

 

 

Figure 4-16: Antenna Optimization 
 
 
 

 

Figure 4-17: Printed antenna 

 

 
A prototype of the antenna was fabricated from a copper sheet of thickness 0.25 

mm for practical realization as shown in Figure 4-17. An HP 8510C network 

analyzer was used for measurements. The experimental results in terms of the 

input return loss showed reasonable agreement with the results of the simulation 

as illustrated in Figure 4-18. The simulated results using Computer Simulation 

Technology (CST) have also been shown to confirm the modelling concept. The 

impedance bandwidth of the proposed antenna, determined at -10 dB |S11|, is 4.4 

GHz or about 73.3% with respect to the 6 GHz centre frequency, which fully 
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covers the frequency spectrum required for the microwave imaging application. 

The slight differences in the return loss curves can be attributed to fabrication 

inaccuracies. 

 

 
Figure 4-18: Simulated and Measured return loss 

 
 
 

4.3 Experimental Investigation into Breast Cancer 

Detection 

 
 

It is necessary to obtain experimental verification of the simulation model, which 

may be subsequently generalized to the proposed microwave imaging system. A 

breast phantom should ideally closely emulate the actual dielectric mixture of the 

tissue and have an equivalent skin barrier. A simple model is used here. The 

breast phantom used for experiments is shown in Figure 4-19. It comprises a 

rectangular tube with dimensions 10.0 cm x 10.0 cm x 20.0 cm and is initially filled 

with vegetable oil, the skin being represented by a Plexiglas barrier of 2 mm 

thickness. Vegetable oil was used as the dielectric filler for cost and safety as has 

been chosen by others [114-118]. 
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LAYERS SKIN BREAST 

Thickness / mm 2 100 

Relative permittivity 36 9 

Equivalent conductivity / Sm-1
 4.0 0.4 

Table 4:2: Tissue Properties 

 

 
The dielectric constant of Plexiglas varies from 2.39 to 2.59, with an equivalent 

conductivity of 0.0093-0.007 S/m over the range of 3 GHz to 12 GHz: this 

obviously differs substantially from the skin and thus it was decided that skin 

would be omitted from the proof of concept model. 

 

 
Figure 4-19: Experimental Setup 

 

 
The performance of the pair of antennas was assessed using different locations 

on the container wall to gain physical insight into the relationship between 

antenna performance and system performance. Three distinct cases were 

examined as shown in Figure 4-20. In case 1, the transmit antenna (TX) and 
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receive antenna (RX) are positioned at 0°, side by side. In case 2 they are located 

90° apart, and 180°apart in case 3. 

 
 

The analysis begins as a simulation exercise, comparing the antenna return loss 

in the air, and in oil. Since the final design of the scanner will employ a multiple 

array around the breast, it is important to investigate the effects of mutual 

coupling. Initially, two identical antennas were analysed for different separation 

distances in air, for a range of frequencies. This process was repeated with the 

oil filling. According to a study [119], a coupling level of -20 dB should be used as 

the target for imaging in the 4 GHz to 8 GHz range. 

 
 

Figure 4-20: Various two antenna locations on the Plexiglas tube; (Left, case1) 
(antennas 0° apart), (Centre, case2) (antennas 90° apart), (Right, case3) (antennas 

180° apart). 

 

 
For experimental verification of the simulation model, S11 and S21 were monitored 

for each of the above configurations using a network analyser, both with the 

phantom empty and also with it filled with oil. The antennas were in contact with 

the container and connected to the vector network analyzer (VNA) by coaxial 

cables. 
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The scattering object that represents the tumour consists of 10 g of wheat flour 

mixed with 5.5 g of water. This mixture has a relative permittivity of 23 and a 

conductivity of 2.57 S/m at a frequency of 4.7 GHz [120]. It is used to represent 

tumours of various sizes and placed within the breast phantom oil for 

experimental detection. In order to compare the performances of the three 

antenna configurations, several experiments were conducted. 

4.3.1 Results and Discussions 
 
 
 
 
 

 

 

Figure 4-21: S11 and S21 for the antenna with oil; (left top) case 1, (right top) case 2, 
(centre bottom) case 3 

 

 
The specific goal here is to measure and analyse the scattered waves due to the 

transmitted UWB microwave signal travelling through a phantom containing a 

“tumour”. In order to evaluate the two antenna array system S11, S21 were 
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examined, the envelope correlation (ρe), and the Total Active Reflection 

Coefficient (TARC). The last two parameters are critical for evaluation of the 

antenna system; they complement the simple reflection coefficients as they take 

mutual coupling effects into accounts. They are given by [121]: 
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Where θ is a random variable with a uniform probability density over 0° to 360°. 

The variations of the simulated and the measured scattering parameters for three 

test cases shown in Figure 4-20 are presented in Figure 4-21. These results are 

obtained with the two antenna elements mounted on the surface of the Plexiglas 

tube filled with oil. The results show that the antenna array system is working 

effectively for all three cases over the desired bandwidth extending from 4 to 8 

GHz. The UWB performance was well confirmed, with the reflection coefficient 

|S11|< -10 dB over the frequency band used, for all test cases. The S21 values 

confirmed the same bandwidth was acceptable for all test cases, ranging 

between 20 and 30 dB. The S21 values are better than the results achieved in our 

previous work [26] by around 10 dB, because of reduced backscattered radiation 

achieved here by improved antenna geometry. 

S* S + S* S 
2 

11 12 21 22 

S   + S  e + S 
j  2 

j  2 

11 12 21 22 + S e 

2 

 21 



74  

The envelope correlation and the TARC for case 1 are shown in Figure 4-22 and 

Figure 4-23, showing the parameters both when the tube is with and without oil. 

It is well noted that the variations ranged below 20 dB and 10 dB respectively for 

envelope correlation and TARC. The TARC values retain the original behaviour 

of a single antenna. However, bandwidth and return loss are changed because 

TARC is sensitive to the effect of mutual coupling and the phase of the incident 

wave. Thus, we conclude that the TARC can be interpreted as the return loss of 

the complete two antenna array. The results for cases 2 and 3 were quite similar 

to those for case 1 and thus are not shown here. 

 

 
Figure 4-22: Measured correlation coefficient for case 1. 

 
 
 

 

Figure 4-23: TARC measured for case 1. 
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One further test was performed to measure the radiation efficiency of the antenna 

inside the centre of the lossy medium, with one antenna terminated with a 50 Ω 

load. For this particular configuration, the distance between the antenna and an 

electric probe was set at 5 cm. The near field radiation pattern is measured using 

a non-perturbing implantable E-field probe model: EX3DV4 manufactured by 

SPEAG and connected to EASY4 dosimetry metric assessment system. The 

average radiation efficiency of the antenna at this distance across the whole band 

was found to be between 35% to 48% that is quite reasonable and better than 

the one recorded in previous work [122]. 

 
 

In one practical example of the case 1 two-element array, a 4mm tumour was 

placed at different distances from the antenna plane (10mm 15mm, 30mm and 

40mm separation) to test sensitivity to reflected signals. The S21 transmission 

parameter was first measured with no scattering object present in the medium of 

the two antennas, then with the object present. The frequency data were then 

transferred to reconstruct the time-domain pulses with and without the target, as 

shown in Figure 4-24 and Figure 4-25. 

 

Figure 4-24: Measured transmitted and received pulses; with no tumour object 
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Figure 4-25: Measured transmitted and received pulses; with tumour object 

 

 
The normalized back scattered time responses after subtracting the time pulses 

of these four locations are shown in Figure 4-26, showing the sensitivity of the 

imaging system to this small object: the reflections indicate the magnitude of the 

signals reflected from the tumour, varying with its depth inside the liquid. 

 
 
 

 

Figure 4-26: Reflected response from various tumour positions. 
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Figure 4-27: Experimental results (left) simulated results (right). 

 

 
Figure 4-27 shows a side by side comparison of experimental results and 

simulated results of tumour reflections from similar depths. The results show that 

there is very good agreement between simulated and experimental 

investigations, and also reflect on the accuracy of the FDTD technique for test 

used test setup. 

 

 

 

Figure 4-28: Antenna with varactor diode. 
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To improve the matching of the antenna with the tissue, a varactor diode was 

added at the base of the second plate, as shown in Figure 4-28. The objective 

was to achieve active tuning over the total bandwidth with maximum return loss. 

Figure 4-29 shows three turned frequency spectra with three different varactor 

diode capacitances when the antenna was mounted on the second phantom 

representing a generic breast as shown in Figure 4-31. More values could have 

been tested, but the values used (0.1, 1 and 5 pF) were found quite adequate to 

cover the entire intended bandwidth. In the measurement, these three 

capacitance values are corresponding to 16V, 12.5V and 1.4V applied voltage of 

the varactor. Both computed and experimental results are in good agreement. 

Collected data were processed with sinusoidal Gaussian pulse shaping to return 

the reflected magnitude and delay time variations. Several attempts were 

performed and optimized to reduce the overlap between pairs of these spectra, 

smoothing the response over 3dB of the crossing point. 

 

 
Figure 4-29: Simulated and measured S11 of the proposed varactor-loaded antenna 

adjacent to the phantom in Figure 4-31, for three values of varactor capacitance. 
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A single antenna was tested via simulations with the phantom structure shown in 

Figure 4-31, but with only one simulated tumour sphere present at two locations 

10mm and 30mm distant from the skin plane. The normalized reflected 

magnitude is shown in Figure 4-30, and delay clearly indicates recovery of the 

scattered waves in such active operation giving confidence that small antennas 

in array configurations will be able to detect tumour locations and their expected 

sizes. 

 
Figure 4-30: Normalized magnitude of the reflected signal for tumour locations 10mm 

(upper trace), and 30mm (lower trace). 

 

 
Results of Figure 4-27 show that simulated and experimental results are in good 

agreement. Since in experimental investigation skin layer was excluded and the 

collection of more data via antenna movement was difficult due to lack of moving 

platform, so I decided to use the simulation for further investigation. 
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4.3.2 Simulated Imaging Model Setup and Results 
 
 

 

(a) (b) 

 
Figure 4-31: The tissue model with antenna arrangement including simulated tumour 

locations; (a) Three sphere tumour model at the same distances from the skin: (b) Two 
sphere tumour model: one at 10mm fixed distance and other at variable distance xd (all 

units in mm). 

 
 

More details examples shown in Figure 4-31a and b were next investigated to 

demonstrate the capability of the system. The tissue was of width 50mm with 

2mm Plexiglas containment thickness in both cases. In Figure 4-31a three 5mm 

diameter spheres representing tumours were placed in a plane whose normal 

distance xd from the larger face of the container varied between 10mm and 30mm 

with 10mm steps. In Figure 4-31b there are two similar spheres at different 

distances from the surface: the first is kept at 10mm while the second was located 

at variable distances from the surface and 20mm lower than the first, fixed tumour 

model. The two-element arrangement of case 1 in Figure 4-20 was applied here, 

with mutual coupling compensated by subtracting the reflection responses 

without a tumour present from those with one or more. Data was recorded on the 
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basis of 10mm increment of the two elements movement from the centre (located 

at 60 mm × 60 mm) covering a total surface area of 50 mm × 50 mm. Diameter 

for each sphere cancer model for both examples was kept at 5 mm. 

 

 

 

(a1) (b1) (c1) 
 

(a2) (b2) (c2) 

 

(a3) (b3) (c3) 

 
Figure 4-32: The magnitude (a1,a2,b1,b2,c1,c2) and the time (a3, b3, c3) delay of 
the reflected signals of Figure 4-31a for various distances xd; 10mm (a1, a2 ,a3), 

20mm (b1,b2, b3), 30mm (c1, c2, c3) 

 

 
Figure 4-32 shows the magnitude and time delay of the reflections for the three- 

sphere tumour model of Figure 4-31a. In this example, the maximum magnitude 
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was normalized to 0dB, and then a dB scale was used in the figure. In the case 

of the time delay, the values were normalized to 1 nanosecond, and again a 

logarithmic scale was used. This procedure gives clear images that show the 

location and resolution of the tumour plots from these models. The metric of the 

image performance adopted here is to measure the peak to peak value of the 

difference in backscattered reflections with and without the spherical tumour 

models for each increment move. The corresponding time delay was measured 

at the absolute maximum of the difference in backscattered reflections. Figure 

4-32: a2, b2 and c2 are extended versions of the magnitudes given in Figure 4-

32: a1, b1 and c1 respectively. The data was interpolated using the piecewise 

bilinear Gouraud method. The results are encouraging in terms of the feasibility 

of discriminating and localizing the tumours, at least with a positional resolution 

of 10mm or better. The depths of the sphere could be found from Figure 4-32:a3, 

b3 and c3. It is clear that even with spheres at 30mm depth the measurements 

can yield the approximate distances. 

 
 

Figure 4-33 also shows a similar analysis as discussed for Figure 4-32, but with 

the setup shown in Figure 4-31b. Contour plots have been added to justify the 

correct locations of the spherical tumour models since the magnitude data was 

normalized once subject to the total reflections. The magnitude contour plots are 

shown in Figure 4-33: a2 and a4 clearly identify the locations of both spheres. In 

addition, the time contour plots were also used as evidence of the depths of 

cancer models. These contour plots were generated subjected to the code 

provided by R. Pawlowicz that handles parametric surfaces with inline contour 

labels. 
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(a1) (a2) (b1) (b2) 

 
 

 

(a3) (a4) (b3) (b4) 
 
 

 

Figure 4-33: The magnitude (a1,a2,a3,a4) and the time (b1,b2,b3,b4) delay of the 
reflected signals of Figure 4-31b for various two distances of xd; 10mm (a1, a2, b1 

,b2), 20mm (a3, a4, b3, b4). 

 

 
The above imaging results are very encouraging in terms of evaluating antennas 

performance in early breast cancer detection scenarios. 

 
 

In this chapter application of UWB MWI using radar approach for early breast 

cancer detection and imaging is given with simulated and experimental results. 

The work started by showing the capability of UWB MWI in breast cancer 

detection using simulations in FDTD. Then a UWB sensor is designed and tested 
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for breast cancer detection with the experimental investigation. In the literature, it 

is shown that radar approach in UWB MWI is not only limited to breast cancer 

detection but is also feasible for bone health-related studies such as bonce 

cancer, bone fracture and monitoring bone healing etc. The next chapter gives a 

detailed study into bone fracture detection using radar approach. [12, 75] 

 

 
4.4 Conclusion 

 

 
A simulated and experimental investigation was made using small UWB 

antennas, a breast phantom and target, and a VNA. The simulated and measured 

results demonstrate that this system is capable of detecting small targets with 

dimensions comparable to those required for the early detection of breast cancer. 

Irregularly shaped objects were not tested: however, it is anticipated that 

scattering from such objects will be more pronounced than from a spherical 

target. A lower limit on size is not determined, and it is likely that smaller target 

sizes may be detectable under the conditions described in this paper. This 

confirms the basic design concept and the choice of antenna elements. The proof 

of concept of applying active frequency tuning of the antennas using a varactor 

diode in order to improve matching performance over the total bandwidths has 

been demonstrated. 

 
 

At this stage, imaging has not been attempted, but the measurements presented 

in this paper may be 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 5 

 
5 UWB Vivaldi Antenna for Bone Fracture 

Detection 

 

In the previous chapter effectiveness of UWB MWI as a diagnostic tool for early 

breast cancer detection has been shown with the simulated and experimental 

investigation. Research in medical applications of MWI is not just restricted to 

breast cancer detection studies, it has also shown its potential in other scenarios 

such as brain tumour detection, bone health-related studies and hipbone or knee 

joint injuries etc. Radar approach is used in the same way as in breast cancer 

detection studies without major changes to the test setups or methodology. 

 
 

This chapter provides an insight into the effectiveness of MWI in bone fracture 

detection using radar approach used in the previous chapter. Since the sensor 

designed in the previous chapter covered a bandwidth of 4GHz while FDA has 

approved unlicensed use of 7.5 GHz band between (3.1 to 10.6 GHz) therefore 

a new sensor is designed that can cover the full bandwidth without requiring 

active tuning. The sensor provides the flexibility of utilising synthetic pulses 

centred at different frequencies covering various bandwidths in the allocated 

spectrum. 



86  

5.1 Bone Biology 

 

 
Study of bones is called osteology, it is very important to understand bone biology 

to identify associated diseases. Bones have several functions in the body such 

as protect organs, support soft tissue, furnish surfaces for muscles, ligaments, 

tendons, generation of blood cells, maintaining phosphorus and calcium and 

many more. Our entire skeleton consists of different types of bones, e.g. compact 

or cortical bone and spongy or trabecular bone. 80% of our skeleton is made of 

cortical bone which is solid bone, and the remaining 20% consists of spongy or 

trabecular bone. During our life bone is covered with tissues from inside and 

outside, these are bone-forming tissues. Bone forming cells reside in these 

tissues and are most active in a growing individual. However, with age, this 

natural function of bone development and healing is slowed down or lost. The 

rate at which this loss occurs depends on individuals their genetics, lifestyle and 

most importantly diet [123, 124]. 

 
 

The weakening of bones yields to a lot of problems. Osteoporosis is a fairly 

common condition that weakens bones and makes them fragile. Osteoporosis is 

often called “the silent thief” because the internal strength of the bone is stolen 

quietly without the person feeling any change. He might not even know that he 

has osteoporosis until a fragile bone fracture. One of the myths associated with 

this disease is that it affects women more as compared to men, but the statistical 

data shows that it affects women and men of all races alike. According to the 

National Health Services UK, every year more than 300,000 people receive 

treatment for fragility fractures because of osteoporosis. In the US it is estimated 



87  

that more than 40 million people are affected by osteoporosis. In Canada, around 
 

1.4 million people are affected. In the US according to reports of hip fracture 

cases around 70% are due to osteoporosis. And costs for these fractures are in 

excess of 17 billion $ a year. Another common diagnosis is osteopenia which 

represents low bone mass. It’s not a disease but is a measure of bone mass 

along with bone density testing can provide more accurate results for calculating 

the risk of fracture of a person [125, 126]. 

 

 

 
 

Figure 5-1: Osteoporosis, who it affects. 
 
 
 

 

Figure 5-2: Healthy bone vs Bone with Osteoporosis[125] 

 

 
Bones of people suffering from osteoporosis lose their density. A few techniques 

are used to determine bone mineral density. X-ray absorptiometry is used for this 
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purpose bases on the principle that dense bone allows less amount of x-ray 

radiation to pass through them. It’s used for the forearm, proximal femur and 

lateral lumbar spine. Another type of X-ray absorptiometry is DEXA which is used 

for density measurements of specific bones. Quantitative computed tomography 

(QCT) is also used for measuring bone density and also monitor the effectiveness 

of follow up treatments. This technique uses higher radiation doses which are not 

safe for repeated or prolonged exposures and is expensive. Ultrasound can be 

also be used for some bones but cannot be used to measure the effectiveness of 

follow up treatment. Dual photon absorptiometry uses radioactive material to 

measure the bone density of specific bones. The drawback is that it scans slowly 

and takes a very long time. DEXA is commonly used for bone density 

measurements and also osteoporosis. It is painless more accurate and effective 

as compared to normal x-rays or other imaging techniques. However, it still has 

drawbacks because of radiation exposure there are always health risks 

associated and is not suitable for pregnant women risk of harming the fetus [127- 

129]. 

5.2 Microwave Research Review 

 

 
Using nonionizing EM waves at microwave frequencies for sensing and imaging 

in medical diagnosis is emerging as a low cost and low health risk alternative to 

the aforementioned imaging technologies. Microwave Sensing and Imaging 

(MSI) offers a noninvasive way for the diagnosis of functional and pathological 

tissue conditions [104, 130, 131]. Single point sensing application of MSI are 

those in which a transmitted signal is received by the same or different antenna 
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after reflection from the tissue. No 2D or 3D images are formed in such cases. 

Heartbeat detection or changes in microwave signal because of changes in tissue 

property are examples of single point MSI cases. Low cost and portability are 

among many other advantages of MSI. Equipment generally consists of a signal 

transmitter, receiver, antenna array, network analyzer and a computer for image 

processing applications. 

5.2.1 UWB Microwave Imaging For Bone 

 
Microwave imaging is being used for bone imaging and has been applied in 

detecting leukaemia in the bone marrow and bone density measurement for 

osteoporosis. Dielectric properties of different body tissues and bones have been 

extensively studied at microwave frequencies.[132] A study by Peyman el al 

showed dramatic changes in bone dielectric properties occur in vivo with age and 

age-related dynamics of bone physiology may be evident through interrogation 

of dielectric properties as a means of bone health monitoring. In one of the 

studies, a system for imaging of heel using microwave frequencies is discussed. 

Which shows encouraging results that broad feature of dominant anatomy is 

readily evident through their high contrast dielectric signatures [133-135]. There 

are studies for knee anatomy and pathology focusing on joint and tissues 

surrounding the knee. One of the works include tears in tissue around knee using 

Tissue Sensing Active Radar (TSAR) microwave technique. They developed a 

system capable reconstructing image of the object under exam. With error as little 

as 5% for meniscal teas of size 3.4mm*8mm [136]. 
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Detection of leukaemia in bone marrow by using Levenberg-Marquadt method is 

discussed in [133], at 800 MHz author was able to detect proliferated cells in bone 

marrow using simple 2D cylindrical method. In [134] author used Gauss-Newton 

iterative method with soft regularization to obtain 2D and 3D images of calcaneus 

bone of two patients. Good correlation was observed between the recovered 

electrical properties of the injured calcaneus bone by microwave imaging and the 

CT Hounsfield density measure. 

 

 

 

Figure 5-3: Reconstructed images of the left leg and the right leg of a patient affected 
by injury in the left leg through a Newton method with soft regularization Left side is for 

the left leg and right-side images are for the right leg[134] 

 

 
In [137] author detected bone cancer using UWB imaging techniques. He 

recorded the backscattered signal with a monopole antenna to detect different 

layers of bone using the algorithm used for breast cancer detection. The system 

showed very good results. In [138] author proposed a confocal imaging system 

for the brain in the 1-4GHz band. His setup is shown using Vivaldi antennas in 

Figure 5-4. Stroke can be identified as a region having significant backscattered 

energy [139]. 
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Figure 5-4: Brain stroke measurement system [138] 

 

 
[140] shows bone density measurement through EM waves using simple patch 

antennas operating at 2.49 GHz and support vector machine by observing the 

change in attenuation of the received signal after passing through bone. 

 
 

In light of the mentioned studies. A similar test was conducted in simulation using 

UWB Vivaldi sensor for bone fracture detection. Various wideband (WB) and 

ultra-wideband (UWB) antennas have been proposed for microwave imaging. 

Most of the antennas present in the literature show an omnidirectional radiation 

pattern with low gain [141-143]. 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 and other medical 

applications it may be preferable to have a directive antenna with high gain [144- 

147]. Therefore for the UWB antenna, Vivaldi antenna was chosen as it has high 



92  

gain and directivity [148, 149]. Next section discusses characteristics of a typical 

Vivaldi antenna its design process and performance in bone fracture detection. 

 

 
5.3 Literature for Chosen Sensor Design 

 

 
The Vivaldi antenna forms part of a group of antennas called end-fire tapered slot 

antennas (TSAs). End-fire tapered slot antennas include the constant width 

(CWSA), linearly tapered (LTSA) and the exponentially tapered (ETSA), also 

known as a Vivaldi antenna. Performance characteristics of TSAs include 

Wideband, medium gain and low side lobes. 

The Vivaldi antenna is a travelling-wave antenna which produces a broadband 

end-fire radiation pattern. A smooth impedance transition between the travelling 

wave in the slot-line and the radiated plane wave is achieved by the exponential 

taper of the flare. The energy in the travelling wave is tightly bound in the region 

where the tapered slot-line’s edge separation is small compared to a wavelength. 

As the edge separation increases the energy couples progressively more to the 

radiation field[150]. 

 
 

For feeding this design there are several possibilities, as in this implementation 

of the Vivaldi antenna, a microstrip to slot line feed is used when the antenna is 

manufactured on a dielectric substrate. A microstrip to slot line transition is 

realized by etching the slot line on one side of a substrate and is crossed at a 

right angle by a microstrip line on the opposite side of the substrate. The 

microstrip line is flared to form a radial stub which acts as a wideband, virtual 
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short circuit where the microstrip line and slot line cross. The slot line is extended 

into a circular cavity to act as a wideband, virtual open circuit. The advantage of 

this feed method is that both the antenna and its feed (which may also include an 

impedance matching section) can be etched onto the same substrate. 

 
 

Another way is to solder the outer conductor of a semi-rigid coax on the metal 

sheet all the way to the slot line between the start of the flare and the cavity. The 

inner conductor is then taken across the slot line and soldered onto the opposite 

side. Impedance matching is difficult for this type of feed. 

In both cases, the slot-line at the Vivaldi feed-point is terminated by a circular slot- 

line cavity. The cavity dimensions should be large enough to ensure that the feed 

is not “short-circuited” at the low-frequency end of the specified band [Shin et al.]. 

 

 

Quantity Typical Minimum Maximum 

Polarisation Linear in the plane 
of the 
Vivaldi 

- - 

Radiation End-fire - - 

Gain 4 dBi 2 dBi 17 dBi 

Performance 3:1 - 6:1 

Complexity Medium - - 

Impedance 100Ω 50Ω 200Ω 

Balun Not required - - 

Table 5:1: Characteristics of typical Vivaldi antenna 

 

 
The Vivaldi antenna is described as a frequency-independent antenna [Gibson]. 

In practice, the minimum frequency is limited by the flare height and circular cavity 

diameter. Limiting factors for the maximum frequency are the width of the slotline 
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feeding the flare as well the slot-line cavity and angular stub which both become 

resonant circuits at high frequencies [Chramiec]. 

 

 

Figure 5-5: S11 of typical Vivaldi antenna 

 

 
The Vivaldi antenna has an end-fire radiation pattern. It can produce an 

asymmetric beam in the E- and H- planes over a wideband— provided that the 

taper profile, flare length, flare height, substrate height, cavity diameter and 

dielectric constant are chosen correctly [Yngvesson et al]. 

 
 

Figure 5-6: End-fire radiation pattern of a typical Vivaldi antenna 
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Typical normalised patterns in dB at fmin` Typical normalised patterns in dB at 2.5fmin 

Figure 5-7: Typical E & H Field patterns 

 
 
 

5.4 Sensor Design 

 

 
An antenna is the key element of UWB imaging systems, a lot of time is usually 

spent in antenna design and its optimisation for any specific application as seen 

in the previous chapter. To save time on design rather than building the antenna 

from scratch a software tool was used to design the antenna. Antenna Magus 

Tool is provided as an add-on with CST Design Studio with a separate license 

which has many antennae in its library. Antenna Magus makes antenna design 

very easy and quick. After entering few required parameters the tool generates a 

working model calculates the essential performance parameters or alternatively 

model can then be exported to any EM simulation software such CST MWS 

Studio, HFSS etc. to evaluate the performance. 
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For the required sensor three basic parameters set for the antenna design were 

as follows: 

a) The antenna needs to cover a wide band preferably 3.1 to 10.6 GHz. 
 

b) Minimum antenna’s internal reflections (ringing level less than -10 dB). To 

avoid any masking on the target, the antenna’s internal reflection has to 

be as minimal as possible. 

c) The input impedance of the antenna has to be constant across the 

operating frequency and match to a 50 Ω load to minimise mismatch. This 

is important so that the antenna is capable of transmitting the energy with 

low reflected energy back. 

 
 

The dimension of the designed antenna is shown in Figure 5-8 and Figure 5-9 

while parametric values are given in Table 5:2. For feeding microstrip to slotline 

transition, feed method was used because of the ease with matching 

 
 
 
 

 

Figure 5-8: Antenna Dimensions 
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Figure 5-9: Feed dimensions 

 

 
The following plot shows the S-parameters as a function of frequency. The return 

loss of the designed antenna at reference impedance 50 Ω shows promising 

results covering ultra-wideband, which is essential for medical imaging 

applications. 

 

 

Figure 5-10: Designed Antenna return loss Simulated and Measured 
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Parameter 

 
Value 

 
Parameter 

 
Value 

Theta 0.03 Microstrip coupler 

inset 

0.32 

Cavity adjust 2.85E-03 Microstrip coupler 

length 

7.66 

Cavity diameter 7.66 Microstrip coupler 

width 

0.65 

Conductor height 65.57 Microstrip taper 

length 

21.88 

Flare height 51.52 Microstrip taper 

width 

2.15 

Flare length 98.36 Slotline length 0.65 

Metal thickness 0.01 Slotline width 0.29 

Stub angle 80 Stub radius 6.19 

Stub start angle 90 Substrate height 0.7 

Tan delta 0 Taper factor 32 

Table 5:2: Antenna parameters 
 
 
 
 

 

 

Figure 5-11: Radiation pattern and Gain of designed Vivaldi antenna 
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5.5 Simulation Setup And Antenna Performance 

Review 

 
 

Various challenges to the UWB imaging for medical application were discussed 

in the previous chapter in relation to breast cancer detection and is true for other 

UWB bio-medical imaging applications. One can write their own code based on 

FDTD, MOM etc. to simulate antenna performance but simulating more complex 

structures becomes challenging and time-consuming therefore like before in 

antenna design to save time and acquiring accurate simulation results for bone 

fracture study commercially available EM solver CST MWS Studio was chosen. 

The software can be used to simulate antenna structures, biological models, 

electronics components PCB, connectors and many other items accurately. For 

this study CST was chosen over HFSS because of my better experience with 

Graphical User Interface (GUI) of the software and that it provides different 

solvers for different problems. For High frequency and UWB applications, the use 

of Time-domain solver is recommended because of its speed over frequency- 

domain solver additionally it can give broadband frequency domain results with 

one run. Time-domain solver in CSTMWS employs Finite Integration Technique 

(FIT) that solves Maxwell’s Integral equations in a finite 3D space. Speed of the 

solver depends on the number of mesh cells in the computational domain which 

in turn depend on the objects being modelled and amount of accuracy required. 

 
 

CST MWS Studio provides accurate signal propagation modelling and numerical 

representation of biological tissue. The material library of the software has details 

of EM properties of various body models e.g. skin, fat, blood, bones, brain white 
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matter etc. which can be used for simulation purposes to test antenna 

performance with very high accuracy which is shown in [151]. Since the antenna 

needs to work in close proximity of biological tissue, and previous work showed 

that antenna return loss gets effected when it is near or in contact with biological 

material. Hence it is important to evaluate antenna performance when it is near 

biological tissue such as bone. This was done in simulations before fabricating 

the final design. 

 
 

Properties to model the human bone were taken from CST studio materials 

library. It also has Voxel Human Body models that provide accurate numerical 

models to represent various human body parts and can be imported as a whole 

body or just an individual part with various skin layers and dimensions. A 

dimensionally accurate model can be imported from Voxel model family however 

it will increase the complexity of computation and increase the simulation time 

considerably. A balance was decided between model accuracy and simulation 

speed by choosing EM properties accurately and using arbitrary dimension for 

the bone. Bone was modelled as a rectangular slab with dimension 200mm, 

150mm, 5mm in x, y, and z-axis [152] with ε=15.283 and σ=0.0643 S/m with 

dispersion model of order 3. Figure 5-12 shows the dimension of the modelled 

bone in CST MWS Studio. 
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Figure 5-12: Dimensions of simulated bone 

 

 
No skin layer was modelled in the simulation. The antenna was placed 

3cm/30mm away from the bone structure along the z-axis in order to 

accommodate for various tissue layers that could be added in future setups. 

Performance of the antenna was tested with the geometrical configuration shown 

in Figure 5-13. S11 was observed and compared with the previous scenario when 

only the antenna was being considered. 

 

 

 

Figure 5-13: Antenna placement with bone 
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Antenna return loss was simulated by placing bone slab 3cm away from the 

antenna and results were compared to the scenario when there was no bone 

present near the antenna. 

 

Figure 5-14: S11 with and without bone. 

 

 
Figure 5-14 shows a slight change in the return loss but it still covers the UWB of 

3 to 12 GHz band as S11 stays below -10dB. Results exceed the requirement of 

covering 3.1 to 10.6 GHz and gives flexibility in using either entire band for 

medical imaging or any particular band of interest such as 4 to 8 GHz used in the 

previous chapter. For this study full band (3.1 to 10.6 GHz) will be used unless 

otherwise stated. 

 
 

Discontinuity/Fracture Dimensions 

 
 

Y-axis 

 
 

X-axis 

 
 

Z-axis 

 
 

3cm 

 
 

13cm 

 
 

5mm 

Table 5:3: Fracture Dimensions. 
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Next step was to introduce a fracture in the bone slab. Ideally, fracture space will 

be filled by various tissues, blood, fat, bone debris etc., however, for proof of 

concept setup was kept simple by introducing the fracture represented by empty 

space at the centre of the simulated bone. Figure 5-15 shows the location of the 

fracture in the structure and position of the antenna. If the antenna works as it is 

supposed to then S11 should change to reflect the change in the structure. The 

assumption is based on the findings of the previous study of breast cancer. 

Similarly, the time-domain response should also reflect the change, this will 

confirm that the designed sensor can detect changes in biological bodies. 

 

 

 

Figure 5-15: Fracture Dimensions (left), Fracture location w.r.t antenna (right). 

 

 
Simulation parameters were modified from the last step to work only in (3.1 to 

 
10.6 GHz) and the type of solver was changed to Transient solver. The simulation 

was run for a fixed time of 3 nanoseconds with and without the fracture and return 

loss was recorded for both cases which are shown in Figure 5-16. 
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Figure 5-16: 30mm fracture against no fracture present. 

 
 
 

 
Slight variation in amplitude of without fracture case as compared to Figure 5-14 

are due to different solver type but the band of operation is still unaffected. 

Change in return loss for with and without fracture cases is clearly visible from 

Figure 5-16. 

 
 

One of the features of CST MWS studio is that its time-domain solver gives 

wideband frequency sweep results along with the time-domain response. The 

change visible in frequency domain response should also be reflected in time 

domain results. For the simulation Sinusoidal Gaussian signal with a power of 0.5 

Watt was used as excitation centred at 6.85 GHz with a bandwidth of 7.5 GHz. 

Figure 5-17 shows the excitation signal in time and power spectrum density. 
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Figure 5-17: Excitation pulse Time domain (Top) PSD of Pulse (Bottom). 

 

 
In Figure 5-18 between time intervals, 1.25ns to 1.8ns clear change in signal 

amplitude is visible proving that designed sensor is suitable for this application. 

 
 
 

 

Figure 5-18: Time Domain with and without fracture 
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To clear the signal of unwanted clutter and noise, ideal artefact removal 

procedure discussed in [87, 153] was used, therefore the difference is taken 

between reflected time signal with fracture and reflected signal without fracture 

given by:  
𝑆𝑖(𝑛)𝑖𝑑𝑒𝑎𝑙  = 𝑆𝑖(𝑛)𝑤𝑖𝑡ℎ ― 𝑆𝑖(𝑛)𝑤𝑖𝑡ℎ𝑜𝑢𝑡 (5-1)

 

 
 

The result is shown in Figure 5-19. The analysis shows that this antenna is a 

suitable candidate for ultra-wideband medical diagnostic applications. 

 
Figure 5-19: Fracture response after ideal clutter removal 

 
 
 

5.6 Imaging Case Study 

5.6.1 Data Collection 

 
Performance of any imaging algorithm depends on the amount of data and its 

quality. Data from a single point may be enough to show detection capabilities in 

this simplistic scenario however it is not sufficient to generate a decent image. 

More data can be collected in different ways. An array of sensors used in 

monostatic (shown in the previous chapter) or multi-static way or a single sensor 
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that scans the entire surface at certain points can be used forming a synthetic 

aperture radar (SAR). To prevent antenna couplings, avoid the complex 

operation of channel switching, and reduce the cost, a moveable antenna that 

collects signals in multiple locations is a good substitute for the antenna 

array.[154-156] show various studies proving the usability of a single moveable 

antenna for data collection to generate images. This test implies the same 

method for data collection i.e. a single moveable antenna that scans at various 

points. Which was done by the following method. 

 

 
• The antenna was moved in y-axis keeping z depth same at 3 cm away 

from the bone. 

• The antenna is moved 22 points along the y-axis (A1, A2… An) With a 

step size of 0.5cm/5mm. The points were carefully chosen such that they 

cover the region where the crack will be introduced. 

• Frequency and Time domain data is recorded for each point. 
 

• 2 scenarios are considered. 1st Reflected pulses are recorded without any 

crack/discontinuity in the bone structure. 2nd a fracture/discontinuity of 

chosen dimensions 3cm, 1.5cm, and 0.5cm is inserted in the middle of the 

bone structure and reflected pulses are recorded again over the same 

region. 

. 
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In Figure 5-20 A1, A2 … An, are the antenna positions. Distance between 

antenna radiating end and surface of the bone is 30mm. 

 

 

 
 

Figure 5-20: Setup for bone imaging 

 

 
Pre-processing of the data to remove unwanted clutter and noise is very 

important before it is fed to the imaging algorithm. In this simulation, the ideal 

scenario was assumed as prior knowledge i.e. without crack was available. Ideal 

fracture response was obtained by equation (5-1). This is performed for each 

scan point and ideal response for all 22 scan points is obtained. 

5.6.2 Imaging Algorithm 

 
Choice of a suitable imaging algorithm is essential to implement ultra-wideband 

imaging. There are quite a few choices each with its own merits however to keep 

things simple, Delay and Sum (DAS) algorithm were selected. Delay and sum is 

one of the simplest and oldest techniques [157]. In the time-domain approach, 

DAS works with shifting the signals due to their different delays caused by 

different propagation distances between source and points in the imaging 
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domain.[158]. Images are generated by selecting a pixel in the imaging domain 

and calculating intensity at that pixel which is then moved over entire imaging 

domain. The block diagram depicted shows the DAS algorithm to reconstruct the 

intensity value of each pixel. 

 

 

 

 

Figure 5-21: DAS Block Diagram. 

 

 
Let l represent the lth location of a pixel within the imaging region of a constructed 

image L. Each pre-processed signal Si(n) is time-shifted based on the 

corresponding round trip delay at a location l. The time-shifted signals are 

expressed as Si(n + τil) where n=1,2,…K, and 𝜏il is the round trip travel time from 

the ith transceiver to a specific location l within the imaging region. Propagation 

distance is calculated based on relevant space coordinates in the constructed 

model. The propagation speed of the signal is calculated under the assumption 

that each traversed medium has constant relative permittivity at the centre 

frequency of the input pulse. Prior to further processing, a time window truncation 

for each time-shifted signal is applied, which serves two purposes. First, it only 
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preserves the desired response. Secondly, it reduces complexity since only 

truncated signals are needed in the following steps. The time window is chosen 

equal to the input pulse as a default unless otherwise specified. After that, time- 

shifted and truncated signals are summed together to give the intensity of a pixel 

for A set of signals for every single location l collected in a monostatic way, where 

A is the number of antennas. 

𝐴 

𝐼𝑙 = 𝑆𝑢𝑚𝑙(𝑛) = ∑𝑆𝑖(𝑛 + 𝜏𝑖𝑙 ) 
𝑖 = 1 

 

( 5-2) 

 
 
 
 
 

The procedure is repeated for every location within the imaging region. The 

distribution of intensity at each location Il is displayed as an image. 

5.6.3 Imaging Results For 30 Mm Fracture Size 
 
 

 
Figure 5-22: Selected imaging area 
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An appropriate imaging domain was chosen normal to XY plane with dimensions 

100 by 80 (X, Y) pixels at Z cross-section 150. This is highlighted in Figure 5-22. 

Imaging the whole XY plane is unnecessary as only the region where fracture will 

be introduced is of interest also imaging the whole XY plane will only increase 

computational effort hence is avoided. 

 
 

Figure 5-23 shows the un-normalised intensity image generated by the DAS 

algorithm. Distribution of intensity is uniform across the whole imaged area, 

showing no sign of any discontinuity. 

 
Figure 5-23: No Fracture 

 

 
Location of the introduced fracture is given in Figure 5-24 with respect to the 

chosen imaging area. Dimensions and position of the imaging area are the same 

as before. From the intensity image, it is clear that maximum reflections are from 

the area where the fracture was introduced. Intensity scale has been adjusted 
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using intensity amplitude values from the response of 10mm crack as a reference 

to determine fracture width. 

 
Figure 5-24: Selected imaging area (left) DAS Intensity image for 30mm fracture 

(Right). 

 

 
From Figure 5-24 with adjusted intensity levels width of the fracture can be seen 

to be nearly 30mm. The antenna performs very well with set conditions. A big 

30mm fracture with simulated bone material without any skin or any other tissue 

is an over-simplistic scenario to show off antenna performance. It will be better 

to test performance with more challenging simulation setups either by introducing 

tissue layers or reducing the fracture size, before moving onto practical testing. 

So reducing the fracture size was selected to further test antenna performance 

as the introduction of more layers would make practical experiments difficult. 

Since it would be hard to make materials representing different tissue layers 

practically as experienced in the previous study. 
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5.7 Simulations And Results With Small Fractures 

 

 
In this step, fracture size was reduced to half i.e. 15mm to check if the antenna 

is able to sense smaller changes in the shape of the object under inspection. Only 

time-domain data was observed from the simulation and hence frequency domain 

data such as S11 is ignored. With all simulation parameters, same as before 

output voltage at the port was recorded for with and without fracture scenario and 

is shown in Figure 5-25. 

 

 

Figure 5-25: Without fracture vs with fracture 15mm 

 

 
From Figure 5-25 at time interval 1.5ns amplitude variations can be seen which 

show that the antenna is able to detect the fracture of size 15mm. Zooming in 

around the time of interest, amplitude variation become clearer and are shown in 

Figure 5-26. 
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Figure 5-26: With and Without fracture 15mm 1 to 2ns interval. 

 

 
Ideal fracture response was extracted by equation (5-1) and is shown in Figure 

5-27. The plot shows the amplitude of the signal has reduced to approximately 

half of the previous 30mm fracture case. Indicating a relation between the fracture 

size and amplitude of the extracted signal for ideal cases. 

 
Figure 5-27: Fracture response 15mm 
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Using the ideal response for each scanned position of antenna intensity image 

was generated using DAS algorithm which is shown in Figure 5-28. 

 
 
 

 

Figure 5-28: 30mm fracture (left) vs 15mm Fracture (Right) 

 

 
The image gives a very good approximation of the size as compared to the 

previous test, the area covered by reflections reduced to half showing that 

fracture dimensions reduced to half. Location of the centre seems same as before 

which is a good sign as only the size of the fracture was reduced whereas location 

was kept the same. Intensity has been adjusted using a 10mm fracture response 

as a reference scale. Figure 5-28 shows a fracture in the middle of the chosen 

imaging domain width of the fracture in Y is also clearly less than the previous 

case of 30mm fracture and is more near to the actual dimensions of the 

introduced fracture of 15mm. 
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Figure 5-29: Ideal fracture response for 10mm, 5mm, 2mm fracture. 

 

 
A similar procedure was repeated for further small fractures of dimension 10mm, 

5mm and 2mm at the same location in the bone. Extracted ideal response from 

each case is shown in Figure 5-29. The peak amplitude of the signal decreased 

with decreasing size of fracture with the same ratio as that of the size. 

 
 

Using DAS algorithm intensity images for each case were plotted as shown in 

Figure 5-30. Using the adopted scale intensity image of 10mm fracture gives 

good results in terms of fracture size and location, 5mm fracture is barely visible 

while 2mm fracture is not visible at all. 
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Figure 5-30: Intensity images 10mm (top left), 5mm (top right), 2mm (bottom). 

 

 
This is understandable as the time-domain response of the 5mm fracture had half 

the amplitude as compared to 10mm fracture’s time domain response. This 

means for smaller size fractures intensity scale needs to be adjusted to visualize 

fractures. For 5mm case DAS intensity image was plotted and the scale was set 

to the max and minimum value in the intensity matrix as shown in Figure 5-31 

which shows good results. 
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Figure 5-31: 5mm fracture image. 

 

 
For 2mm fracture, first intensity scale of 5mm fracture was used as a reference, 

but nothing could be seen with that scale, as the amplitude of the signal from 

2mm fracture was approximately 85% less than that of a 5mm fracture. Therefore 

similar to the case of 5mm fracture, intensity scale for 2mm fracture was adjusted 

to the max and minimum value in the DAS intensity matrix calculated during 

image generation and is shown in Figure 5-33. The sensitivity of the antenna in 

terms of voltage ratio was calculated to be 0.2307dB. The antenna worked very 

well for all simulated scenarios, proving that the designed sensor is a good 

candidate for UWB medical imaging applications targeting bone fracture. Imaging 

results were very good in terms of identifying fracture location but the 

methodology used for determining the fracture size was not adequate. A more 

robust approach needs to be devised to identify the fracture size. 
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Figure 5-32: 2mm fracture with reference scale 10mm (left), reference scale 5mm 
(right) 

 

 
Figure 5-33: Intensity image 2mm fracture. 

 
 
 

5.8 Conclusions 

UWB sensor was designed for medical imaging purposes, to detect bone 

fractures using microwave frequencies in 3.1 to 10.6 GHz band. In simulation 

tests antenna shows very good performance compared to other ongoing studies 
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in the field. The antenna was able to detect very small fractures even of the size 

of 2mm with very good accuracy in localisation. Using a simple and robust 

imaging algorithm (DAS) generated very good images using only backscattered 

power and the adopted scale gave a good approximation of the size of the large 

fractures. For the smallest case of 2mm fracture, the intensity scale had to be 

adjusted to visualize the fracture. Imaging of the fracture verified the presence 

and location of the fracture in the structure but to determine the size of the fracture 

accurately, especially for the smaller fracture a new approach needs to be used. 

The simulated study confirms that the designed antenna is suitable for microwave 

imaging applications using radar approach. 
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Chapter 6 

 
6 Design Optimisation and Investigation into 

Early Breast Cancer Detection and Imaging 

 
 

6.1 Introduction & Literature Review 

 

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

leading cause of cancer deaths among women in the world [14]. Every year it 

causes the deaths of many thousands of women, and until research uncovers a 

way to prevent breast cancer, early detection must be looked upon as the best 

hope for reducing mortality from this disease. 

 
 

Fifty years ago, there was no established method for detection of breast cancer 

at an early stage, but advances in technology and legal mandates have very 

much changed the situation. The use of X-ray imaging for the detection of breast 

cancer was proposed in the early days; however, mammography did not become 

an acceptable technology until the 1960s. Over the past decade investment in 

breast cancer research including early detection has increased significantly. New 

and improved technologies are rapidly emerging and providing hope of early 

detection. 

 
 

X-ray mammography has proved to be the most effective tool and plays a 

significant role in early breast cancer detection. Despite providing a high 
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percentage of successful detection compared with other screening tools, X-ray 

mammography also has its limitations. The uncomfortable breast compression 

associated with this diagnosis method militates against patients undergoing the 

early-stage examination and both false positive and negative rates have been 

reported [2, 3] which suggests a need for alternative screening. Exposure to 

ionising radiation from X-rays is also a concern. 

 
 

One alternative under investigation is ultra-wideband (UWB) microwave imaging. 

Applications of microwave technology for diagnostic purposes in the field of 

biomedical engineering are increasing. Based on the variations in the dielectric 

properties of tissue, this technique permits non-destructive evaluation of the 

biological tissue and creates images related to the electrical properties of the 

breast tissue. The tissue of a malignant tumour has high water content and hence 

dielectric property distinct from healthy breast tissue which has lower water 

content [4]. As a result, strong scattering takes place when the microwaves hit 

the tissue of a malignant tumour. Several applications of microwave imaging in 

the medical field have been recorded, including for breast cancer detection [147]. 

 
 

Microwave imaging of breast tissue can be categorised into three types; passive, 

hybrid and active methods [159]. The passive method is based on differentiating 

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

means of microwave radiometry [160]. Temperature measurements then map out 

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

verification. 
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The hybrid method combines microwave and ultrasonic sensors to determine the 

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

so microwave energy is preferentially absorbed by the tumour, heating and 

expanding it. Using ultrasonic transducers, the pressure wave created by an 

expanding tumour can be detected and transformed into an image to locate the 

tumour [161, 162]. 

 
 

The active method uses microwave radiation into the breast to detect the 

presence of a tumour and is the most widely adopted method. There are 

significant differences between the dielectric properties of normal and malignant 

tissue which alter the reflected signal response [163-165]. A fully mapped image 

was generated by controlling and reconstructing the backscattered energy. 

 
 

The previous chapter covered design process of UWB Vivaldi antenna that 

operated in the full band of 3.1 to 10.6 GHz, and its performance evaluation in 

ideal bone fracture detection scenarios down to the small size of 2mm fracture. 

Results proved that the sensor was an excellent candidate for such an application 

with implementation of 2D imaging. In this chapter, the same design is tested for 

early breast cancer detection scenario, starting from detecting multiple targets in 

the air to detecting small tumours in simple and later in complex more realistic 

breast phantoms. The design is optimised as well as reducing its size to 

approximately half of its initial size will still covering the full FCC licensed medical 

imaging band. 
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6.2 Detecting & Localising Targets in Air 

 

 
In [154] author presented an automatic time domain measurement system for 

UWB microwave imaging. Using UWB microwave signals, they successfully 

developed time domain and frequency domain images of objects under test. 

 
 

Using the same methodology investigation was conducted in localising and 

imaging very small targets in the air. Figure 6-1 shows the setup for simulation. 

A sphere of radius 5mm was used as a test subject. The object was given 

properties of the tumour rather than any metallic or wooden object. The idea was 

to build on the experiment and carry forward the setup/methodology towards 

tumour detection. For this purpose parameter for simulation setup were kept 

similar to the previous study of bone fracture detection. 

 
 

A sinusoidal Gaussian pulse similar to the previous study, covering 3.1 to 10.6 

GHz was used as excitation. The simulation was run for 3ns without the presence 

of any scattering object and reflected time-domain pulses were recorded. After 

that scattering object was placed in the simulation setup at a distance of 20mm 

from the antenna with respect to the centre point on the radiating end of the 

antenna along the z-axis with properties permittivity ε=50 and conductivity σ=4 

S/m. 
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Figure 6-1: Targets in Air setup 

 

 
In CST software depending on port used for simulation Power, voltage or current 

signals at the port can be monitored. In this simulation voltage at the port is used 

unless otherwise stated. Figure 6-2 gives the voltage signal at the port when there 

was no scatterer present. 

 

 

 

Figure 6-2: Voltage signal at port no scatterer 
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The simulation was repeated with the inclusion of scatterer and keeping all 

parameters same as before, and the output voltage signal at the port was 

recorded which is shown in Figure 6-3. 

 

 
Figure 6-3: Voltage signal at port with scatterer 

 

 
To the naked eye both with and without scatterer, signals look same with no 

difference. However, a closer look at the signals reveals the minor changes in 

amplitude in the later part of the signal. 

 
Figure 6-4: Voltage signal with and without scatterer 
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In Figure 6-4 at around 1.5ns variation in the amplitudes can be seen. Which on 

a closer look in Figure 6-5 become clearer. 

 
Figure 6-5: Voltage signal with and without scatter 1 to 3ns 

 

 
Using the established methodology of ideal clutter removal yields results plotted 

in Figure 6-6. 

 
Figure 6-6: Ideal scatterer response 

 

 
Using this time-domain response of the scatterer distance of the scatterer from 

the antenna can be found. The propagation speed of a signal in a given medium 
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𝑎𝑛𝑡 

depends on relative permittivity of the medium. In this case for the antenna, it is 

2.2, and the air is 1. 

 
Figure 6-7: Scatterer response after ideal clutter removal timestamp 

 

 
𝑣𝑓𝑟𝑒𝑒𝑠𝑝𝑎𝑐𝑒 

𝑉𝑝𝑟𝑜𝑝𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑖𝑛𝐴𝑛𝑡𝑒𝑛𝑛𝑎 = 
𝑠𝑞𝑟𝑡(𝜀𝑟 )  

( 6-1) 
 
 

 

Where Vfreespace=2.99e11. Antenna length is 120.58 then signal propagation time 
 

in antenna can be calculated by 
 

𝐴𝑛𝑡𝑒𝑛𝑛𝑎𝑙𝑒𝑛𝑔𝑡ℎ 
𝐴𝑛𝑡𝑡𝑖𝑚𝑒 = 

𝑉𝑝𝑟𝑜𝑝𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑖𝑛𝐴𝑛𝑡𝑒𝑛𝑛𝑎 

 
 
 
 

( 6-2) 
 
 

 

Above equation, yields approximated time of signal travelling in antenna to be 

0.59816 nanoseconds. Total time is known, by taking out the signal propagation 

time in antenna from the total time, the distance of scatterer can be given by 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ∗ 𝑇𝑖𝑚𝑒 
 

Which gives the result of 19.9860mm, which is approximately similar to the actual 

distance of 20mm. The result shows that not only the antenna is capable of 
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detecting the small scatter but is also capable of very accurate localisation. Which 

is very important for later experiments when performing early breast cancer 

detection simulations/experiments. Also, the designed antenna can be used for 

industrial or civil applications such as through-wall imaging, concealed object 

detection etc. 

 
 

Antenna’s capability of detecting and localising a small spherical scattering object 

was further tested by moving the scatterer further away from the antenna. In this 

case, scatterer was moved 60mm in Z from its initial position placing it at 80mm 

away from the centre point of radiating end of the antenna. Figure 6-8 and Figure 

6-9 show setup for the experiment. 

 

 

 
 

Figure 6-8: Scatterer distance 80mm 
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Figure 6-9: Scatterer distance w.r.t initial position 

 

 
Rest of the procedure was kept the same with all parameters such as excitation 

signal and simulation time etc. and the output voltage signal was recorded at the 

port. Ideal response for this setup is shown in Figure 6-10. Since the scattering 

object was moved away from the antenna, so a delay in time domain response 

expected which is clear from the plot as in 1st case pulse was at approximately 

around 1.5ns and for this case pulse is closer to 2ns. Another visible factor is the 

peak amplitude of the signal which has reduced down from 0.15V/m to 0.08V/m. 

 
 
 

 

Figure 6-10: Ideal scatterer response at z=80mm 
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Distance from the antenna can be calculated using the previous method. 

Alternatively, displacement from an initial position can be calculated as well by 

calculating time difference of pulses at both points and then using propagation 

velocity in the air; it becomes fairly easy to calculate how much the scatterer has 

moved from its initial position. 

 
 

A single point test can yield the detection capabilities of the sensor. However, to 

generate a 2D/3D image, more data is required. Which in this case was done by 

using a single moveable antenna, effectiveness off which has been shown in 

fracture detection experiments. Simulation setup was changed slightly by adding 

2 more scatterers in order to make the setup more complex. Presence of multiple 

scatterers can rise various challenges for the sensor e.g. one of the scatterers 

response may dominate the other so sensor may not be able to successfully 

identify total scatterers present. 

 
 

The three scatterers were placed diagonally with increasing distance along Z-axis 

from the antenna. All three scatterers were enclosed in a sphere of radius 50mm 

with properties of air at a distance of 10mm from the antenna, such that the 

calculation domain for the simulation remains same and extraction of ideal 

response becomes easy for imaging purposes. The antenna was rotated in X, 

keeping Z distance same to cover full 360° with a step size of 30° which gave a 

total of 12 points for data collection and a set of 12 signals, which is comparatively 

less than a similar study in [154] that used 2 patch antennas and a set of 24*19 

transmission-reception data collection. 
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Figure 6-11: Imaging setup for targets in the air 

 

 
Figure 6-11: Imaging setup for targets in the air. Figure 6-11 and Figure 6-12 

shows the setup in general and arrangement with the antenna in CST MWS 

Studio simulation solver. 

 

 

 

Figure 6-12: Simulation setup for targets in the air in CST Studio 
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Imaging the entire calculation domain is unnecessary; therefore a 2D cross- 

sectional slice normal to YZ plane at X=55 was chosen which only cover the air 

sphere enclosing the 3 scatterers as shown in Figure 6-13 and Figure 6-14 for 

both without and with scatterers scenario. 

 

 

 

Figure 6-13: Chosen imaging domain for air targets without scatterers (highlighted with 
black box) 

 
 
 
 

 

 

Figure 6-14: Chosen imaging domain for air targets with scatterers (highlighted with 
black box) 
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Figure 6-15: 2D image no scatterers, DAS (left), DMAS (right). 

 

 
Plotted 2D images with amplitudes normalised to unity with respect to maximum 

amplitude, using two algorithms DAS and DMAS for no scatterer scenario yield 

similar results with no indication of any scattering object present in the air sphere. 

Peaks around the corner in both images is front radiation end of the antenna that 

overlaps imaging domain at specific scan points. The overlapping is 

minimum/negligible at 0, 90, 180 and 270°. 

 
 
 

 

Figure 6-16: 2D image with scatterers, DAS (left), DMAS (right). 
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Images for with scatterer scenario give very promising results for antenna’s 

imaging capability for such applications. This scenario also gives the difference 

between the capabilities of the employed imaging algorithms. Despite using ideal 

clutter removal, DAS shows a lot of background noise, but still manages to 

distinguish between peak scattering points from the noise and successfully 

images all three scatters with high localisation accuracy. DMAS shows a clearer 

picture of the scattering points with respect to the background. Three peak 

intensity points appear exactly at the expected scattering locations. One more 

observation can be made from the image generated by DMAS algorithm that is 

middle scatterer (S2) shows more intensity that than the other two scatterers. 

This can be because of the relative scanning position of the antenna and 

scatterers where certain scatterer response dominates the other. This can be 

overcome by a few easy methods such as increasing scan points, or changing 

scanning angle w.r.t the scatterers etc. However, both algorithms successfully 

identified, localised and imaged the three scatterers. Hence further investigation 

into the problem is unnecessary and beyond the scope of this study. 

 

 
6.3 Antenna Design Optimisation And Imaging Air 

Targets 

 
 

Test simulations in the previous chapter and this chapter prove that the antenna 

is an excellent candidate for UWB imaging applications for both medical and non- 

medical. However, when comparing with similar studies such as in [137] where 

tumour detection in bone is carried out, bone density measurement in [140] or 
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imaging of non-bio objects such as in [154], all involve use of very small 

antenna’s. The designed antenna performs very well for the aforementioned 

applications but is relatively large when compared with similar studies. Hence 

design optimisation such that size is reduced without losing much of the 

performance is required. Next section discusses the design optimisation and 

performance of the optimised antenna for such applications. 

 
 

The antenna was optimised such that its length was reduced to half of its initial 

size while the width was same. The optimised design was matched to a 50Ω as 

before. The new design is shown in Figure 6-17. 

 

 

 

Figure 6-17: Antenna dimensions before and after optimisation 
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S11 of the antenna is plotted in Figure 6-18. 
 

 
Figure 6-18: S11 before and after optimisation. 

 
 
 

 

Figure 6-19: S11 Simulated Vs Measured. 

 

 
Optimised design covers the same band as before between 3 to approximately 

11 GHz, allowing the use of full UWB band. Antenna performance was analysed 

using a test scenario of the single scatterer, by placing scatter near the antenna 
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and observing the time domain response to check its capability of detecting and 

localising the scatterer. 

 
 
 

 

Figure 6-20: Scatterer response for optimised design. 

 

 
Scatterer response when a single scatterer is placed 10 mm away from the 

antenna is shown in Figure 6-20. When compared with Figure 6-6 i.e. previous 

similar test with larger antenna time at which the pulse appears has shifted 

towards left. Because of small design, it takes less time for the signal to travel to 

scatterer. This means that smaller design not only saved material but also 

reduced the computational time required to run the simulation in order to record 

data correctly. Rather than running simulation for 3ns, it can be run for 2.5ns and 

still the required data can be collected. Additionally reduced antenna size led to 

a reduction of the computational domain which in turn reduced overall time 

required to complete the simulation. Localisation accuracy can be verified as 

before; however, it has not been done in this study. 
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After detection test, the antenna was tested with an imaging scenario via 

simulation. For ease and time saving, setup of Figure 6-12 was kept with slight 

modifications as in Figure 6-21 where bottom scatterer (S1) has been moved 

such that it aligns with S2 in vertical axis Y while S3’s position was unchanged. 

The simulation was run for 3ns. Since the reduction of antenna size reduced 

computational domain, i.e. fewer mesh cells running the simulation for 3ns still 

took less time than before. 

 

 

 

Figure 6-21: Simulation Setup with new antenna 

 

 
2D slice with DAS and DMAS are presented in Figure 6-22. Amount of 

background noise reduced significantly with new design, and all three scatterers 

can be seen clearly. The intensity of middle scatterer is more than the other two. 

When normalised to unity with respect to max amplitude in the matrix, the 

intensity of middle scatterer is between 0.8 to while that of the other 2 scatterers 

is between 0.4 to 0.7. Reflections from middle scatterer dominate that reflections 

from the other two. Which made clearer with DMAS plot. Whereas at unit scale 
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middle scatterer is clearly visible while the other two are barely visible with non- 

existent noise. 

 

Figure 6-22: Optimized antenna imaging. DAS (left), DMAS (right) 

 

 
Adjusting the intensity scale makes the other two scatterers visible for DMAS 

image plot. At readjusted scales, S1 and S3 become clear where the peak 

intensity of S1 is more than that of S3. However, both algorithms successfully 

identify and image the three scatterers. Therefore the collection of more data or 

applying different scanning method is not necessary for this experiment. 

 

Figure 6-23: DMAS with adjusted intensity scale. 
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Results prove the suitability of the optimised design for UWB imaging applications 

for the tested cases. The optimised antenna was successfully able to detect and 

image three small size scatterers which make it a suitable candidate for early 

breast cancer detection studies. 

6.3.1 Experimental Verification 

 
An experimental investigation was made using a circular metallic object of size 

20mm as the target, which was suspended in front of radiating end of the antenna 

at a fixed distance. S11 was recorded using Agilent N5242A network analyzer with 

and without a target, which was later converted to the time domain. The ideal 

response was extracted using Equation. Same was repeated for various 

distances of the metallic object. Figure 6-24, Figure 6-25, show the metallic object 

used as a target and the initial position of the target. 

 

 

 

Figure 6-24:  Metallic target. 
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Figure 6-25: Experimental setup1. 

 

 
Figure 6-26 shows S11, with and without the target. The graph shows clear 

variations in amplitude over the entire band. Target was moved away from the 

antenna with a step size of 2cm and S11 was recorded for all cases via network 

analyser. 

 

 

 

Figure 6-26: S11 With & Without Target 
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Figure 6-27: Experimental setup2. 

 

 
For all the test cases S11 was converted to the domain and pulses normalised to 

unity with respect to the max amplitude of scatterer nearest to antenna are shown 

in Figure 6-28 after extraction of ideal response. As the target was moved away 

from antenna the pulses also showed delay and decrease in signal amplitude. 

 
 

Figure 6-28: Time-delayed pulses. 
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6.4 Breast Cancer Detection 

 

 
Previous tests show antenna’s performance for UWB time-domain imaging for 

targets in the air. For which the results were very encouraging. Small dimensions 

of the optimized design make it suitable for early breast cancer detection. 

Simulations were set up to test antenna performance for breast cancer detection. 

For accurate breast cancer detection simulations, it is essential to address the 

challenges discussed in literature e.g. simulation parameters, a working antenna 

capable of transmitting UWB signals, accurate tissue and tumour modelling and 

the dimensions of the tissues. Both previous studies were used as a baseline for 

this study to employ efficient use of hardware and software resources without 

compromising the accuracy. Various test cases were studied to find an ideal 

setup for imaging. 

 

 
Figure 6-29: Fat dimensions (left). Setup in CST with tumour. (Right) 
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6.4.1 Case1: Cubic Homogeneous Fat No Skin layer & No Background 

Matching 

A simulation setup was made with a similar setup to that of chapter 4 and is shown 

in Figure 6-29. Fat was given properties of and ε= 9 s/m, σ = 0.4 and also 

including dispersion. A tumour of radius 5mm with ε = 50 s/m, σ = 4 was inserted 

at a depth of 5cm below the fat surface. The antenna was placed 10mm away 

from the fat in the z-axis. Sinusoidal Gaussian pulse covering 3.1 to 10.6 GHz 

was used as excitation. The simulation was run with and without the presence of 

a tumour and reflected power at the port in time domain was observed. Clutter- 

free signal after ideal clutter removal is given in Figure 6-30 

 

 

 

Figure 6-30: Clutter-free signal in fat 

 

 
One thing that can be clearly observed is that the amplitude has diminished 

significantly compared to the case in Figure 6-20 when a single scatterer was 

placed 20mm away from antenna in the air. In this case, the total distance from 

antenna to the tumour is 15mm in which 10mm is the air while only 5mm of fat 
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layer has caused a significant reduction in signal amplitude. Despite using ideal 

artefact removal technique it is very hard to tell what reflections are contributed 

by the tumour and which are from air and fat junction or if the antenna is picking 

up any reflection from the tumour at all. It can be hypothesised that ideal clutter 

removed the reflections from air fat interface but with the introduction of the 

tumour and that being close to the surface of the fat layer introduced another 

contrast of electromagnetic properties in very short space i.e. 5mm resulted in 

added reflections between tumour and fat layer. One way of solving this would 

be to move the tumour further deep into fat such that reflection between tumour 

and fat become negligible or a matching medium can be used between antenna 

and the fat as described in [87, 105, 166]. 

• Tumour moved 30mm along z-axis. 
 
 

 

 

Figure 6-31: Tumour moved 30mm 

 

 
Tumour centre was moved 30mm further deep into the fat layer, and the 

simulation was repeated with all other settings unchanged. Clutter-free 
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signal is given in Figure 6-32. The signal is clearer than the first case, plus 

the time delay proves that antenna detects the presence of tumour in fat. 

The amplitude of signal diminished understandably due to it incurring 

more loss while propagating more distance in fat with the tumour being 

further deep in tissue. The signal contains less clutter because of very low 

reflection between tumour and fat layer. 

 
Figure 6-32: Clutter-free signal, tumour moved 30mm 

 

 
In UWB breast imaging, the tumour response contained in received signals is the 

key data. Combining certain algorithms, this data could offer particularly useful 

information such as existence, location and size of tumours. Therefore, the 

effective tumour response (ETR) contained in raw signals can be viewed as a 

crucial indicator. ETR is defined as the ratio between maximum power of the 

backscattered signal from tumour bearing and tumour free breast within a time 

interval of interest [167] which can be calculated as 

𝐸𝑇𝑅 = 𝑃𝑤𝑖𝑡ℎ𝑡𝑢𝑚𝑜𝑢𝑟/𝑃𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝑡𝑢𝑚𝑜𝑢𝑟 
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Using the equation ETR for both cases can be calculated. Considering time 

interval between 1.2 to 2ns and observing peaks with clear amplitude difference, 

the peak amplitude of tumour bearing tissue is 0.004404 W1/2 and tumour free 

tissue is 0.005152 W1/2 which gives an ETR of 1.5687dB. For the second test, 

ETR is 1.2638dB which is a lot lower than study in [168] where author used almost 

similar test setup of homogenous fatty breast tissue. However, the author did not 

consider an actual antenna instead used ideal point sources. 

 

 

 

Figure 6-33: With and without tumour. 

 

 
For imaging, more data was collected with an approach similar to that used in the 

previous chapter with few changes. Rather than 11 scan positions antenna 

moved over 33 positions shown by P1, P2 …. P33 at normal to XY plane as 

shown in Figure 6-34. Step size for Y displacement was 10mm and 15mm for 

horizontal movement. 
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Figure 6-34: Monostatic data collection. 

 
 
 

 

Figure 6-35: Chosen 2D imaging domain at x cross-section 150 in YZ plane 

 

 
Figure 6-35 shows selected imaging domain coordinates highlighted with orange 

box used for 2D images generation purpose. First and last 10mm, i.e. 1 to 10mm 

and 60 to 70mm along the z-axis is the air region, tumour centre in the imaging 

domain is at Y, Z (50, 20) generated images using DAS and DMAS with 

amplitudes normalised to unity are shown in Figure 6-36. 
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Figure 6-36: 2D Intensity images DAS (Left) DMAS (Right). 

 

 
DAS appears to show the peaks at the expected tumour location but the 

clutter/noise makes it hard to accurately locate the tumour if the tumour location 

is not previously known. DMAS also gives peaks at almost same locations but 

with higher intensity focused at the centre of the fat at z distance of 35mm. Since 

even after ideal clutter removal the signal in Figure 6-30 showed a lot of amplitude 

variation making it difficult to identify tumour location. The same is found in the 

image generated using similar signals after scanning. 

 
Figure 6-37: 2D Intensity images tumour moved 20mm, DAS (Left), DMAS (Right). 
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In the second case where the tumour was moved 30mm further deep into fat, 

such that its centre is located at Y, Z (50, 50). Signal after ideal artefact removal 

was very clear with negligible noise or artefact. Images generated for this case 

reflect the same, i.e. clear images with very little clutter and detect a single 

tumour. However, peaks in both algorithms are away from the actual tumour 

location. Hence localisation accuracy is not very good. 

6.4.2 Case2: Cubic Homogeneous Fat No Skin with Background 

Matching 

In this case simulation setup, geometrical arrangement, excitation signal and 

other parameters were kept the same. The only difference was the inclusion of a 

matching medium which was done such that the entire setup was immersed in a 

matching liquid with dielectric properties similar to that of simulated fat. This was 

achieved in CST by changing background material settings [71]. Background 

material setting was kept the same for all preceding setups unless otherwise 

stated. 

 

 
Figure 6-38: Extracted tumour signal Tumour near (left) far (Right). 
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After ideal clutter removal, both signals show clear tumour response. Amplitudes 

decreased because of the lossy surrounding material which has also caused a 

delay in both cases. ETR remained very good and was calculated to be 6.29dB 

and 2.24dB for first and second case respectively, showing that better quality 

signal is obtained via using a matching medium. Since high-quality signals with 

negligible clutter are available, there should be much improvement in the intensity 

images. Figure 6-39 reflected the expected change. The image for both DAS and 

DMAS contain very little clutter and successfully identify the presence of a single 

tumour. Location accuracy is fair compared to the previous case, being off by 

5mm in both Y and Z-axis. 

 
Figure 6-39: 2D intensity image matched background. 

 

 
When the tumour was further deep into tissue setup without matching medium 

gave very clear clutter-free images with successful identification of single tumour; 

however, location accuracy was poor with peaks being focused at 10 to 15mm 

away from actual tumour location. But the inclusion of a matching medium has 
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greatly improved the positional accuracy of the images shown in Figure 6-40. 

Both DAS and DMAS identify a single tumour with very high location accuracy. 

 
Figure 6-40: 2D intensity image, tumour moved 20mm. 

 

 
The results of this study are promising when compared with a similar approach 

of [87] where author performed 2D and 3D FDTD simulations with geometrical 

setup, tumour and fat dimensions and dielectric properties similar to this study. 

The author employed both monostatic and multi-static approaches for data 

collection with 5 ideal sensing elements and used ideal clutter removal for 3D 

simulations. 2D cross-sectional images for spherical tumour of 1cm at 3cm depth 

below fat with monostatic data contained very high clutter making it challenging 

to identify the tumour. Which author reduced by using multi-static data. While in 

this study actual antenna has been used rather than ideal sources and images 

contain negligible clutter using the monostatic approach. It can be argued that 

the amount of data set used in this study is greater than the data used in [87] 

which is responsible for high-quality images. To satisfy the argument data set for 
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this study was reduced to 11 signals obtained from positions p12…p22 and 

plotted images are given in Figure 6-41 for tumour depth of 3cm. 

 

Figure 6-41: Monostatic DAS (Left), DMAS (Right) with a reduced signal set. 

 

 
Images produced using a reduced signal set for both DAS and DMAS produce 

high-quality images with tumour easily distinguishable from the noise and high- 

level location accuracy when compared to the mentioned study. 

 
 

Studies in [71, 154, 168] used a circular arrangement of sensing elements around 

the tissue in the plane of interest and showed good localisation for tumour 

detection. 

 

Figure 6-42: Circular scan in XZ plane. 
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To match the arrangements shown in literature, simulation setup was slightly 

modified as shown in Figure 6-42. Distance between antenna and fat was 

increased to 30mm so that the antenna does not intersect with fat boundary 

during movement. The antenna was moved around the tissue in XZ plane in a 

circular path with an angular step size of 30° resulting in a set of 12 signals. Rest 

of the parameters are kept the same setup is given in Figure 6-42. Ideal artefact 

removal was used for image generation. 

 
 

Tumour centre with respect to the chosen imaging domain for two cases is XZ 

(45, 20) and XZ (45, 50). 

 

 

 

Figure 6-43: Chosen imaging domain highlighted in orange box 
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Figure 6-44: DAS DMAS XZ plane (a, b) YZ plane (c, d). 

 

 
Plotted intensity images Figure 6-44, Figure 6-45, when the tumour was near and 

when the tumour was deep in fat look very clear with little clutter and tumour 

localisation is highly accurate with very small data set. So using a circular setup 

that covers a 360° around the OI (Object of Interest) yields better results in terms 

of detection, clutter and localisation, than more data at a single angle in the 

chosen plane of interest. This should be noted when moving onto experimental 

investigations. 
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One more thing to note in this setup is that the antenna was moved 30mm away 

from the cubic fat structure and the antenna was moved in a circular manner. The 

minimum distance between antenna radiating end and tumour for both setups 

increased was 40mm/4cm. Which can be considered as being 4cm deep in the 

homogenous fat layer as the whole setup is immersed in the matching medium 

with dielectric properties same as that of fat. And still, imaging results yield very 

high detection and localisation accuracy. 

 

 
Figure 6-45: DAS DMAS in XZ plane (a, b) YZ plane (c, d). 
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Use of arbitrarily shaped fat with dispersive and accurate tissue properties the 

results obtained are very promising. Hence more complexity can be introduced 

to test the antenna. For the next setups rather than a cubit fat model a more 

realistic shaped spherical fat with skin layer having ε = 34.744 s/m was 

considered. Dispersion effects for all the tissue involved were considered in the 

simulation. Composition of the simulated breast model closely resembles that of 

a fatty breast classified by [169] which also provide an online repository of 5 other 

breast phantom models developed via MRI derived data. 

6.4.3 Case3: Spherical Fat with skin and Background Matching 
 
 

 

Figure 6-46: Breast model setup with Fat and Skin, CSTMWS (left), concept (right). 

 

 
Setup in Figure 6-46 is similar to previous setups with the addition of skin layer 

of thickness 2mm with ε=36.2 and σ= 0.4912 s/m at the centre frequency and 

considering dispersion model level 3. A single tumour was inserted in the centre 

of the fat layer. The minimum distance between the tumour centre and antenna 

radiating end is 60mm/6cm. 
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Figure 6-47: With and Without Tumour 

 

 
The estimated tumour response will be in the latter half of the signal, comparing 

with and without tumour case in Figure 6-47 yields delays and change in peaks 

over the time for the reflected power. ETR is 2.7036dB which is very good 

considering that an extra layer of lossy tissue has been added to the setup and 

tumour distance is greater as compared to all previous setups. Again a set of 12 

signals each for with and without tumour case was collected by rotating the 

antenna around setup in YZ plane. Ideal artefact removal was used for pre- 

processing of data and before being fed to DAS and DMAS algorithms. 

 

Figure 6-48: DAS (left), DMAS (right). 
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Figure 6-48 shows intensity images obtained from both algorithms. Both identify 

the presence of a single scatterer with almost non-existent clutter. Also, the 

location of the tumour is very precise with tumour centre being at YZ (50, 50) in 

the imaging domain. The system performance remained excellent in detecting 

and localising a single tumour with increased complexity and realism in 

simulation. Further to check the performance of system tumour was moved from 

its initial position and placed closer to the skin layer. Dielectric properties of skin 

and tumour have lower contrast compared to that of fat and tumour, so by moving 

the tumour closer to skin layer will make detecting more challenging and give a 

good insight into antenna’s detection capability. Modified setup with changed 

tumour location is shown in Figure 6-49 and the corresponding generated 

intensity images are shown in Figure 6-50. DAS contains more clutter but clearly 

shows the presence of a single tumour and DMAS shows little clutter and 

presence of a single scatterer at the same location identified by DAS. 

 

 

 

Figure 6-49: Tumour moved 



161  

 

 

Figure 6-50: DAS (left), DMAS (right). 

 
 
 

6.4.4 Case4: CST MWS Human Voxel models 

 
Antenna performed very well in all the tested simulation setups. In each setup 

more realistic and closer to practical testing approach was used and antenna’s 

performance was evaluated. Starting from arbitrarily i.e. cuboid-shaped only fat 

layer to a spherical-shaped fat with skin layer and dispersive properties were 

tested. In each case antenna detected and localized the presence of a single 

scatterer with high accuracy and the imaging results also proved it. 

 

 
Figure 6-51: Human body model Emma from CST MWS Studio. 
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Before moving onto practical testing one last simulation setup was tested using 

the human voxel models available in the CST MWS studio which provide accurate 

modelling dimension and dielectric properties for different body parts. Using such 

a model was left to last because they require high computing power and 

simulations take a long time to complete depending on the hardware used. With 

limited hardware resources, it was planned to start with simple setups to prove 

the antenna’s working and approach these models at the end to save time. 

 
 

It would have been ideal to run simulations using entire chest area as shown in 

Figure 6-51 containing both breast and different layers of tissue, but that would 

require a very large quantity of RAM and workstation level CPU preferably in dual 

configuration. Since such a powerful computer was not at my disposal hence I 

decided to reduce the size of voxel model by choosing specific geometry on the 

chest, which included a single breast with skin, fat, breast glandular tissue and 

muscle which can be seen in Figure 6-52 and Figure 6-53. Mentioned figures 

show how different layers of tissue are arranged in the simulated voxel mode, 

presenting a very realistic breast phantom with accurate dimensions and 

properties. 
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Figure 6-52: Breast glandular tissue (left) Muscle (right). 

 
Figure 6-53: Fat (left) Skin (right). 

 

 
Similar to previous setups, the entire setup containing breast and antenna is 

dipped in a matching medium with εr = 6.1. Antenna placement is shown in Figure 

6-54. 
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Figure 6-54: Simulation setup with antenna placement. 
 
 
 

Tissue εr 

Skin 34.744 

Muscle 47.658 

Fat 4.9361 

Breast Glandular tissue 50.946 

Table 6:1: Tissue properties for Voxel Model 

 

 
For data collection antenna was rotated in a circular motion in XZ plane with 

tumour centre being used as the centre point for rotation, such that Y cross- 

section was same as y-coordinate of tumour centre at y= 60. Data was recorded 

at only 6 points from rotation angle of 240° to 360° as at other angles antenna 

would intersect the tissue. Different antenna orientations were tested but ignored 

for data collection as the number of mesh cells exceeded the hardware 

capabilities of the system in those orientations making simulations very long. 
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Methodology for detection and imaging was kept the same. The first simulation 

was run without the presence of a tumour and then a tumour of 10mm diameter 

was inserted at a depth of 35mm with tumour centre being 40mm away from the 

antenna with respect to antenna position shown in Figure 6-54. Reflected power 

at the port in time domain was recorded which is given in Figure 6-55 also the 

tumour response after ideal artefact removal is given. 

 
 

 
Figure 6-55: With and without tumour (left) Ideal response (right). 

 

 
Ideal tumour response is clear with negligible clutter and ETR is 0.14dB which is 

less than previous setups. This indicates that for denser breast, quality of signal 

gets greatly reduced due to the increased heterogeneity. 

 
 

Imaging the entire calculation domain is beyond interest only the area that 

contains tumour was imaged. The selected imaging domain slice in XZ plane at 
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y= 60 is shown in Figure 6-56. Selected slice is 50mm wide in x-axis and 100mm 

in z-axis tumour centre with respect to the chosen imaging area is (20,30) in XZ. 

 

 

Figure 6-56: Selected imaging domain from CST highlighted in blue. 
 
 

 

 

Figure 6-57: DAS (left) DMAS (Right). 

 

 
Imaging results with peak amplitudes normalised to unity are shown in Figure 6-

57 and both algorithms show the presence of a single scatterer at the location 

(20, 30) in XZ. The results are very encouraging since the test setup in the 

simulation used a realistic breast model and data was only used from 6 scan 
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locations despite the very challenging and complex environment, antenna 

performed extremely well. 

6.5 Performance Comparison of UWB Patch Antenna & 

Vivaldi Antenna for Imaging Early Breast Cancer 
 
 

 

 

Figure 6-58: Synthetic Aperture Radar formation. 

 

 
A comparison was performed in simulation between patch antenna operating 

between (4 to 8 GHz) and Vivaldi antenna operating between (3.1 to 10.6 GHz) 

to evaluate their performance for imaging in early breast cancer detection. The 

phantom consists of homogenous fat of radius 50mm covered by the skin layer 

of thickness 2mm. A tumour of 5mm radius was inserted in the fat layer similar to 

the setup shown in Figure 6-46. Both antennas were rotated around the phantom 

with a 90° step to obtain a setup of 4 signals for each antenna type. This was 



168  

done so because of 2 reasons. First to evaluate performance with minimum 

sensor configuration. Secondly in CST studio when using time-domain solver the 

ports must be aligned with coordinate systems so obtaining data with a lesser 

step size e.g. of 30° gave port errors, which could have been fixed but would lead 

to one setup being slightly different than the other. Both antennas localised and 

imaged the tumour accurately with negligible clutter. No clear winner could be 

found, hence the results have been ignored. To make things challenging tumour 

was moved down near to the fat skin layer to reduce dielectric contrast, and the 

corresponding setup is shown in Figure 6-58. DMAS algorithm was implemented 

as it proved to show superior performance than DAS. Ideal artefact removal 

method was used since data is available for both before and after insertion of the 

tumour. 

 
Figure 6-59: Intensity Image Patch Antenna (left), Vivaldi (Right) 

 

 
The final intensity images are normalised to unity. From the figures, it can be 

seen that the Vivaldi antenna performs better than the patch antenna. Both 

antennas detect the presence of tumour as seen in images a red dot with peak 
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intensity indicating to the presence of a tumour. However, the correct location of 

the tumour is identified by Vivaldi antenna. Also, the tumour is more 

distinguishable from the clutter in the Vivaldi antenna image. The results from the 

patch antenna may improve if a larger data set is used. But that is a matter of 

different study. The results suggest that the use of wider bandwidth provides 

more resolution to the image. 

 
 

However, comparing two different designs operating at different bandwidths does 

not give insight into which design being more preferable than the other. For this 

purpose, it will be fair to compare the Vivaldi antenna’s performance in a band 

similar to that of patch antenna i.e. 4 to 8 GHz. Since Vivaldi antenna covers 3 to 

12 GHz range, therefore, it is possible to use any desirable bandwidth between 

that range. 

 
Figure 6-60: Intensity image Patch (left), Vivaldi (right) 

 

 
From Figure 6-60 it is difficult to find a winner in terms of clutter-free or clear 

image but localisation accuracy is higher in Vivaldi antenna. It can be assumed 
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that given larger data set can reduce the clutter in Vivaldi antenna, making it more 

suitable for breast cancer imaging than patch antenna. 

In [108] author states that in “The 8-port ZVT is currently only available with a 

frequency range up to 8GHz and hence the frequency sweep does not 

encompass the entire frequency range of the antennas, however with the levels 

of attenuation in the breast, the upper 8GHz-I0GHz part of the measurement 

band is of little use in practice and this was felt to be an acceptable design 

compromise.”. Meaning that higher frequency components suffer more 

attenuation than lower frequency components. This was put to test by using 4 

GHz wide signal centred at 5, 6, 7 and 8 GHz and the results normalized to unity 

are given in Figure 6-61. 

 

 
 

Figure 6-61: Pulses with varied centre frequency 
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Pulses centred at higher frequency show more noise as compared to the pulses 

centred at a lower frequency. From the figure, it can be said that 4 GHz wide 

pulse centred at 5 GHz covering 3 to 7 GHz band should give a better image as 

compared to pulse centred at 6 GHz. Using this hypothesis intensity image was 

generated using Vivaldi antenna and is given in Figure 6-62 

 
 
 

 

Figure 6-62: Intensity Image 

 

 
Generated image contains less clutter as compared to the image generated using 

4 to 8 GHz band while positional accuracy remains the same. Vivaldi design 

shows superior performance since it covers a larger bandwidth that yields higher 

resolution images, it also gives the option to choose the desired operational band 

that provides an extra advantage. More ever in the future if the design is 

optimized to further reduce the size on the cost of losing some operational 
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bandwidth the antenna will still be a very good candidate for early breast cancer 

detection applications. 

6.6 Experimental Verification 
 
 
 
 

 

Figure 6-63: Ball of wheat used as tumour. 

 

 
For experimental verification similar to previous test setup of chapter 4 a tumour 

of diameter 1 cm made of 10g wheat mixed with water was inserted in vegetable 

oil which represents the breast phantom. The test setup is similar to case 1 of the 

simulated study where no matching material was used. The Plexiglas container 

is scanned at each of 4 sides as shown in Figure 6-64 and S11 was recorded 

which is later converted to time domain before being fed to the DAS and DMAS 

imaging algorithms. 
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Figure 6-64: Practical setup 

 

 
Ideal artefact removal procedure was used to extract tumour response. The 

generated images are shown in Figure 6-65. Here the DMAS algorithm shows its 

superiority over DAS, despite using ideal artefact removal high clutter in DAS 

image makes it difficult to identify the tumour. While things are a lot clearer in 

DMAS image. 

 

Figure 6-65: DAS (left) DMAS (right) 



174  

6.7 Conclusion 

 

 
UWB Vivaldi antenna designed in the previous chapter for bone fracture detection 

was tested for its application in UWB imaging for detecting and localising multiple 

small spherical targets in the air. Simulated results proved antenna performed 

very well for the given application. The antenna was later optimised such that its 

size was reduced without losing any operational bandwidth and optimized design 

showed similar performance for imaging targets in the air in both simulations and 

experiments. The optimised antenna was then tested for early breast cancer 

detection application. In which various simulation setups were tested in terms of 

different ways of scanning for data and complexity of the modelled breast tissue. 

Simulated testing started with a cuboid-shaped homogenous block of breast fat 

containing a single spherical tumour of 10mm without using matching medium 

between antenna and breast tissue. Data was obtained using a linear scan where 

the antenna was moved horizontally and vertically with respect to the surface of 

cubic fat. Later a matching medium was introduced between antenna and cubic 

while scanning method was kept the same. After that homogeneous spherical 

model of fat with the skin layer was used and a circular scan in a chosen plane 

of interest was used for obtaining data. Finally, a realistic breast model containing 

different tissue layers was used from CST Studio’s human voxel models library. 

The antenna was able to detect and image single tumour placed at various depths 

inside the breast fat for all testing cases, with high localisation accuracy. Vivaldi 

antenna showed its superiority over the patch antenna for image quality, 

bandwidth utilisation and localization. The study proves the working of designed 
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antenna for early breast cancer detection and that it is a suitable candidate for 

such applications. 
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Chapter 7 

 
7 Conclusions and Further Work 

7.1 Conclusions 

This chapter summarises the overall work done in the research and also provides 

insight to further developments planned for future work. Study starts with 

understanding various breast screening and imaging techniques available such 

as mammography, thermography, X-rays, MRI, ultrasound and CT etc. It 

discusses each briefly summarizing its strengths and weaknesses. Then it 

develops basic concepts of UWB and UWB Microwave Imaging, different 

approaches available in UWB MWI, followed by challenges faced in UWB 

imaging and its advantages over other screening techniques. 

 
 

After which concept of utilizing FDTD techniques in UWB MWI application is 

explained with the help of simulated example for detection of early breast cancer 

scenario. A working sensor is then designed for UWB imaging applications with 

active tuning capabilities and detection capabilities are verified both in simulation 

and practical using homogeneous breast phantom model. Next, a new UWB 

Vivaldi sensor is designed using CST MWS and time-domain simulations are 

performed for bone fracture detection and imaging cases for various fracture 

sizes with very good results for both detection and imaging. 

 
 

Vivaldi sensor is later optimized to reduce the size and is tested for UWB imaging 

of targets in air and then in early breast cancer detection scenario. Detection and 
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imaging results from the optimized sensor show that the new sensor is also very 

good for breast cancer detection and imaging cases. 

 
 

Each chapter in the entire study can be concluded in the following: 

 
 

✓ Various imaging modalities currently employed in clinical use are 

discussed in chapter 2. Such as Mammography, ultrasound, MRI, X-rays 

and Computed Tomography etc. Each is discussed in detail with their 

accuracy and applicability in different stages and accuracy of the 

diagnosis. Mammography is considered to be the gold standard for breast 

screening for the general population based on the available data with MRI 

CT and ultrasound acting as supporting technologies for accurate 

screening of patients. 

 
 

✓ Chapter 3 gives details into UWB signals and their applications in general 

and medical applications with a focus on breast cancer detection. It briefly 

covers deficiencies of existing technologies and how MWI can improve on 

those areas. Basic operation principle of MWI is explained along with 

challenges and difficulties faced by MWI. Different approaches available 

for data accusation and solving the inverse scattering issues for 

formulating the end result are discussed. Applications of microwave 

imaging in civil and industrial applications and their medical applications 

with special focus on breast cancer and bone health monitoring systems 

are given. 
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✓ Chapter 4 discusses the basics of FDTD technique and its application for 

early breast cancer detection. It provides a proof of concept model that 

shows variations in the reflected signal from the tumour, by using ideal 

sources for illuminating a homogenous fat and skin phantom containing a 

small tumour placed at various depths in fat. Later design procedure of a 

UWB antenna for near field imaging is presented. A prototype is made and 

tested in a practical scenario. A breast cancer detection experiment is 

performed on the basis of simulated experiments in FDTD, using vegetal 

oil and wheat flour to create breast phantom with similar dielectric 

properties to breast tissue and cancerous tissue. The system shows very 

good results in detecting very small tumour at various distances from the 

sensing element. A simple imaging approach is applied based on time 

delay and amplitude of the reflected signal from the tumour. The antenna 

is later optimized to provide active tuning to cover the full band allocated 

for MWI i.e. (3.1 GHz to 10.6 GHz) and a simulated study is conducted to 

prove antenna’s detection capabilities. 

 
 

✓ A new UWB antenna is designed in chapter 5 that covers a wider band (3 

GHz to 12 GHz) without requiring active tuning. Antenna design is 

discussed and simulation results are given to back the proposed design. 

A simulated study is carried out to check the antenna’s capability of 

detecting bone fracture or abnormality in bone structure as in case of 

osteoporosis. A simple imaging algorithm DAS is implemented to obtain 

2D images of the fracture to identify the location and size of fracture. 
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Simulated results show the design is capable of performing reasonably 

well in such applications. 

✓ Vivaldi antenna designed in the previous chapter is successfully tested for 

detecting and imaging targets in air. Later the design is optimized and 

antenna size is reduced to half of its original size. The optimised design is 

then tested for early breast cancer detection with various simulated test 

setups, starting from homogenous cuboid-shaped fat only model to 

realistic breast model containing various tissue layers from CST’s voxel 

library. Antenna performed very well in all test setups with 2D imaging 

results showing successful identification of the tumour with high 

localization accuracy. The simulations are backed with practical testing 

using breast phantom model used in chapter 4 both detection and imaging 

results are in good agreement with the simulated study. 

 

7.2 Overall Conclusions 

 

 
The study tries to briefly cover various screening and imaging modalities currently 

employed for early breast cancer detection. Advantages, disadvantage, 

applicability and performance of each system is discussed along with its 

limitations. With build-up from that literature, Ultra-wideband and UWB 

Microwave imaging is studied and basic principles are understood about various 

approaches of microwave imaging and its effectiveness in civil, industrial and 

medical imaging applications. Microwave imaging focuses on dielectric properties 

of the investigated object. The difference in dielectric properties forms the basis 

for diagnostic and detection process of the microwave techniques. Main 
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emphasize of the study is on the medical application of the microwave imaging in 

near field scenarios such as early breast cancer detection and bone health 

studies using radar approach. Microwave imaging offers low health risk, is non- 

invasive simple to perform, cost-effective, involves minimal discomfort and 

provides easy to interpret and consistent results as compared to other techniques 

available. 2 studies are conducted utilising various bandwidths which confirmed 

the design of UWB antennas for near field imaging. Practical experiments are 

performed to back the simulations for breast cancer detection using a circular 

patch antenna with active tuning, while for bone fracture simulations were 

performed with a Vivaldi antenna which is later optimised for imaging air targets 

and detecting and imaging small tumours in the breast. Both systems show good 

results for detection purposes. Simple imaging approach based on time and 

amplitude of the returned signal at the port is used to draw rough images in case 

of the active tuned circular patch antenna. Later 2 imaging algorithms (DAS and 

DMAS) are implemented for bone fracture and breast cancer detection with 

Vivaldi antenna. A practical experiment with Vivaldi antenna shows the 

performance of the prototype system for medical imaging applications. 

7.3 Future work 

 

 
At this stage, only 2 different types of antenna are designed and their 

performance tested in near field imaging scenarios. There is room improvement 

and further development of methods to make a complete microwave imaging 

system. Following points are kept in mind which need to be further investigated 

in the research 
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✓ Further investigation of current designs. More tests with a tumour of 

different sizes at various locations in a robust experimental breast 

phantom need to be performed with both designs, to further understand 

the effects of Antenna element on sensing and imaging results. 

✓ Increasing the number of elements. Initially, I used 2 sensing element 

setup where one acted as transmitter and the other as a receiver, later I 

used a single element in a monostatic way. With which I scanned the 

object of interest at various angles to collect more data for imaging in a 

monostatic way forming synthetic aperture radar. This method keeps 

things simple for proof of concept but in practical obtaining data via 

movement of the sensor requires the design of a relevant moveable 

platform, lack of which caused problems in obtaining more data in 

experimental examples. Therefore increasing the number of sensing 

elements in such a way that they surround the breast similar to studies in 

literature can be studied and compared with the current approach. 

✓ Antenna size reduction. Optimized Vivaldi antenna performed very well 

for breast cancer detection application but it will be ideal if the design 

could be further reduced. As it will allow more sensors to be placed in an 

array surrounding the breast tissue. 

✓ Data collection. In this study, data is collected via a single sensor in a 

monostatic way, but the implementation of the array will allow data 

collection via other methods as well such as bi-static or multi-static. This 

will give a greater data set in less time and the effects of different 

prorogation paths will allow for better imaging. 
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✓ Robust breast model for practical testing. Various breast models were 

used in the simulation to check the antenna’s performance. Starting with 

simple homogenous fat only model to heterogeneous breast model 

containing various tissues. However, in practical testing, only 

homogeneous fat model without the presence of any skin layer was 

tested. Therefore a robust breast model for practical verification is 

suggested for future work. 

✓ Tumour modelling. In this study, only spherical tumour models were 

studied. Study of tumours of different shapes and sizes and the presence 

of multiple tumours of different size should be studied to understand how 

they affect the final result. 

✓ Improving imaging algorithms. In this study, only two imaging 

algorithms were used and that also relied on ideal artefact removal, which 

in practice is not feasible as data from a tumour-free breast is not 

available. Also the amount of clutter present in the final image generated 

by DAS using Vivaldi antenna, even after using ideal artefact removal in 

the practical example was very high making it difficult to identify the 

presence of the tumour. DMAS algorithm showed its superiority in the 

practical example hence indicating the need for implementing more 

imaging algorithms and a practical artefact removal procedure. 
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