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ABSTRACT 

Ultra-wideband microwave imaging, with its advantages of absence of 

breast compression, nonionizing and noninvasive properties, is a complementary 

method to X-ray mammography for breast cancer detection that is safe and 

reasonably inexpensive. The motivation for employing microwave imaging 

techniques for detecting early-stage breast cancer stems from published research 

results showing the strong contrast in the dielectric properties at microwave 

frequencies between normal breast tissue and malignant lesion. 

This thesis contributes to development of novel techniques for the 

detection of early-stage breast cancer tumors well below a centimeter with 

specificity and high degree of accuracy, 1.e., with minimum false 

negatives/positives. In our proposed approach, a modified Shannon entropy 

criterion (SEC) is formulated for determining when the time-reversed wave 

focuses back to the source target in the presence of an inhomogeneous lossy 

medium. It is demonstrated through two examples, the time-reversal mirror and 

cavity, that the SEC is found to be more robust than the inverse varimax norm. 

TR has been shown to be superior to other simple delay-based focusing 

techniques and here we have extended the TR algorithm by making it more robust 
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in localizing small tumors. The importance of this finding becomes evident as the 

SEC allows for the detection of tumors that are sub-wavelength in size. 

Our novel sub-wavelength ultra-wide band (UWB) microwave radar 

imaging technique exploits the principle of phase-shifting mask (PSM) from 

optical lithography and is implemented using a time-reversal (TR) algorithm 

based on the transmission-line matrix (TLM) method. We incorporate the SEC in 

a TR algorithm to achieve a robust imaging algorithm exploiting the 

measurements acquired by our phase-shifting mask (PSM) experimental set-up. 

Unlike the FDTD TR algorithm by Kosmas et a!., which excites one of the 23 

antenna elements, we propose a different system where all antennas are stimulated 

simultaneously with their excitation based on the PSM principle. A 0.5-mm 

diameter tumor was detected and located using a 200-ps UWB pulse in a realistic 

inhomogeneous two dimensional breast model. The breast model was derived 

from magnetic resonance imaging data and simulated using the TLM method. 

The effect of the dielectric contrast and proximity of tumor to the antenna 

receivers are examined. A TLM-based TR algorithm employing two types of 

time reversal mirrors (TRMs) is proposed to improve the accuracy of localizing 

the sub-wavelength tumors. 

The final part of the thesis examines the feasibility and the design of a 

narrowbeam UWB antenna for microwave breast cancer detection focusing on the 

antenna feed structure and the printed TEM hom antenna. A feed structure of an 

UWB antenna for microwave radar imaging is designed. The UWB antennas are 
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fundamental components of the UWB radar imaging hardware. The performance 

of the antenna is crucial for the resolution and the reliability of the whole imaging 

system. A TEM hom antenna is studied and suggestions are made regarding the 

hardware implementations of the experimental setup. We conclude by suggesting 

future work toward hardware and practical implementation of UWB microwave 

radar imaging with high resolution. 
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CHAPTER! 

INTRODUCTION 

1.1 MOTIVATION 

Breast cancer is one of the leading causes of death among women [1]. 

Annually, an estimated 200,000 new cases of breast cancer are diagnosed and 

more than 40,000 women die as the result of the disease [1][2]. X-ray 

mammography remains the primary screening method for detecting early-stage 

breast tumors. The mammographic technique involves X-ray imaging of a 

compressed breast. Anywhere between 4% to 34% of all breast cancers are 

missed by conventional mammography [3] and nearly 70% of all breast lesions 

identified by mammography tum out to be benign [2][4). Significant technical 

advances such as digital mammography [5], driven in part by the Mammography 

Quality Standards Act, have greatly improved the overall quality and 

interpretation of mammographic images. Digital mammography has reached a 

level of maturity with the first digital mammography unit, the General Electric 

Senographe 2000 D, approved for sale in the United States in February 2000, 

followed by a large number of digital mammography units being installed 
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worldwide [5]. Despite this progress, drawbacks of mammography include the 

need for improved sensitivity and specificity, particularly in the case of 

radiographically dense breast tissue, the risk of accumulating low-dose ionizing 

radiation over repeated scans, and patient discomfort due to breast compression 

during the checkup. These limitations of X-ray mammography provide clear 

motivation for the development of a complementary breast-imaging tool to assist 

in early detection and diagnosis. 

Microwave imaging, with its advantages of absence of breast 

compression, nonionizing, and noninvasive properties is a complementary method 

for breast cancer detection that is safe, and reasonably inexpensive. The 

motivation for employing microwave imaging techniques for detecting early

stage breast cancer stems from published research results showing the strong 

contrast in the dielectric properties at microwave frequencies between normal 

breast tissue and malignant lesion [6] - [9]. 

Current research in active microwave breast imaging can be divided into 

two main categories: microwave tomography [10] - [17], and ultrawideband 

(UWB) radar techniques [18]- [34]. Microwave tomography aims to recover the 

exact shape, location, and dielectric properties, i.e., relative dielectric constant 

and conductivity of an object from measurements of reflection and refraction 

associated with scattering from objects. Since this involves solving ill-posed 

nonlinear inverse scattering problems, which are computationally expensive, 

especially for strong scatterers, an alternative based on the principles of ground 

2 



CHAPTER 1 INTRODUCTION 

penetrating radar and confocal microscopy had been proposed [18] - [34]. It 

seeks to identify the existence and location of strong microwave scatterers in the 

breast. Here, we explain the basic concepts and review some major developments 

in the area of ultra-wideband (UWB) microwave radar imaging. In a UWB 

microwave imaging system, a wideband pulse is transmitted from an array of 

antennas located near the breast surface and then the backscattered microwave 

signals from malignant lesions in the breast are used to identify the presence and 

location of malignant tumors. The use of an UWB pulse is common to all the 

UWB microwave radar imaging techniques. 

The confocal microwave imaging (CMI) [19][24] technique, the 

microwave imaging based on space-time (MIST) beamforming [26], the tissue 

sensing adaptive radar (TSAR) [28] and the time reversal (TR) with the FDTD 

method [31][32] are the major UWB microwave imaging techniques used for 

tumor detection and localization. The detection of small tumors using these 

techniques is restricted by the wavelength-related diffraction limit. Hence, of the 

aforementioned techniques, the TR technique has been identified as having the 

best qualities for the detection of sub-wavelength size tumors. On the other hand, 

the FDTD TR technique [31], as compared to the other methods that require 

electromagnetic simulations (tomography methods), has the ability to detect and 

determine the location of a tumor scatterer through a single time-domain 

simulation. One FDTD simulation required by the FDTD TR algorithm implies 

longer image recovery time than the CMI and TSAR techniques, which are 
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signal-extraction techniques while the FDTD TR technique is a physics-based 

technique. 

To detect early-stage breast cancer tumors well below a centimeter with 

specificity and high degree of accuracy, 1.e., with minimum false 

negatives/positives, requires novel solutions in terms of both hardware and 

algorithms. 

1.2 OUTLINE OF THESIS 

In this thesis, we approach this problem using two principles: 

1) Modified Shannon Entropy Criterion (SEC) for determining when the 

time-reversed wave focuses back to the source target in the presence 

of an inhomogeneous lossy medium; 

2) Phase-Shifting Mask (PSM) technology from optical lithography 

enabling waves from adjacent apertures to cancel diffraction effects 

and increase the spatial resolution with which patterns can be 

projected onto wafer. 

4 



CHAPTER 1 INTRODUCTION 


We first review some relevant concepts and summarize the current state

of-the-art in the published UWB microwave imaging techniques for tumor 

detection and localization. Through the use of the modified Shannon entropy 

criteria, a novel robust time reversal technique based on the transmission-line 

matrix method (TLM) is developed as an alternative to [31][32]. The TLM 

method [35], which is the primary numerical analysis method throughout this 

research, is implemented in Matlab [36]. The planar system for the supine 

position and the cylindrical system for the prone position are implemented and the 

TLM TR algorithm exploiting SEC is demonstrated. 

We formulate an experimental setup for achieving sub-wavelength 

resolution with the PSM technique for detection of breast cancer tumors. Then 

we incorporate the SEC in a TR algorithm to achieve a robust imaging algorithm 

exploiting the measurements acquired by our PSM set-up. Unlike the FDTD TR 

algorithm by Kosmas et al. [31] [32] which excites one of the 23 antenna 

elements, we propose a system where all antennas are stimulated simultaneously 

with their excitation based on the PSM principle explained in chapter 4. Our 

sub-wavelength UWB microwave imaging technique is applied to detect a 0.5

mm diameter tumor inside a breast in the supine position. The effect of the 

dielectric contrast and the proximity of the tumor to the antenna receivers are 

examined. A TLM-based TR algorithm employing two time reversal mirrors 

(TRMs) is proposed to improve the accuracy of localizing the sub-wavelength 

tumors. 
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After that, we examine the feasibility and the design of a narrowbeam 

UWB antenna for microwave breast cancer detection focusing on the antenna feed 

structure and the printed TEM hom antenna. We conclude by suggesting future 

work toward hardware and practical implementation for UWB microwave radar 

imaging with high resolution. 

Chapter 2 reviews the UWB microwave radar imaging techniques for 

breast cancer detection available in the literature. 

Chapters 3 to 4 describe the modified Shannon Entropy (SEC) and its 

application to determining when the time-reversed propagating wave focuses back 

onto the scatterer. 

Chapter 3 presents the novel robust TLM-based time reversal microwave 

imaging technique. The simulation required for the data acquisition model and 

the TR model is implemented in a two-dimensional TM-mode and is programmed 

using Matlab. The planar and cylindrical examples, with dielectric profile based 

on MRI-derived data of the breast of a 57 year old female, are used to 

demonstrate the advantages of the SEC as compared to the inverse varimax norm 

criteria. Then, the need to use a technique for detecting below the diffraction 

limit imposed by the UWB pulse is discussed. 

In Chapter 4, we propose a sub-wavelength UWB microwave radar 

imaging technique [37] that incorporates SEC in a TR algorithm and the 

experimental setup formulated using the PSM principle. This technique is then 

applied to the detection of a 0.5-mm diameter tumor using a 200-ps UWB pulse. 
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The breast is in the supine position. We investigate the effect of the dielectric 

contrast and the depth of the tumor on the robustness of the SEC. Based on these 

findings, an enhanced sub-wavelength microwave imaging technique that exploits 

two TRMs is proposed. 

In Chapter 5, we design the feed structure of an UWB antenna for 

microwave radar imaging. The UWB antennas are fundamental components of 

the UWB radar imaging hardware. The performance of the antenna is crucial for 

the resolution and the reliability of the whole imaging system. A TEM horn 

antenna is studied and suggestions are made regarding the hardware 

implementations of the experimental setup. In addition to the feed structure, 

antenna models and breast phantoms are implemented using Agilent HFSS [38]. 

For optimizing the feed structure, circuit models in Agilent ADS were utilized 

[39]. 

The thesis concludes with suggestions for further research. For 

convenience, a summary of all bibliography is given at the end of the thesis. 
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1.3 	 CONTRIBUTIONS 

The author contributed substantially to the following original 

developments presented in this thesis: 

I. 	 Development and formulation of the modified Shannon entropy 

criterion (SEC) for applications to TR algorithms. This is applicable 

to both TLM TR and FDTD TR algorithms. 

II. 	 Implementation of the SEC TLM-based TR algorithm in Matlab. 

III. 	 Development of a Demo program that generates dielectric profile of 

breast using MRI image data. 

IV. 	 Implementation of a 2-D TLM model as a forward model for data 

acquisition. 

V. 	 Formulation of the PSM concept in the case of UWB microwave 

imaging. 

VI. 	 Development and implementation of novel experimental setup using 

the principle ofPSM for detecting tumors of sub-wavelength size. 

VII. 	 Development of a feed structure, breast phantom and UWB antenna 

models using Agilent HFSS, a commercial EM simulator, and Agilent 

ADS. 
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CHAPTER2 

REVIEW: ULTRAWIDEBAND 

MICROWAVE RADAR IMAGING 

TECHNIQUES FOR BREAST 

CANCER DETECTION [1] 

2.1 CONFOCAL MICROWAVE IMAGING (CMI) 

Hagness eta!. [2], [3] first proposed confocal microwave imaging (CMI) 

for breast cancer detection. They based their findings on numerical modelling 

and the principles of confocal microscopy. A planar CMI system for patients in 

the supine position and cylindrical CMI system for patients in the prone position 

have been presented and analyzed for localization of tumors in three dimensions 

[4] - [ 6]. The CMI technique is simple and avoids the complexity of microwave 

tomography, which involves solutions of ill-posed nonlinear inverse scattering 

problems. CMI does not construct exact permittivity and conductivity profiles 

nor does it find the exact shape of the tumor, but rather attempts to image strong 

scattering focal points. Analogous to ground penetrating radar, CMI involves 
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illuminating the breast with an ultra-wideband pulse from a number of antenna 

locations. Then recorded reflections are synthetically focused within the breast 

tissue. The detection of malignant tumors is achieved by the coherent addition of 

signal returns from strongly scattering objects within the breast. 

2.1.1 CMI Focusing Algorithm [6] 

At each antenna position, the antenna is excited with an ultra-wideband 

(UWB) pulse such as the differentiated Gaussian [6]: 

(2.1) 

where V
0 

is used to adjust the amplitude of the pulse. In [6], r =62.5 ps, !
0 

=4r 

and (2.1) has full-width half-maximum (FWHM) of 0.17 ns in time and 

approximately 6 GHz in frequency, with maximum spectral content near 4 GHz. 

The current (magnetic field) at the antenna feed for planar configuration is 

recorded because a resistively loaded bowtie antenna scans over the surface of the 

naturally flattened breast. For the cylindrical configuration, the voltage (electric 

field) is recorded because a resistively loaded dipole antenna scans around the 

breast. The signals recorded after the excitations contain the backscattered 

signals from the breast. 

Fig. 2.1 demonstrates the illumination of the breast model with an UWB 

pulse with the tumor inside the breast. Letting the same antenna receive and 

transmit, the early-time response, which contains the incident pulse, and the late-

time 
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0 
/' 

(a) 

(b) 

Fig. 2.1 	 CMI involves illuminating the breast with an ultra-wideband pulse from 
a number of physical antenna locations. (a) Breast model with tumor. 
(b) Focal point in the breast model. 

response, which contains tumor backscatter and backscatter due to clutter, are in 

the recorded waveform. Next we consider the CMI focusing algorithm. 
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The steps involved in the CMI technique for image formation are (see Fig. 2.1) : 

Measurement Stage 

Step 1 	 Excite each antenna element of an N-element antenna array, one at 
a time, using an UWB pulse. 

Step 2 	 Store backscattered pulse responses at the N receiving antennas for 
each excitation location. 

Post-Processing Stage 


Step 1 Select a focal point within the imaging range - Pj . 


Step 2 	 Select a transmitter antenna- T;. 

Step 3 	 Using the velocity of propagation in the coupling medium, which 
is known, determine the propagation time from the transmitting 
antenna to the focal point and back to the receiver. 

Step4 	 The N individual backscatter waveforms are time-shifted 
accordingly to achieve coherent sum of backscattered responses at 
the desired focal point Pj . 

Step 5 	 Repeat for all transmitting antennas T; (i =1, ... ,N) to obtain total 

backscattered response at desired focal point Pj . 

Step 6 	 Repeat for all focal points in the image. 

The preceding formulation did not include some additional steps involved 

in the image formation. Signal processing techniques are used to reduce the 

early-time content, and to selectively enhance the tumor response while 

suppressing clutter. The early-time clutter is much greater in magnitude than the 
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tumor response and has to be removed to permit reliable detection of tumors in 

the reconstructed images. 

To form the image, the distances from each antenna to the focal point are 

computed and converted into time delays as in Step 3 of the post-processing stage. 

Then the time delays are used to identify the input from each processed signal. 

All contributions are summed and the squared value of this sum is assigned to the 

pixel value at the focal point. The intensity value I of the pixel at the location r 

is assigned as [ 6] 

(2.2) 


where Bn is the post-processed backscatter waveform at the nth antenna located 

2
at rn and rn(r) = 1r-x.M) is the discrete time delay in numb~r of time steps 

from the nth antenna to the synthetic focal point at r . Here, v is the approximate 

velocity of propagation of the signal in the medium, calculated by assuming that 

the breast tissue is homogeneous. There is on-going research on estimating the 

dielectric properties of the skin and the dispersive heterogeneous breast tissue for 

more accurate calculation of the velocity of propagation. 
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2.1.2 Calibration Step: Skin Reflection Clutter Removal Approach 

The early-time content of the signal in a monostatic arrangement consists 

of the UWB pulse radiated by the antenna, some noise and the reflected signal 

from the skin. The calibration step attempts to remove the latter signals known as 

clutter. The calibration procedure is approximate and based on assuming that the 

signals recorded at various antenna locations have comparable incident pulse and 

skin reflections. In the planar system, the calibration involves taking the average 

of the reflected current response at each antenna in a row, and subtracting the 

averaged value from the response at each antenna in the same row. The planar 

antenna array has its elements arranged in rows and columns. 

In the cylindrical system, the incident pulse from the antenna and the skin 

reflections are uncorrelated and separated in time. The skin-reflection signal is a 

voltage obtained by subtracting the incident signal from the total reflected one in 

the time domain and then aligned in time through shifting. Then the average of 

the aligned skin reflection signals from the antennas in a row is subtracted from 

the recorded waveform of each antenna. 

2.1.3 Integration Step 

The integration step identifies the magnitude of the scattered signal at the 

receiving antenna corresponding to the propagation time. The calibrated signals 

from each antenna are integrated in time. Since the differentiated Gaussian 

excitation signal (2.1) has a zero-crossing at its central point in time, the 
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backscattered signal that follows after a specific time delay corresponding to the 

round-trip distance between the antenna and the scatterer would also have a zero-

crossing at its centre point. 

After integration, the time shifted signal would have a maximum at the 

centre point, allowing for the coherent addition of local maxima. 

2.1.4 Compensation Step 

The goal of the compensation step is to counterbalance losses because of 

conductivity in the breast tissue and isotropic radiation. The compensation step is 

an approximate procedure. To estimate the compensation factors for the planar 

system in [6], an antenna is immersed in the FDTD homogeneous lossy medium 

modelling the breast tissue. It is excited with the signal (2.1 ), and the electric 

field magnitudes are calculated and recorded at points along a line perpendicular 

to the antenna. These values are linearly interpolated to estimate the total radial 

spreading and the ohmic loss at certain distances from the antenna. 

In the cylindrical system, the radial spread is estimated by a 1/r model, 

where r is the distance from the antenna. The ohmic loss compensation for the 

cylindrical system causes amplification of the clutter due to the heterogeneities in 

the breast. Therefore, it is neglected [6]. Compensation factors and propagation 

distance corresponding to each time step in the processed signals are computed 

and applied. 
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2.1.5 Discussion of Advantages and Disadvantages 

The advantage of the CMI is the simplicity of its post-processing 

algorithm. It has been experimentally proven to be a potentially useful tool for 

detecting and localizing small breast tumors in three dimensions. 

The design of the antenna array element is a primary concern for all UWB 

microwave imaging techniques. In [3], the design of a resistively-loaded bowtie 

antenna element of a confocal antenna array was discussed and its EM pulse 

radiation and reflection characteristics within a homogeneous half-space model of 

a breast were presented. After studying the dynamic range of a CMI system and 

the shape properties of malignant tumors, it was concluded that "the dynamic 

range of a sensor array comprised of such antenna elements in conjunction with 

existing microwave equipment is adequate to detect small cancerous tumors 

usually missed by X-ray mammography" [3]. 

The disadvantages of CMI include the lack of capability to compensate for 

frequency-dependent propagation effects. Particularly, the weaknesses of CMI 

are in the calibration and compensation steps. The CMI technique assumes that 

the signals recorded at various antenna locations have comparable incident and 

skin backscattered fields. It also assumes that the breast tissue is homogeneous or 

can be modeled by an averaged uniform dielectric constant and conductivity. Due 

to these assumptions, it has limited ability to segregate against spurious 

reflections and noise, and limited robustness to uncertainties in the shape of the 

signal occurring because of variations in tumor size and shape. 
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With respect to the antenna design, it assumes that there is no coupling 

between the antenna elements. There is a need to determine the optimal number 

of antenna elements in the array to detect the tumor response. A realistic design, 

however, must include the effects of the antenna mutual coupling, the clutter and 

the distortion. The detection of smaller and deeper tumors especially near the 

chest wall is difficult due to strong reflection from the chest wall muscle. 

Performance measures have been developed to evaluate and investigate tumor 

detection and localization. The within-breast signal-to-clutter (SC) ratio and the 

between-breast SC ratio have been developed and used in [6]. The within-breast 

SC ratio compares the "maximum tumor response with maximum clutter response 

in the same image," and the between-breast SC ratio "compares the maximum 

tumor response with the pixel intensity at the same location in the image formed 

without a tumor present" [6]. Additional statistical measures supplement these 

performance ratios. 
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2.2 	 MICROWAVE IMAGING VIA SPACE-TIME (MIST) 

BEAMFORMING 

Microwave imaging via space-time (MIST) was proposed by Bond et al. 

[7] to improve upon some limitations of the CMI algorithms which include: 

• Limited capacity to compensate for frequency-dependent propagation 

effects. 

• Limited capacity to segregate against artifacts and noise. 

• Assumption that the signals recorded at various antenna locations 

have comparable incident and skin backscattered fields. 

• Assumption that the breast tissue is homogeneous. 

• Uncertainty in the shape of the signal due to variations in the tumor 

size and shape. 

Similar to CMI, each antenna in an array transmits a low-power UWB 

pulse into the breast and the backscattered signals are recorded. The beamformer 

is a signal processor used with the antenna array to yield a weighted combination 

of the signals from the antennas [8]. It assumes that each antenna element 

transmits sequentially. The aim of beamforming is to separate signals that have 

the same frequency content but are from different locations in space. An adaptive 

beamformer adjusts these weights in response to backscattered signal at the 

antennas to optimize its spatial response [8][9]. Therefore, it facilitates 

suppression of interference noise and clutter due to the heterogeneity of the breast 
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tissue. The MIST beamforming technique uses a class of beamformers called 

minimum variance beamformer because the weights are chosen so that to the 

beamformer output variance. Thus, unlike CMI, the beamformer focuses the 

recorded reflected signals from each antenna in space. 

The MIST beamformer does this by time shifting the recorded signals to 

align with reflections from an assumed possible scatterer at a nominee location. 

A nominee location is a focal point within the breast tissue. The recorded 

reflected signal at each antenna is assumed to pass through a single unique 

communication channel (medium) for each nominee location within the breast. 

Physically, the channel is the medium from the antenna to the nominee location 

with averaged dielectric properties or averaged speed of propagation. After the 

alignment, for each antenna channel, the time-aligned recorded signal is passed 

through a finite-impulse response (FIR) filter. Then the signal is summed with 

the signals from the other channels to produce the beamformer output, which is 

timed using a window function to the time interval of the reflected signal from the 

nominee location, and recalculated in the form of an energy signal. 

FIR filters work by multiplying an array of L data samples by an array of 

L tap coefficients and summing the elements of the resulting array. L is the filter 

length. The FIR filters here act as bandpass filters and are designed to maximize 

the output signal-to-noise ratio. The bank of FIR filters allow the boosting of 

backscattered signals originating from the nominee location while attenuating 
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those associated with the undesired frequency ranges and other locations. It is 

important to note that increasing the filter length results in better stopband 

attenuation and steeper rolloff. 

The energy intensity is plotted as a function of location providing an 

Image for the nominee location. If a strong scatterer exists at the nominee 

location, a relatively bright intensity is shown at the corresponding pixels. 

2.2.1 MIST Beamforming Algorithm 

The space-time beamformer designed for each scan location r0 makes a 

signal that is a weighted combination of time-delayed recorded received signals 

after skin-artifact removal. The image of the backscattered energy q(r) is 

obtained by applying a space-time beamformer to each location and obtaining 

q(r0 ) for each antenna channel. Fig. 2.2 shows the process for the received 

signal x;[ n] in the ith antenna channel. 

xJn] 

Window 1 

g[n] 

FIR Filter 

W;(r0) 

Energy 

Calculation 


Fig. 2.2 Illustration of the MIST beamforming process [7] for nominee location 
r o for the ith antenna channel. 

The antenna channel involves propagation through heterogeneous breast 

and skin medium from the antenna to the scatterer at r0 and back. The 
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beamformer passes backscattered signals from r 0 while attenuating signals from 

other locations. Su(r0 ,m) is defined as an analytical model of the monostatic 

frequency response associated with propagation through the ith antenna channel, 

which is related to the Fourier transform of the skin-artifact removed signal. The 

assumption is made because each antenna acts as both a receiver and a transmitter 

at the same location. In such a system, surfaces of constant waves are spheres 

centered at the antenna element. As seen in Fig. 2.2, the signal xJn] is then 

delayed by an integer number of time samples [7]: 

(2.3) 

where ri(r0 ) is the roundtrip propagation delay in number of time steps for the 

location r0 in the ith channel, and na is the reference discrete time to which the 

recorded backscattered signals are aligned after skin-artifact removal. The 

roundtrip propagation delay is computed by dividing the roundtrip path length by 

the average speed of propagation and rounding. Thus, there is a need to 

accurately determine average speed of propagation in the propagation model. In 

[7], na is chosen as the worst case delay throughout all locations and channels. 

The signals are then windowed to remove clutter that is present prior to 

na. The window function for Window 1 shown in Fig. 2.2 is [7] 

1, n~na 
g[n] = { (2.4)

0, otherwise. 
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The next step in the process seen in Fig. 2.2 is the filtering stage using the 

FIR filters to equalize attenuation and dispersion. Before passing the signal 

through a bandpass filter, any fractional time delays remaining in the 

backscattered tumor responses after alignment with discrete time na have to be 

interpolated. The filter bank serves to isolate different frequency components in 

the signal. 

The Fourier transform of the signal xJn] is defined as [7] 

(2.5) 

where N is the number of antennas and J(m) is the Fourier transform of the 

transmitted UWB pulse. In Fig. 2.2, the FIR filter in the ith channel has 

coefficients wi = [ wiO, wil, · · ·, wi(L-1) f , where L is filter length. The filter 

response is [7] 

L-1 

WJm) = L wim exp(-jmm~) =wfd(m), 15,. i 5,. N (2.6) 
m=O 

1where ~ is the sampling interval and d(OJ) =[1, e- jmTs, • • ·, e- jm(L- )Ts f . The 

design requirement on the weights wf is that the signals from a location r0 must 

have unit gain and linear phase shift. 
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This is done using the following constraint [7] 

N N

L Su(r0 , w)~(w) exp(- jwni(r0 )) =LSu(r0 , w)wid(w) 

i=l 	 i=l (2.7) 

~ exp(-jw~(L -1)/ 2) 

where Su(r0 ,w) is the frequency response found by removing linear phase shift 

due to round trip propagation delay ri(r0 ). The average time delay due to the 

FIR filter is Ts (L -1) I2. Once constraint (2. 7) is satisfied, the output z[n] has 

Fourier transform given by [7] 

Z(w) =/(w)exp {-Jw[~(L -1)/ 2 +na]}. (2.8) 

As seen in Fig. 2.2, using Window 2, z[n] is windowed to eliminate additional 

clutter. The energy is calculated as follows [7] 

(2.9) 

n 

where h(r0 ,n) is the window. Finally, the beamformer output energy is plotted 

as a function of location after scanning throughout the breast model. 

2.2.2 	 FIR Filter and Window Design [7] 

We may rewrite (2. 7) as [7] 

S
S11 (r0 ,w)d(w) 


22 (r0 ,w)d(w) 
 r
[ T T]T =w d(r0 ,w) ~ exp(-jw~(L -1)/ 2) (2.10)W 1 , ... ,WN 
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where the weight vector is N ·L x 1 . The filters are designed by approximating 

(2.1 0) on a dense grid of M distinct frequencies across the band. The matrix 

containing the d(r0 ,m) at each of these frequencies is 

(2.11) 

The right-hand side of (2.1 0) for theM frequencies becomes 

fd =[exp(-jtVt~(L -1)/ 2), ... ,exp(-jmM~(L -1)/ 2)]. (2.12) 

A robust beamforrner is designed by solving the penalized least squares problem 

(2.13) 


where A is the regularization parameter. Regularization is needed to control the 

noise gain if A is ill-conditioned and to reduce the norm, which can cause the gain 

at locations other than r0 to amplify noise. 

For the window design, Bond et al. [7] assume a point scatterer model, 

because of the interest in detecting very small tumors. If (2.7) is satisfied, and 

given the point scatterer assumption, then z[n] is a time-shifted, attenuated, and 

sampled version of the transmitted UWB pulse. The choice of the window that 

reduces clutter by only considering samples of z[ n] containing the backscattered 

tumor energy (2.9) is [7] 

n1s n s nh 
(2.14)

otherwise 
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where the backscattered signal occupies discrete time space n1 through nh m 

z[n]. 

In practice, the tumor is not a point scatterer and due to the frequency-

dependence of the scattering, the recorded backscattered signal is a distorted 

version of the UWB pulse. The duration of the backscattered signal is increased 

because of dispersion and due to the increasing complexity of window selection. 

Investigations in [7] indicate that the duration of the backscattered signal is 

proportional to tumor size. 

2.2.3 Discussion of Advantages and Disadvantages 

The MIST beamforming algorithm is robust to variations in assumed and 

actual average dielectric properties. However, as mentioned in Table 2.1, the 

propagation model uses the average speed of propagation. Thus, the accuracy of 

the averaged frequency-dependent dielectric properties is vital for optimum 

performance. It also takes into account the frequency-dependent propagation 

effects. In addition, the MIST beamforming algorithm along with the skin-artifact 

removal method removes skin-artifact clutter at the expense of distorting the 

tumor signal. 

To eliminate distortion, a near-field UWB linear constraint minimum 

variance (LCMV) beamforming technique is proposed by Zhi et al. [10]. LCMV 

beamforming with entropy removes artifacts by using an entropy function. The 
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entropy measures the variation or similarity of the signals from the different 

antennas at a specified time. An entropy function similar to the one used in [11] 

is defined to measure the similarity of the different antenna signals. Similar 

artifacts in the early-time response from the antenna elements results in higher 

entropy. A window function is designed to eliminate similar artifacts at all 

antennas. 
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TABLE2.1 

COMPARISON OF UWB MICROWAVE RADAR IMAGING TECHNIQUES 

·,,,,.__ 

Technique 

Accounts for 

Variability in 

Breast Tissue 

Model 

Breast Tissue 

Algorithm 

Employed 

Drawbacks I Trade-

offs 

Heterogeneities 

No, assumes that 
breast is 

CMI 

homogeneous with 
an averaged 
dielectric constant 
and conductivity for 
the propagation 

None* 

Simple 
time-shift and 
summing 
technique 

• Does not compensate for 
frequency-dependent 
propagation effects 

• Assumes breast tissue is 
homogeneous. 

model. 

MIST 
Beamforming 

Yes, assume each 
antenna channel has 
unique 
backscattered field 
due to tumor at a 
certain location. 

Compensates for 
frequency-
dependent 
propagation effects. 

But MIST is 
robust to deviation 
between assumed 
and actual average 
dielectric properties. 

Uses frequency-
dependent 
propagation model. 

In [12], TDIS 
algorithm updates 
MIST to find 
optimum average 
breast tissue Debye 
model parameters. 

Minimum 
variance 
Space-time 
Beamformer 

• Propagation model uses 
the average speed of 
propagation so accuracy 
in estimation of average 
dielectric properties is 
vital for optimum 
performance. 

• Dispersive effects 
increase the duration of 
the backscattered signal 
complicating window 
selection. 

• Assumes the received 
signal in the ith channel 
only contains backscatter 
due to lesion at location 
ro. 

Time-
Reversal 
FDTD 

Achieves focusing 
without prior 
knowledge of breast 
tissue properties, 
and is robust to 
breast 
inhomogenetities. 

None 
TR 

Technique 

• Not proved 
experimentally 

• Assumes linearization in 
inverse scattering 
problem 

• Depends on skin-clutter 
removal. 

*Uses the smgle-pole Debye model for the proof of concept forward model used m s1mulat10ns. 
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2.3 TIME REVERSAL WITH THE FDTD METHOD 

As an alternative to the CMI and MIST, Kosmas et al. [11][13] proposed a 

tumor detection and localization technique based on the principles of time 

reversal (TR) with the finite-difference time-domain (FDTD) method. The 

advantages of the TR FDTD compared to the CMI and MIST methods are: 

• Compensates for path loss due to lossy breast medium. 

• The TR scattered field focuses back 	to the tumor even when the 

properties of the background medium are only approximately known. 

An approximate averaged value of the permittivity of the propagation 

medium would suffice to achieve convergence. 

• Omitting the skin layer and the breast heterogeneities from the TR 

mirror (TRM) breast model does not affect significantly the focusing 

of the wave back to the tumor. 

• Assumes the tumor acts as a point scatterer. 

• The TR medium for the approximate TRM breast model does not 

model dispersion; instead, a smaller taper parameter is used to offset 

the effects of dispersion. 

A time-reversal mirror (TRM) comprises an array of receivers where a 

single UWB pulse excitation is used for the focusing to resolve small tumors [11]. 

It is shown that the tumor acts as a point scatterer, which introduces an amplitude 

scaling and time delay to the shape of the total reflected field. The key 
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assumption is that the scatterer is treated as a point source and the nonlinear 

inverse scattering problem is reduced to a linear inverse scattering problem, 

assuming no multiple scattering. The aim is to localize the point source with no 

information on the size or shape of the tumor, and to recover it from a simple 

application of the TR process. This is also the case for other UWB microwave 

radar imaging techniques. 

The TR method may be cast in the framework of the distorted-wave Born 

approximation (DWBA) [13][14][17]. The DWBA method described in 

[15][16][17] originates from the concept of expressing the scattering potential as 

the sum of the known background and a small perturbation or deviation, which is 

to be determined. This is because: 

• the TR model is assumed homogeneous with a single scatterer in the 

breast medium [18]; 

• the TLM TR simulation takes into account both dielectric polarization 

current and conduction current; these are treated independently and 

disregarding dispersion in the medium permittivity and conductivity. 

The DWBA approximation is a single-scattering approximation, where the 

scattered field amplitude is a linear functional of the object O(r)=k2 (r)-k;(r). 

Fig. 2.3 shows an example of an inverse scattering experiment. In this 

experiment, the measurement data are obtained at r on S with the transmitter at 
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r. From Fig. 2.3, the EM scattering problem can be formulated as the solution of 

the volume integral equation [ 16] 

E(r) =EincCr)+ Jdr'G(r, r',cb) ·[e(r')-kl(r')]E(r'). (2.15) 
v 

" rr 

s 


r' v • 

Fig. 2.3 An inverse scattering experiment where the measurement data are 
obtained at r on Sand the transmitter is at f [16]. 

where &b, and kl =oiJl&b are the permittivity and wave number of the 

background, and k 2 (r') =oiJL&(r') is the wavenumber of the scatterer, which is 

the function to be sought. The integral in (2.15) is the contribution to the field E 

from the volume current induced in the scatterer by the total electric field E, or 

generated by the displacement current and conduction current due to conductivity 

of scatterer. The volume integral equation method was developed in 1913 by 

Esmarch for finding scattering solution of a bounded highly inhomogeneous 

medium [16][17]. 
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The incident field Einc (r) is the field present in the absence of the 

scatterer or when k2(r)=k;(r). In (2.15), G(r,r',cb) is the dyadic Green's 

function, which is the solution of [16] 

(2.16) 

Since in the inverse scattering problem, the measurement data are available only 

outside the scatterer, we can only have 

Esca(r) = E(r)- EincCr), rEs (2.17) 

where S is some surface outside V. 

The only knowledge we have about the scatterer is the scattered field 

Esca(r) and we write it from (2.15) as [16] 

Esca(r)= Jdr'G(r, r',cb)·[e(r')-k;(r')]E(r:), rES. (2.18) 
v 

This integral equation cannot be used to solve for k 2 (r') since E(r') is unknown. 

In addition, E(r') is a function of k 2 (r') so the integral is a non-linear function of 

k2 (r') . The nonlinear dependence of the scattered field on O(r') = k2 (r')- k;(r') 

is due to the mutual interactions between the induced polarization currents. This 

is also a multiple scattering effect. Letting E(r') =Einc (r') linearizes the problem 

and (2 .18) becomes [ 16] 

Esca(r)= Jdr'G(r, r',cb)·[k2 (r')-k1(r')]EincCr'), rES. (2.19) 
v 
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which is linear in k2 (r')- kt (r'). 

Since the TR algorithm attempts to localize the scatterer by considering it 

as a point source, full recovery of k2 (r') is not possible using time reversal. Due 

to the high contrast of the tumor with respect to the normal breast tissue, the 

forward model does not contradict the validity of the DWBA approximation, and 

e (r')- kt (r') in (2.19) is nonzero for an arbitrarily small region around the 

tumor. 

2.3.1 FDTD TR Algorithm 

Fig. 2.4 and Fig. 2.5 illustrate the TR procedure. Fig. 2.4 is a schematic of 

the FDTD model that represents a breast medium of some irregular shape. The 

shape of the breast and its medium are complex and are derived from a realistic . 
MRI data as described in the next chapter. 
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Antenna elements Antenna element 
Antenna elements 

record is the transmitter 
act as receivers 

backsca~ds and receiver / 

0 0 0 0 	 0 0 0 0 0 0 ~0 0 0 0 0 0 0 0 0 

Fig. 2.4 	 The inputs to the TR system [11] are the backscattered fields from the 
tumor and clutter recorded by the antenna receivers in the forward 
model. The time reversal mirror (TRM) has antenna element 11 as a 
transmitter. Antenna element 11 transmits a pulse and all the others 
including element 11 record the backscattered fields. 

The backscattered electric field signals from a number of antennas are 

recorded after transmission from one antenna. The input signal for 

backpropagation at each receiver is [13] 

(2.20) 

where tP 	 is the peak time at which the received wave Ex(Yi,zi) has maximum 

for a short pulse excitation, and v is the taper parameter, which reduces pulse 

spread and width of the impulse window function. 
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Back-propagation in TRM of backscattered 
fields converging to the source 

~ 
0 0 0 0 0 0 0 0 0 0 • 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 • 0 0 0 0 0 0 0 0 0 0 

Fig. 2.5 	 Backpropagation starts from the fields at the antennas and the wave 
progressively converges to the scatterer at certain optimal time, and 
then diverges again. The tumor response is found at the peak (shown in 
white), which occurs at the optimal time. 

In a simulation using time-reversed FDTD equations, it was shown in [19] that if 

a point source radiates in free space and time-reversed FDTD equations are 

applied to all points in the grid, the wave will converge back to the source at time 

corresponding to the maximum of the initial excitation. This is explained by the 

space-time matched filtering achieved by the TR mirror [11][20]. Fig. 2.5 shows 
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backpropagation waves starting from the fields at the antennas and progressively 

converging to the scatterer at certain optimal time for a known background. 

If the background medium is unknown and causes uncertainties, this 

procedure can cause a false image and so another evaluation method is required. 

When the wave focuses back to the source, it is possible to produce a sharp and 

intense image at the target and small intensity away from it. The measure of how 

fast the intensity goes from peak to small values is entropy. So a minimum 

entropy criterion is employed in [11][13] for a 2-D problem based on the inverse 

varimax norm, 

(2.21) 

where n is the time step of the TR algorithm, (j, k) are the grid cell coordinates, 

and summation is done over the domain of the breast. This approach guarantees a 

focused image but introduces small localization errors and hence is used sparingly 

where the simpler measures are unsuccessful. 

The derivation of the time-reversed FDTD equations uses the TR 

transformation t' =-t and the following equalities hold [11]: 

p(t') = p(t) 

E(t') =E(t) 
(2.22)

B(t') =-B(t) 

J (t') =-J(t) 

The electric field for the TMx case in FDTD can be written [13] 
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En'+I/2(. k)=En'-112(. k)- l1t {sn'(j+I k)-Hn'(j-I k) 
X j, X j, c& Z 2 ' Z 2 ' 

-H;' (j, k;!)+H;' (}, k2.!) (2.22) 

+o-&E;'+112 (}, k)} 

where & = l1y = l1 is the grid spacing and l1t is the time step. Here the 

permittivity and conductivity values are for the nondispersive TR medium at 

some central frequency. The backpropagated equations have the next discrete 

time step n' +1I 2 which is the previous time step in forward propagation. The 

TR algorithm employs a TR system that has the propagating medium reversed and 

thus losses are compensated. So the TR algorithm has the advantage of 

compensating for attenuation and being applied in lossy media. 

2.3.2 Discussion of Advantages and Disadvantages 

The TR technique is elegant and computationally cost effective compared 

to the tomographic methods. In practical implementation, the other UWB 

antennas require more than a single measurement from the antennas. Particularly, 

the time-domain inverse scattering (TDIS) algorithm [12] entails the need for 

calculating the gradient of the cost function used in estimation of frequency-

dependent average dielectric properties. In the TR technique, it is possible to use 

a single measurement from an array of antennas in order to detect and determine 

the location of a tumor scatterer. It claims to achieve proper focusing in 3D space 

even when some properties of the breast medium are not fully known. 
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The disadvantage of the TR technique is that it assumes that each antenna 

acts as a point source and the tumor is a point scatterer. This assumption is used 

to linearize the inverse scattering problem. Since focusing depends on the ability 

to identify the tumor response from the total signal at each receiver, the 

elimination of clutter and skin artifacts due to heterogeneities of breast tissue and 

skin reflections is vital. Loss compensation in TR is mainly possible for dielectric 

media with moderate conductivity. In these dielectrics, displacement current is 

dominant. Other disadvantages include the fact that design requirements for the 

UWB antennas have not been considered in the TR FDTD method. Finally, in 

order to minimize false positives, to optimize clutter removal, and to determine 

the shape of malignant tumors, it may be preferable to employ nonlinear 

modelling approaches together with the TR FDTD alg9rithm. 

Although TR can detect tumors with high resolution, given the UWB 

pulse bandwidth, it has a drawback in relation to the diffraction limit. Therefore, 

this challenge may be addressed in research involving sub-wavelength microwave 

imaging techniques. Table 2.1 compares TR with other UWB microwave 

imaging techniques. 
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3.1 

CHAPTER3 

NOVEL ROBUST TLM-BASED 

TIME-REVERSAL MICROWAVE 

RADAR IMAGING TECHNIQUE 

INTRODUCTION 

As an alternative to the CMI and MIST, Kosmas et al. [1][2] proposed a 

tumor detection and localization technique based on the principles of time 

reversal (TR) with the finite-difference time-domain (FDTD) method. The 

advantages and disadvantages of this technique are discussed in [3]. It is shown 

that if a point source radiates in free space and the time-reversed FDTD equations 

are applied to all points of the grid, the wave will converge back to the source at a 

time corresponding to the maximum of the initial excitation. The technique, 

which is proposed in [1][2] uses the time-reversed FDTD equations and the 

inverse varimax norm criterion. It is able to achieve focusing even when 

properties of the background medium are not known a priori as will be the case in 

a realistic microwave breast cancer detection system. In addition, it is able to 
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compensate for losses because the propagating medium is reversed in the TR 

system. 

This chapter discusses the use of the transmission-line matrix (TLM) 

method [ 4] instead of the FDTD method for building the time reversal mirror and 

cavities. In addition, we devise a new robust criterion for stopping the algorithm 

when the wave focuses back to the source scatterer. The new criterion we use is 

the modified Shannon entropy criterion (SEC) [ 5]. It is found to be more robust 

than the inverse varimax norm. Thus, our TR technique is different from [1][2] in 

that it is based on the TLM equations and it uses a better minimum entropy 

criterion based on [8]. 

We briefly note that the proposed TR algorithm is also different from the 

TLM-based algorithms proposed in [6][7]. This is because it is specifically 

designed for the detection of point-like scatterers such as small tumors in human 

tissue and it applies a robust stopping or convergence criterion, the SEC. In this 

chapter, the robustness of the SEC is demonstrated as compared to the inverse 

varimax norm. The technique is applied to the planar system using time-reversal 

mirror (TRM) and a cylindrical system using time-reversal cavity (TRC). 
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TWO-DIMENSIONAL TM-MODE TR TECHNIQUE 

WITH TLM METHOD 

The TLM method carries out a sequence of scattering and connection 

steps [4]. It is a discrete time and space sampling method for modeling 

propagation of EM waves governed by Maxwell's equations. The propagation 

space is represented by a mesh of interconnected transmission lines modeling 

permittivity, permeability and conductivity of the space. Fig. 3.1 illustrates these 

scattering and connection steps in a 2-D TLM algorithm. The two-dimensional 

TM-mode, TLM shunt node is shown schematically in Fig. 3.1, where at any time 

and grid 

..._r __., 

(a) 

)-.x

y 

(b) 

Fig. 	3.1 2D-TLM shunt node: (a) illustration of the scattering and connection 
steps, (b) schematic. 
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point we have the correspondences vy = Ey, Iz = Hx, IX= -Hz' 2C =&, L = fi' 

where & and fi are the permittivity and permeability of the medium. 

The TLM process is reversible in time because the scattering matrix is 

equal to its inverse [9]. Due to this property, reversing the process is possible 

without changing the algorithm [7]. One can reconstruct a source distribution 

from a known field solution by reversing the TLM process in time [6][7]. For the 

two-dimensional inhomogeneous breast medium, the TLM TR update equations 

involve sequences of scattering and connection steps, where for each node, the 

total node voltage is given as [ 4] 

(3.1) 


The incident impulse k ~i on line 1 and the source impulse k V} at the k-th time 

step, are scattered according to [ 4] 

Vj 

v2 
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where Y=4 + ~ +Gs . The normalized capacitive stub admittance is given by [ 4] 
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(3.3) 

and the normalized lossy stub capacitance is given by [5] 

(3.4) 

where Zc is the characteristic impedance of each link line. The change in sign of 

(3.4) compensates for the ohmic losses in the TR model. 

The boundaries on all four sides for both the data acquisition model and 

the TR model are TEM zero-reflection absorbing walls. The breast medium's 

inhomogenetity depends on the MRJ image data used to generate the permittivity 

and conductivity profile of the forward breast model. 

Antenna receivers are located close to breast-skin interface in the coupling 

medium, which is known. The input signal for backpropagation at each receiver 

is expressed as in [1] with a modification specific to the TLM case [5] : 

(3.5) 

where tP is the time instant when the peak of the received waveform VJ(xi, zi) 

occurs for a short pulse excitation, and u is the taper parameter, which 

determines the width of the impulse temporal window function. The location of 

each receiver is given by the coordinates (xi,zi), i = 1, ... , N, and N is the 

number ofreceivers (N= 23 in [1]). 
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MODIFIED SHANNON ENTROPY CRITERIA 

Similarly to the TR FDTD equations [1][2], if a point source radiates in 

free space and the TR TLM equations are applied to all points in the grid, the 

wave will converge back to the source at the time corresponding to the maximum 

of the initial excitation. In [1], a minimum entropy criterion is employed based 

on the inverse varimax norm. 

In this chapter, we consider another entropy measure, the Shannon entropy 

given by [8] 

n 

H(pJ,pz, ... ,pn) =-KLp,logz Pt (3.6) 
1=1 

where K is a constant and n is the number of possible events with probabilities of 

occurrence given by where l =1, 2, ... , n . One of the properties of thep1 

Shannon entropy is that if all the are equal or have uniform probability p1 

distribution then H (3.6) is a monotonic increasing function [8]. Our aim is to 

exploit this property and make modifications to (3.6) in order to outperform the 

inverse varimax norm. 

We assume a uniform probability distribution where the number of 

outcomes for a certain event is divided by the total number of outcomes. We 

consider the rate at which the voltage value of a grid point, corresponding to a 

peak value at the k-th time step, changes compared to the voltage values of 

adjacent grid cells at the k-th time step within the breast medium. 
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In our modified Shannon entropy criterion (SEC) the definition of (3.6) is 

changed by re-defining and changing the sign of (3.6) in order to find the p1 

minimum entropy in the 2-D TR TLM simulations. The SEC is defined as [5] 

(3.7) 


Here [5], 

k I k 2
D . Vypeak 

1 

(3.8) 


where k is the time step of the TLM TR algorithm, (i, j) are grid cell coordinates, 

and the summation is over the breast region. VYk (i, j) is the 2D TLM TM mode 

voltage at the (i, j) grid cell, and Vy~eak is the maximum voltage for time step k 

inside the breast region. The parameter Dk is a constant at time step k, which is 

related to the deviation of the node voltage values in a specified region around the 

peak value V_!eak . The parameter Dk =1 for all values of k in this chapter 

because the tumor sizes considered are generally much greater than the shortest 

wavelength of the UWB pulse. Small 3-mm-diameter tumors can be detected by 

using (3.7) with Dk =1. 
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The examples in the subsequent section demonstrate that the SEC is more 

robust than the inverse varimax norm for applications with the TLM TR and the 

FDTD TR algorithms. 

3.4 	 EXAMPLES 

In this section, both planar and cylindrical configurations of 2-D TLM 

breast models are investigated. These 2D breast models are derived from MRI 

data. The TLM TR algorithms and the SEC discussed in sections 3.2 and 3.3, 

respectively, are applied in the two examples. 

3.4.1 Planar System using Time-Reversal Mirror 

First we discuss and investigate the robustness of the SEC using a similar 

setup as in [1] using TRM. Both, the data acquisition model and the TR model 

are implemented with the TLM method, with a grid size of 0.5 mm x 0.5 mm and 

a time step of 1.179 ps. The TLM TR algorithm is implemented within Matlab 

[10]. The maximum number oftime steps in the TLM TR model is 3000. The 

TLM TR algorithm is run in reverse starting from time step 2500 since the 

recorded backscattered field at the receivers after that time step is very small and 

close to zero. The forward model used for data acquisition is based on 2-D MRI 

image cross-section of the breast as seen in Fig. 3.2. Fig. 3.3 shows the dielectric 

profile for the inhomogeneous breast tissue. 
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Fig. 3.2 The 2-D MRI data of a 57 year old female [5]. 
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Fig. 3.3 	 The corresponding 2-D dielectric profile of the inhomogeneous breast 
tissue. 

The regions corresponding to the fibroglandular tissues in the breast are 

linearly mapped to higher permittivity and conductivity values than breast fat 

with an upper bound of 32% above the nominal values 

(c,. = 4.58 and CY = 0.52 S/m) and a lower bound of 16% above the nominal 
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values. Breast fat regions are mapped to values with ±16% variability from 

nominal breast fat values. The skin layer is artificially introduced and has 

dielectric values of cr =31 and a-= 5.8 S/m. The surrounding coupling medium 

is a lossless dielectric with dielectric constant cr =4.48. 

For the forward model, the antenna element #12 is transmitting a 50-ps 

differentiated Gaussian UWB pulse. All the 23 antenna elements located at a 

small distance from the top of the breast are receivers as in [1]. The skin layer 

and 3-mm diameter tumor (a spherical scatterer) at -0.85 em span and 3.65 em 

depth are artificially introduced. Since specific antenna elements are not 

modeled, a transmitter is represented by a point source assigned a voltage value 

VY (TM-mode), and the receivers are represented by observation points. As 

discussed in [1][2], the tumor acts as a point scatterer, which only introduces an 

amplitude scaling and a time delay to the shape of the total reflected field 

recorded at each receiver. 

When doing TLM TR simulations to find the 3-mm diameter tumor, we 

consider first the case using the inverse varimax norm as in [1], and second, the 

case using the modified Shannon entropy criterion (SEC) as in [5]. We obtain the 

plot of the inverse varimax norm vs. time as shown in Fig. 3.4. The resultant 

image is shown in Fig. 3.5. It corresponds to a minimum of the varimax norm at 

the 749-th time step. 
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Fig. 3.4 The inverse varimax norm as function a of time. The first minimum at 
time step 749 is assigned as a solution. The corresponding tumor 
location is at -0.85 em span and 3.55 em depth. 

Next, we employ the SEC instead of the inverse varimax norm. We obtain 

the plot of the SEC vs. time as shown in Fig. 3.6. The resultant image is shown in 

Fig. 3.7. It corresponds to a minimum of the SEC at 748 time step or 0.882 ns. 
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Fig. 3.5 	 The resultant image corresponding to the solution obtained using the 
inverse varimax norm. The corresponding tumor location is at -0.85 
em span and 3.55 em depth, while the actual tumor location was at 
0.85 em span and 3.65 em depth. 
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Fig. 3.6 	 The modified Shannon entropy criterion (SEC) response as function of 
time. The global minimum is assigned as solution. There is only one 
minimum instead of multiple minima and the corresponding location to 
the solution is at -0.85 em span and 3.55 em depth. 
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Fig. 3.7 	 The resultant image corresponding to the solution obtained using the 
SEC. The corresponding tumor location is at -0.85 em span and 3.55 
em depth, while the actual tumor location was at -0.85 em span and 
3.65 em depth. 

There are too many minima in the inverse varimax norm and it is not 

obvious as to which minimum corresponds to the actual accurate solution. In [1] 

and [2], Kosmas et al. have an algorithm which stops when encountering the first 

minimum. But this is not necessarily a robust approach to finding the minimum 

entropy where the wave focuses back to the source. 

On the other hand, when employing the SEC, there is only one minimum 

found for the entire set of time steps. So the time step corresponding to the 

solution is found at one minimum. Thus, this criterion is more robust as 

compared to the inverse varimax norm. 
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3.4.2 Cylindrical System using Time-Reversal Cavity 

The dielectric profile for the cylindrical system derived from the MRI-data 

is shown in Fig. 3.8 without a tumor and in Fig. 3.9 with a tumor. A 3-mm 

diameter tumor is inserted at X span 0.3 em andY span 3.65 em. There are 16 

receivers with one transmitter. Here, we employ a time-reversal cavity where we 

store the backpropagated wave at 16 receiver locations. 
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Fig. 3.8 	 The MRI-derived 2D TLM model for the cylindrical configuration for 
heterogeneous breast without tumor. 
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Fig. 3.9 	 The MRI-derived 2D TLM model for the cy lindrical configuration for 
heterogeneous breast with tumor inserted at X span 0.3 em andY span 
3.65 em. 

The TR TLM inverse varimax norm vs . time is plotted in Fig. 3.10. The 

inverse varimax has too many minima and the first minimum, as suggested in [1] , 

does not correspond to the accurate solution. The solution corresponding to the 

global minimum of the inverse varimax norm is accurate and is at X span 0.2 em 

andY span 3.55 em. Since there are too many minima and the first minimum 

does not yield an accurate solution, we conclude that the inverse varimax norm is 

an unreliable convergence criterion. 

15 
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Fig. 3.10 The inverse varimax norm as a function of time. The first minimum 
does not give accurate solution. The location of the solution using the 
global minimum is at X span 0.2 em andY span 3.55 em, which is 
fairly accurate. 

The resultant image corresponding to the solution obtained usmg the 

global minimum of the inverse varimax norm is shown in Fig. 3 .11. 

Employing the SEC instead of the inverse varimax norm, we obtain the 

plot shown in Fig. 3.12. The resultant image is shown in Fig. 3.13. The SEC 

again has only on minimum which is the first minimum found when running the 

algorithm in reverse time. The time step found corresponds to 
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Fig. 3.11 	 The resultant image corresponding to the, solution obtained using the 
global minimum of the inverse varimax norm. The corresponding 
location to the solution is at X span 0.2 em andY span 3.55 em. 

a global minimum and the resultant location is at X span 0.25 em andY span 3.55 

em, which is fairly accurate. 
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Fig. 3.12 	 The SEC response as a function of time. The first minimum is the 
global minimum and it gives an accurate solution. The location of the 
solution is at X span 0.25 em andY span 3.55 em. 
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Fig. 3.13 	 The resultant image corresponding to the solution obtained using the 
SEC. The corresponding location to the solution is at X span 0.25 em 
andY span 3.55 em. 

64 



3.5 

CHAPTER 3 NOVEL ROBUST TLM-BASED TIME-REVERSAL MICROWAVE 

RADAR IMAGING TECHNIQUE 

CONCLUDING REMARKS 

A novel robust TLM-based time-reversal algorithm for microwave radar 

imaging is proposed and applied to the detection of breast cancer tumors in both 

the cylindrical and planar systems. In addition, we devise a robust stopping 

criterion to determine when the wave focuses back to the source scatterer and to 

determine the location of the tumor. The new criterion we uses is the modified 

Shannon entropy criterion (SEC) [5]. 

The extractions of the tumor signal through skin-breast artifact removal 

algorithms and techniques to compensate for dispersion were not considered in 

this chapter. However, the TLM TR algorithm has a taper parameter that can be 

used to compensate for dispersion effects. 

It is demonstrated through two examples, the TR mirror and TR cavity, 

that the SEC is more robust than using the inverse varimax norm. TR has been 

shown to be superior to other simple delay-based focusing techniques and here we 

have extended the TR algorithm by making it more robust in localizing small 

tumors. The importance of this finding becomes evident as the SEC also plays an 

important role in detection of tumors that are sub-wavelength in size. 
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4.1 

CHAPTER4 

ACHIEVING SUB-WAVELENGTH 

RESOLUTION WITH THE TLM

BASED SHANNON ENTROPY TR 

TECHNIQUE 

INTRODUCTION 

UWB microwave radar imaging techniques for breast cancer detection 

seek to identify the existence and location of strong microwave scatterers in the 

breast. In an UWB microwave imaging system, a wideband pulse is transmitted 

from an array of antennas located near the breast surface and then the 

backscattered microwave signals from malignant lesions in the breast are used to 

identify the presence and location of tumors. The confocal microwave imaging 

(CMI) [1] technique, the microwave imaging based on space-time (MIST) 

beamforming [2], and the time reversal (TR) with the FDTD method [3][4] are 

some of the major UWB microwave radar imaging techniques [5] used for tumor 
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detection and localization. However, these techniques can not achieve sub-

wavelength resolution. 

This chapter examines and presents the possibility of sub-wavelength 

tumor detection and localization using alternating phase radiators similar to the 

principle of phase-shifting mask (PSM) of Levenson et al. [6]. In analogy to the 

PSM technique, the use of alternating phase radiators increases the resolution of 

the backscattered fields for sub-wavelength detection of breast tumors. PSM [6] 

enables the clear regions of a mask to transmit light with a prescribed phase shift. 

All PSM variations employ the basic concept proposed by Levenson et al. [6]. 

When light passes through the aperture on the mask, an image is formed on the 

wafer. The image forming characteristics of this optical imaging systems are 

limited by the finite numerical aperture. The numerical aperture is related to the 

index of refraction of the medium in which the lens operate, and the angular 

aperture of the lens. Finite numerical aperture affects the resolution of the image 

and causes the image to spread. In PSM implementation, the electric field 

transmitted through one aperture is out of phase by 180° with the neighboring 

aperture. As a result, destructive interference minimizes the light intensity 

between their images. The images of such phase-shifting transmission have better 

resolution and higher contrast than a conventional transmission object without 

phase shifts. 

In addition to employing the concept of the PSM technique for the 

forward and the TRM simulations, the TR algorithm with the TLM method [7] 
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uses the modified Shannon entropy criterion (SEC) [8], an alternative more robust 

criterion to [3][4] for determining when the time-reversed propagating wave 

focuses back to the source scatterer. A 0.5-rnrn diameter tumor was detected and 

located using a 200-ps UWB pulse in a realistic inhomogeneous two dimensional 

breast model. 

Section 4.2 discusses the motivation of employing the PSM technology for 

sub-wavelength microwave radar imaging. It also discusses the origin of the 

diffraction limit and proposed ways to overcome it using time reversal. The 

experimental setup is described in section 4.3 followed by the TLM-based TR 

algorithm in section 4.4. Section 4.5 discusses different numerical results. The 

effect of dielectric contrast on the detection of tumors of sub-wavelength size is 

discussed in section 4.6. Since the detection of evanescent waves is lost when the 

subwavelength scatterer is in the far field of the TRM, i.e., when the scatterer is 

located far from the antenna receivers, a TLM-based TR algorithm employing 

two TRMs is proposed and discussed in section 4.7. This is followed by a 

discussion of the effect of the depth and the proximity of the tumor to the antenna 

receivers. 
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MOTIVATION OF EMPLOYING PHASE-SHIFTING 

MASK (PSM) TECHNOLOGY FOR SUB

WAVELENGTH IMAGING 

The principles of phase-shifting mask (PSM) of Levenson eta!. [6] have 

been employed for sub-wavelength optical lithography since the early 1980's. 

Since 1982, various forms of PSM have been developed based on PSM [9]. It 

enables the clear regions of a mask to transmit light with a prescribed phase shift 

enhancing resolution beyond the diffraction limit. 

To briefly summarize, when coherent light passes through a conventional 

transmission mask, the light diffracted by the two neighboring apertures interferes 

constructively to produce significant intensity in the region of the wafer between 

the apertures [ 6]. For the PSM mask, a transparent phase-shifting layer covers 

neighboring apertures. As a result, the layer reverses the polarity of the electric 

field corresponding to the covered aperture. The intensity pattern on the wafer at 

the apertures is unchanged by the PSM. However, due to destructive interference 

on the wafer between neighboring apertures, the waves diffracted form 

neighboring apertures produce minimal intensity between the apertures [6]. 

In a conventional transmission mask, the intensity between the apertures is 

maximized due to the constructive interference between the diffracted fields from 

the apertures. This effect causes reduction in the resolution of any optical system 

with coherent illumination [6]. 
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For the case of the PSM, the E-field transmitted through neighboring 

apertures is out of phase by 180°. As a result, the destructive interference 

minimizes the intensity between their images. The phase shift at the aperture 

happens when a transparent layer is added with a thickness of d =Yzcn _1), 

where A. is wavelength and n is the index of refraction [6][9]. 

In UWB microwave imaging exploiting TR techniques, the subwavelength 

information about a tumor is carried by the evanescent waves. These waves 

generally decay exponentially and are lost before reaching the recording far-field 

plane of the time-reversal mirror (TRM). This is the origin of the diffraction 

limit. For an inhomogeneous medium such as the breast, the time-reversed wave 

which spatially converges to the location of the tumor is immediately followed by 

a diverging wave due to energy flux conservation [10][11][12]. 

Subject to further proof, we find our technique gains in resolutions due to 

the principles discussed in [6], [11] and [12]. In [11], a TR cavity is employed to 

show how to overcome the diffraction limit using an acoustic sink. De Rodny and 

Fink [11] also describe, using acoustic wave theory, how an acoustic sink 

produces a subwavelength focusing wave. From the theory of TR cavity, 

assuming a non-dissipative purely homogenous medium, a point-like source 

scatterer at excited by a waveform f(t) generates a wave fieldr0 
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. - Ae-Jkllr-roll - jwt 
<I>s(r,t)- II II e with complex magnitude A and observation point r.

4Jr r -r0 

This is the solution of the wave equation with a source term 

(4.1) 

The solution is an isotropic wave that diverges from r0 • These waves propagate 

up to the surface of the TR cavity and are recorded at the receivers. 

In the TR simulation, the TR cavity then generates a spherical wave field, 

<I>rR(r;t), that focuses on r0 . This spherical wave field has two components, the 

time-reversed image of the emitted wave, <I>s (r; -t), and a wavefield generated 

by TR source <I>rRs(r;t) [11]. <I>8 (r;-t) is given at a wavenumber k by the 

advanced or anti-causal homogeneous Green's function between source andr0 

observation point r as 

(4.2) 

which is solution of a propagation equation with a source term 

(4.3) 

While the wave field <I>TR(r;t) is the solution of the propagation equation without 

a source 

(4.4) 
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The right hand side of equation (4.3) represents the time-reversed image 

of a source excited by f(t) waveform at location r0 . The TR source term 

generates a field equal to 

(4.5) 

The diverging wave generated by the TR source is given by the retarded or causal 

- Jkjjr-roll 
G+ eGreen's function The total spherical wave field(r' r0 ) = ----:-:--11-----:-:-11 .4Jr r -r0 

<l>TR (r; t) is then <l>TR (r; t) =<l> s (r; -t)- <l>TRS (r; t) and is given by [11] 

Jkjjr-roll - Jkjjr-roll 
<l>(r;t) =A* e II (-Jwt- A* e II II e-Jwt

47r r-r0 4Jr r-r0 (4.6) 

= jkA* sinc(kllr-r0 ll) ·e-Jwt 
2Jr 

In order to overcome the diffraction limit, a source such as an acoustic 

sink can be placed at the focusing point transmitting a diverging wave opposite in 

phase with the diverging part of ( 4.6) or <l>TRS (r; t). Due to destructive 

interference, the TR source with opposite phase cancels the diverging part of ( 4.6) 

and only the converging wave equal to <l> s (r; -t) remains. The theory 

developed for acoustic waves in [10][11] can be applied directly to EM fields. 

This is because the vertical £-field component of the solution of the 2-D vector 

wave equation satisfies the scalar wave equation whose solution is ( 4.6). 
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Based on this finding, Lerosey et al. 2007 [12], proposed an approach for 

subwavelength focusing by building a microstructured medium in the near-field 

of the point where one intends to focus and use a TRM placed in the far field to 

build the time-reversed wave field that overcomes the diffraction limit and 

focuses at the target. Their approach consists of surrounding the focusing point 

by a microstructured medium with typical scales well below the wavelength. This 

is done by putting strong scatterers in the near-field of the source [12]. 

In our novel approach [8], subwavelength focusing is achieved by using 

the concept of the PSM and by arranging the transmitting/receiving array so that 

neighboring elements transmit opposite polarity pulses. From [11], we find that 

by having alternating polarity radiators in the TRM, the waves that diffract from 

the tumor have both the diverging wave produced by the TR source and the 

diverging wave opposite in phase to the diverging part of <I>rR (r; t) in ( 4.6). 

Therefore, they interfere destructively and only a converging wave equal to 

<I>s(r;-t) remains. Due to this setup, we find that there is detectable 

backscattered field emanating from scatterers of subwavelength size. 

Our approach to recover evanescent waves is to transmit UWB pulses of 

alternating polarity with the antennas separated by l =5.7 mm while the TRM is 

in the far-field region. By diffracting off the scatterer, evanescent waves are 

converted into propagating waves. This is due to the theorem of generalized 
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reciprocity between evanescent waves and propagating waves [13]. Thus the 

evanescent waves are recovered in the back-propagation step of the TR process. 

4.3 EXPERIMENTAL SETUP 

The experimental system IS comprised of an array of 23 

receivers/transmitters located at a small distance from the top of the breast, and 

placed every 10 ·& with & =0.57 mm, same as in [ 4]. All elements transmit 

simultaneously, but neighboring elements transmit opposite polarity pulses. 

Both the data acquisition model and the TR model are implemented with 

the TLM method, with a grid size of 0.5 mm x 0.5 mm . The antenna locations 

are snapped to this grid. The forward model is based on a 2-D MRI image cross-

section of the breast as seen in Fig. 4.1(a). Fig. 4.1(b) shows the dielectric profile 

for the inhomogeneous breast tissue. Fig. 4.2 shows the tumor and its permittivity 

contrast as compared to the surrounding medium. 

The regions corresponding to the fibroglandular tissues in the breast are 

linearly mapped to higher permittivity and conductivity values than breast fat 

with an upper bound of 32% above the nominal values 

( cr =4.58 and a-= 0.52 S/m) and lower bound of 16% greater than nominal 

values. 
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Fig. 4.1 (a) The 2-D MRI data of a 57 year old female and (b) the corresponding 
2-D dielectric profile of the inhomogeneous breast tissue with the 0.5
mm diameter tumor inserted at -0.95 em span and 3.7 em depth. The 
23 receivers shown with circles are fed with alternating-phase voltage 
values. 
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Fig. 4.2 	 Single breast dielectric profile of MRI-derived TLM model with a 
0.5-mm diameter tumor inserted at -0.95 em span and 3.7 em depth. 

Breast fat regions are mapped to values with ±16% variability from 

nominal breast fat values. The skin layer is artificially introduced and has 

dielectric values of &r =31 and o- =5.8 S/m. The antenna receivers are 

subwavelength-size (/ =5.7 mm) apart. Because neighboring elements transmit 

with opposite polarity, there is a detectable backscattered field emanating from 

scatterers of subwavelength size. 
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TLM-BASED TR ALGORITHM USING MODIFIED 

SHANNON ENTROPY CRITERION (SEC) 

The TLM-based TR algorithm using SEC is described for sub-wavelength 

microwave imaging. The algorithm incorporates the PSM concept in the forward 

or data acquisition model for sub-wavelength focusing. An FDTD TR algorithm 

that compensates for the ohmic losses was introduced in [3] through change of 

sign in the conductivity. Similarly, the proposed TLM TR algorithm has the 

ability to compensate for losses by introducing gain via change in the 

conductivity sign in the TLM normalized lossy stub conductance given by 

equation (3.4). 

The TLM TR technique for the case of a TM-mode involves sequences of 

scattering and connection steps and was discussed in section 3.2. Similarly to the 

TR FDTD equations [3], if a point source radiates in free space and TR TLM 

equations are applied to all points in the grid, the wave will converge back to the 

source at the time corresponding to the maximum of the initial excitation. In [3], 

a minimum entropy criterion is employed based on the inverse varimax norm. 

Here we employ the SEC [8]. 

The SEC is given by equations (3.7) and (3.8) and its derivation is 

discussed in Section 3.3. The parameter Dk is a constant at time step k, which is 

related to the deviation of the node voltage values in a specified region around the 

peak value v;eak : 
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Dk =std(X) ·std(Z) (4.5) 

where std(•) is the standard deviation and the vectors X andZ are 

= { vff Opeak-q,j) vff Opeak-q+I,j) vff Opeak+q,j)}X k , k , ... , k (4.6) 
vypeak vypeak vypeak 

(4.7) 

X is the variation along the x-coordinate and Z is the variation along the z-

coordinate centered around the peak node. The values of m and q are bound by 
-"! 

JJ2 ·q ·&JJ:::; ilk and JJ2 ·m · L~zf:;; ilk, where & = & = d.s nun and k is the time 

step. The parameter ilk determines the size of the specified region in which Dk 

is calculated. As in [8], ilk =2 em. 

The following is an outline of the steps in the algorithm [8]: 

Step 1 Forward analysis of the breast model without tumor (estimated 

healthy response). 

Note: Obtain the field solution using an averaged dielectric and 

conductivity estimate of the inhomogeneous breast tissue and skin 

layer. 

Step 2 Forward analysis of breast model with tumor (virtual 

measurement ofrealistic breast model). 
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Note: 	 Obtain the field solution for the realistic heterogeneous 

breast model including tumor and skin layer. Once v; (xi, zi) , the 

total response with tumor and breast medium, is obtained at each 

receiver at (xi,zJ, we find the particular tumor response 

(4.8) 

The excitation signal for backpropagation at each receiver is then 

expressed as in equation (3.5) in section 3.2. 

Step 3 	 TR backpropagation using TLM TR algorithm. 

Note: Inject the response in equation (3.5) of the particular 

solution (the backscattered fields stored at the receivers without 

clutter and noise) in the reverse time sequence. The TLM TR 

model uses averaged estimates of the dielectric constant and 

conductivity. The TLM TR algorithm stops when SEC in 

equation (3.7) is minimized for all time steps. 

RESULTS AND DISCUSSIONS 

Both the forward model employing TLM [7] and the TLM TR algorithm 

are implemented within Matlab [14]. The maximum number of time steps in the 

TLM TR model is 3000. The TLM TR algorithm is run in reverse starting from 
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time step 2500 since the recorded backscattered field at the receivers after that 

time step is very close to zero. 

The 200-ps UWB pulse's shortest wavelength is large compared to the 

0.5-mm diameter tumor. The excitation input to each antenna shown in Fig. 

4.1 (b) is a differentiated Gaussian pulse with full width at half maximum 

(FWHM) of0.54 ns, and zero de content. The shortest wavelength corresponds to 

the highest frequency in the spectrum of the pulse at 1% of the maximum, which 

is 4 GHz. 

When using the TR technique and the inverse varimax norm as in [3] 

without incorporating the PSM technique, we obtain the inverse varimax norm vs. 

time shown in Fig. 4.3(a). The resultant image is shown in Fig. 4.4. The scatterer 

is not found because its size is below the diffraction limit of the pulse spectrum. 

There are also too many minima in the inverse varimax norm and thus it is not 

obvious where the algorithm should stop. On the other hand, the SEC, plotted vs. 

time in Fig. 4.3(b ), demonstrates that the modified Shannon entropy is a robust 

minimum entropy criterion. 
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Fig. 4.3 	 The response for: (a) the inverse varimax norm vs. time and (b) the 
modified Shannon entropy (SEC) vs. time. There is one mtmmum 
obtained at time step 1938 or 2.286 ns, where in (b), the wave 
converges to an optimal peak value. 
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Fig. 4.4 	 The ghost image created by the TR technique with only one antenna 
transmitting in the forward model, all receivers transmitting in the TR 
model, and employing inverse varimax norm as in [3]. No scatterer is 
found. 
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Fig. 4.5 The image obtained through the proposed TR technique with the TLM 
method and employing the concept of the PSM and the modified 
Shannon entropy. 
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Fig. 4.5 shows the image detecting the 0.5-mm diameter tumor using the 

proposed TLM TR technique with the PSM and the modified Shannon entropy 

criterion. The image corresponds to the single minimum of the modified Shannon 

entropy obtained at time step 1938 or 2.286 ns. The wave converges to an 

optimal peak value. The tumor location found by the proposed algorithm uses a 

taper parameter of v = 0.041· tP. It found the target at [ x,z] = [ -1 cm,3.7 em] or 

-1 em span and 3.7 em depth while the actual location was at -0.95 em span and 

3.7 em depth. The taper parameter plays an important role in compensating for 

dispersion and improving the resolution. 

Fig. 4.6 shows the difference between the actual location of the tumor and 

the one found by the proposed algorithm using varying taper parameter values. 

Although the tumor is detected for varying taper parameter values, the 

accuracy of the localization depends on it. The optimum taper parameter value of 

v =0.041 ·tP is found by minimizing the difference between the location detected 

by the algorithm and actual location of the 0.5-mm size tumor, which is 1.2 em 

from the receivers, within the accuracy of the grid size. 
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Fig. 4.6 The difference between the actual location of the tumor and the one 
found by the proposed TLM TR algorithm using varying taper 
parameter values. The location of the tumor is -0.95 em span and 3.7 
em depth. 

For all cases of varying taper parameter values, the TR algorithm using 

PSM and the modified Shannon entropy finds only one minimum. The 

corresponding location is denoted XrR. Fig. 4.6 shows how the L2 norm 

difference between X actual and XrR increases as the taper parameter increases due 

to the increase in the width of the temporal window. The focusing resolution is 

increased as the taper parameter decreases. 
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EFFECT OF DIELECTRIC CONTRAST 

The robustness of the modified SEC and the experimental setup is 

examined by changing the dielectric contrast of the breast medium. Table 4.1 

compares the location found by our TLM TR algorithm for varying dielectric 

contrast. The taper parameter ( u =0.041· tP) is fixed as in section 4.5 and the 

experimental setup is as in section 4.3. Only the dielectric contrast is altered 

while the forward and the TR simulations are performed with the MRI-derived 

breast model. 

As the contrast is decreased from 6:1 to 1.3:1, the difference between XrR 

and xactual increases moderately. The tumor is detected in all the cases. 

TABLE4.1 
COMPARISON OF DIELECTRIC CONTRAST ON DETECTION OF TUMOR 

Phantom Number 
Fat Peak ( cr, a) 

Fibroglandular Peak 
(cr,a) 

Dielectric Contrast 
between normal 
breast tissue and 
tumor(&r =39) 

Location found by 
proposed algorithm (actual 

at -0.95 em, 3.7 em) 

#1 
(5.3,0.60) 

(6.05, 0.69) 

6:1 (note: 9:1 in 
[3]) (-1.00 em, 3.7 em) 

#2 
(17.34, 0.75) 2:1 (-0.95 em, 3.30 em) 
(19.73, 0.86) 

#3 
(22.98, 0.85) 1.5:1 (-0.95 em, 3.25 em) 
(26.15, 0.96) 

#4 
(26.37, 1.00) 1.3:1 (-0.95 em, 3.25 em) 

(30, 1.15) 
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TLM-BASED TR ALGORITHM EMPLOYING TWO 

TRMs 

In this section, we examine the use of two time-reversal mirrors (TRMs) 

perpendicular to each other and closer to the scatterers than the single plane TRM. 

By studying the TRM and its performance in localizing the tumor as the sub-

wavelength sized tumor is moved within the inhomogeneous breast medium 

vertically away from the plane of recording antenna receivers, we find that the 

evanescent waves are lost for tumors deep in the breast and away from the skin-

breast interface. The accuracy of localizing the tumor is affected because not 

enough waves scattered from the tumor are recorded at the TRM. We thus 

develop and study the TLM-based TR algorithm employing two TRMs. 

Another set of measurement or forward simulation using an array of 9 

receivers/transmitters located at a small distance from the breast along the depth 

dimension, and placed every lOxM with 11! =0.57 mm. Then we employ the 

same setup as in section 4.3 but letting these 9 transmitters/receivers be located 

perpendicular to the 23 antennas. These nine antennas transmit pulses of 

alternating polarity in the forward model. The backscattered fields are recorded 

and used in the TR model to time reverse fields to the source. 

A new taper parameter =0.03 · tpZ is introduced for the backscattered u2 

fields coming from the additional antennas. The input signal at these receivers is 

then 
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(4.9) 

where 	tP 2 is the time instant when the peak of the received waveform v:2 (xi,zJ 

from the second TRM occurs for a short pulse excitation, and u is the taper 

parameter, which determines the width of the impulse temporal window function. 

The location of each receiver determines the coordinates of (xi,zi) where i == 1, 

... , M and M is the number of receivers for the second TRM (M == 9). 

The algorithm is modified from the one in section 4.4. The following is 

an outline of the steps in the algorithm: 

Step 1 	 Simulate forward analysis with only the first 23 TRM receivers of 

breast model without tumor (estimated healthy response). 

Note: Obtain the field solution using an averaged dielectric and 

conductivity estimate of the inhomogeneous breast tissue and skin 

layer. 

Step 2 	 Simulate forward model with only the first TRM receivers of 

breast model with tumor (virtual measurement ofrealistic breast 

model). 

Note: Obtain the field solution for the realistic heterogeneous 

breast model including tumor and skin layer. Once v; (xi, zJ is 

obtained at each receiver at (xi, zi) , we find the particular tumor 

response as m equation ( 4.8). The excitation signal for 
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backpropagation at each receiver is then expressed as in equation 

(3.5) in section 3.2. 

Step 3 	 Simulate forward analysis with the second 9 TRM receivers of 

breast model without tumor (estimated healthy response). 

Note: Obtain the field solution using an averaged dielectric and 

conductivity estimate of the inhomogeneous breast tissue and skin 

layer. 

Step 4 Simulate forward analysis with the second TRM receivers of 

breast model with tumor (virtual measurement of realistic breast 

model). 

Note: Obtain the field solution for the realistic heterogeneous 

breast model including tumor and skin layer. Once v; (xi, zi) is 

obtained at each receiver at (xi,zi), we find the particular tumor 

response 

(4.10) 

The excitation signal for backpropagation at each receiver is then 

expressed as in equation (4.9). 

Step 5 	 TR Backpropagation using TLM TR algorithm. 

Note: Inject the responses for both the TRMs in Equation (3.5) 

and Equation ( 4.9) of the particular solutions (the backscattered 
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fields stored at the receivers without clutter and noise) in the 

reverse time sequence. The TLM TR model uses averaged 

estimates of the dielectric constant and conductivity. The TLM 

TR algorithm stops when SEC in Equation (3. 7) is minimized for 

all time steps. 

4.7.1 Results and Discussion 

The experimental setup uses two TRMs and the same dielectric profile for 

the breast medium as in section 4.3. A 0.5-mm diameter tumor is inserted inside. 

Fig. 4.7 shows the image and the improvement in localization obtained using the 

initial 23 receivers and additional antennas placed parallel to the z-axis in the TR 

model. 
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Fig. 4.7 	 The image obtained using two TRMs through the proposed TR 
technique with TLM method and employing the concept of PSM and 
SEC. The taper parameters are v =0.038 · tP and v2 =0.003 · tP. The 

0.5-mm diameter tumor is shown by a black asterisk and the 
receivers in the TR model are denoted by stars. 

The improved effect in localization by the use of the second TRM is 

shown for the case where the 0.5-mm diameter tumor is located at 0.75 em depth 

and 4 em span. When using just one TRM and a taper parameter v =0.019 · tP , 

the resulting image is shown in Fig. 4.8. The same setup is used with now two 

perpendicular TRM and the resulting image is shown in Fig. 4.9. 
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Fig. 4.8 The image obtained using a single TRM, employing the concept ofPSM 
and using SEC. The taper parameter is v =0.019 · tP • The 0.5-mm 

diameter tumor is shown by a white asterisk and the receivers in the TR 
model are shown by stars. 
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Fig. 4.9 The image obtained using two TRMs, employing the concept of PSM 
and using SEC. The taper parameters are v=0.019·tP and 

=0.215 · tP2 . The 0.5-mm diameter tumor is shown by a blackv2 

asterisk and the receivers in the TR model are denoted by stars. 
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4.7.2 	 Effect of Chest Wall 

Fig. 4.10 shows the 2-D dielectric profile of the inhomogeneous breast 

tissue including the muscle chest wall and a 0.5-mm diameter tumor located close 

to the chest wall ( cr = 26, a-= 3.8 S/m ). 

The image obtained using the two TRMs with taper parameter values of 

u =0.019 · tP and u2 =0.215 · tP 2 is shown in Fig. 4.11. The actual location of the 

tumor is shown in a red asterisk. 
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Fig. 4.10 	 The 2-D dielectric profile ofthe inhomogeneous breast tissue including 
the muscle chest wall and a 0.5-mrn diameter tumor located close to 
the chest wall. 
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Fig. 4.11 The image obtained using two TRMs, employing the concept of PSM 
and using SEC. The taper parameters are v =0.019 · tP and 

= 0.215 · tpZ . The 0.5-mm diameter tumor is shown with a red v2 

asterisk and the receivers in the TR model are shown as stars. The 
back-propagating waves focus to a location slightly different from the 
actual location because of the chest wall reflections. 

4.8 CONCLUDING REMARKS 

A novel approach to the detection of tumors well below a centimeter using 

a sub-wavelength ultrawide band (UWB) microwave radar imaging technique 

based on the principles of phase-shifting mask (PSM), time reversal and a 

modified Shannon entropy criterion (SEC) [8] was presented and discussed. A 

0.5-mm diameter tumor was detected and located using a 200-ps UWB pulse in an 

inhomogeneous 2-D breast model. We report the first simulation results obtained 

using a subwavelength focusing technique where a focal spot of size less than 

1/60th of a wavelength is obtained. TR has been shown to be superior to other 
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simple delay-based focusing techniques and here we have extended the TR 

algorithm by making it more robust in localizing sub-wavelength size tumors. 

The origin of the diffraction limit and proposed way to overcome it using 

time-reversal and phase-shifting mask (PSM) technology was discussed. The 

TLM-based TR algorithm using SEC was described and the effect of the 

dielectric contrast on the detection of tumors of sub-wavelength size was 

analyzed. Since the evanescent waves are lost when the subwavelength scatterer 

is deep in the breast medium far from the TRM, a TLM-based TR algorithm 

employing two TRMs was proposed and discussed. 
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5.1 

CHAPTERS 

NARROWBEAM 

ULTRAWIDEBAND ANTENNAS 

FOR MICROWAVE BREAST 

CANCER DETECTION 

INTRODUCTION 

Ultra wideband (UWB) technology presents a revolutionary approach to 

wireless communications but is certainly not a new concept. The first UWB radio 

was the pulse-based Spark Gap radio, developed by Guglielmo Marconi in the 

late 1800's. The radio was used to transmit Morse code. By the 1980's, antenna 

advances made possible the impulse based transmission for radar and 

communications. In 1989, the U.S. Department of Defense started using the term 

'Ultra Wideband' for baseband, or impulse technology and in 2002 the Federal 

Communication Commission (FCC) allocated the UWB spectrum. Since then, 

many researchers are exploring antenna designs, circuit designs, system designs 

and RF designs related to UWB applications [1][2][3]. 
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UWB antennas are fundamental components of UWB radar 1magmg 

systems. Some UWB antennas have been developed for biomedical 1magmg 

applications. Many UWB radar imaging systems employ these antennas for 

transmitting and receiving short-duration UWB pulses. Consequently, studying 

the radiation and reception properties of these antennas is vital to determine their 

suitability for such applications. 

One of the challenges associated with designing UWB antenna elements 

for application to breast cancer detection is the mismatch in dielectric properties 

at the skin interface generating a scattering response at least one order of 

magnitude larger than any tumor response. Further, other challenges include 

meeting antenna specifications and feasibility of fabrication. It would be ideal for 

these antennas to also remove or suppress skin interface artifacts with minimum 

distortion to the tumor response. In terms of experimental implementation, the 

challenges include the management of the aperture size, scan time, cost, 

broadband impedance matching, directivity, efficiency, and gain. 

Transmission and reception by conventional UWB antennas are discussed 

and summarized in [1]. The report on narrowbeam ultrawideband antennas for 

microwave breast cancer detection [4] summarizes the advantages and 

disadvantages of the ultrawideband (UWB) antennas designed for microwave 

radar-based tumor detection. It describes proposed narrowbeam ultrawideband 

antennas. The report also compares feed structures and antenna designs explored 

for UWB near-field imaging applications. These comparisons include feasibility 

98 




CHAPTER 5 NARROWBEAM ULTRA WIDEBAND ANTENNAS FOR 
MICROWAVE BREAST CANCER DETECTION 

of fabrication [ 4]. Many antennas can have improved impedance matching by 

using resistive loading at the cost of efficiency [1]. To reduce reflections from the 

antenna and to reduce dispersion, resistive-loading with certain profile is 

employed as in the Wu-King cylindrical antenna [5]. 

Prior UWB antennas designed for biomedical microwave radar imaging 

for the detection of breast cancer tumors include the bowtie [7][8], ridged 

pyramidal hom [9)[10], microstrip-fed "Dark Eyes" [11][12] and slot [13] UWB 

antennas. The Wu-King cylindrical antenna is re-designed in [6] for applications 

to radar-based breast cancer detection. A resistively loaded Wu-King antenna is 

fabricated and soldered to an SMA connector and attached to a metal plug. But 

all these implementations have four key disadvantages. The first is that they are 

designed to operate close to the breast medium and immersed in coupling medium 

and not designed to work in contact with skin, i.e. as in ultrasound. The coupling 

medium complicates the hardware and maintenance. It may also be a health 

hazard when used with multiple patients. The second is that these antennas have 

dispersive radiation patterns. The patterns have multiple maxima and for the case 

of [13], the patterns split in the middle. The final disadvantage is that they do not 

have directional properties. The antennas radiate outside the human body and are 

susceptible to external interferences. 

The TEM hom antenna has highly directive properties and can achieve 

UWB impedance matching with reduced dispersion [1]. In Section 5.2, we 

review the TEM hom antenna, followed by antenna specifications and objective 
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described in Section 5.3, and the first steps towards a completely novel antenna 

for UWB applications is examined in Section 5.4. The printed tapered TEM hom 

antenna with different feed structures is discussed in Section 5.4, followed by 

concluding remarks in Section 5.5. 

5.2 REVIEW: TEM HORN ANTENNA [1][4] 

UWB antennas are designed to operate within the Federal Communication 

Commission (FCC) allocated 7.5 GHz bandwidth from 3.1 GHz to 10.6 GHz. In 

order to understand the challenges of UWB antenna design, a comprehensive 

background outlining several antenna parameters are presented in the next 

section. Here the tapered TEM hom antenna and the double-ridged pyramidal 

hom antenna are reviewed. 

5.2.1 Tapered TEM Horn Antenna [1] 

A receiving TEM hom antenna in theory can give a direct measurement of 

an incident wave [1]. In [1], several ultrawideband antenna design techniques are 

discussed including the advantages of tapering, converting resonating structures 

to travelling-wave structures and reducing dispersion by resistive loading. It was 

experimentally found that the impulse response in the transmitting mode is 

proportional to the time derivative of the impulse response in the receiving mode 

of the antenna. 
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The design descriptions of the tapered hom antenna are m [1]. The 

antenna was simulated from 200 MHz to 40 GHz with the width of the input pulse 

being 133.3 ps, and the time support of the response determined by the lowest 

frequency of operation was 5 ns. The duration of the pulse or pulse width is 

chosen to correspond to the operating bandwidth of the UWB antenna. The 

radiated time-domain field was linearly polarized along the z axis. The tapering 

of the TEM hom reduces reflections and unwanted oscillation when the antenna 

receives z polarized monocycle field propagating along the x axis. 

Although the reflections are significantly reduced due to the tapering, the 

radiated field is not the same as the derivative of the input pulse as proposed in 

[1][14] due to resonance effects in the antenna structure. The reflections can be 

further reduced by transforming the resonating structure into a traveling-wave 

one. 

To do this, the lengths of the parallel plates near the feed point are 

reduced. In addition, to reduce the dispersion, a resistive loading was applied 

with the following profile [ 1]: 

(5.1) 


where 

If/= 2[sinh-1!:_C(2kr, 2kh)- }S(2kr,2kh)] +j_(l- e-J2
kh) (5.2) 

r kh 
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and K is a dimension such as the axial coordinate [5], ri is the internal resistance 

for an antenna with height of 2h and radius r [1][5]. C(a,x) is the generalized 

cosine integral and S(a,x) is generalized sine integral. 

The radiated waveform and time-domain received current for the non-

resonating taper hom antenna are shown in [1]. The figures show that the 

radiated field is similar to the derivative of the input voltage while the induced 

current is the same as the incident wave. 

5.2.2 Double-Ridged Pyramidal Horn Antenna 

Past implementation of UWB hom antennas transmitting/receiving 

microwave energy used for microwave breast-cancer detection include the 

modified version of a double-ridged pyramidal hom antenna [15][16] . The 

waveguide section is eliminated, and one of the two ridges is replaced by a curved 

metallic plane terminated by resistors. The generic form of this configuration has 

been proposed in [17]. The design is customized to centimetre-scale dimensions 

for operation in the microwave frequency range operating in free space [9]. In 

[18], an experimental and numerical time-domain characterization of the UWB 

antenna immersed in the phantom's coupling medium (soybean oil) is presented. 

The main structure of the hom antenna includes a pyramidal hom 

radiation cavity, metallic ridges, and curved metallic launching plane terminated 

with resistors [ 18]. The pyramidal hom is connected to the outer conductor of the 

coaxial feed via a Sub Miniature version A (SMA) connector and serves as the 
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ground plane. The depth of the pyramidal hom is 1.3 em and the aperture 

dimensions are 2.5 em by 2.0 em. The curved planar launching plane is 

connected to the central conductor of the coaxial feed. It curves toward one of the 

sidewalls of the pyramidal hom and tapers toward the feed point. Two 1 00-n 

termination resistors are connected in parallel near opposite comers of the 

launching plane to suppress reflections from the end of the launching plane. A 

ridge is attached to the interior side of the hom-shaped ground plane opposite to 

the curved launching plane. The top surface of the ridge curves from the feed 

point toward the antenna aperture [18]. 

In [18], a 3-D FDTD model of the UWB antenna is simulated. The gird 

size is 0.5 mmx0.5 mmx0.5 mm. The curved or flared metal surfaces of the 

antenna are modeled using a staircase approximation. The antenna excitation is 

implemented using a 1.0-V 50-n resistive voltage source across the gap [19]. 

The 1 00-n termination resistors attached to the end of the launching plane are 

incorporated into the FDTD model using a lumped circuit element formulation 

[19]. The FDTD grid is terminated with a Berenger perfectly matched layer 

(PML) absorbing boundary condition [20]. 

Both the TEM hom and the pyramidal hom antennas have very good 

performance in terms of a narrowbeam radiation pattern, polarization, high gain, 

beamwidth, voltage standing wave ratio, and return loss. It is noted that resistive 

loading improves the return loss and impedance matching but at the cost of 

efficiency. These improvements of the bandwidth, gain and broadband 
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impedance matching, however, are at the cost of large physical size and difficult 

fabrication. These antennas are expensive and can not be utilized in cases where 

we need small antennas in an array. This is due to the limited surface area of the 

breast. Another factor to consider is the ability to integrate the antenna 

transmitter and receiver on the same circuit. 

Thus small planar antennas that can achieve the aforementioned 

transmission and reception characteristics are desired. 

5.3 ANTENNA SPECIFICATIONS 

Several fundamental antenna parameters are considered in determining the 

optimal specifications. The challenging requirements for UWB antenna design in 

breast cancer detection is presented below. 

5.3.1 Fundamental Antenna Parameters [21] 

The performance of an antenna is described by various parameters, of 

which some are interrelated, and so not all are needed for a complete description. 

Among the most fundamental parameters for UWB antenna design are the 

bandwidth, the radiation pattern, and the gain. Further, the beamwidth, 

directivity, polarization, and efficiency are discussed. 

The bandwidth indicates the range of frequencies within which the 

impedance of the antenna is sufficiently matched to its input transmission line 

impedance such that the return loss and the Voltage Standing Wave Ratio 
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(VSWR) are less than a specified standard. For antennas with ultra-wide 

bandwidths, the upper frequency can be 3 times greater than the lower (3: 1 or 

greater). The VSWR and the return loss are dependent on the reflection 

coefficient r defined in equation (5.3) below. r measures the complex ratio of 

the reflected wave to the incident wave at a transmission line load. Fig. 5.1 shows 

the transmission line loaded with an antenna. 

---. 
Radiated 

Wave 

---. 

Fig. 5.1 Antenna in transmitting mode connected to a transmission line. 

(5.3) 


zin = (Rr +RL) + }Xin is the antenna input impedance and zc is the characteristic 

impedance of the transmission line. Rr is the radiation resistance of the antenna 

and RL is its loss resistance. 

Most network analyzers give scattering parameter matrix values and the 

parameter is the reflection coefficient r . The goal of impedance matching isS11 

to achieve JrJ =0 or perfect transmission. The return loss is defined as 
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return loss =20 log(lrl) (5.4) 

The VSWR is given by 

VSWR = Vmax = 1+lrl. (5.5) 
vmin 1-lrl 

A good value for VSWR is 2.0 or less. This measure is important because if the 

antenna load is not perfectly matched to the transmission line, reflections at the 

load cause unwanted standing waves in the transmission line. 

Ultimately, the power reflected at the terminals of the antenna has to be 

reduced for good impedance matching. The acceptable range of values for r that 

allows only 10% reflected power is 0.3162. This is because we want to maximize 

the radiated power. 

5.3.2 Objective [4] 

Practical low cost design and fabrication of UWB antennas is paramount 

for any UWB microwave imaging system that can be used in clinical trials. The 

antenna is also an integral part of the imaging tool for detecting small malignant 

breast tumors, without distortion from the skin and the clutter generated by the 

natural heterogeneity of normal breast tissue. In addition, the antenna has to be 

easy to fabricate, while the imaging system must ensure comfort for the patient 

and ease of maintenance. 
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The following design requirements are specified: 

1. Operate in the frequency band 3.1 to 10.6 GHz. 

The operating frequency band is in the microwave UWB. As in 

the basic UWB radar configuration, a transmitting antenna 

radiates extremely short duration (hundreds of picoseconds to 

nanoseconds) bursts ofRF/microwave energy. 

2. A void the use of a coupling medium. 

The coupling medium of soybean oil or canola oil is used in most 

radar-based microwave imaging, which is inconvenient for 

women, who need frequent checkups for breast-cancer detection 

and diagnosis. 

3. Low cost. 

Most of the hom antennas and resistive monopole antennas 

designed for active microwave imaging techniques are costly. 

Antennas manufactured on printed-circuit-boards (PCB) by 

etching are very cost effective. 
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4. Linear polarization operating in the dominant TEM mode. 

We need to know the polarization of the wave penetrating the 

breast tissue. This may require incorporation of a depolarizer to 

remove horizontally polarized wave. A linearly polarized 

electric field is required. 

5. No losses and impedance matching with human breast tissue 

We aim at a return loss less than -1 0 dB in the UWB region. The 

dielectric used for the antenna has to have similar averaged 

permittivity as the adipose tissue found in the breast. 

6. Reduce noise. 

The signal-to-noise (SIN) ratio is defined as the ratio of the 

maximum tumor energy to the maximum noise energy in the 

tumor-free phantom. The tumor response in the received 

waveforms contributes to "signal," while "noise" is introduced 

by residual artifacts associated with antenna reverberation and 

reflections from the skin-breast interface, as well as 

conventional instrument noise. It is desirable to maximize the 

signal-to-clutter ratio. 
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7. Add band notch at 5.15-5.825 GHz (Optional) 

For UWB antennas not to interfere with the IEEE 802.11a based 

systems, the antennas can be re-designed to add a band notch at 

5.15-5.825 GHz. This is applicable to using the UWB radar 

imaging system in areas where there are wireless network 

transmissions. 

PRINTED TAPERED TEM HORN ANTENNA WITH 

DIFFERENT FEED STRUCTURES 

The Vivaldi antenna was first designed for wideband applications in 1979 

[23] fed by a wideband balun transformer. Its advantages are its planar 

configuration; otherwise it has the same quality as TEM hom in terms of 

reduction in pulse distortion. Furthermore, it can be integrated onto the same 

circuit board as Tx and Rx [24]. The shape of transmitted UWB pulses is 

preserved by Vivaldi antenna because it produces the first derivative of a 

Gaussian monocyle input with high accuracy without distortion similar to the 

non-resonating tapered TEM hom [1][24]. The key components of the antenna in 

term of design are the high-frequency substrate materials, SMA connector, feed 

structure and the radiating section. 

One of the disadvantages of the first design was that the balun must 

provide good performance over the UWB of the transmitted signal. Thus other 
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feed structures have been and continue to be explored for this type of antenna. In 

[1][25], a Vivaldi antenna similar to the one we want to investigate is described. 

In this section, we examine and compare three dielectric substrate 

materials with standard substrate thicknesses. These are the 62 mil thick FR4 

substrate, 31 mil thick FR4 substrate, and 40 mil Alumina substrate. Another 

material investigated was HIK powder where arbitrary dielectric constant and 

substrate dimensions are possible, but standard manufacturing fabrication 

techniques do not apply. Experimental prototype antennas manufactured in a lab 

using HIK powder is possible but the material's mechanical properties have to be 

investigated so that it would not easily break. Thus this direction was not 

investigated further and our implementation focuses on using existing standard 

high-frequency materials and fabrication technology. 

Early microstrip antennas were fed by microstrip line or a coaxial probe 

through the ground plane. The new and prominent feeding techniques include the 

coaxial feed, microstrip (coplanar) feed, proximity-coupled microstrip feed, 

aperture-coupled microstrip feed, and coplanar waveguide feed [26]. 

5.4.1 Coaxial-to-Microstrip Feed Transition 

A simple microstrip transmission line designed for a 50-Q characteristic 

impedance can serve as a feed structure to the radiating section of the antenna. 

Usually, the microstrip transmission line gradually tapers to a middle section such 

as a paired-strip transmission line [23] or to the radiating section [24]. Given the 
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thickness and dielectric constant of the substrate we can find the width of the 

transmission line from [27] 

(5.6) 

where 

(5.7) 

and Z0 is the desired characteristic impedance which is 50 n , er is the dielectric 

constant, and dis the substrate thickness. 

The equation in (5.6) assumes an infinite ground plane but this is not the 

case in reality. So the formula gives us a starting value for doing electromagnetic 

(EM) optimization. Another method to obtain an initial starting point for EM 

optimization is to implement a circuit model using CAD tool such as ADS [28]. 
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Fig. 5.2 	 An example ofmicrostrip transmission line design using a circuit model 
in ADS [28] . 

Fig. 5.2 illustrates the circuit model used for the optimization of the width 

of the microstrip as a circuit parameter. Once a width is obtained, we can start the 

design of the microstrip line from this value in Ansoft HFSS [29] . 

TanD=0.002 
Rho=1 

Term 
Term1 
Num=1 
Z=50 Ohm 

mm 

Term 
Term3 
Num=2 
Z=50 Ohm 
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Fig. 5.3 . An example of microstrip transmission line design using EM simulator 
in HFSS [29]. 

Fig. 5.3 shows the HFSS EM model of the microstrip transmission line. 

In general, the parameters to optimize are the width of the transmission line, the 

width of the ground plate, and the substrate height. Table 5.1 summarizes the 

values obtained for the various substrates under consideration. 

The FR4 substrate has dielectric constant of 4.4 and loss tangent of 0.02 

while the Alumina substrate has dielectric constant of 9.9 and loss tangent of 

0.006. The specification for the design was that the return loss or IS11 I must be 

less than -15 dB over the FCC approved UWB region. The results in Table 5.1 

show the EM optimization results for the given standard high-frequency substrate 

materials and specification. 
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TABLE5.1 
SUMMARY OF MICROSTRIP DESIGN PARAMETERS 

PCB 
Substrate 

PCB 
Thickness 

(mils) 

Metal 
Thickness 

(mils) 

Microstrip 
Width 
(mils) 

Microstrip 
Ground Plate 
Width (mils) 

FR4 62 4 153 755 

FR4 31 4 55 397 

Alumina 40 4 55 410 

Note: The substrate and copper metal thickness are from PCB fabncation standards. 

5.4.2 SMA Connector Modeling 

The antenna is fed by a 50-Q coax feed from the bottom connected 

through a SMA connector and transitions to the feed structure including the 

microstrip discussed in Section IV.A. A SMA PCB blunt post terminal is found 

from an SMA catalog [30]. 

Fig. 5.4 shows the geometry of the SMA connector feeding the antenna. 

Table 5.2 outlines the SMA geometry parameters. In the designs explored, the 

SMA connector is fed from the bottom to the microstrip line. Four varying 

designs for the feed structure transitioning from the SMA connector to the 
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microstrip line are studied. The same SMA geometry parameters are used in 

these feed structure designs. 

The inclusion of the SMA connector in the EM model improves the 

simulation result in terms of matching actual measurements. Other back metal of 

SMA connector is also modeled to improve the EM model of the feed structure to 

the antenna. 

Fig. 5.4 The geometry of the SMA connector feeding the antenna. 
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TABLE5.2 
SMA GEOMETRY PARAMETERS 

... 

w1 Wz Ll Lz L3 Rl Rz R3 
(mil) (mil) (mil) (mil) (mil) (mil) (mil) (mil) 

- ·

17 250 65 40 157 108 25 90 

== 

The SMA connector is modelled by a cylindrical band of electric current 

flowing on the centre copper conductor from the 50-n lumped port at the bottom 

to the top with a TEM field distribution in the ring about the probe. TheE-field 

polarized in the x direction becomes linearly polarized in the z direction as it 

transits from the SMA connector to the microstrip line. 

The dielectric of the cylinder is Teflon with dielectric constant of 2.1, and 

loss tangent of 0.001. It is simulated in Ansoft HFSS [29] and the return loss is 

found to be less than -20 dB over the bandwidth from 2 GHz to 11 GHz. 

5.4.3 SMA Connector to Microstrip Feed Transition 

Although there are several papers on various feeding techniques, which 

are summarized in [26], we focus on the coaxial feed or probe coupling, and 

microstrip feeds. In [26], the coaxial probe feeding of a microstrip patch antenna 

is shown and discussed. The feed structure is vital for efficient transfer of power 

from the input source to the radiating structure. Here, four possible feed 

structures are studied. 
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The setup for the first design involved attaching a SMA connector from 

the bottom of the PCB substrate. Then the centre conductor of the coax is passed 

through the substrate and soldered to the microstrip. This is similar to the setup in 

[26][31], which used a type N coaxial connector. Other than selection of the 

position of the centre feed point of the SMA connector with respect to the 

microstrip, no other structure is added to improve impedance matching, radiation 

pattern and return loss performance. 

The advantage of this coaxial feed structure is its simplicity. This is due 

to the direct relation between input impedance and feed point position. The 

coaxial feed structure has the following disadvantages [26]: 

• Coaxial feeding 	of an array requires a large number of solder joints 

making fabrication complicated, but for our application in breast 

cancer detection only at most a dozen antenna elements are needed in 

an array. 

• For the UWB applications, a thicker substrate is needed to increase the 

bandwidth but this implies a longer probe. The longer probe increases 

spurious radiation from the probe and the feed inductance, which is for 

instance why using HIK powder substrate with 2 mm thick substrate 

became challenging using the coaxial probe feed. 

• In [26], using ring shaped slot in the patch metallization concentric 

with the probe is suggested to offset the effects of the feed inductance. 
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This is at the cost of radiation pattern performance due to the electric 

field in the ring-shaped slot. 

The second design involves the introduction of a radial stub along with the 

coaxial feed from the bottom. The radial stub is supposed to improve the 

radiation pattern and smoothly re-direct the power from the back of the antenna to 

the radiating section. Fig. 5.5 shows the feed structure with the radial stub. The 

distance between where the radial stub starts and the feed point is d2. The angle 

¢ and radius R determine the dimensions of the radial stub. Vias can also be 

added to ground the stub to reduce the radiation from the back of the antenna. 

The radial stub was effective in increasing radiation efficiency of the antenna but 

at the cost of complication and difficulty in design. 

Achieving wideband impedance matching to 50-0 using the radial stub 

proved very difficult because of the input reactance which increases for high 

frequencies and equivalent characteristic impedance being between 10 ~ 20 n. In 

addition, during the EM simulation, higher-order modes were excited by the 

radial stub. Fig. 5.6 shows the E-field distribution in the radial stub and the 

microstrip line. 
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Fig. 5.5 The half-structure of the feed with the SMA connector, microstrip line 
and radial stub as simulated in HFSS. 
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Fig. 5.6 The E-field distribution m the radial stub and the micro strip line as 
simulated in HFSS. 
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The third design involves reducing the radiation loss compared to the first 

design and improving the impedance match compared to the second design. The 

antenna impedance can be transformed by EM coupling between the microstrip 

and the coaxial probe. So the aim is to increase radiation efficiency and direct the 

radiation power in a narrowbeam towards the breast medium and at the same time 

design an antenna that has return loss less than -10 dB over the bandwidth from 

3.1 GHz to 10.6 GHz. To accomplish this, EM energy from the SMA connector 

is coupled to the microstrip line by extending half of the cylindrically shaped 

SMA connector, including the shield and substrate, to be the same as the centre 

conductor (See Fig. 5.7). The coax probe feed point was placed a very small 

distance from the back end of the antenna. The distance between the feed point 

and the end of the microstrip line was set at 5 mil. 

The proposed third design is implemented for all the substrates outlined in 

Table 5.1. The geometry of the proposed feed structure is shown in Fig. 5.7. The 

dimensions are the same as in Table 5.1. 
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Fig. 5.7 	 The proposed feed structure with the SMA connector, EM coupling 
structure, and microstrip line implemented on alumina substrate and 
simulated in HFSS. 

The corresponding return loss is shown in Fig. 5.8, while the voltage 

standing wave ratio (VSWR) in Fig. 5.9. The return loss is less than -12 dB over 

the bandwidth from 2 GHz to 11 GHz. The response Is12 I and Isll 12 + I s12 12 

are plotted in Fig. 5.10(a) and 5.10(b), respectively. The later measure is related 

to the radiated power by the feed structure, which is a way to determine the 

radiation efficiency of the structure when connected to the radiating component of 

antenna. 

One can see from the plots that there is still some power radiated through 

the back to the air medium. This radiated power is about 10% of the power 

transmitted through the coaxial feed. 
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Fig. 5.8 	 The return loss IS11 IdB response corresponding to the proposed feed 

structure in Fig. 5.7 as simulated in HFSS. 
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Fig. 5.9 The VSWR response corresponding to the proposed feed structure in 
Fig. 5.7 as simulated in HFSS. 
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proposed feed structure in Fig. 5.7 as simulated in HFSS. 
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In order to improve the return loss response, an additional dielectric layer 

is added to the third proposed design. So in this fourth design the microstrip is 

between two dielectric substrates of the same material. The use of double-layer 

dielectric substrate can be employed for PCB antenna fabrication since 

manufacturing companies give customers this option in design. 

Fig. 5.11 shows the proposed feed structure with two dielectric layers. 

The corresponding return loss is seen in Fig. 5.12, while the VSWR in Fig. 5.13. 

The return loss is less than -12 dB over the bandwidth from 2 GHz to 11 GHz. 

The response IS121 and Isll 12+I s1212 are plotted in Fig. 5.14(a) and 5.14(b), 

respectively. The near-field radiation pattern is shown in Fig. 5.15. The near-

field distribution does not show radiation behind the feed structure partly because 

there was an absorber placed in the back of antenna. Fig. 5.16 shows theE-field 

distribution in the substrate and half-ring shaped Teflon dielectric extension 

added to proposed feed structure. 

The return loss achieved for this proposed feed structure is less than -15 

dB from 3.1 GHz to 10.6 GHz. 
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Fig. 5.11 	 The proposed feed structure with double-layer dielectric, the SMA 
connector, EM coupling structure, and microstrip line implemented 
on alumina substrate and simulated in HFSS. 
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Fig. 5.12 	 The return loss IS11 IdB response corresponding to the proposed feed 

structure in Fig. 5.11 as simulated in HFSS. 
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Fig. 5.13. The VSWR response corresponding to the proposed feed structure in 
Fig. 5.11 as simulated in HFSS. 
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Fig. 5.15 The near-field radiation pattern: (a) without absorber in the back and 
(b) with absorber corresponding to the proposed feed structure in Fig. 
5.11 as simulated in HFSS. 
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Fig. 5.16 	 TheE-field distribution at 6 GHz in the substrate and Teflon extension 
added for the proposed feed structure in Fig. 5.11 as simulated m 
HFSS. 

This feed structure IS difficult to fabricate as it needs special 

manufacturing of the semi-cylindrical metal that has the same thickness as the 

SMA connector and is perhaps not feasible. 

The feed structures proposed were also implemented on the 0.062" FR4 

and 0.031" FR4 substrates. The return loss and VSWR is much improved using 

the FR4 substrate with thickness of 62 mil. The return loss and VSWR in the 

bandwidth from 2 GHz to 11 GHz were made worst as the thickness was 

decreased from 62 mil to 31 mil as expected in the UWB region. 
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Fig. 5.1 7 The return loss IS11 IdB response corresponding to the proposed feed 

structure with the SMA connector, EM coupling structure, and 
rnicrostrip implemented on FR4 substrate with thickness of 62 mil as 
simulated in HFSS. 
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Fig. 5.18 	 The VSWRresponse corresponding to the proposed feed structure with 
the SMA connector, EM coupling structure, and microstrip 
implemented on FR4 substrate with thickness of 62 mil as simulated in 
HFSS. 
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Fig. 5.19 The return loss IS11 IdB response corresponding to the proposed feed 

structure with the SMA connector, EM coupling structure, and 
microstrip implemented on FR4 substrate with thickness of 31 mil as 
simulated in HFSS. 
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Fig. 5.20 	 The VSWR response corresponding to the proposed feed structure with 
the SMA connector, EM coupling structure, and microstrip 
implemented on FR4 substrate with thickness of 31 mil as simulated in 
HFSS. 

Table 5.3 compares the various feed structures explored as components of 

UWB antennas. In addition to those proposed in this report, the comparison 

includes feed structures used in the literature such as the coplanar waveguide 

(CPW). The proposed structures outperform the other feed structures in terms of 

bandwidth, and impedance matching but at the expense of spurious feed radiation 

and complexity of fabrication. The alumina substrate performs better than FR4 at 

higher frequencies but its advantages are offset partly by the substrate thickness 

as the highest standard thickness is 40 mil. Custom design for the substrate is 
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costly which is to be avoided since we want to design low-cost planar microstrip 

antennas. 

Let us first examine the computational domain and the model for the 

breast tissue without any tumors. The dielectric properties of breast adipose 

tissue is obtained from their measured complex permittivity 5, which is 

5 =c'- Jc" (5.8) 

where c' = c0cr is the permittivity of the tissue; c" = 8 00' I m is the out-of-phase 

dielectric loss factor, and a is the total conductivity including contributions from 

frequency-independent ionic conductivity [32]. Gabriel et al. [32] reported 

permittivity measurements in the frequency range 10 Hz to 20 GHz for human 

skin and breast adipose tissue. In our experimental antenna design setup, we 

assume the adipose tissue and human skin layers to be homogeneous with certain 

average relative permittivity and conductivity in the prescribed computational 

domain. The experimental setup for simulating the antenna element is shown in 

Fig. 5.21. The antenna is to be designed to match the breast tissue and reduce 

skin-artifact reflections. The dispersive properties of normal breast tissue are 

included in the HFSS model using the averaged linear single-pole Debye model 

with values as in Bond et al. [33] valid from 100 MHz to 20 GHz. 
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The single Debye model is given by 

(5.9) 

where &
8 

is the low-frequency permittivity, &00 is the high-frequency permittivity, 

r is the relaxation time, OJ= 2;rf is the radian frequency, &
0 

is the permittivity 

of free-space and 0'
8 

is the ionic conductivity. The Debye parameter values are 

given in Table 5.4. 

The numerical domain employs symmetry with half the structure with 

dimensions of (61.9 x 43.6 x 54) mm3 box of the phantom followed by 2 mm 

thick (2 x 43.6 x 54) mm3 skin and (55 x 43.6 x 54) mm3 box of air. The antenna 

return loss ISJII dB is measured along with the antenna near-field pattern and 

directivity. 
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TABLE 5.3 
SUMMARY OF COMPARISON OF VARIOUS TYPES OF FEED STRUCTURE FOR UWB ANTENNAS 

Characteristics 
Coaxial-

Probe Feed 

Coaxial-Probe 

Feed with 

Radial Stub 

CPWFeed 

Proposed 

Structure #1 
(Fig. 6) 

Proposed 

Structure #2 
(Fig. 10) 

Configuration Non-planar Non-planar Coplanar Non-planar Non-planar 

Ease of 
Fabrication 

Soldering 
and drilling 

needed 

Soldering and 
drilling needed 

Alignment 
required 

Soldering and 
drilling needed 

and special 
manufacturing 
for the SMA 

extension 
metal 

Soldering 
and drilling 
needed and 

special 
manufacturing 
for the SMA 

extension 
metal 

Maximum Return 
Loss (3.1GHz to 

10.6 GHz) 
-10 dB 0 dB -15 dB -13 dB -17 dB 

Spurious feed 
radiation 

More Less Less Medium More 

Polarization 
purity 

Poor Good Good Excellent Excellent 

Impedance 
Matching 

Easy Poor Easy Easy Easy 

Reliability 
Poor due to 
soldering 

Good Good Better 

-

Better 
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TABLE5.4 
AVERAGED DEBYE MODEL PARAMETERS 

Tissue eoo es 
r 

ps 
(J 

S/m 

Skin 4 48 8 0.5 

Breast fat 7 10 7 0.15 

-

Tumor 4 54 7 0.7 

Fig. 5.21 	 The planar numerical model of the breast medium with the skin layer 
between the air-breast interface as simulated in HFSS. 

138 



CHAPTER 5 NARROWBEAM ULTRA WIDEBAND ANTENNAS FOR 
MICROWAVE BREAST CANCER DETECTION 

TABLE5.5 
ANTENNA GEOMETRY DESIGN PARAMETERS 

Dimension 

Width 

Length 

Metal shield 
height 

Value 

63.5 mm 

46mm 

16mm 

Various narrowbeam microstrip planar TEM hom antenna designs were 

tried. The proposed antenna design is shown in Fig. 5.22. 

Fig. 5.22 	 Proposed antenna design #1 with feed structure on alumina substrate 
and the radiating substrate with dielectric constant of 12.24 and height 
of 40 mil as simulated in HFSS. 
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Fig. 5.23 The return loss response for proposed antenna design #1 as simulated 
in HFSS. 

The corresponding responses for the antenna in Fig. 5.22 are return loss, 

VSWR, and near-field radiation pattern. They are shown in Fig. 5.23 to Fig. 5.25. 

Table 5.5 shows the antenna parameters for the design shown in Fig. 5.22. It is 

important to note that the challenges of designing the TEM hom antenna flared in 

the H-plane on a PCB for applications for breast cancer detection applications 

arise from the skin-breast artifact reflections and the fact that the antenna has to 
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Fig. 5.24 	 The VSWR response for proposed antenna design #1 as simulated in 
HFSS [29] . 

be impedance matched to the breast fat tissue for ma~imum power transfer to the 

breast. 

Other Vivaldi-type slot designs and the dual of the Vivaldi-type antennas 

based on microstrip design have been considered for UWB communications. It 

was shown that these types of antennas operate below 15 GHz. Advantages of 

these antennas are their light weight and thickness. 
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Fig. 5.25 	 The group delay response for proposed antenna design #1 as simulated 
in HFSS [29]. 

For UWB communications, the transient response has relatively sharp 

peak and has less gain than the horn antenna due to its smaller aperture [34]. The 

antenna's transient response analysis was conducted and it was found that the 

feeding network and the Vivaldi's antenna's aperture are a source for reflections 

[34]. It also has low pulse distortion. 

Other challenges and disadvantages of designing planar microstrip 

antennas include the fact these antennas can induce surface waves. Thus cutting 

the dielectric substrate in a certain shape may be a strategy to avoid these effects. 

This design consideration was taken into account in the proposed antenna 

structures. 
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CONCLUDING REMARKS 

The first step towards a completely novel antenna for UWB biomedical 

imaging applications has been demonstrated through the design and simulation of 

various feed structures and a TEM hom antenna flared in the H-plane on a PCB 

substrate. An antenna with stable narrowbeam radiation patterns would result in 

employing fewer array elements. The advantage and disadvantages of the 

proposed UWB antenna and other UWB antennas available in the literature and 

were discussed. 

In the selection of the substrate, there is a trade-off between alumina and 

FR4 in cost, performance at high frequencies, and standard thicknesses since the 

thicker the substrate the better the UWB bandwidth impedance matching. The 

advantage of using the alumina substrate is that it performs better at higher 

frequencies in terms of dispersion and return loss, but the largest standard 

thickness without customization is 40 mil. This limits the UWB impedance 

matching performance. On the other hand, FR4 substrate can perform adequately, 

but provided the same thickness, underperforms alumina at higher frequencies. 

The advantage of FR4 substrate is that it is a cheap standard for PCB fabrication 

of circuits world-wide; in addition, it comes at a higher thickness at 62 mil than 

alumina, which improves the UWB impedance matching performance. 

Future work would consider the fact that the dielectric properties of the 

breast vary from patient to patient due to size, age, patient's health and genetics. 
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These properties have statistical behavior, which requires a statistical model to be 

used in the design of the antenna to remove the skin-breast artifact. 
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CHAPTER6 

CONCLUSIONS 

The thesis presents novel approach to the detection of tumors of size well 

below a centimeter using a sub-wavelength ultra-wide band (UWB) microwave 

radar imaging technique. The approach belongs to the group of time-reversal 

techniques, which are considered promising for the purposes of UWB microwave 

imaging. The novel approaches described and explained in this thesis include two 

major contributions: 1) a robust convergence criterion based on the modified 

Shannon entropy measure, which leads to a unique unambiguous solution; 2) 

significantly enhanced resolution due to the use of the principle of phase-shifting 

mask for the design of the antenna array excitation. 

In Chapter 2, the existing UWB microwave radar imaging techniques for 

breast cancer detection are reviewed. 

In Chapters 3 and 4, the modified Shannon Entropy Criterion (SEC) is 

described and its application to determining when the time-reversed propagating 

wave focuses back to the scatterer. 
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In Chapter 3, the novel robust TLM-based time-reversal microwave radar 

imaging technique is presented. The simulation required for the data acquisition 

model and the TR model is implemented in two-dimensional TM-mode and 

simulated using Matlab. The planar and cylindrical examples, with dielectric 

profile based on MRI-derived data of the breast of a 57-year old female, are used 

to demonstrate the advantages of the SEC as compared to the inverse varimax 

norm criteria. Then the need to use a technique for detection below the 

diffraction limit imposed by the UWB pulse is discussed. 

In Chapter 4, a sub-wavelength UWB microwave imaging technique is 

proposed that incorporates SEC and the experimental setup formulated using 

PSM principle in a TR algorithm. The novel technique is then applied to detect a 

0.5-mm diameter tumor using a 200-ps UWB pulse. The breast is in the supine 

position. We investigate the effect of dielectric contrast and the effect of the 

depth or the proximity of the tumor to the antenna receivers on the robustness of 

the SEC in detecting the sub-wavelength tumors. Based on these findings, a sub

wavelength microwave imaging technique that exploits two TRMs is proposed 

using the SEC and PSM in a TR algorithm to improve tumor localization. 

In Chapter 5, we design the feed structure of an UWB antenna for 

microwave radar imaging. UWB antennas are fundamental components of UWB 

imaging systems. Many UWB radar imaging systems employ these antennas for 

transmitting and receiving short-duration UWB pulses. Consequently, studying 
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the radiation and reception properties of these antennas IS vital m order to 

determine their suitability for such applications. 

The TEM hom antenna is studied and suggestions for future work are 

made regarding hardware implementations. In addition to the feed structure, 

antenna models and breast phantoms are implemented using Ansoft HFSS. For 

optimizing the feed structure circuit models in Agilent ADS were utilized. 

The following research topics should be addressed in future developments. 

(1) 	 Implementation of the sub-wavelength imaging technique using a 

time-reversal cavity (TRC) for UWB microwave radar imaging in the 

prone position. 

(2) 	 Investigating the use of metamaterials and novel technologies to build 

antennas for sub-wavelength microwave imaging. 

(3) 	 Investigating novel UWB antenna designs that use the developments 

and exploration in Chapter 5 to build upon and fabricate the designs. 

(4) 	 Development of robust theory, which provides with a quantitative 

measure the resolution improvement of using the experimental setup 

for the sub-wavelength microwave radar imaging technique. 
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