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ABSTRACT 
In this thesis, a new microwave imaging technique for early stage breast cancer 

detection is developed to achieve two key aims: (i) to reconstruct the radar image of the 

suspicious region within the breast and (ii) to decide whether a suspicious region has 

malignant or benign tumors by differentiating their morphological features in terms of 

their complex natural resonances. 

For our investigations we employ both numerical and chemical tissue mimicking breast 

phantoms. The breast phantom is illuminated by UWB pulses radiated from antenna 

elements arranged in a multistate configuration surrounding the breast. An efficient pre-

processing technique is proposed to process the received pulses for the removal of 

early-time artifacts. To reduce the interferences of the background tissue clutter in 

inhomogeneous breast environment, a new time-of-arrival (TOA) auto-calibration is 

presented to estimate accurate TOA for confocal imaging. For determining the 

suspicious region within the breast, a novel and efficient data independent beam former 

known as Modified Weighted Delay and Sum (MWDAS) algorithm has been proposed. 

Once the suspicious region is localized by MWDAS method, the waveform of late-time 

backscattered field will be estimated using a proposed two-stage waveform estimation 

method. The accuracy of the waveform improves the extraction of complex natural 

resonances (CNR) that will be used to discriminate of whether a suspicious tissue is 

malignant or benign.  Basing on radar target discrimination, we propose that the CNRs 

extracted from the late-time resonant tumor response can be closely related their 

morphological properties: spiculated lesion has CNR poles that differ from CNR poles 

of a smooth lesion. To validate our proposal, we perform FDTD simulations on 2D and 

3D numerical breast phantoms that have been developed based on MRI-derived tissue 

dielectric properties. These simulations have revealed that the CNRs from malignant 

tumors have significant lower damping factors than the benign ones. These simulation 
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results helped to reconfirm that it is possible to distinguish malignant and benign breast 

tumors based on their CNRs. 

To validate the proposed method of tissue discrimination, we have developed an 

experimental UWB imaging prototype using novel UWB sensors and tissue mimicking 

chemical breast phantoms to carry out preliminary preclinical experiments. Three novel 

end-fire compact sized UWB antennas have been proposed. After thoroughly 

investigating their characteristics, a novel UWB horn antenna known as BAHA that 

offered superior UWB performance is chosen, fabricated and measured to confirm its 

characteristics. A prototype experimental imaging system that incorporates 32 BAHA 

antenna elements forming a hemispherical UWB array is fabricated and tested using a 

vector network analyzer.  Tissues mimicking chemical phantoms with dielectric 

properties similar to human breasts have been manufactured to have both adipose-tissue 

dominated homogeneous phantom with a dielectric contrast of 4:1 and a low-adipose in-

homogeneously dense phantom with dielectric contrast of 1.7:1. Experimental results 

obtained using the hemispherical array prototype and phantoms have shown that 

dielectric inserts (12mm diameter) that mimic malignant and benign lesions can be 

successfully detected from both high and low dielectric contrast scenarios. Tumor 

mimicking lossy dielectric inserts with both irregular and smooth patterns have also 

been fabricated using chemicals to represent malignant and benign tumors respectively.  

Finally, measured data from experimental prototype have demonstrated that tissue 

shape can be discriminated via CNRs. The experimental results confirmed that the 

proposed UWB antenna array is capable of picking up undistorted late-time signals 

from embedded tumor-mimicking dielectric inserts with different morphological 

profiles to offer reliable CNR extraction. Matrix Pencil Method is employed to extract 

CNRs from late time responses. Our investigations have confirmed that damping factors 

of the extracted CNRs from both spiculated and smooth inserts can be used to 
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differentiate their shapes which are quite promising for early stage breast cancer 

detection. 
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Chapter 1 

Introduction  

1.1 What is breast cancer? 

Breasts are made up of lobules and ducts, surrounded by fatty and connective tissues. 

Early stage breast cancer is usually to start in the ducts and lobules of the breast as 

shown in Figure 1.1[1]. Once the cancer cells spread outside the ducts or lobules and 

into the breast tissues, they may form a lump called “invasive breast cancer”. Breast 

cancer is the most common non-skin malignancies in women and the second leading 

cause of female cancer mortality [2]. In Australia, 1 in 8 women and 1 in 688 men will 

be diagnosed with breast cancer before the age of 85 years [3]. On the other hand, non-

invasive breast cancer such as ductal carcinoma in situ (DCIS) and lobular carcinoma in 

situ (LCIS) are confined to in the ducts and lobules. Although in the non-invasive stage 

breast cancer may not spread into other tissues, it increases the risk of developing an 

invasive breast cancer later on. 

 

One of the strategies for increasing the likelihood of successful treatment and long-

term survival is the detection of breast tumors at an early stage. For women with small 

cancers (10mm or less in diameter), 5-year survival is almost as high as that for women 

without breast cancer [3]. 

 



Chapter 1: Introduction 
 

______________________________________________________________________ 
2 

 
 
 

 
Figure 1.1 Breast structure [1] 

 

1.2 The existing screening tools for breast cancer detection 

The gold standard method for breast cancer imaging is the X-ray mammography. 

Although mammography used currently has undergone several improvements, it is still 

difficult to accurately predict as to which tissue abnormalities are cancerous or not 

without additional imaging or biopsy. Also, mammography has a significant false-

negative detection rate from 4% to 34% [4] and it is difficult to image 25% of women 

who have dense breasts [5]. In addition, breast compression in mammography will 

make many patients feel uncomfortable and even painful. Also, X-rays provide ionizing 

radiation and hence are not advisable for longtime exposure.  

 

Other medical imaging modalities such as ultrasound has been used clinically to 

determine whether a lesion detected by a mammogram is a liquid cyst or a solid tumor 

[5]. However, ultrasound is limited by its lower resolution. The acoustic waves occur 

around between 2-18MHz. Also, ultrasound is considered to be too operator-dependent. 

Magnetic resonance imaging (MRI) is another useful screening tool for breast tumor 

Lobules 
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detection. MRI can produce images of high resolution and provides much greater 

contrast between the different soft tissues within the body. However, it is very 

expensive to use for early stage screening [5].  

 

1.3 Microwave Imaging 
The concerns related to the above mentioned screening tools have generated 

interests in researchers of exploring alternative approaches for breast cancer screening. 

Microwave imaging, appeared as a promising technique, have been extensively 

investigated [6-15]. Although microwave technology does not have the same high 

spatial resolution of X-rays, however, it does offer exceptionally high contrast with 

respect to physical or physiological factors of clinical interest, such as water content, 

vascularization/angiogenesis, blood-flow rate, and temperate [16]. Furthermore, 

microwave attenuation in normal breast tissue is low enough to make signal propagation 

through even large breast volumes quite feasible. For these reasons, microwave breast 

imaging has the potential to overcome some of the limitations of conventional breast 

cancer screening modalities. Also, it can work as a complimentary modality to improve 

the prediction capability[17, 18].  

 

Various techniques using microwave imaging have been explored for breast cancer 

detection including passive, hybrid and active methods. Passive methods use 

radiometers to measure the temperature differences between tumor and normal tissues 

[14, 19, 20]. Hybrid methods use microwave energy to heat the tumor followed by 

detection of ultrasound waves that are generated by the expansion of the heated tissues 

[21, 22].  

 

In active microwave imaging methods, breast is illuminated by microwaves and the 

backscattered microwave signals are collected. Of interest in this thesis are active 

imaging approaches, which may be broadly classified as tomography and radar based 
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confocal microwave imaging (CMI). Tomographic image reconstruction methods 

commonly produce a series of sliced images of the permittivity and conductivity for the 

imaged region. [6, 23-26]. The challenge of microwave tomography, however, is that it 

involves the solution of an ill-conditioned nonlinear inverse scattering problem. 

Furthermore, the inverse-scattering problem requires image reconstruction algorithms 

that may be computational intensive. However, recent investigations using tomographic 

imaging have reported promising results [27-30]. 

 

Unlike tomographic microwave imaging, confocal microwave imaging (CMI) uses 

radar principle to focus backscattered signals into the breast to create images that 

indicate regions of significant scatterings[16, 17, 31-48]. The breast cancer detection 

using CMI method is based the difference of dielectric properties between malignant 

tumors (high-water content) and healthy breast tissues (low water content). CMI avoids 

nonlinear inverse scattering and only identifies regions of strong scatterers that arise due 

to content in dielectric property. To acquire the data for CMI, multistatic configuration 

is preferred to obtain spatial selectivity. The breast is illuminated with an ultra-

wideband pulse from one antenna, and other antennas collect the backscattered waves. 

A time-delay-and-sum algorithm is used to obtain the synthetically focused intensity at 

a given focal point within the domain of interest. Then this focal point is scanned to a 

new location within the breast and this synthetic process is repeated to cover the entire 

breast region. Signals from the target are summed coherently, whereas signals from 

other locations add incoherently, then suppressing the effects from clutters[5]. Thus, 

this spatial focusing overcomes the challenges of breast heterogeneity, and is possible to 

detect and localize millimeter-sized tumors using CMI [16].   

 

Safety assessments using specific absorption rate (SAR) are evaluated on realistic 

3D breast phantoms prior to clinical implementation. Time-domain SAR evaluations 

have been reported in [49-51]. These evaluations have demonstrated that EM energy 
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absorptions using microwave are very small for breast cancer detection over 

ultrawideband frequencies. And the power was one or two orders of magnitude below 

that used by any cell phone. Hence, we feel that the safety in this case is not a major 

concern.  

 

1.4 Breast tissues and dielectric properties 
 

Breast is an inhomogeneous structure composed of multilayers of different types of 

tissues. Two main types can be categorized: adipose tissues and glandular tissues which 

reside inside lobules and ducts. At microwave frequencies, biological tissue interactions 

with the fields are defined by their complex permittivity, which consists of the dielectric 

constant 𝜀ᇱ, and the loss factor 𝜀ᇱᇱ. The dielectric constant determines the ability of the 

material to store the electric field energy, while the loss factor indicates how much of 

that energy is converted into heat and dissipated. Since biological tissues have 

frequency dependent dielectric constant and loss factor, they are dispersive over 

frequency. In order to assess the dielectric properties of healthy tissues and malignant 

tissues as well as benign tissues for microwave imaging application, a large-scale study 

was conducted based on surgical data [52, 53]. In these studies, three groups of breast 

tissues have been formed based on percentages of adipose, fibroconnective, and 

glandular tissues: 1) group-1 contains 0-30% adipose tissue (high water-content); 2) 

group-2 contains 31-84% adipose tissue; 3) group-3 contains 85-100% adipose tissues 

(low water-content).   

 

The dielectric properties corresponding to the three types of breast tissues have been 

experimentally obtained by Lazebnik et al [52] and can be represented by Cole-Cole 

models. Cole-Cole model is commonly used as physics-based compact representations 

of wideband frequency-dependent dielectric properties[54]. Alternatively, a simpler one 

or two pole Debye models [55] can also be used to characterize the frequency-
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dependent dielectric properties over ultrawideband (0.5-20GHz). The reported one and 

two-pole Debye models are sufficient to fit well with the experimental data from cancer 

surgeries and have close agreement with the computational complex Cole-Cole models 

[52, 55, 56]. Also the experimental study by Lazebnik et al [52] has revealed that 

heterogeneity of the dielectric properties is larger than that suggested by earlier studies, 

and the dielectric properties of healthy breast tissues are much higher than previously 

reported. This makes malignant tissue detection difficult in heterogeneously dense 

breast because a large amount of glandular tissues are present in dense breast. 

  

Two-pole Debye model is defined by[55]: 

 ε(𝜔) = 𝜀ஶ + ∑ ∆ఌ೙ଵା௝ఠఛ೙ே௡ୀଵ + ఙೞ௝ఠఌబ                                (1.1)      

                

The parameters of the two-pole Debye model are shown in Table 1.1 [55]. The 

parameters of Debye model shown in Table 1.1 are frequency dependent. For 

frequencies up to 20GHz, these parameters provide close comparison with Cole-Cole 

model for the breast tissue dielectric properties. Hence, these Debye parameters given in 

Table 1.1 can model the dielectric properties of a breast tissue at any frequency below 

20GHz 

Table 1.1 Dielectric Properties of Tumor and Normal Breast Tissues in [55] 

Parameter High Adipose Medium Adipose Low Adipose Malignant ∆𝜀ଵ 0.58 19.64 20.81 25.61 ∆𝜀ଶ 1.09 14.23 20.22 23.91 𝜏ଵ 𝑝𝑠 8.07 5.81 7.39 7.22 𝜏ଶ 𝑝𝑠 19.25 16.49 15.18 15.30 𝜀ஶ 3.14 5.57 7.82 6.75 𝜎௦S/m 0.036 0.52 0.71 0.79 
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1.5 Test beds using numerical and experimental breast 

phantoms 
1.5.1 Numerical breast phantom 
Research on both diagnostic and therapeutic microwave techniques benefits from 

anatomically realistic numerical breast phantoms that mimic breast structural 

complexities, tissue heterogeneity, and dispersive dielectric properties [57]. These 

realistic phantoms have been provided by the University of Wisconsin Computational 

Electromagnetics Laboratory’s (UWCEM) breast phantom repository[57]. The 

numerical phantoms are derived from MRIs data collected from patients. The American 

College of Radiology defines four classes of breast composition according to the 

radiographic density of the breast: 1) almost entirely fat (C1); 2) scattered 

fibroglandular (C2); 3) heterogeneously dense (C3) and 4) extremely dense (C4). The 

four numerical phantoms C1, C2, C3 and C4 available from UWCEM phantom 

repository therefore correspond to the four types of breast classes and are obtained from 

MRI data for patients [57]. A sagittal slice of C3 heterogeneously dense breast can be 

seen in Figure 1.2. Blue color within the breast indicates the region of glandular tissues 

and red color denotes fatty tissues.  

  
Figure 1. 2 MRI-derived 2D breast image. 
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1.5.2 Tissue mimicking breast phantoms 

Since it is difficult to get clinical clearance to test any of the experimental imaging 

methods directly on human models, many investigators used tissue mimicking 

phantoms that are formed using chemicals, oil etc. An initial experiment using simple 

high dielectric tumor was reported in [40]. The tumor model has 𝜀௥=43.7, σ = 6.94 at 

4GHz which was fabricated by mixing Alginate powder, water and salt. Breast phantom 

was represented by a 10cm dia plastic cylinder having 30cm height, which is filled with 

fatty tissue phantom made by mixing flour, canola oil and 0.9% saline. This mixture has 

dielectric property of 𝜀௥ = 4.2 , σ = 0.16  at 4GHz[40]. More advanced phantoms 

including homogeneous and inhomogeneous dense breast phantoms were also reported 

in literature [45], in which dielectric constant of mimicking materials ranging from 10 

to 30 represented adipose and glandular tissues respectively. Those tissue phantoms 

were fabricated by mixing different portions of TX151 and polythene powder and water. 

A 2mm thick skin layer was formed and directly supported by a curved ceramic shell 

with dielectric constant of 2, and the tumor phantom had dielectric constant 𝜀௥ = 50. 

 

Improved method of making phantoms was later reported recently [58] [59] using 

oil-gelatin mixture to make tissue mimicking breast phantoms. The phantoms were 

made by mixing gelatin and oil (50% safflower oil and 50% kerosene) as well as four 

other ingredients with different concentrations. Following this method, skin, fatty and 

glandular tissues and tumor can be fabricated and solidified using a custom defined 

mold. Although the measured dielectric properties did not match closely with the actual 

measured values for tissues as reported by Zastrow et al [57], but it was mentioned that 

the differences were tolerable, since the tissue properties usually vary widely between 

different patients. Using this method, fabrication of realistic breast phantom [60] and 

conical heterogeneous glandular tissues [61] also has been reported. 
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1.6 Existing confocal microwave imaging and challenges 

1.6.1 Data-independent beamforming 
Beamforming is a signal processing technique that is used coherently to enhance 

signal from the target of interest while suppressing the signals from other sources. 

Originally, delay-and-sum (DAS) beamforming was employed for confocal microwave 

imaging for breast cancer detection [31, 32]. DAS is one of the data-independent 

beamformers that form a beamforming weight without the knowledge of array response 

and requires low computational load for implementation. Later, an improved data-

independent beamformer, known as microwave-imaging-via-space-time (MIST) 

beamforming was reported by Bond et al [34]. The MIST algorithm uses a least-square 

technique to design the weights of the beamformer so that it allows tumor response to 

pass through with unit gain but signals from other surrounding region are attenuated.  

 

Another variant of DAS beamformer, known as delay-multiply-and-sum (DMAS) 

was proposed by Lim et al [46], where multiple pair signals are multiplied to increase 

the intensity of tumor response. Simulated results using FDTD have shown robust 

detection performance using this algorithm. Another method, known as Improved-DAS 

(IDAS) was also proposed in which a weighting factor was multiplied at each confocal 

point [41]. The main idea behind the IDAS is that the weighting factor increases the 

intensity of signal of interest adaptively and reduces the normalized signal value from 

other surrounding regions within the breast. The IDAS was demonstrated 

experimentally to localize tumors of size 7mm and 10mm (dia) in which 16 stacked-

patch antenna elements were employed to examine a chemical breast phantom that has 

5:1 dielectric contrast between tumor and background tissues and performed over a 

band of 3GHz to 10GHz.  
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Performances between conventional DAS, DMAS and IDAS have been compared 

by Byrne et al [62] by using FDTD simulations using realistic MRI-derived numerical 

breast models provided by UWCEM breast phantom repository [63]. It was 

demonstrated that the performances degraded significantly as the dielectric contrast 

varies from homogeneous to inhomogeneous phantoms, because of the assumption of 

constant dielectric breast properties for calculating the propagation velocity. Their 

results revealed that DAS is more robust  compared to DMAS and IDAS [62]. 

 

1.6.2 Data-dependent beamforming 
In contrast to data-independent beamforming, data-dependent beamforming was 

proposed using robust capon beamforming (RCB) initially by Li et al [47, 64, 65]. It 

was well acknowledged that multistatic adaptive microwave imaging (MAMI) method 

using RCB proposed by Li et al [47] showed superior performances than data-

independent beamformers on image resolution and clutter rejection[42, 47]. In MAMI, a 

two-stage RCB was employed to detect 4mm (dia) tumor using 3D numerical breast 

phantom and obtained much higher resolution than DAS. Although MAMI introduced 

efficient RCB beamforming for CMI method, the phantom adopted in MAMI had 

unrealistic dielectric contrast between tumor and surrounding glandular tissues [66-69]. 

 

An improved robust capon beamforming using transmitter grouping (TG-RCB) [70] 

was proposed to obtain better accuracy of reconstruction and tested on realistic MRI-

derived FDTD breast models by Zastrow et al [63]. Unlike the two-stage RCB proposed 

by Xie et al [47], TG-RCB focused energy at each step of RCB [70]. Simulations 

indicated that TG-RCB presented enhanced tumor images than MAMI in heterogeneous 

numerical breast phantoms that contains large amounts of glandular tissues.  
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Recent large scale studies on dielectric properties [52, 53] have revealed that the 

dielectric contrast between malignant tumor to glandular tissues could be as small as 

1.1:1, which makes the microwave imaging very challenging for the detection of 

malignant lesions in dense breast [52, 53, 55]. Although confocal microwave imaging 

methods have demonstrated detection of small sized tumors in simple fatty tissue 

dominant breast phantoms, they cannot detect small sized lesions in dense breast 

phantom. Detection in dense phantoms is important for early stage detection, since 

breasts of younger adults are relatively denser [71]. Further, any detection method that 

is based on the strength of backscattered energy [31, 42, 47, 72] cannot differentiate the 

malignant lesion and benign glandular tissues, since the backscattering strength depends 

on the dielectric contrast. Hence, there is a need to investigate alternate methods of 

differentiating the tissues.  

 

 1.6.3 Experimental microwave imaging systems 

Many experimental microwave imaging systems viz., pulsed radar system [32, 33] 

tissue sensing adaptive radar system (TSAR) [39] etc were reported in the literature to 

demonstrate the applicability of the confocal microwave imaging techniques for breast 

cancer detection. In these systems, simple antennas such as resistively loaded bowtie 

and monopole antennas were employed as the UWB sensors to illuminate UWB pulse 

into breast tissues. All time-domain “measured” waveforms have been generated 

synthetically using the vector network analyzer (VNA) in a swept frequency mode. 

Frequency domain data was scaled by the spectrum of the desired UWB input pulse and 

converted to the time domain using an inverse discrete Fourier transform (DFT)[31].  

 

Another simple experimental investigation was reported in [73], where a simple 

dielectric rod was immersed in a water filled glass tank to mimic a tumor. Signals were 

obtained synthetically by frequency swept from 0.5 to 3GHz. Also, many radar imaging 
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systems for breast cancer detection have been reported. A microwave imaging system 

was designed and built with 31 wide-slot antennas [44, 45]. Instead of immersing the 

antennas in coupling liquid, the authors[44] used ceramic shell as the medium between 

antennas and phantom, and deployed multiple RF switches to switch between antenna 

elements and high-performance vector network analyzer. Similar to other frequency-

domain measurements, measured time domain waveforms were obtained synthetically 

by frequency swept from 3GHz to 10GHz. It was reported that a full multistatic scan 

takes only 80 seconds to complete, and modified DAS algorithm was employed to 

reconstruct tumor image [44, 45] to successfully detect a 7mm tumor in both high 

dielectric contrast (5:1 at 3GHz) and low (1.67:1 at 3GHz) dielectric contrast phantoms.  

 

The experimental methods that used DAS beamforming reported that DAS could 

achieve good image resolution and clutter rejection if it is combined with proper weight 

factors. Moreover, it was suggested that simple mechanical array rotation to remove 

early-time artifacts such as antenna excitation and skin reflection will be sufficient to 

obtain a good later-time response. An antenna system with 64 elements using a larger 

RF switch matrix to form multistatic configuration was also reported [43].   

 

Despite the superior performances reported by many researchers [42, 44], some 

aspects of their measurement systems require a closer look. The wide-slot antenna when 

used to immerse in the coupling liquid did not obtain high magnitudes of S21 for 

backscattered field over full band for 100mm antenna separation. The magnitude of S21 

of backscattered field strength was -30dB only at single frequency 4.5GHz but later 

significantly dropped to -60dB at 10GHz, which indicates that the reported wide-slot 

cannot cover sufficient bandwidth as well as at larger separation between antennas 

when immersed in coupling liquid. Also, the measurement of fidelity was made only 

between two antennas separated by small angles. Further, the significantly dropped 

magnitudes of S21 indicate that the fidelity of wide-slot antennas may be low. 
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A monostatic prototype was developed by Bourqui et al [74]. In their system, a 

cylindrical tank was filled with canola oil as coupling liquid for the immersion of 

phantom and antenna. Balanced antipodal Vivaldi antenna with dielectric director was 

employed to focus the beam into the breast phantom and used VNA with frequency 

sweep from 50MHz to 15GHz. A laser scanner was also mounted for estimating 

phantom outline. For each trial, 200 antenna locations were scanned within 30 minutes. 

The advantage of the system [75] is that the antennas were moving over many positions 

forming a synthetic array which reduced the cost of array fabrication. However, their 

system requires complex positioning method.  

 

1.6.4 Design of UWB antenna elements for radar based microwave 

breast imaging 

In the first reported experiment on radar based microwave breast imaging, a loaded 

Wu-King monopole antenna [76] was used. This monopole radiated within the band of 

7GHz to 10GHz when immersed in coupling liquid having 𝜀௥ = 3. Unlike monopole or 

dipole antennas, end-fire antennas have attracted attentions because they can radiate 

more energy into the imaged region with focused beam. Most end-fire designs used the 

metallic cavities or absorbing material to force the radiated energy to focus into the 

breast. For example, a 16 element hemispherical array using a UWB patch antenna with 

small ground plane of 23mm × 29mm was reported by Nilavalan et al [77], to work 

between 4.5GHz and 10GHz. Subsequently, an improved wide slot antenna was 

proposed with much smaller ground plane of 13mm × 14mm so that a larger array 

surrounding the outer breast surface can be formed [78]. 

 

Most reported antennas for breast imaging were immersed in coupling liquid to 

reduce reflections. A modified pyramidal horn antenna was reported to work in both air 



Chapter 1: Introduction 
 

______________________________________________________________________ 
14 

 
 
 

and coupling liquid [79]. It uses a curved metallic launching plane terminated by two 

resistors, and operates between 1 to 11GHz.  

 

A new method to enhance the energy radiation into breast medium was reported 

in[80], in which the balanced antipodal Vivaldi antenna (BAVA) was coupled with a 

high dielectric director. This director will focus the radiated energy better into the 

imaged region and provide higher fidelity. Furthermore, numerical results have 

indicated that the dielectric director could receive the backscattered signal better than 

simple BAVA [80]. 

 

A new TEM horn antenna with aperture 19mm × 30mm was proposed by Amineh 

et al [81] where the antenna touched breast surface directly without using coupling 

liquid. However this antenna has low coupling efficiency (37%) and the fidelity reduced 

with increased antenna separation. Hence, use of this antenna may require small 

amounts of breast compression. Later, this TEM horn was modified to improve the 

coupling efficiency  higher than 80% [82]. A new antipodal tapered slot antenna with 

edge corrugations was proposed by Mohammed et al [83] which was used to form a 6 × 12  array for breast imaging to operate between 3.1 and 10.6GHz band when 

immersed in coupling liquid having 𝜀௥ = 10.4, 𝜎 = 1.98.  

 
1.7 Methods to discriminate malignant tissues from benign 

tumors 

An important objective for breast cancer detection is to discriminate malignant and 

benign lesions using microwave backscatters from the breast lesions. A microwave 

technique that could discriminate breast malignancy has potential to help 

mammography to reduce the false negative in clinical diagnosis.  This motived us to use 

late-time target response to extract CNRs and use them to discriminate breast lesions. 
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1.7.1 Tumor morphologies 
Mammographic and MR image analysis [4, 84-87] have shown that a blurred 

periphery, with radiating pattern on its surface also known as "spicules" is highly 

suggestive of tissue malignancy. On the contrary, the benign tumors are often well-

circumscribed, compact and roughly elliptical with smooth periphery as shown in 

Figure 1.3 that are taken from X-ray mammography [87]. Computer-aided detection 

analysis indicated the shape of the mass as shown in green contours in Figure 1.3. 

Figure 1.3(a) gives a smooth boundary that highly corresponds to a benign tumor. 

Figure 1.3(b) shows a spiculated periphery which is considered to be malignant lesion 

[87]. Figure 1.4 shows the MRI breast images taken from two different patients [86]. 

The presence of irregularity or spiculation is highly sensitive and predictive of 

malignancy. While the presence of smooth or lobulated borders are highly predictive of 

benign tumor[86]. 

 

 
                                                  (a)                               (b) 

Figure 1.3 Mammographic images of breast lesions (a) Lesion with oval well-
circumscribed margin is highly predictive of benign. (b) Lesion with irregular or 
spiculated border is highly predictive of malignant. 
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                                                  (a)                                      (b) 

Figure 1.4 MR image of breast lesions (a) spiculated and irregular shapes indicate a 
malignant lesion (arrow) (b) smooth borders indicates a benign lesion. 

 
1.7.2 Breast tumor discrimination based on microwave signatures 
The literature on radar [88-93] has shown that an embedded target can be 

discriminated based on complex natural resonances (CNRs) which are calculated from 

backscattered microwave late-time response if the target is excited by a short duration 

electromagnetic pulse. CNR signatures are independent of ambient medium and antenna 

locations but only dependent to the dielectric properties and shape of the target [89, 93]. 

For a target embedded in lossy medium, only a few studies have been conducted mainly 

for landmine detection [94-96]. Recently, CNR signatures have been used for breast 

cancer detection [97-101]. Therefore, CNR can be used to potentially discriminate 

embedded tumor within breast medium, since malignant tumor has high probability of 

having random irregular shape as compared to benign tumor [4, 86, 87].  

 

In a simple FDTD based numerical study [97], an ellipsoidal tumor was examined 

when immersed in dielectric medium with increasing conductivity and fixed 

permittivity. The target was illuminated by Gaussian modulated pulse up to 12.5GHz. 

Extracted CNRs indicated that the damping factor increases as the conductivity 

increases and CNR poles can be discriminated on the plane of resonant frequency-

damping factor as shown in Figure 1.5.  
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Figure 1.5 CNR poles for ellipsoidal tumor with different conductivity reported in [97]. 

The resonance spectra of backscattered response using radar cross section (RCS) 

were examined for breast tumor. RCS is related to CNR signature for a given resonant 

frequency and damping factor. On the RCS versus frequency plane, location of the peak 

of RCS corresponds to resonant frequency in CNR. On the other hand, the width of the 

RCS peak is associated to damping factor of CNR [94]. The numerical results have 

shown that RCS signatures are independent of orientation, incident polarization, or 

scattering directions [98]. As expected, RCS values were closely associated with tumor 

shape and dielectric properties. The study by El-Shenawee also indicated that spherical 

tumor and prolate spheroidal tumor can be differentiable between their RCS as shown 

in Figure 1.6[98]. 

 
                                 (a)                                                             (b) 

Figure 1.6 RCS versus normalized radius of tumor. (a)for spherical tumor (b) for 
prolate spheroid tumor (right) as reported in [98] 
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Chen et al made comprehensive investigation for breast tumor discrimination via 

CNR [99] and its lesion classification [100]. In their study, 2D breast lesions with 

spiculated and smooth profiles were examined in both clutter-free breast as well as 

highly dense breast model with low dielectric contrast between tumor and normal 

tissues. Their results showed that it is possible to discriminate lesions from very smooth 

to highly spiculated lesions. Their numerical results were the first to establish the 

potentials for use of CNRs to differentiate lesion morphologies even in dense breasts. 

Interestingly, in a simulated study, Chen et al [99] have also indicated that performance 

of CNR discrimination is affected by antenna location and suggested that multistatic 

configuration may be a good way to obtain better CNR separation than just monostatic 

illumination.   

 
                                            (a)                                                    (b) 

Figure 1.7 (a)CNR poles in adipose-dominated homogeneous phantom and (b) low-
adipose-content heterogeneous phantom reported in [99]. Q=20 , ∆𝐁 = 𝟏  represents 
highly spiculation. Q=50,∆𝐁 = 𝟎. 𝟓 represents medium spiculation. Q=100,∆𝐁 = 𝟎. 𝟏 
represents smooth lesion. 

However, CNRs from 3D spiculated or smooth lesions have not been investigated 

either in realistic numerical phantoms or experimental chemical phantoms. For 3D 

simulation or experiment dealing with CNR extraction from complex shaped dielectric 

objects, a good reconstruction technique is required to obtain an accurate late-time time-

domain waveform. A good experimental microwave imaging system is also required so 
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that UWB pulses can be received with minimal pulse distortion. These challenges have 

motivated our studies reported in this thesis. 

 

1.8 Aims and Objectives of the thesis: 

The aim of this thesis is to develop a new microwave imaging technique to 

accurately and efficiently localize the suspicious region within breast and extract 

complex natural resonances to discriminate whether the suspicious region is due to 

malignant lesion or benign tumor. To achieve this aim, we focus on the following 

objectives: 

i. Develop a novel beamforming technique to localize the suspicious region 

within the breast that can provide the location of the lesion with high 

resolution and clutter rejection. 

ii. Develop a novel adaptive waveform estimation method that can estimate 

accurately the time-domain signal from the suspicious region within the 

breast for use with CNR extraction 

iii. Investigate techniques to overcome the effects from breast heterogeneity 

which will reduce the accuracy of localization of suspicious region. 

iv. Investigate methods to suppress spurious CNRs extracted from time-domain 

signal, since early-time artifacts, antenna ringing and clutter interferences all 

can contribute to spurious CNRs. 

v. Propose a novel UWB antenna for microwave breast imaging as well as 

tumor discrimination using complex natural resonances. 

vi. Fabricate a realistic tissue mimicking phantom to test the proposed imaging 

techniques and experimental system. 
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vii. Demonstrate the proposed imaging and tumor discrimination strategy using 

proposed experimental microwave imaging system. 

 

1.9 Brief description of methodology 

We propose a technique to localize and discriminate breast tumor. We achieve this 

by localizing the suspicious region within breast phantoms using a novel data-

independent array beamforming technique followed by a two-stage waveform 

estimation to extract CNRs which are used to discriminate tumors with different 

morphological features. To guarantee an accurate localization of suspicious region, a 

novel time-of-arrival auto-calibration and a generalized pre-processing are used to 

compensate the uneven propagation velocities within the heterogeneous breast 

environment and remove the early-time artifacts, respectively. To overcome the effects 

of spurious CNRs, dominant fundamental resonances are utilized to suppress the non-

resonant signals and obtain the starting time period of late-time resonant signal from 

which CNRs can be extracted. The proposed technique is implemented by designing an 

experimental microwave imaging system prototype employing a novel horn antenna 

(BAHA) array with 32 elements. This system coupled with reconstruction technique 

could provide accurate localization of suspicious region which has been verified 

through experiments. Our experiments demonstrated that we can identify small tumors 

in both high dielectric contrast (4:1) and low dielectric contrast (1.7:1) chemical breast 

phantoms. By measuring the UWB backscattering signals from various tumor 

mimicking dielectric inserts with different shapes (malignant and benign lesions) 

embedded within the chemical breast phantoms, we extract CNRs and compare their 

damping factors to discriminate the shapes of inserts. 
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1.10 Organization of this thesis 

This thesis is organized as follows: 

Chapter 1: This chapter introduces motivations of the work in this thesis and 

briefly reviews the existing microwave imaging techniques for breast cancer detection. 

It highlights the challenges faced by current radar-based microwave imaging and 

reviews the available techniques for lesion discrimination. 

Chapter 2: A novel data-independent beamforming technique is presented in this 

chapter. This chapter starts with an introduction of a simple beamforming method for 

microwave breast imaging and then discusses the proposed image reconstruction 

method for localizing suspicious region of breast cancer at early stage. The proposed 

method is then demonstrated using numerical phantom and FDTD simulations.  

Chapter 3: This chapter proposes a technique for localizing the suspicious region 

and discriminating malignant and benign lesions within the breast. To efficiently and 

accurately localize the suspicious region, a new concept of pre-processing technique 

and a novel method for calibrating the propagation velocity are discussed. The 

waveform of backscattered field at the position of the suspicious region is estimated by 

using the proposed two-stage waveform estimation method. This two-stage waveform 

estimation method helps to obtain accurate extraction of associated CNR signatures of 

tumor combined with various techniques. Details of the technique will be presented in 

chapter 3. This chapter ends by showing that malignant and benign lesions within a 

MRI-derived numerical dense breast phantom can be accurately localized and 

discriminated. 

Chapter 4: This chapter investigates three different end-fire ultra-wideband 

antennas with novel designs. Based on a set criterion, all three designs were compared 

and only one was selected which offers superior performance that was confirmed by 
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measured results. Antenna effects on CNR extraction have also been investigated by 

both simulation and measurement which have demonstrated that the proposed BAHA 

antenna can be used in the experimental microwave imaging system prototype for breast 

cancer detection. 

Chapter 5: This chapter reports the first attempt of experimentally demonstrating 

the feasibility of discriminating breast lesions in chemical phantoms. It starts with the 

development of proposed experimental microwave imaging system prototype using the 

BAHA antenna element proposed in chapter 4. Next, the proposed reconstruction 

methods and breast lesion discrimination technique have been implemented by 

experiments based on chemical breast phantoms. Promising experimental results have 

shown that with good reconstruction method and sophisticated imaging system, it is 

possible to discriminate malignant and benign lesions, using complex natural 

resonances. 

Chapter 6: This chapter summarizes the overall contributions made by the thesis 

and also scope for future work.  
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Chapter 2 

Array Beamforming for Localizing 

the Suspicious Regions within Breast 

Phantoms  

2.1 Introduction 

Breast cancer detection using microwave imaging [27, 34, 44, 74] is based on 

contrast in the electrical properties between fatty, fibroglandular tissues and malignant 

tumors [52, 53]. Radar based active microwave imaging method [31, 34, 44, 47] 

generally uses ultra-wideband signals so as to obtain a good compromise between 

resolution and depth of penetration into tissues. 

 

For radar-based microwave imaging, multiple antennas are employed which are 

positioned at multiple locations surrounding the breast and close to the skin to form a 

multistatic configuration[44, 47]. For this, at any time instant, one antenna transmits a 

short pulse of microwaves into the breast, and all other antennas receive the 
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reflected/backscattered signals. Thus different antennas cover different angular regions 

of the breast so that the backscattered signals from all parts of the breast can be 

potentially captured for further processing. The received backscattered fields after pre-

processing to remove un-desirable signal reflections may be focused using various 

beamforming methods [34, 41, 46, 65] to form an image that can potentially indicate the 

locations of strongly scattering objects. The locations of the strongly scattering objects 

may not correspond to the actual locations of the tumor due to various dispersive effects 

and clutter interference as well as due to the presence of benign tumors. However, they 

can be used as suspicious regions within the breast at which the possibility of the 

presence of malignant lesion is high. Hence, it is important to improve the accuracy of 

localizing the suspicious regions so that it can help with improving the efficiencies of 

further processing to accurately find the presence of the tumor and reject the effects due 

to benign tissues[99]. Hence, in this chapter, we describe novel beamforming methods 

to efficiently and accurately localize suspicious region within the breast. 

 

Performing signal processing operations on received scattered UWB signals at 

different receiving antennas to determine the presence and location of a tumor is riddled 

with number of uncertainties. As the breast tissue medium is frequency dispersive, the 

shape of the transmitted ultrawideband pulses and the shape of received pulses can 

differ significantly[102]. In addition, when the breast tissue composition is dominated 

by dense fibroglandular and fibroconnective tissues, they can act as benign tumors and 

sometimes may hide the presence of malignant lesions. This is because of the existence 

of low dielectric contrast [52, 53]. The dielectric contrast between malignant lesions and 

fatty healthy tissues can be high, but the dielectric contrast between malignant and 

glandular tissues can be as low as 1.1:1 [52, 53]. Hence localization of suspicious 

regions inside a dense breast requires complex signal processing. In this chapter, we 

investigate efficient methods of localizing suspicious region within homogeneous and 

heterogeneous numerical breast phantoms. We also investigate both data-independent 
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and data-dependent beamforming approaches for the reconstruction of suspicious region 

within the breast. Further, we propose a novel MWDAS algorithm to efficiently localize 

the suspicious region with high resolution. 

 

2.2 Beamforming methods for image reconstruction 

2.2.1 Confocal microwave imaging 
Confocal microwave imaging (CMI) is one of the robust approaches for radar based 

microwave imaging. [33]. CMI originally employed a simple data-independent 

beamformer Delay-And-Sum (DAS) for microwave image reconstruction [31, 37]. In 

CMI, multistatic configuration is used by exciting each antenna with a short ultra-

wideband (UWB) pulse in turns and other antennas collecting the backscattered signals. 

Assuming 𝑀 antennas are used in an array, multistatic configuration can form a 𝑀 × 𝑀 

matrix of received pulses. By using this multistatic matrix, it is possible to obtain the 

information of strong scatterers so that tumor location can be localized. 

 

Although DAS is able to reconstruct image of the strongest scatterer such as breast 

tumor, its capability will be reduced if interferences from dispersive fibroglandular 

breast tissues are present. To overcome this, many variants of DAS have appeared [33, 

42, 46]. Microwave imaging via space-time (MIST) [34] beamforming applies different 

signal processing filters to compensate the effects of the tissue artifacts to improve the 

performance of  DAS. An alternative delay-multiply-and-sum (DMAS) reconstruction 

method [46] uses pairing multiplications to enhance the summation of energy at a 

confocal point. Another version known as improved delay-and-sum (IDAS) [41] 

incorporated a quality factor into DAS to adaptively increase the energy focused at the 

confocal point. The authors have widely employed this method with experimental data 

[42, 45]. For data-dependent beamforming technique, multistatic adaptive microwave 

imaging (MAMI) [47] was proposed using robust capon beamforming (RCB) [65] to 
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minimize the effects of clutter at various confocal points and obtained a reconstructed 

tumor image that has higher resolution than that of DAS. 

 

The potential antenna array configurations that are used for breast cancer detection 

are shown in Figure 2.2.1. Figure 2.2.1(a) shows a circular arc array with 22 ideal 

antenna elements which are placed surrounding a 2D breast model. Figure 2.2.1(b) 

shows a circular cylindrical array with 90 antenna elements which we will use for 3-D 

heterogeneously dense breast phantom in Chapter 3. Figure 2.2.1(c) illustrates a 

hemispherical array with 32 elements which can be used with 3-D hemispherical breast 

phantom. We employ this 3-D hemispherical array with experimental UWB microwave 

imaging system as will be discussed in Chapter 5. 

 

 

   
                    (a)                                          (b)                                      (c) 

Figure 2.2.1 Antenna array configuration (a) simple circular array used in simulation in 
Chapter 2 (b) cylindrical array used in simulation in Chapter 3 (c) hemispherical array 
used in measurement in Chapter 5 

 

Without loss of generality, consider 𝑀 UWB antennas in the array. Each antenna 

transmits a UWB signal to the breast and all the other antennas receive the 

backscattered signals. Then 𝐿 = 𝑀 × 𝑀  multistatic matrix is established using the 

received data 𝐸௜,௝(𝑡) , 𝑖 = 1, ⋯ , 𝑀,  𝑗 = 1, ⋯ , 𝑀 , where 𝐸௜,௝(𝑡)  is the recorded the 

Antennas 

X 

Y 

X Y 

Z 

X Y 

Z 



Chapter 2: Array Beamforming for Localizing the Suspicious Regions within Breast 
Phantoms 
______________________________________________________________________________________________ 

______________________________________________________________________ 
28 

 
 
 

backscattered fields from 𝑖 th transmitting antenna to  𝑗 th receiving antenna. The 

recorded signals are synthetically focused at one confocal point 𝑟଴ whose position is 

varied to cover the entire breast volume. Thus, the image of backscattered energy can be 

formed. 

 

Before employing any beamforming technique to reconstruct the image of the 

strongest scatterer within the breast, unwanted content including skin reflections and 

incident excitation should be removed [31, 34]. Conventional methods to remove those 

unwanted contents uses a “calibration” signal 𝐸cal that is obtained by averaging all the 

received signals that have approximately similar levels of unwanted contents[31]. The 

“calibrated” signals are then obtained using: 

 𝐸cal(𝑡) = ଵ௅ ∑ ∑ 𝐸௜,௝(𝑡)ெ௝ୀଵெ௜ୀଵ                             (2. 1a) 

 𝑥௜,௝(𝑡) = 𝐸௜,௝(𝑡) − 𝐸cal(𝑡),    𝑡 = 1, ⋯ , 𝑁                    (2. 1b) 

 

where 𝐸cal(𝑡) is the calibration signal. 𝑥௜,௝(𝑡) is the calibrated signal. CMI uses time 

shift to align the calibrated signal 𝑥௜,௝(𝑡) coherently [31]. The time-shifted calibrated 

signal then becomes: 

 𝑥௦௜,௝(𝑡) = 𝑥௜,௝ ቀ𝑡 + 𝑛𝑖,𝑗(𝒓0)ቁ                              (2. 2) 

 𝑛௜,௝(𝒓଴) = ‖𝒓೔ି𝒓బ‖ିฮ𝒓ೕି𝒓బฮ஼/ඥఌೝ,౗౬ౝ                             (2. 3) 

where 𝒓௜ denotes the location of 𝑖 th transmitting antenna and 𝒓௝  denotes the 

location of 𝑗th transmitting antenna, and 𝐶is the speed of light. 𝑛௜,௝(𝒓଴) is the 
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time delay used to shift the time to confocal point 𝒓଴ using the average dielectric 

property 𝜀௥,ୟ୴୥ of the breast model, ‖∙‖ denotes the Euclidean norm to calculate 

the distance between confocal point to antenna location. To help CMI remove the 

interference due to the breast tissue background that has fatty, glandular tissues 

as well as chest wall, a time window is also used[31, 47] given by: 

 w௧ = ቄ1,    ∆𝑡 < 𝑡 < 𝑁 ∙ ∆𝑡0,              otherwise                                  (2. 4) 

 

where ∆𝑡 is the time interval of sampling the time-domain signal, N is the number of 

time sampling. After multiplying with the time window, the time-shifted and windowed 

signal is processed by the weight of a beamformer 𝑊BF: 

 𝑦௜,௝(𝑡) = 𝑊ுBF ∙ 𝑥௦௜,௝(𝑡) ∙ w𝑡                      (2. 5) 

 

Where the superscript “𝐻”denotes the complex conjugate transpose. Hence, the 

choice of the beamformer weight 𝑊BF is crucial. 𝑊BF can adaptively enhance the 

energy from the target (tumor) while suppressing the energy from the 

background tissues. The output out of the beamformer 𝑦௜,௝(𝑡)is used to calculate 

energy intensity 𝑝 at the confocal point 𝒓଴: 

  𝑝(𝒓଴) = ∑ ቀ𝑦௜,௝(𝑡)ቁଶேଵ                                  (2. 6) 

 

This reconstructed energy is calculated for all the confocal points within the breast. 

Then, the image of energy intensity is formed so that the location of maximum intensity 

can identify the tumor. 
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 For simple DAS[33], the beamformer weight can be equal to 1 without any scaling. 

DMAS beamformer uses calibrated signal itself as a beamforming weight to multiply 

another signal[46]. In this chapter, we propose a novel beamforming algorithm named 

as Modified-Weighted-Delay-and-Sum (MWDAS) method. In this method, we first use 

a modified weight factor to adaptively increase the synthetically focused intensity for 

the strong scatterer. Further, we multiply signals between time snapshots at every 

confocal point. In the next section, we will demonstrate the performance of MWDAS 

method using FDTD simulations on a planar block-shaped breast phantom mainly 

containing fatty tissues and malignant lesion model [46]. In this thesis, FDTD 

simulation was conducted by using a FDTD software package available at UTS. The 

block breast phantom is useful for testing the capabilities of the reconstruction methods. 

 

2.2.2 The 3-D planar block-shaped numerical breast phantom 

 
                                 (a)                                                              (b) 

Figure 2.2.2 Planar block breast phantom using FDTD. (a) View from y-axis. (b) View 
from x-axis. A spherical tumor is placed in the centre of breast tissue background. 
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A three-dimensional (3-D) planar block-shaped breast phantom is plotted in Figure 

2.2.2 which has a width of 2.5cm, depth of 5cm and height of 5cm, with a skin layer of 

thickness of 2mm placed only on one side. A spherical tumor model with a known 

diameter (minimum=2mm and maximum=10mm) is embedded in the centre of the 

block model which is filled with model of homogeneous healthy (fatty) breast tissues. 

Five receiving antennas are placed at a distance of 1 cm from the skin layer as shown in 

Figure 2.2.2(b) and they are immersed in a coupling medium that has the same 

dielectric properties to those of the healthy breast tissues. Two-pole Debye equation is 

used to assign dielectric properties to normal breast tissues and the tumor. The 

parameters of normal breast tissues used are: 𝜀ஶ = 2.68 ,  𝜀௦ଵ = 5.01 ,  𝜀௦ଶ = 3.85 , 𝜏ଵ = 15.84ps ,  𝜏ଶ = 0.1ns . For breast tumor, the parameters used are: 𝜀ஶ =11.05 ,  𝜀௦ଵ = 51.67 ,  𝜀௦ଶ = 43.35 , 𝜏ଵ = 8.56ps ,  𝜏ଶ = 0.23ns , and skin layer: 𝜀ஶ =4.62, 𝜀௦ଵ = 37.1, 𝜀௦ଶ = 41.22, 𝜏ଵ = 7.51ps, 𝜏ଶ = 0.31ns, which are similar to those 

given in [46]. 

 

A modulated Gaussian pulse with a maximum bandwidth of 13.5 GHz and 3-dB 

bandwidth of 4GHz is used as incident signal transmitted into the breast from each 

antenna. When the size of the tumor is large i.e. dia=10mm, a FDTD mesh of ∆𝑥=∆𝑦=∆𝑧=3mm is used to divide the block model into 20×26×26 cells with a time 

step of ∆t=4.67ps. For a smaller tumor i.e., dia=2mm, a fine mesh is applied to FDTD 

to guarantee that the response from smaller tumor is properly captured in FDTD 

simulation with a time step ∆𝑡 =0.81ps. Perfect matched layer (PML) absorbing 

boundary condition is used at 10 cells away from the simulation area. Since 

beamforming is used with FDTD simulation, the “∆𝑡” requires for deciding the width of 

beamforming window given by equation (2.4) will be taken to be the smallest FDTD 

time step. 
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2.2.3 Reconstruction using MWDAS algorithm 

2.2.3.1 Calibration 

 
MWDAS algorithm helps to improve the confocal microwave imaging by 

enhancing the energy focused at a confocal point and simultaneously minimising the 

energy received from the clutters. The flowchart of MWDAS is shown in Figure 2.2.3.  

 

 
Figure 2.2.3 Block diagram depicting the procedures of MWDAS. 

 

Here, we use a tumor-free template to obtain calibration signal 𝐸cal(𝑡) to remove 

incident pulse and skin backscatter, assuming that signals recorded at various antenna 

positions have similar early-time content. The tumor-free template 𝐸free௜,௝(𝑡)is obtained 

from the planar block-shaped phantom when the tumor model is removed. Thus in our 

case, 𝐸cal(𝑡) =𝐸free௜,௝(𝑡). Then the calibrated signal is obtained by: 

 𝑥௜,௝(𝑡) = 𝐸௜,௝(𝑡) − 𝐸free௜,௝(𝑡) + 𝑒(𝑡)     𝑖 = 1, ⋯ , 𝑀, 𝑗 = 1, ⋯ , 𝑀,              (2. 7) 
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where 𝑖 = transmitting antenna index and  𝑗 = receiving antenna index. 𝑥௜,௝(𝑡)  is the 

calibrated time response, 𝐸௜,௝(𝑡)  is raw recorded backscattered data from ith 

transmitting antenna received at jth receiving antenna. 𝑒(𝑡) is residual signal containing 

interference from unwanted reflections and noise. By subtracting this calibration signal 𝐸free௜,௝(𝑡) from the raw data 𝐸௜,௝(𝑡) at each antenna, the early-time content which 

includes excitation and skin backscatter, can be suppressed. 

2.2.3.2 Integration 
Now we use integration [32] to process the calibrated signal. The integration helps 

with synthetic focusing. Following the procedure given by [32], we integrate 𝑥௜,௝(𝑡) at 

the zero-crossing point so that the coherent addition of local maxima occurs after time-

shifting. After the integration over time for MWDAS, one obtains:  

 𝑥ො௜,௝(𝑡) = ∫ 𝑥௜,௝(𝑢)𝑑𝑢௧ିஶ , 𝑢 = 1,2, ⋯ , N                        (2. 8) 

 

where 𝑥ො௜,௝(𝑡) is the integrated signal. We assume that a number of confocal points exist 

inside the breast at locations 𝒓௞(𝑥௞, 𝑦௞, 𝑧௞), 𝑘 = 1, ⋯ , 𝐾. At each confocal point, we 

calculate the round trip distance for each antenna to the confocal point and convert it 

into time delay by propagation velocity in breast medium which is calculated using 

average dielectric constant of the breast tissues as given in (2.3). Now we shift the 

integrated signals 𝑥ො௜,௝(𝑡) by time delay at each confocal point to get: 

 𝑥ොshift௜,௝(𝑡) = 𝑥ො௜,௝ ቀ𝑡 + 𝑛𝑖,𝑗(𝒓𝑘)ቁ                             (2. 9) 

 

2.2.3.3 Image reconstruction 
The key contribution of the proposed MWDAS method over the existing DAS 

[33]and DMAS[46] methods is the inclusion of the interaction between tumor responses 
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from different time snapshots to enhance the resolution and accuracy of tumor 

localization and at the same time offering high rejection to clutter interference. This 

interaction is implemented in MWDAS by cross multiplying the squared tumor 

responses. Before the cross-multiplication, a weight factor ℎ(𝑡) is used to increase the 

energy intensity by averaging all the shifted signals at every antenna: 

 ℎ(𝑡) = ଵ௅ ∑ ቂ𝑥ො௜,௝ ቀ𝑡 + 𝑛𝑖,𝑗(𝒓0)ቁ ∙ w𝑡ቃ௅௜ୀଵ                   (2. 10) 

 

where 𝐿 = 𝑀 × 𝑀= size of the multistatic matrix, w௧ is time window as given in 

(2.4). The weight factor ℎ(𝑡) can enhance the amplitude of the strong scatterers while 

helping to reduce that from other weak scatterers. 

 

Finally the energy intensity that will be synthetically focused at any confocal point 𝒓௞ as given by: 

 𝑃(𝒓௞) = ∏ ቄ∫ ൣℎ(𝑛) ∙ 𝑥ොshift௜,௝(𝑡) ∙ w𝑡൧ଶௐ೟଴ ∙ 𝑑𝑡ቅெ௜ୀଵ               (2. 11) 

 

The 3-D breast phantom is divided into a number of voxels and the intensity given 

by equation (2.11) will be repeated at each voxel within the breast. The tumor will be 

localized at position whose intensity is the maximum. Since MWDAS method is based 

on energy, the region of maximum intensity can only reconstruct suspicious region. It is 

difficult to decide whether the maximum intensity is due to tumor or benign tissue. 

However, the information on suspicious region can be used to further process the 

signals which will be discussed in later chapters.  
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2.2.4 FDTD simulation using planar block breast phantom  
 

In FDTD simulations, we use planar block phantom as shown in Figure 2.2.2. Then 

we employ DAS [33], DMAS[46], and the proposed MWDAS algorithms on FDTD 

data for comparison. The normalized intensity scales have been added on the figure. 

DAS and DMAS showed the absorbed backscattered field intensity. However, for 

MWDAS, the distribution of the image only shows pseudo-intensity due to 

backscattered signal at a focal point.  

 

In this simulation, we consider signal-to-noise ratio (SNR) to be very high. We first 

consider a larger tumor (dia=10mm), for which the reconstructed images are shown in 

Figure 2.2.4. It can be seen that the proposed MWDAS method outperforms DAS and 

DMAS on resolution and clutter rejection. DAS has more interferences from clutters 

(fatty tissues) as shown in Figure 2.2.4(a). Figure 2.2.4(b) and (c) show the 

reconstructed image using DMAS which has a larger location uncertainty, while 

MWDAS estimates accurate location with reduced interference from clutters. In the 

second example, we consider a smaller tumor of dia=2mm. Comparison of the 

reconstructed images is shown in Figure 2.2.5. All the simulated results have also 

demonstrated that the proposed MWDAS improves the existing methods with better 

clutter rejection and can provide more accurate reconstruction of suspicious tumor 

location.  
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(a) 

 
(b) 



Chapter 2: Array Beamforming for Localizing the Suspicious Regions within Breast 
Phantoms 
______________________________________________________________________________________________ 

______________________________________________________________________ 
37 

 
 
 

 
(c) 

Figure 2.2.4 Comparison of the microwave reconstructed images for a 10mm 
embedded tumor in planar block phantom filled with only fatty tissues. (a) DAS. (b) 
DMAS. (c) Proposed MWDAS.  

 

 
(a) 
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(b) 

Figure 2.2.5 Comparison of microwave reconstructed images for a 2mm embedded 
tumor. (a) DMAS (b) Proposed MWDAS.  

 

We have observed from the FDTD simulation that the performances of clutter 

rejection and reconstruction can be significantly affected by the window sizes as given 

by equation (2.4). In simulation, we have investigated four different window sizes viz., 

440∆t, 400∆t, 350∆t and 300∆t with∆t = 1.5ps. Using MWDAS as shown in Figure 

2.2.6, it can be observed that selection of window size is critical for the improved 

reconstruction and particularly when the size of the tumor is small. A larger window 

size may increase the clutter response whereas a smaller window may lead to 

localization bias as indicated in Figures 2.2.6(a) and (d). By comparing all the four 

reconstructed images of suspicious tumor locations, it can be concluded that when the 

window size is in the range of 400∆t-350∆t, best results are obtained as shown in 

Figures 2.2.6 (b) and (c).  
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(a)                                                              (b) 

 
(c)                                                             (d) 

Figure 2.2.6 Comparison of microwave reconstructed images using MWDAS with 
different window sizes. (a) Window size=440∆𝒕 (b) Window size=400∆𝒕. (c) Window 
size=350∆𝒕. (d) Window size=300∆𝒕. The dashed circle indicates the true location of 
tumor in the phantom. 

 
2.3 Data-dependent beamformer for image reconstruction  

In this section, we describe the use of data-dependent beamformer such as robust 

capon beamformer (RCB) for breast image reconstruction using numerical phantoms. 

RCB was proposed by Stoica et al [65] and has been used for breast cancer detection 

[42, 47] due to its superior adaptive signal processing capacity. One such imaging 

method is multistatic adaptive microwave imaging (MAMI) which uses two stages of 



Chapter 2: Array Beamforming for Localizing the Suspicious Regions within Breast 
Phantoms 
______________________________________________________________________________________________ 

______________________________________________________________________ 
40 

 
 
 

RCB and demonstrated superior performances on a 3D breast phantom [47]. However, 

the phantom used in contain mostly fatty breast tissues and little fibroglandular tissues. 

Further, Xie et al [47] assumed high dielectric contrast between tumor and the 

heterogeneous breast fibroglandular tissues which deviate from the realistic breast tissue 

environment [52]. Our aim here is to demonstrate that the proposed MWDAS can also 

achieve high resolution of reconstructed image even for realistic dense glandular breast 

phantom.  

2.3.1 Robust Capon Beamformer 

The robust capon beamformer is derived from the original standard capon 

beamforming (SCB)[103]. For using SCB, first consider an antenna array that is 

receiving the backscattered signals from the target of interest. Here, we consider a 

semicircular array as shown in Figure 2.2.1(a) with number of antenna elements M=22. 

The adjacent elements have spacing 𝑑 and array radius 𝑅. The array response vector 

(also known as steering vector) (𝜃), 𝑖 = 1, ⋯ , 𝐾, is formed in terms of to a narrow band 

signal 𝑠(𝑡) of wavelength 𝜆 impinging on the antenna elements from an angle 𝜃, which 

is given by: 

 aa(𝜃)= ൤𝑒௝మഏೃഊ cos(ఏ) 𝑒௝మഏೃഊ cos(ఏିమഏಾ )  ⋯  𝑒௝మഏೃഊ cos(ఏିమഏ(೔షభ)ಾ ) ൨்         (2. 12) 

 

where superscript T denotes transpose. Then the received signal at 𝑖th antenna is given 

by: 

 𝒙௜(𝑡) = 𝐚(𝜃)𝑠(𝑡) + 𝒆(𝑡)                                     (2. 13) 

 

where 𝑠(𝑡) denotes the narrow frequency band signal. 𝐚(𝜃) is steering vector of the 

receiving antenna array. 𝑒(𝑡) is residual contents that contain interference from 
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undesired reflections and additive white Gaussian noise. To use SCB for signal 

processing, the cross-spectral density matrix of the received signal is calculated using: 

 RR௑ = 𝐸(𝒙𝒙ு)                                                (2. 14) 

 

where 𝐸denotes expectation and superscript 𝐻denotes complex conjugate transposition. 

The power spectral density at output  is given by[103]: 

 𝐸(|𝒚|ଶ)=𝑾ுBFR௑𝑾BF = 𝜎ଶ                               (2. 15) 

 

where 𝒚 denotes the output of beamforming,𝑾BF is the weight of beamforming, 𝜎ଶis 

the signal strength of incident signal that impinges on the array. R௑ can be decomposed 

into signal of interest and noise components by[103]: 

 R௑ = 𝜎ଶ௦aaு + 𝜎ଶ௡𝑄                                    (2. 16) 

 

where 𝑄  is the noise cross-spectral density matrix, 𝜎ଶ௦  denotes the signal power, 𝜎ଶ௡denotes the noise power. The array gain 𝐺 that helps to improve the signal-to-noise 

ratio (SNR) for beamforming is given as[103, 104]: 

 𝐺 = ห𝑾ಹBFaหమ𝑾ಹBFQ𝑾BF                                          (2. 17) 

 

The aim of adaptive beamforming is to maximize array gain 𝐺 given in (2.17). The 

maximizing problem can be formulated as: 

 maxௐ ห𝑾ಹBFaหమ𝑾ಹBFQ𝑾BF                                       (2. 18) 
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The maximization in (2.18) is equivalent to minimization of [105]: 

 minௐ 𝑾ுBF𝑹௑𝑾BF   subject to  𝑾ுBFaa=1                (2. 19) 

 

 The solution of (2.19) can be obtained as [105]: 

 𝑾SCB = 𝑹೉ష𝟏aa𝑯𝑹೉ష𝟏a                                            (2. 20) 

 

The SCB is also known as minimum variance distortless response (MVDR) 

beamformer. SCB provides maximized SINR for output signal power, but it suffers 

from the steering vector bias due to the presence of errors in forming the steering vector. 

 

To overcome the bias due to uncertainty of steering vector, RCB method was 

derived which gives an estimation for the steering vector using covariance fitting 

approach [64]: 

 maxఙమೞ, a 𝜎ଶ௦ subject to 𝑹௑ − 𝜎ଶ௦aaு ≥ 0, ฮa-aതฮଶ ≤ 𝜕           (2. 21) 

 

where ฮa-aതฮଶ ≤ 𝜕 is constraint on the steering vector. By maximizing the objective 

function given in (2.21), an accurate estimation of steering vector can be obtained so 

that the beamformer 𝑾SCB in (2.20) can estimate an accurate waveform of signal 𝑠(𝑡) 

with maximized SINR. Since SCB and RCB both require the knowledge of steering 

vector, they are categorized as data-dependent beamformers. On the other hand, DAS, 

DMAS and the proposed MWDAS do not require steering vector information and thus 

are known as data-independent beamformers. 
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In the application of breast cancer detection, the calibrated signals 𝒙௜,௝(𝑡) from 𝑖th 

transmitting antenna to 𝑗th antenna is obtained after removal of the early-time content 

[32, 47]. Next, similar to other confocal microwave imaging methods such as DAS and 

MWDAS, the domain of interest within the breast phantom is divided into a number of 

confocal points so that RCB can scan for every confocal point repeatedly. At each 

confocal point 𝒓௞ , the calibrated signals 𝒙௜,௝(𝑡) are steered to this confocal point by 

using time shift [47] given by (2.9). Thus, the steering vector aa will be made equal to a 

unit vector 1ெ×ଵ if a confocal point 𝒓௞ falls at the true location of a scatterer so that the 

output of the RCB beamformer is the response from this scatterer. Otherwise, if the 

confocal point is not at a scatterer, a large bias will exist in steering vector and the 

output signal from this point will be suppressed by RCB. For implementing SCB or 

RCB, one has to divide the recorded UWB signal into a number of narrow subbands 

using FFT. Then, each subband signal can be processed by SCB or RCB. 

 

In practice, steering vector after time shift at one confocal point can be 

approximately unity 1ெ×ଵ due to the uncertainties arising out of bias. The parameter 𝜕 

in equation (2.21) is the uncertainty parameter that is sufficiently small[47, 65]. The 

problem of (2.21) can be reduced to following quadratic optimization [106] given by: 

 min𝒂ෝ aு 𝑹௑ିଵa subject to ‖a − aത‖ଶ ≤ 𝜕                     (2. 22) 

 

Once the steering vector 𝒂ෝ using (2.22) is estimated, RCB weight can be obtained 

by substituting the estimated 𝒂ෝ into equation (2.20). Thus, the output signal 𝒚௜,௝(𝑡) of 

the RCB will become the response from the target given by: 

 𝒚௜,௝(𝑡) = 𝑾RCB ∙ 𝒙shift௜,௝(𝑡)                            (2. 23) 
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Then, the energy intensity of estimated target response 𝒚௜,௝(𝑡) can be calculated 

using (2.6) at a confocal point. By synthetically scanning this confocal point within the 

breast, reconstructed image can be formed for localization of suspicious region. 

 

2.4 Comparison of image reconstruction using 2-D 

heterogeneously dense numerical breast phantom 

For comparing the performances of data-independent versus data-dependent 

beamformers for image reconstruction, we employ a two-dimensional heterogeneous 

numerical breast phantom as shown in Figure 2.4.1. Healthy breast tissues including 

fibroglandular and fatty tissues are modeled as elliptical shapes and positioned 

randomly within the 2-D breast region [99, 102]. Chest wall is assumed to 30mm thick. 

A circular breast lesion with 10mm diameter is embedded at (12, 15)mm within the 

phantom. The dielectric properties for breast tissues including breast lesion are allocated 

using the two-pole Debye parameters [55] [52, 53]. FDTD grid size is 0.1mm×0.1mm 

and 10 layers of convolutional perfectly matched layer (CMPL) are used having 15 cells 

away from the simulation region. The incident Gaussian pulse has 3-dB bandwidth of 

2.5GHz with frequency up to 7.4 GHz and transmits into the breast using all 22 ideal 

antennas which are placed 10mm away from the 2mm thick skin layer. The antennas are 

employed in a multistatic configuration, meaning that while one antenna transmits, all 

the other receive the backscattered signals. For employing SCB and RCB, the received 

UWB signals have to be transformed into narrow frequency subbands. 

 

Pre-processing uses target-free template (2.1) to remove the early-time contents. It 

is worth noting that the backscattered signals including target response and responses 

from other healthy tissues are nonlinear. Thus, target response after subtracting the 
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target-free template still has residual signals from healthy tissues such as fatty and 

glandular tissues. The calibrated signals are then processed by time-shift, time-window, 

(2.2)-(2.4) for processing both the data-dependent and data-independent beamformers. 

We compare DAS, DMAS, SCB, RCB and the proposed MWDAS using this 2D breast 

phantom. 

 

 

 

 

 
Figure 2.4.1 Two-dimensional FDTD breast model with heterogeneously breast tissues. 
A 10mm breast lesion is placed at (12, 15)mm. 

 
 

The comparison of different reconstructed methods is shown in Figure 2.4.2. The 

suspicious tumor location is indicated by the position with the highest intensity. Based 

on the observation, as shown in Fig. 2.4.2, the brightest red color region would indicate 

the tumor position and lighter red and yellow colors may only represent the artifacts due 

to the reconstruction algorithm. This was also observed in Fig. 5.4.3 and Fig. 5.4.6 in 

chapter 5.  
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When using DAS [33], the beamformer weight is taken to be equal to 1 using (2.5) 

and the focused energy at confocal point is obtained using (2.6). The resulting image 

within the breast is shown in Figure 2.4.2 (a). It can be seen that clutter effect is 

significant and breast lesion (as indicated in white color dashed circle) is difficult to 

identify. On the other hand, DMAS appears to segregate the clutter region from the 

suspicious tumor region (white color dashed circle) within the breast as shown in Figure 

2.4.2(b). However, the intensity of energy from clutter response for DMAS is still very 

high. In Figure 2.4.2(c), reconstructed image using SCB has reduced the clutter effects 

and also indicate correct position of breast lesion (white color dashed circle). But the 

energy from clutter is still higher than reconstructed energy from breast lesion. 

Reconstructed image using RCB provides better reconstructed image as shown in 

Figure 2.4.2(d). Compared with DAS, DMAS and SCB, RCB offers superior 

suppressing of clutter effects and thus breast lesion can be clearly identified (white 

color dashed circle). Finally, we show the resulted image reconstructed using proposed 

MWDAS in Figure 2.4.2(e). It can be seen that MWDAS can achieve higher resolution 

than the RCB. In addition, clutter effects can be well suppressed. To assess the resulted 

image quantitatively, we also calculate the signal-to-clutter ratio (SCR) as used in 

literature [44, 47]. The calculated SCR using (3.35) is given in Table 2.3.1. 

 

 

Table 2.4.1 Signal-to-Clutter Ratio (dB) for 2D Breast Phantom at SNR=30dB 

DAS DMAS SCB RCB MWDAS 

-0.2 -0.4 -0.3 4.0 5.2 
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Table 2.4.2 Performance Comparison of Different Beamforming Techniques 

 Advantages Disadvantages 

DAS Low computation cost; 
 Robust to breast tissue heterogeneity 
; 
No steering vector required. 

Low resolution;  
Difficult to detect under clutters. 

DMAS Low computation cost; 
Slightly better than DAS; 
No steering vector required. 

Low resolution;  
Difficult to detect under clutters. 

SCB Higher resolution than DAS High computation cost; Suffer 
from  steering vector bias; 
Difficult to detect under clutter; 
Knowledge of accurate steering 
vector information required 

RCB Higher resolution;  
Easy to detect 

High computation cost; 
Knowledge of accurate steering 
vector information required; 
Need to solve optimization to 
obtain steering vector. 

MWDAS Low computation cost; 
Higher resolution; 
Easy to detect; 
No steering vector required. 

Obtains pseudo-energy of 
backscattered signal at a confocal 
point; 
Cannot directly obtain waveform. 
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(a) DAS 

 
(b) DMAS 
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(c) SCB 

 
(d) RCB 
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(e) MWDAS 

Figure 2.4.2 Reconstructed images of suspicious tumor locations (a) DAS (b) DMAS (c) 
SCB (d) RCB (e) MWDAS 

 

2.5 Discussion 
This chapter presents the proposed MWDAS beamforming for localizing the 

suspicious region within the breast where malignant lesion could be located. We 

proposed MWDAS and demonstrate its performance using a simple 3D planar block 

phantom as well as 2D heterogeneous breast phantom. The smallest dielectric contrast 

employed between the tumor model and healthy fibroglandular tissues is 1.2:1 in the 2D 

phantom. Simulated results have demonstrated that our MWDAS can suppress the 

clutter effects significantly and also give accurate location of breast lesion. 

 

It must be pointed here that MWDAS only provides pseudo-energy focused at a 

confocal point which may correspond to the location of the tumor within the breast, 
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however, it is difficult to estimate the time-domain waveform of the target response 

from the reconstructed suspicious region. Therefore, like other energy-based 

reconstruction methods such as DAS and DMAS, MWDAS also cannot identify 

whether the target tissue within the suspicious region is malignant or benign. However, 

it estimates the suspicious region within heterogeneous breast phantoms accurately. 

 

Despite its limitation, MWDAS can be still very useful due to its focusing ability at 

a confocal point within the breast. Hence it will be employed for the breast tumor 

discrimination as will be discussed in Chapter 3. MWDAS can effectively perform as a 

filter to spatially remove the clutter effects effectively and thus helps to pre-process for 

the estimation of the late-time target response accurately. These will be discussed in 

later chapters. 
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Chapter 3  

Discrimination of Malignant and 

Benign Tumors via Complex Natural 

Resonances  

3.1 Introduction 
The microwave imaging techniques reported in the literature have successfully 

established great potential to localize the malignant tissue inside the breast. [32, 35, 42, 

107, 108]. However, for the clinical diagnosis, the detection of the suspicious tumor 

location alone is not enough. It is important to be able to distinguish malignant lesion 

from benign tumors from the location of suspicious region. The main factor that may 

hinder the success of any technique that seeks to identify the malignancy is the 

interference from fibroglandular tissue which usually acts a strong scatterer [53]. The 

inhomogeneity of the breast tissue usually results in blurred images when employing the 

existing radar based microwave imaging techniques. To overcome the limitations of 

radar based imaging techniques, tomographic microwave imaging techniques have been 

proposed which seek to produce dielectric property map to identify the malignant tissue 
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[24, 25, 109]. However, the performance of microwave tomography can also be 

severely degraded when dense glandular tissues dominate the breast tissue composition. 

This is due to the fact that tomography seeks to solve the complex ill-posed inverse 

problem and the presence of fibroglandular dense tissue may lead to false detection 

because the dielectric property of fibroglandular tissue is quite similar to that of the 

malignant tissue. 

 

A new direction for the breast cancer detection has appeared recently which seeks to 

investigate the shape characteristics in addition to the electromagnetic properties of the 

malignant breast lesions [98]. It has been revealed that the resonance spectra of 

malignant breast lesions depend on the shape as well as the dielectric properties[98]. 

One way of identifying the resonant characteristics of a target is by obtaining complex 

natural resonance (CNR). CNRs associated with the size and dielectric properties of 

breast lesions have been studied [97] by using Prony’s method [110] for extracting 

CNRs. Morphology-dependent temporal and spectral characteristics have also been 

used to distinguish benign and malignant masses [99] based on the distinct 

morphological features of benign and cancerous masses as obtained by MRI and 

mammographic images [4, 84-86]. In this thesis, we follow a two-stage microwave 

imaging in which we seek to identify the suspicious tumor location followed by the 

extraction of complex natural resonances to discriminate the morphological features of 

the breast lesions. 

 

We propose a general pair-matching preprocessing to analyze the received time-

domain microwave backscatter data and to remove the unwanted data by using root-

mean-square error (RMSE) criterion. We then employ autocalibration of time-of-arrival 

(TOA) to estimate TOA due to unknown propagation paths within inhomogeneous 

breast phantom. As the early-time response and antenna ringing can result in spurious 

CNRs, we have developed a new method to suppress them by using the fundamental 
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resonance extracted from the target response. To achieve a high quality of the extracted 

CNR from time-domain data, practical calibration techniques have also been presented 

using smooth shaped and spiculated shaped PEC spheres. We follow three main steps of 

calibration: 

 

1) Obtain CNRs for perfect electrically conducting (PEC) spheres using FDTD 

simulated scattered fields on numerical phantoms. The results will be compared with 

CNRs obtained using closed-form exact expression as well as measured data for the 

same size PEC spheres so as to confirm their authenticity of extracted CNRs. This is the 

first step of our CNR calibration. 

 

2) Investigate the CNRs extracted from dielectric lesions that have spiculated 

surface geometries (morphology) using FDTD on numerical phantoms and compare the 

results with the CNRs extracted from PEC objects having the same morphological 

features. This helps to confirm the external mode of CNR for embedded dielectric 

lesion. 

 

3) Apply normalized CNR estimation error (NCR) to estimate any errors in 

extracted CNRs.  

 

Our FDTD based investigations for CNR extraction use realistic C3-class MRI-

derived numerical breast phantom taken from UWCEM phantom repository[63], which 

contains dense fibroglandular tissues. Our results based on FDTD simulation have 

shown: 1. higher mode of CNR poles have increased potential for discriminating the 

malignant breast lesion from benign tissue based on CNR signatures; 2. the 

discrimination is possible in breast model with dense fibroglandular tissues within the 

frequency ranging from 4GHz to 10GHz if the diameter of the lesion is 10mm. 
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3.2 Complex natural resonance (CNR) 

Complex natural resonance (CNR) is obtained from late-time target response which 

is generated after the target is excited by a transient signal. Fields are scattered initially 

from the target and then multiple scattering also occurs. Subsequently, the late-time 

radiated fields associated with the scattering decay and radiate away from the target [94, 

99, 111]. The late-time response can be parameterized in terms of the well-known 

singularity expansion method (SEM) developed by Baum [112]. After SEM expansion, 

each nonzero singularity will correspond to a complex natural resonance (CNR) mode. 

Along with late-time target response, early-time nonresonant response also appears 

which only contains singularities due to the excitation source. It has been shown that 

CNR is closely related to the geometric signature[94] or burial depth [90] of a target. In 

particular, CNRs associated with dielectric sphere can be separated into internal and 

external modes [89]. The internal resonances are caused by the internal waves that 

experience multiple internal reflections, whereas the external modes are caused by the 

surface creeping waves [89]. The physical mechanism associated external resonances 

has shown that the external mode of CNR is related to surface propagating waves 

(creeping waves) and such creeping waves are determined by the surface geometry 

instead of the interior material property [113]. The same mechanism of the creeping 

wave can be explained by acoustic scattering in fluids[114]: the creeping waves 

propagate along the surface of water droplet with attenuation due to the continuous 

radiation in the tangent direction. Hence, by studying the extracted resonances, 

dielectric objects can be characterized [115, 116].   

 

It is hypothesized that the internal and external modes of dielectric sphere can be 

extended to arbitrary shapes [96]. The external CNRs are independent of the target’s 

internal material and only depend on the target’s surface geometry[89]. Furthermore, 
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the external CNRs have much higher damping factors than the internal ones. Therefore, 

we propose to utilize the external mode of CNR to potentially discriminate malignant 

and benign breast lesions based on their morphological differences. It is worth noting 

that it is quite challenging to separate external and internal CNRs from the late-time 

response [96, 117].  

 

To formulate the problem for extracting complex natural resonances, let us assume 

that the late-time target response is 𝑓(𝑡). It can be represented by a sum of complex 

exponentials by using singularity expansion method (SEM) [112]. SEM method has 

been investigated extensively for radar target recognition by extracting the complex 

natural resonances [118]. In essence, SEM models the late-time target response of a 

target excited by a burst of electromagnetic pulse as a sum of complex poles. Since the 

extracted complex poles are intrinsic to the geometry of the target, they can be utilized 

to characterize the target.  

 

After applying SEM to the target response, 𝑓(𝑡) is represented by: 

 𝑓(𝑡 − 𝑡଴) = ∑ 𝐶௠𝑒ௌ೘(௧ି௧బ)ே௠ୀଵ                                       (3. 1) 

 

where 𝑆௠ = 𝛼௠ + 𝑗2𝜋𝑓௠ are called s-plane poles of CNR. 𝛼௠,  𝑓௠ and 𝐶௠ are damping 

factor, resonant frequency, and complex amplitude of CNR, respectively. 𝑡଴ is the start 

of the late-time target response. 𝑓(𝑡 − 𝑡଴) can be sampled by time interval δ𝑡: 

 𝑓൫(𝑘 − 1)𝛿𝑡൯ = ∑ 𝐶௠𝑒ௌ೘(௞ିଵ)ఋ௧ே௠ୀଵ    k = 1, ⋯ , 𝐿                (3. 2) 
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If we define 𝑍௠ = 𝑒ௌ೘ఋ௧  as the natural resonances in Z-plane, for convenience, 

equation (3.2) is changed to: 

 𝑓௞ = 𝑓൫(𝑘 − 1)𝛿𝑡൯ = ∑ 𝐶௠ே௠ୀଵ 𝑍௠௞ିଵ, k = 1, ⋯ , 𝐿                 (3. 3) 

 

Thus, damping factor and resonant frequency can represent the CNR signatures of 

late-time target response. The unit of damping factor is neper per second: Np/s. In the 

thesis, damping factor is normalized to neper, and hence does not correspond to the 

frequency [96]. The damping factor describes how fast the decaying exponential 

damped when it radiates away from the target for each resonant mode and thus must be 

negative. A high value of damping factor (absolute value) means it damps faster. For 

the target recognition using short pulse microwave illumination, damping factor is 

closely related to the geometric properties and dielectric properties of the target. Targets 

with different shape or conductivity will show varied damping factors.  

 

To approximate a function 𝑓(𝑡) as a sum of complex exponentials, two popular 

singularity expansion methods are used: “polynomial” method and “matrix pencil” 

method[119]. The polynomial method was first developed by Prony [110] and further 

improved by many variants such as total least square (TRL) Prony’s methods [94, 120]. 

On the other hand, matrix pencil method [121, 122] is more robust to noise and has no 

practical limitation on the number of poles compared to Prony’s method. In this thesis, 

matrix pencil method (MPM) is used to explore the CNRs from the late-time target 

response [119].  

 

3.2.1 CNR extraction from conducting spheres 
From the time-domain late-time target response, we propose to extract CNRs by 

using matrix pencil method[119]. To obtain the time-domain scattered field of a target, 
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we use FDTD method to simulate scattering from a PEC sphere in free space excited by 

Gaussian pulse as shown in Figure 3.2.1. The reason to choose a PEC sphere is that the 

conducting spheres can be considered as reference objects to study the complex 

resonances. Further, the resonances extracted from PEC spheres with different sizes 

have been experimentally investigated in the literature [123] which can be used for 

comparison. By comparing our simulated results of extracted resonant frequencies with 

the experimental results and the resonant frequencies given by closed form expressions 

[124], we can calibrate the extraction method we used. Theoretical natural resonant 

frequency of PEC sphere in free space can be calculated by [124]: 

 𝑓௡ = ௣೙஼గௗ                                                        (3. 4) 

 

where C is speed of light, d is diameter of PEC sphere, 𝑝௡ is imaginary part of pole 

location as given in literature [124]. 

 

 

 

 

 

 

 

 

Figure 3.2.1 FDTD simulation to obtain scattered field from a PEC sphere in free space. 

 

In the FDTD simulation, ideal antennas are used to receive the scattered field and 

the conducting sphere is illuminated by plane wave in the form of Gaussian pulse which 

has frequency up to 20GHz with 3dB bandwidth of 6GHz. Boundary condition uses 
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Space 

PEC 
sphere 
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convolutional perfectly matched layer (CPML) with 6 layers. Mesh grid uses 1mm ×1mm grid size. 

 

3.2.2 CNR extraction from embedded conducting spheres 
We also simulate the backscattered field from conducting sphere immersed in 

dielectric half-space as shown in Figure 3.2.2. Baum’s transform has linked the 

extracted CNRs of a PEC sphere when it is immersed in homogeneous lossy medium to 

the CNRs in free space [125]. Thus, we can obtain CNRs of PEC sphere immersed in a 

lossy medium from its free space CNRs. Baum’s transform has been used to identify the 

objects such as anti-tank mine and unexploded ordnance buried underground by 

predicting their CNRs in lossy underground based on CNRs in free space [94]. The 

equation of Baum’s transform is given by [125]: 

 

𝑆 = − ఙଶఌబఌೝ + ቈቀ ఙଶఌబఌೝቁଶ + ൫ௌ(బ)൯మఌೝ ቉ଵ ଶ⁄                                  (3. 5) 

 

where 𝑆 = 𝛼 + 𝑗2𝜋𝑓  is the transformed s-plane pole in the dielectric medium with 

permittivity of 𝜀௥  and conductivity of σ . 𝛼  and 𝑓  are damping factor and resonant 

frequency of transformed CNR signatures respectively. 𝑆(଴) = 𝛼଴ + 𝑗2𝜋𝑓଴ is the free 

space CNR pole and 𝛼଴ and 𝑓଴ are damping factor and resonant frequency in free space. 

 

Baum’s transform has two important restrictions: 1). It is only valid for a perfectly 

conducting sphere 2). The immersing medium is assumed to be isotropic and 

homogeneous but lossy medium. Here, we immerse conducting spheres in 

homogeneous dielectric half-space and simulate the scattered field using FDTD method.  

 

 



Chapter 3: Discrimination of Malignant and Benign Tumors via Complex Natural 
Resonances 
______________________________________________________________________________________________ 

______________________________________________________________________ 
60 

 
 
 

 

 

 

 

 

 

 

 

              

 

Figure 3.2.2 FDTD simulation to obtain scattered field from a PEC sphere in dielectric 
half-space 
 
 
 
 
 
 
 
Table 3.2.1 COMPARISON OF RESONANT FREQUENCY OF PEC SPHERE (dia=1 
inch) 

Resonant frequency 
(GHz) 

Pole 1 Pole 2 Pole 3 Pole 4 Pole 5 

Theoretical [124] (Free Space) 3.26 6.79 10.37 13.97 17.58 
Measured [123](Free Space) * 6.8 10.6 13.6 * 
Simulated (Free Space) 3.34 6.31 10.35 13.61 18.17 
Baum’s Transformed  
(in dielectric medium) 

1.58 3.39 5.18 6.98 8.79 

Simulated (in dielectric medium) 1.75 * 5.56 6.30 9.07 
 

 

 

 

               
 
                                    
  

Free 
Space 

PEC  
spheres 

Dielectric half 
space 𝜀௥ = 2.4, σ = 0.02 
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Table 3.2.2 COMPARISON OF RESONANT FREQUENCY OF PEC SPHERE 
(dia= 𝟏 𝟏 𝟖ൗ INCH) 

Resonant frequency 
(GHz) 

Pole 1 Pole 2 Pole 3 Pole 4 Pole 5 

Theoretical [124](Free Space) 2.89 6.04 9.22 12.42 15.63 
Measured [123](Free Space) * 6.40 9.50 13.0 * 
Simulated (Free Space) 2.85 5.83 9.40 12.58 15.96 
Baum’s Transformed  
(in dielectric medium) 

1.44 3.02 4.61 6.21 7.81 

Simulated (in dielectric medium) * 3.08 4.22 6.18 8.26 
 

 

Table 3.2.3 COMPARISON OF RESONANT FREQUENCY OF PEC SPHERE 
(dia= 𝟏 𝟓 𝟏𝟔ൗ INCH) 

Resonant frequency 
(GHz) 

Pole 1 Pole 2 Pole 3 Pole 4 Pole 5 

Theoretical [124] (Free Space) 2.48 5.18 7.90 10.64 13.39 
Measured [123](Free Space) * * 7.8 10.7 * 
Simulated (Free Space) 2.62 * 7.45 * 13.17 
Baum’s Transformed  
(in dielectric medium) 

1.24 2.59 3.95 5.32 6.69 

Simulated (in dielectric medium) * 2.51 3.04 * 7.44 
 

Table 3.2.4 COMPARISON OF RESONANT FREQUENCY OF PEC SPHERE 
(dia= 𝟏 𝟏 𝟐ൗ INCH) 

Resonant frequency 
(GHz) 

Pole 1 Pole 2 Pole 3 Pole 4 Pole 5 

Theoretical [124] (Free Space) 2.17 6.91 9.31 11.72 16.57 
Measured [123](Free Space) * 6.8 9.7 * * 
Simulated (Free Space) 2.35 6.8 * 11.51 16.22 
Baum’s Transformed  
(in dielectric medium) 

1.08 3.45 4.65 5.86 8.28 

Simulated (in dielectric medium) * * 4.50 5.74 8.78 
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The symbol ∗ refers to unavailable data in extracted poles, because some poles for 

complex natural resonance may not be extracted both in numerical extraction or 

experimental measurements [123, 126]. The reasons could be: (a) the late-time signal 

could not be extracted accurately. (b) the missing resonant mode could have been 

corrupted by the residual early-time nonresonant signal or imperfection due to antenna 

reception. 

To get the simulated data, the same UWB pulse with 3-dB bandwidth of 6GHz 

illuminates the embedded PEC sphere. The dielectric medium chosen to immerse 

spheres has 𝜀௥ = 4 , σ = 0.02 . The calculated late-time responses are processed by 

Matrix Pencil method [119] to obtain the resonances. The numerical results obtained in 

free space are compared with theoretical [124] and published measured data [123] as 

tabulated from Table 3.2.1 to Table 3.2.4. The theoretical data in free space are 

transformed using Baum’s equation (3.5) to obtain CNRs in embedded medium.  

 

We then compare our CNRs extracted using FDTD simulation with the Baum 

transformed theoretical data as shown from Table 3.2.1 to Table 3.2.4. It can be 

observed from the four tables that: (1) the simulated data from free space are close to 

theoretical and measured data in free space; (2) the simulated data for embedded 

dielectric medium are close to those predicted by Baum’s transformed theoretical 

data[124]. 

 

3.3 CNR extraction for numerical breast phantom 

The above results on extracted CNRs show encouraging results of our FDTD 

simulations. However, our main aim here is to demonstrate that breast lesion can be 

discriminated (malignant versus benign) using CNRs which are extracted from the late-

time target response and Matrix Pencil method. Therefore, obtaining accurate time-
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domain late-time target response is important. To get the target response from breast 

lesions embedded in breast tissue background, we firstly localize the suspicious region 

within breast where it is possible for a malignant lesion to exist. For this, we employ 

MWDAS to suppress clutter response from background tissues which can affect the 

accuracy of extracted CNR. However, MWDAS, like other existing beamforming 

techniques [34, 42, 47], cannot estimate an accurate waveform from the suspicious 

region. Hence, we then propose another two-sage waveform estimation technique to 

estimate the late-time target response from the suspicious region. Using this waveform, 

we extract CNRs. 

 

To effectively localize the suspicious region of breast lesion, early-time artifacts 

including antenna excitation and skin reflections must be removed. Hence, we propose a 

general preprocessing technique to remove the early-time artifacts. In addition, the 

varying tissue composition (fibroglandular and fatty tissues) within breast are dispersive 

and can result in different propagation velocities for the backscattered signals to 

propagate within the breast. This makes it difficult to focus on the lesion location when 

using only conventional confocal imaging method [34, 47]. To address this dispersive 

effect, we propose a time-of-arrival (TOA) autocalibration method that can further help 

the MWDAS to accurately localize the suspicious tissue region.  

 

We use FDTD simulations to test our proposed methods. Here we first build simple 

3D FDTD numerical breast phantoms having hemispherical shapes. Figure 3.3.1 shows 

two hemispherical numerical breast models. The diameter of the model is 100mm. Skin 

layer also has hemispherical shape with 2mm thickness and chest wall on the bottom is 

20mm thick. Figure 3.3.1(a) is homogeneous breast model which only contains 

homogeneous fatty tissues.  
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On the other hand, Figure 3.3.1(b) is an inhomogeneous breast model which 

contains all the three main categories of normal breast tissues [52]: low adipose (mostly 

fibroglandular or fibroconnective tissues), medium adipose (31%-84% adipose tissues), 

and high adipose tissues (mostly fatty tissues). Dielectric properties of breast tissues are 

adopted from literature [55]. Phantom is immersed in a coupling liquid having the same 

dielectric property as that of the fatty tissues. 

 
Breast lesion is constructed by using Gaussian random sphere model that generates 

random surface geometries [127-129]. The Gaussian random sphere can generate a 

family of distinct but related shapes which may follow the morphological features of 

breast lesions[130]. Malignant lesion normally has spiculated shape while benign lesion 

corresponds to smooth shape [130]. By setting the mean and covariance function of the 

radius, random geometries can be formed from smooth to uneven and spiculated shapes. 

By controlling different combination of mean radius and covariance, spiculated and 

smooth breast lesions are shown in Figure 3.3.2.  

 

 

 
(a)                                                               (b) 

Figure 3.3.1 FDTD hemispherical breast models. (a) Homogeneous breast phantom (b) 
Inhomogeneous breast phantom. 
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Figure 3.3.2 Spiculated and smooth breast lesions constructed using Gaussian random 
sphere 
 

In our FDTD breast model, spiculated lesion is built by using a number of random 

spicules mounted on a smooth base [130] having an equivalent diameter of 10mm as 

shown in Figure 3.3.3 (a). For a smooth lesion, we first use a simple sphere model that 

has a diameter of 10mm as shown in Figure 3.3.3 (b). Fibroglandular tissue is modeled 

a clustered-chain pattern as shown in Figure 3.3.3 (c). Later, we show our results based 

on C3 heterogeneously dense phantom obtained from UWCEM phantom repository[63]. 

In C3 phantom, we employ spiculated and smooth lesions with different morphological 

features[130]. 

                   
                                        (a)                       (b)                       (c) 

Figure 3.3.3 3D breast lesions in FDTD models (a) spiculated lesion. (b) smooth lesion. 
(c) healthy tissues in cluster pattern. 

 

A hemispherical antenna array with 40 ideal antenna elements is placed around the 

breast model placed 10mm away from the skin. The antenna array is also immersed in 

the coupling liquid. In FDTD simulation, time-domain source is modulated Gaussian 

pulse having frequency up to 11GHz with 3dB bandwidth of 4GHz and excites the 

breast model using plane wave. Ideal antennas will then collect the scattered fields. The 

grid size of FDTD simulation is0.4mm × 0.4mm × 0.7mm. For spiculated lesion, sub-
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grid technique is used to generate fine mesh in order to provide sufficiently mesh to 

model small spicules. 

 
3.3.1 General pre-processing and TOA autocalibration 

3.3.1.1 Pair-matching pre-processing method for removal of early-time content 

The normal method to remove the early-time contents is subtracting a calibration 

signal that is obtained by averaging all the recorded signals. In literature, for 

experimental data collection, array rotation was suggested to remove the antenna 

excitation [42]. It is worth noting that subtraction of tumor-free signals to obtain the 

ideal tumor response is applicable only for ideal theoretical models and difficult to be 

implemented in practice. Although it is not practical for diagnosis, this ideal response 

can be used as a reference to calibrate the image reconstruction method. 

 

Antennas at different locations receive different levels of early-time contents due to 

the uneven skin layer and dispersive medium. Hence, simple averaging of different 

levels of early-time signals [31, 33] may not accurate results. To improve the accuracy, 

we propose a pair-matching method of pre-processing utilizing the root mean square 

error (RMSE). RMSE is used to measure the difference between two vectors which in 

this case are time-domain raw data received at different antennas. RMSE is defined by: 

 𝑈RMSE = ට∑ ൫௨೔,ೕ(௧)ି௨෥೔,ೕ(௧)൯మ೟ಿసభ ே                                           (3. 6 a) min௨೘೔,ೕ, ௨෥೘೔,ೕ 𝑈RMSE                                           (3. 6 b) 𝑦௜,௝(𝑡) = 𝑢௠௜,௝ −  𝑢෤௠௜,௝                                       (3. 6 c)  
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where 𝑢௜,௝(𝑡)  is a received time-domain pulse from 𝑖 th transmitting antenna to 𝑗 th 

receiving antenna and 𝑢෤௜,௝(𝑡) is another time-domain signal at any receiving antenna. 𝑁 

is the width of the pulse and is equal to 1ns.  

 

Use of RMSE criterion as given in (3.6a) will select pair-matched received signals 𝑢௠௜,௝(𝑡)and  𝑢෤௠௜,௝(𝑡) as given in (3.6b) which give a minimized RMSE value. Then, 

calibrated signal 𝑦௜,௝(𝑡)can be obtained by subtracting 𝑢௠௜,௝(𝑡) and  𝑢෤௠௜,௝(𝑡) with each 

other as given in (3.6c) to remove the early-time contents.  

 

The received raw data are shown in Figure 3.3.4 (a). All the received raw data are 

aligned to the major zero-crossing point which represents the dominant early-time 

contents [31, 34]. This alignment of early-time is necessary for effective reduction using 

RMSE criterion, because antennas are located at different positions [30]. It can be seen 

in Figure 3.3.4(a) the aligned raw data have significant different levels of amplitudes 

which make the conventional pre-processing [30, 47] using only averaging of the raw 

data very difficult to process.  

 

In our RMSE pair-matching pre-processing, a matrix of RMSE results using 

equation (3.6 b) is shown in Figure 3.3.4 (b). X and Y axles are antenna elements. A 

pixel with high value represents a low RMSE value between two received pulses 𝑢௠௜,௝(𝑡)and  𝑢෤௠௜,௝(𝑡) as given in equation (3.6 b) and such two pulses become pair-

matched pulses. It can be observed from Figure 3.3.4 (b) that the pair-matched elements 

(high values of pixels) shown on RMSE matrix can be divided into four parts by the 

number of antenna elements: 1-10, 11-20, 21-30, and 31-40. It is interesting to note that 

antenna elements in each part are close to the transmitting antenna. It means that the 

pair-matched pulses come from antennas whose locations are close to transmitting 

antenna.  
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(a) 

 

 
(b) 

Figure 3.3.4 Aligned received signals and RMSE matrix for pair-matching pre-
processing(a) simulated scattered fields after alignment to zero-crossing point (b) pair-
matched elements using RMSE matrix. 
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This finding agrees with the pre-processing method used in literature [44], where 

only antennas that lie within close angular approximation to the transmitting antenna 

will be selected to record the measured signals. Further, this method is a special case of 

pair-matching generalized pre-processing when the breast phantom is symmetric and 

assuming that skin reflections are similar to different antennas. 

 

3.3.1.2 Time-of-arrival (TOA) autocalibration 

Time-of-arrival information is important for confocal microwave imaging[34]. In 

confocal microwave imaging, received signals are processed coherently by shifting the 

signals from the focal point [31, 34, 47] before using image reconstruction method and 

the signals are shifted according to the approximate TOA. The approximate TOA using 

an average dielectric constant given by: 

 𝑛௜,௝(𝒓଴) = ஽೔,ೕ(𝒓బ)஼/ඥఌೝ,బ                                                  (3. 7) 

 

where 𝑛௜,௝(𝒓଴) and 𝐷௜,௝(𝒓଴)are the TOA and round trip distance from 𝑖th transmitting 

antenna to 𝑗th receiving antenna respectively for a confocal point at 𝒓଴. 𝐶 is the speed 

of light and 𝜀௥,଴ = 4.32 is the average dielectric constant for normal breast tissues [45]. 

For inhomogeneous breast, use of average dielectric constant will usually result in bias 

in the reconstructed tumor image [131]. To estimate reliable TOA information for 

accurate tumor reconstruction, we propose a novel TOA autocalibration using early-

time contents. 

 
 

Firstly, we introduce a TOA compensation factor μ. An initial TOA is determined 

using equation (3.7). For the initial TOA, compensation factor μ is made equal to 1. The 

raw data of received pulses which contain early-time information (see Figure 3.3.4(a)) 
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are integrated to transform the zero-crossing point to the peak so that the highest peak 

will correspond to the antenna excitation that dominates the early-time content [31, 33]. 

The integration is given by: 

 𝑢ො௜ = ∫ 𝑢௜(𝑡)𝑑𝑡௧ିஶ , 𝑖 = 1,2, ⋯ , N                              (3. 8) 

 

where 𝑢௜(𝑡) is the recorded raw data at 𝑖th antenna. The integrated signals 𝑢ො௜ are then 

aligned to the antenna positions 𝑟௔,௜, according to the initial TOA using equation (3.7). 

After aligning, signals are time shifted and become 𝑢ො௜(𝑡 − 𝜇 ∙ 𝑛௜,௝(𝒓଴)). These time-

shifted signals are passed through a time-window:  

 𝑤(𝑡) = ൜1,     0<𝑡<𝑡௪0,  otherwise                                     (3. 9) 

 

where the size of time-window is the duration of early-time content. In this case of 

simulation, 𝑡௪ = 0.5𝑛𝑠. Then the time shifted signal after time-window becomes: 

 𝑢ො௜(𝑡) ∙ 𝑤(𝑡) = ൝𝑢ො௜(𝑡) = 0                           for 𝑡 < 𝜇 ∙ 𝑛௜,௝(𝒓଴), or 𝑡 > 𝜇 ∙ 𝑛௜,௝(𝒓଴) + 𝑡௪𝑢ො௜ = 𝑢ො௜ ቀ𝑡 − 𝜇 ∙ 𝑛௜,௝(𝒓଴)ቁ        for 𝜇 ∙ 𝑛௜,௝(𝒓଴) ≤ 𝑡 ≤ 𝜇 ∙ 𝑛௜,௝(𝒓଴) + 𝑡௪     
(3. 10) 

 

Equation (3.10) establishes that the time-windowing keeps the signal of interest. 

Then, the early-time content 𝑢ො௜without removal of antenna excitation and skin reflection 

is processed by a simple DAS beamformer. Since the true antenna positions are 

assumed to be known apriori, DAS is expected to reconstruct the antenna excitation 

signal to the known antenna locations. The energy 𝑝൫𝑟௔,௜൯ at true antenna location  𝑟௔,௜ is 

calculated using DAS beamformer based on time-shifted and time-windowed signal: 
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 𝑝൫𝑟௔,௜൯ = ∑ ൬𝑤DAS ∙ 𝑢ො௜ ቀ𝑡 − 𝜇 ∙ 𝑛௜,௝(𝒓଴)ቁ൰ଶெ௧ୀଵ                             (3. 11) 

 

 Once the antenna excitation is reconstructed using equation (3.11), we can then 

calculate the objective function 𝜎௥,௜ which is the standard deviation of the reconstructed 

image (as shown in Figure 3.3.5(a)) of antenna excitation at 𝑖th transmitting antenna. 

By minimizing the objective function, TOA compensation factor 𝜇௜ can be optimized to 

a proper value that can correct the initial TOA information. The objective function is 

defined as: 

 𝜎௥,௜(𝑘) = std ቀ𝑝൫𝑟௔,௜, 𝑘൯ቁ                                  (3. 12)          

 𝜇௜(𝑘 + 1) = 𝜇௜(𝑘) + ∆𝜇                                  (3. 13) 

 𝑝൫𝑟௔,௜, 𝑘 + 1൯ = ∑ ൬𝑤DAS ∙ 𝑢ො௜ ቀ𝑡 − 𝜇௜(𝑘 + 1) ∙ 𝑛௜,௝(𝒓଴)ቁ൰ଶெ௧ୀଵ      (3. 14) 

 

where std(∙) is the operator to calculate the standard deviation of the reconstructed 

image of antenna excitation. 𝜎௥,௜(𝑘)  is the calculated standard deviation of the 

reconstructed image of antenna excitation at 𝑖 th transmitting antenna and at 𝑘 -th 

iteration step. 𝑝൫𝑟௔,௜, 𝑘൯ is the reconstructed energy at true antenna location 𝑟௔,௜ and at 𝑘-

th iteration step.  
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                                                      (a)                                                      (b) 

 
                                              (c)                                                      (d) 

 
                                             (e)                                                       (f) 

 
                                             (g)                                                      (h) 

Figure 3.3.5 TOA autocalibration. (a), (b), (e), (f) show the focused energy of antenna 
excitation signal at (0, 0, 60)mm. (c), (d), (g), (h) show the time shifted signals and the 
time-window 𝒘. 
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with duration 𝑡௪ 

Peaks of time-
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energy of 
excitation signal 

std 𝜎௥,௜ 
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After calculating 𝜎௥,௜(𝑘)at 𝑘th step of iteration, TOA compensation factor 𝜇 is updated 

at (𝑘 + 1)th step as given by equation (3.13) by a small step ∆𝜇. We consider |∆𝜇| =0.1 in our simulated data. The reconstructed energy 𝑝൫𝑟௔,௜, 𝑘 + 1൯ is also updated at (𝑘 + 1)th step as given in equation (3.14).  

 

The TOA autocalibration process continues to run iteratively until a termination 

condition is fulfilled given by: 

 ฯ𝜇 𝐷𝑖,𝑗(𝒓0)𝐶/ඥ𝜀𝑟,0 − 𝑡௧∈(௨ෝ೔(௧)ୀ୫ୟ୶(௨ෝ೔)ฯ < 𝜌                            (3. 15) 

 

where 𝜌 is of the order of 0.1 to make sure the minimization process will terminate. 

Equation (3.15) is fulfilled when the peaks of the time-shifted signals match with the 

starting point of time-window in equation (3.9). 

 

Now we describe our simulation using our proposed TOA autocalibration. Let an 

antenna is at (0, 0, 60)mm transmit an incident Gaussian pulse to illuminate the 

phantom in Figure 3.3.1(b). Figure 3.3.5-(a), (b), (e), (f) show the reconstructed energy 

of antenna excitation signal to the known location of transmitting antenna. It can be 

seen the energy is gradually focused to the correct antenna position at (0, 0, 60)mm 

while TOA is corrected by compensation factor.  

 

Figure 3.3.5-(c), (d), (g), (h) show the corresponding time-shifted signals and time-

window 𝑤 using equation (3.9). More specifically, in Figure 3.3.5-(c), the time-window 

with duration 𝑡௪  does not start from the peaks on time-shifted signals 𝑢ො௜ =𝑢ො௜ ቀ𝑡 − 𝜇 ∙ 𝑛௜,௝(𝒓଴)ቁ. At this time, the corresponding reconstructed excitation signal is 

not focused as shown in Figure 3.3.5-(a), because the TOA compensation factor μ is not 
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optimum. As the estimated 𝜇௜  is changing iteratively, antenna position is becoming 

stable and compact. In Figure 3.3.5-(h), the time-window matches the peaks of time 

shifted signals so that the termination condition terminates the autocalibration iteration. 

At this time, the reconstructed excitation energy focuses on the correct transmitting 

antenna position at (0, 0, 60)mm as shown in Figure 3.3.5-(f). By relying on this 

autocalibration, the TOA compensation factor 𝜇௜ of 𝑖th transmitting antenna is obtained. 

The autocalibration also makes the image reconstruction algorithm patient specific, 

since in each case breast tissue inhomogeneities can differ from either pre-dominantly 

fatty or significantly fibroglandular (dense). 

 

3.3.2 Late-time target response of breast lesion 

Once the early-time content is removed, we need to obtain the late-time target 

response. For this, we propose a two-stage waveform estimation method to make sure 

the accuracy of waveform estimation for CNR extraction. In the two-stage waveform 

estimation, we incorporate robust Capon beamformer (RCB) [65]with minimum 

variance distortionless response (MVDR). Next, we utilize the minimum mean-square-

error (MMSE) beamformer[132] to further reduce the bias. 

 

MVDR (also known as standard Capon beamformer (SCB)[103]) minimizes SINR 

which only allows the backscattered signals of interest to pass through while 

suppressing interference from other scatters. It can provide waveform estimation by 

maximizing the SINR. However, it often results in a large estimation error[65, 132]. To 

estimate better amplitudes of waveform, MMSE beamformer obtains improvement over 

SCB. However, the uncertainty of steering vector in SCB must be solved.  For this, we 

further incorporate RCB [47]to overcome the uncertainty of steering vector in the first 

stage of waveform estimation. In the second stage, we apply MMSE beamformer 

[132]to estimate the waveform from the suspicious region. 
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3.3.2.1 Steering vector estimation using RCB 
Consider the pre-processed vector is: 

 𝒚௜(t) = 𝐚(𝑡)𝑠௜(𝑡) + 𝒆௜(𝑡)                                (3. 16) 

 

where 𝒚௜(t) = ൣ𝑦௜,ଵ(𝑡), ⋯ 𝑦௜,ெ(𝑡)൧்
is the vector of preprocessed signals for 1 to M 

receiving antennas. The scalar 𝑠௜(𝑡)denotes the backscattered signal from the confocal 

point at location𝒓଴. The vector 𝐚(𝑡) is so called “steering vector” and is equal to𝟏ெ×ଵ 

as all the preprocessed signals have been time-shifted temporally to a focal point. The 

vector 𝒆௜(𝑡) denotes the residual term which contains noise and other possible 

interference.  

 

When aligned to the target of interest, the steering vector 𝐚(𝑡) is slightly different 

from 1, since it suffers from distorted waveform, imperfection of time-shift due to 

breast inhomogeneities, etc. RCB [47] improves SCB by minimizing the errors of 

steering vector using an uncertainty set. Let the true steering vector 𝐚(𝑡଴) lie in the 

vicinity of the referenced steering vector 𝐚ത(𝑡) = [1, ⋯ ,1]்  and force their difference 

under a condition in equation (3.17): 

 ‖𝐚(𝑡଴) − 𝐚ത(𝑡)‖𝟐 ≤ 𝜕                                     (3. 17) 

 

where 𝜕is used to describe the uncertainty of steering vector 𝐚(𝑡଴). In the literature [46],  𝜕 is around 3. In our simulation study, we choose 𝜕 = 3.4. The covariance matrix is 

given by: 

 𝐑௒(𝑡଴) = ଵெ 𝐘(𝑡଴)𝐘்(𝑡଴)                                (3. 18) 
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where 𝐘(𝑡଴) = [𝑦ଵ(𝑡଴), 𝑦ଶ(𝑡଴), ⋯ , 𝑦ெ(𝑡଴)] 
 

The objective function to optimize the unknown steering vector  𝐚(𝑡଴)  is given 

by[47]: 

 min𝐚(௧బ) aa்(𝑡଴)𝐑ି𝟏௒(𝑡଴)𝐚(𝑡଴)   subject to    ‖𝐚(𝑡଴) − 𝐚ത(𝑡)‖𝟐 ≤ 𝜕        (3. 19) 

 

To minimize equation (3.19), we have used We use particle swarm optimizer (PSO) 

[133, 134] to obtain the optimized steering vector 𝐚(𝑡଴). Unlike the method used by 

[135], here we transform the equation (3.19) into: 

 min𝐚(௧బ)(a்(𝑡଴)𝑹ି𝟏௒(𝑡଴)a(𝑡଴) + 𝜉 ∙ ‖𝒂(𝑡଴) − 𝒂ഥ(𝑡)‖𝟐)            (3. 20) 

 

where a new parameter 𝜉 is introduced to incorporate the condition given by (3.17) in 

addition to minimize the objective function. This parameter 𝜉  can also be obtained 

during the PSO optimization. 

 

After obtaining estimated steering vector 𝐚(𝑡଴) , the first stage of waveform 

estimation is complete. The array weight of RCB can be calculated for a confocal point 

at 𝒓଴: wRCB = 𝑹ష𝟏ೊ(௧బ)𝐚(௧బ)a೅(௧బ)𝐑ష𝟏ೊ(௧బ)𝐚(௧బ)                                (3. 21) 

 

The output of RCB beamformer is then obtained by: 

 𝐬ො(𝑡଴) = [𝒘𝑻RCB(𝑡଴)𝐘(𝑡଴)]்                              (3. 22) 
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3.3.2.2 MMSE beamformer 
Although RCB also minimizes mean-square-error (MSE), it does not necessarily 

result in a good estimation of signal waveform[132]. Therefore, in the second stage of 

waveform estimation, we use MMSE beamformer [132]. Assuming 𝑠̂௜(t) is the estimate 

of backscattered signal s௜(𝑡), the MSE between them is: 

 E{|𝑠̂ − 𝑠|ଶ} = 𝐰ு𝐑ଢ଼ww+|𝑠|ଶ|1 − wுa|ଶ                      (3. 23) 

 

where w is the beamformer if properly designed will minimize the MSE. When s is a 

zero-mean random variable with variance𝜎ଶ௦ , the term |𝑠|ଶ is replaced by 𝜎ଶ௦ . The 

MMSE beamformer is derived by minimizing equation (3.23) [132] as given by: 

 wMMSE = |𝑠|ଶ(𝐑ଢ଼+|𝑠|ଶaaு)ିଵa=β∙wRCB                   (3. 24) 

 𝛽 = |௦|మ∙aಹ𝑹Yషభaଵା|௦|మ∙aಹ𝑹Yషభa                                       (3. 25) 

 

MSE of using MMSE beamformer in equation (3.24) is smaller than that of obtained 

by RCB beamformer given by(3.21). However, MMSE depends on |𝑠|  which is 

unknown in practice. Instead, we may know the upper and lower bounds of |𝑠|: 
 𝐿 ≤ |𝑠| ≤ 𝑈                                            (3. 26) 

 

where L and U are lower and upper bounds of |𝑠|. Considering these, the MMSE 

beamformer can change to [132]: 

 wMMSE = 𝛽MMSE∙wRCB                                   (3. 27) 
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where scaling parameter 𝛽MMSEbecomes: 

 𝛽MMSE = 1 − ଵට൫ଵା௅మaaಹ𝑹ష𝟏ೊa൯൫1+௎మaಹ𝑹ష𝟏ೊa൯                  (3. 28) 

 

Now the output of the second stage of waveform estimation is: 

 𝐬ො(t) = [𝒘𝑻MMSE(𝑡)𝐘(𝑡)]்                          (3. 29) 

      

The method of estimating U and L are also given in the literature[132] as: 

 𝑈 = (1 + 𝜙)ଶ ∙ ටଵே ∑ 𝑠̂ଶ(𝑡଴)ேଵ                                 (3. 30) 

 𝐿 = (1 − 𝜙)ଶ ∙ ටଵே ∑ 𝑠̂ଶ(𝑡଴)ேଵ                                  (3. 31)                   

                 

where 𝜙 is selected as equal to 5 in our simulations. sො(𝑡଴) is a rough estimate using 

RCB in equation (3.22). 

 

3.3.2.3 Simulation results 
We employ FDTD simulations using the numerical hemispherical shaped breast 

models as shown in Figure 3.3.1. We first use MWDAS (as given in Chapter 2) to 

process the pre-processed signals to localize the suspicious locations of malignant 

lesions followed by two-stage waveform estimation as explained above. The smooth 

shaped and spiculated shaped lesions are embedded at (0, 20, 15)mm respectively in 

the model. The reconstructed suspicious lesion location is plotted in the 3D image as 

shown in Figure 3.3.6 on a hemispherical breast contour for the display of 3D image. 
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Figure 3.3.6(a) produces the suspicious location of breast lesion in homogeneous 

breast model of Figure 3.3.1(a), while Figure 3.3.6(b) gives the suspicious location in 

the inhomogeneous breast model of Figure 3.3.1(b). The reconstructed image is 

normalized to the highest focused energy and then a threshold ‘ϑ’ is chosen to remove 

the clutter effects as much as possible [42, 44]. Any normalized energy lower than ‘ϑ’ 

will be removed. In this simulation study, ‘ϑ’is chosen as 0.9. It can be seen that 

reconstructed images can clearly indicate the suspicious lesion location. Hence, the 

target response can be estimated only from the suspicious location rs.  
 

 
                                      (a)                                                             (b) 

Figure 3.3.6 Reconstructed suspicious region in hemispherical phantom: (a) 
homogeneous breast model in Figure 3.3.1-(a); (b) inhomogeneous breast model in 
Figure 3.3.1-(b) 

 

Target response of breast lesion can be estimated using (3.20), (3.21) and (3.29) 

from pre-processed signals. In FDTD simulation, we estimate the target response 𝐬ො(t) 

by transforming the received ultrawideband pulse into a number of frequency 

subbands. Here the number of subbands are chosen to be 𝐾஻=60 and each subband 

has a bandwidth of 166MHz. Time interval ∆t = 0.96ps  and number of time 

Suspicious 
location of 
breast lesion 
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location of 
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sampling  N=2000 . For each narrow subband, we apply two-stage waveform 

estimation. Additive white Gaussian noise with zero-mean and variance 𝜎ଶ଴is added to 

the scattered fields. Then the signal-to-noise ratio (SNR) is calculated by [47]: 

 SNR=10 logଵ଴ ቊଵ ெమൗ ∑ ∑ ቂ భಿ ∑ ௦̂మ೔,ೕ(௧)ಿషభ೟సబ ቃಾೕసభಾ೔సభ ఙమబ ቋ                      (3. 32) 

For our simulation, we fix SNR to be 30dB. PSO uses 30 particles and 39 

dimensions as the 39 receiving antennas record the scattered fields for each excitation. 

The steering vector is obtained using average of 100 runs of PSO and for each run, 500 

times iteration are used. Figure 3.3.7 shows an example of calculated fitness of 

objective function (3.20) for a subband whose centre frequency is 5GHz. The 

uncertainties of steering vector as given (3.17) are calculated for the whole bandwidth 

and are shown in Figure 3.3.8. It can be seen that uncertainties are smaller than the 

given value𝜕 = 3.4 for every subband which satisfy the constraining condition given 

by (3.17). 

 
Figure 3.3.7 Calculated fitness value using PSO for steering vector estimation at 5GHz 
for hemispherical breast phantom. 
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Figure 3.3.8 Uncertainties of steering vector for the whole bandwidth of backscattered 
signal 

 
Figure 3.3.9 Estimated waveform using the proposed two-stage waveform estimation 
method. 

 
After obtaining the steering vector using RCB, now we estimate the waveform of 

target using MMSE beamformer using equations from (3.27) to (3.31). The estimated 

waveform is illustrated in Figure 3.3.9 and the waveform of target response using RCB 

is also plotted. The proposed two-stage waveform estimation method can offer smaller 

mean-square-error (MSE) which helps to estimate waveform accurately when only 

robust Capon beamforming (RCB) as shown in equation (3.24) and (3.25) is used. It 

can be observed that during the late-time period of the both waveforms, amplitudes 
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and phases have significant differences which will certainly change the CNR values. 

However, it is worth noting that the discrepancy on the extracted CNR cannot tell as to 

how accurately one particular beamforming method can estimate the waveform, but 

MSE can provide better metric for accuracy of estimation. Thus, based on lower MSE 

criteria, the proposed two-stage waveform method can estimate the waveform much 

more accurately. This will then lead to more reliable CNR extraction. Now CNR of 

embedded target, which in our case is the breast lesion in the FDTD breast model, can 

be extracted based on the estimated waveform of target response.  

 

3.3.3 Extraction of late-time resonant signal from target response 
However, before extracting CNR by directly applying matrix pencil method on 

estimated waveform, we need to know from what time on the waveform the CNRs can 

be extracted[99]. In other words, we need to separate late-time resonant signal from 

early-time non-resonant signal which is only due to singularity of excitation[94]. 

Otherwise, spurious CNRs may be extracted if non-resonant signal is used for CNR 

extraction. In the literature related to CNR extraction [94], resonances are calculated as 

a function of time and are mapped as resonant frequency-time plane to examine the 

fundamental resonance and other higher mode resonances. Fundamental resonance 

corresponds to a complex resonant pole which has the lowest resonant frequency 

excited by the embedded target and it is found to be related to the physical length of a 

conducting object [94]. On the resonant frequency-time plane, the fundamental 

resonance is the lowest line which has non-fluctuating and nearly constant levels of 

resonant frequencies.  

 

Here we propose to modify the resonances-time plane by forming only the 

resonances with dominant CNR poles. Dominant pole is the pole 𝑆௠  having the 

highest amplitude of |𝐶௠|  as given in equation (3.1). By forming this plane, 
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fundamental resonance can be clearly seen which also appears with relatively flat and 

non-fluctuating values of resonant frequencies over time. We construct such planes 

using the target responses from spiculated and smooth breast lesions respectively 

based on the FDTD models as shown in Fig 3.3.1-3.3.3. 

 

 
(a) 

 
(b) 

Figure 3.3.10 Localization of late-time resonant signal using hemispherical breast 
phantom (a) Target responses of smooth and spiculated lesions (b) resonant frequency-
time planes 
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The target responses after two-stage waveform estimation are shown in Figure 

3.3.10 (a) for both spiculated and smooth lesions, in which slight differences can be 

observed for the amplitudes of waveforms. Figure 3.3.10(b) shows the dominant 

resonant frequency-time plane corresponding to Figure 3.3.10(a). It can be seen that 

the dominant resonances appears stable and flat after about 1.5ns (indicated by dashed 

line on the figure) with averaged resonant frequency of 2.1GHz for both the lesions. 

This period indicates the late-time resonant signal. On the other hand, resonances 

before 1.5ns and after 2.9ns appear to have large fluctuating values ranging from 

0.5GHz to 4GHz which correspond to nonresonant spurious CNRs. Therefore, for 

CNR extraction using matrix pencil method, only the late-time resonant signal should 

be applied. 

 

3.3.4 Calibration techniques for CNR signatures 
3.3.4.1 Calibration of CNR extraction using non-penetrable PEC objects 

Before we extract CNRs from late-time target response, we need to make sure that 

the extracted CNRs correspond to the external mode (as discussed in section 3.2), as 

only the external mode of CNR can be related to morphological features of target 

geometries. Hence, we first employ non-penetrable PEC sphere and embed it inside the 

numerical hemispherical breast phantom. Since the PEC sphere has only external mode 

of CNRs [94], use of such PEC sphere can help to compare whether the extracted CNRs 

from dielectric breast lesions having the same size and shape correspond to external 

mode CNRs. In addition, PEC object with spiculated shape is also examined to compare 

the external mode of CNR of spiculated dielectric breast lesion having the same 

spiculated profile as PEC spiculated object.  

 

We first examine the morphological features corresponding to the CNR signatures 

for smooth lesion by embedding the same sized PEC and dielectric spheres at (0, 20, 15) 
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inside the numerical hemispherical breast phantom (Figure 3.3.1) respectively. Both 

PEC sphere and spherical shaped dielectric lesion has dia=10mm. Their target responses 

and extracted CNRs are shown in Figure 3.3.11. It can be observed that CNRs for 

dielectric breast lesion and PEC sphere have similar pattern and also have close 

resonant frequencies and damping factors. Therefore, it is possible that CNRs from 

dielectric breast lesion correspond to be external mode CNRs. Then we examine the 

morphological features correspond to the CNR signatures for PEC and dielectric objects 

having the same spiculated profile. The target responses and extracted CNRs are plotted 

in Figure 3.3.12. The findings appear to be similar: extracted CNRs for both PEC and 

dielectric shapes have close resonant frequencies and damping factors. 

 

 

 

 

  
                                  (a)                                                                  (b) 

Figure 3.3.11 (a) target responses from dielectric breast lesion and PEC object with the 
same spherical shapes. (b) extracted CNRs 
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Figure 3.3.12 (a) target responses from dielectric breast lesion and PEC object with the 
same spiculated shapes. (b) extracted CNRs 

 

 

3.3.4.2 Normalized CNR error (NCR)  

 
To analyze the errors in extracted CNRs, a closed-form normalized estimation error 

(NCR)  is applied following the method in the literature [136], which is given by: 

 𝑛norm = ቛቀ𝑰ି𝒁൫𝒁ಹ𝒁൯షభ𝒁ಹቁ𝒚unknownቛ‖𝒚unknown‖                                    (3. 33) 

 

where 𝑍 is the matrix of CNR in Z-plane as given by equation (3.3) and is represented 

by: 

 

𝒁 = ቎ 𝑍ଵ 𝑍ଶ ⋯ 𝑍௞⋮    ⋮ ⋱ ⋮𝑍ଵே 𝑍ଶே ⋯ 𝑍௞ே቏                                      (3. 34) 
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where 𝑍௜, 𝑖 = 1,2, ⋯ , 𝐾 is the 𝑖-th CNR pole (3.3). Here, CNRs in Z-plane are chosen 

as the reference for comparison. The signal 𝒚unknown is the objective waveform and is in 

the form of the sum of complex exponentials using matrix pencil method[119].  

 

In this thesis, we use NCR as a metric to measure the difference of CNRs which are 

extracted from different targets for discrimination of morphological features. The higher 

value of NCR is calculated, the larger difference of morphological features exists 

between the targets. The maximum value of NCR is equal to 1. For targets in Figure 

3.3.11, NCR between dielectric and PEC spheres are only 0.12. NCR between dielectric 

and PEC objects with the same spiculated shapes is 0.04. Those small NCRs confirm 

that the extracted CNRs from dielectric breast lesions are external modes. 

 

3.3.5 Extracted CNRs in hemispherical numerical breast models 
Since our proposed two-stage waveform estimation method can give lower bias than 

RCB and DAS for extracted CNRs, we now extract CNRs from breast lesions using our 

proposed pre-processing given by (3.6), TOA autocalibration given by (3.12)-(3.15), 

extraction of late-time resonant signal from target response, and two-this stage 

estimation method given by (3.20)-(3.31). In FDTD simulations, spiculated and 

spherical lesions (as shown in Figure 3.3.3) has been placed at 20 random positions 

within the hemispherical models (as shown in Figure 3.3.1). The results are shown in 

Figure 3.3.13. Figure 3.3.13(a) shows the extracted CNRs in homogeneous breast 

phantom, where CNRs from spiculated lesion has larger damping factors than spherical 

lesion. In this homogeneous phantom only fatty tissues dominate the breast environment. 

Figure 3.3.13(b) shows the extracted CNRs in inhomogeneous hemispherical model. In 

this case, differences of damping factors between spherical and spiculated lesions 

reduce significantly, since the lesion is placed close to fibroglandular tissues which can 

cause interference to responses from target locations. 
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(a) 

 

 

 

 

 
(b) 

Figure 3.3.13 Extracted CNRs of spherical and spiculated dielectric lesions at 20 
different locations in hemispherical breast phantom (a) in homogeneous hemispherical 
numerical breast phantom (b) in inhomogeneous hemispherical numerical breast 
phantom 
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3.4 CNR extraction for MRI-derived breast phantom with 

dense fibroglandular tissues (C3 breast phantom obtained 

from UWCEM phantom repository) 

In this section, we uses a realistic C3 (heterogeneously dense phantom 1) breast 

phantom which has dense fibroglandular tissues which is provided by University of 

Wisconsin-Madison [63]. This dense breast phantom has pixels of 332×202×269 and 

the resolution is 0.5mm. 2D slices and 3D view of such C3 phantom are shown in 

Figure 3.4.1. This phantom contains fatty, fibroglandular, and connective tissues as well 

as a chest layer. Breast lesion of spiculated shape is modelled using a number of random 

spicules mounted on a smooth base to represent malignant breast lesion [130]. On the 

other hand, smooth shaped lesion is also modelled using Gaussian sphere[130] to 

represent benign breast lesion. We simulated four different sets of spiculated and 

smooth lesions as shown in Figure 3.4.1(d). Spiculated lesions have approximate 

diameters of 12mm and smooth lesions have averaged diameter of 10mm. In FDTD 

simulation, the whole breast is immersed in a coupling liquid that has the same 

dielectric property on that of the fatty tissue. 90 ideal antennas are placed surrounding 

the breast phantom to form a cylindrical array. A modulated Gaussian pulse with 3-dB 

bandwidth of 6GHz illuminates the breast from one antenna at a time while all the other 

antennas receive the scattered fields to form a multistatic matrix. FDTD simulation uses 0.5mm × 0.5mm × 0.5mm mesh size for the whole breast. Fine meshed are employed 

to model the small spicules of the spiculated lesion. Two-pole Debye model [55] is 

incorporated  into FDTD simulations to incorporate dielectric properties for different 

tissues[57].  
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(a) (b) 

 

 

 
 

(b) (d) 

 

Figure 3.4.1 C3 heterogeneously dense breast phantom (a) 2D view of phantom in X-Z 
plane (b) 2D view of phantom in X-Y plane (c) 3D view of phantom (d) models of 
spiculated and smooth breast lesions 

 

 

skin  
glandular  fatty  

spiculated-1 spiculated-2 spiculated-3 spiculated-4 

smooth-1 smooth-2 smooth-3 smooth-4 



Chapter 3: Discrimination of Malignant and Benign Tumors via Complex Natural 
Resonances 
______________________________________________________________________________________________ 

______________________________________________________________________ 
91 

 
 
 

 

3.4.1 Localization of suspicious region of breast lesion in C3 phantom 
3.4.1.1 Preprocessing and TOA autocalibration for C3 phantom 

TOA autocalibration is applied with non-preprocessed data using equations from 

(3.8) to (3.15). The reconstructed antenna locations for 6 transmitting antennas at 

different positions are estimated as shown in Figure 3.4.2. By accurately reconstructing 

antenna locations, optimized TOA compensation factor μ is obtained which is used to 

correct the initial TOA given by (3.7) that is calculated using the averaged propagation 

velocity.  

 

Now, we use pair-matching pre-processing method. Pair-matching given by (3.6) is 

used to form a map of RMSE matrix for removal of early-time content as shown in 

Figure 3.4.3. In Figure 3.4.3, spots of high intensity represent pair-matched received 

pulses with low RMSE. Calibrated signals are then obtained by subtraction of pair-

matched signals using equations as given by (3.6). 

 

 
Figure 3.4.2 Reconstructed 6 antenna positions using C3 dense breast phantom 

 
 

Reconstructed 
antenna 
locations 
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Figure 3.4.3 RMSE matrix for pair-matching preprocessing using C3 dense breast 
phantom 
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(b) 

Figure 3.4.4 Two samples of pre-processed signals showing comparison of pre-
processed signals using pair-matching and ideally obtained target responses. 

 

We plot two pre-processed signals in Figure 3.4.4 and compare them with ideal 

target responses obtained by subtracting the target-free templates. As described 

previously, target-free template is the calculated signal obtained without including the 

target tissue.  It can be seen that the preprocessed signals using RMSE pair-matching 

have close agreement with ideally obtained target responses. 

 
3.4.1.2 Localization of suspicious regions in C3 phantom 

Now we localize the suspicious region within the breast lesion when a dielectric 

lesion is placed at (84, 55, 38)mm in a C3 phantom (Figure 3.4.1). In this simulation, 

SNR level set to be 25dB calculated using equation (3.32). To calibrate the focused 

image, we first map a reference image as shown in Figure 3.4.5(a) which is formed by 

ideally obtained target responses using target-free template. The suspicious target 

location is indicated by arrow in the images. Delay-and-sum (DAS) beamformer is then 

used to form the image as shown in Figure 3.4.5(b). It can be seen that more clutter 

0.5 1 1.5 2 2.5 3
x 10-9

-5

0

5 x 10-3

Time (s)

A
m

pl
itu

de
 (V

/m
)

 

 
Received raw data
Ideal target response
using target-free template
Preprocessed signal
using pair-matching

Time (ns)  

A
m

pl
itu

de
 (m

V
/m

) 

 

5 



Chapter 3: Discrimination of Malignant and Benign Tumors via Complex Natural 
Resonances 
______________________________________________________________________________________________ 

______________________________________________________________________ 
94 

 
 
 

interference appears in the image due to the limitations of DAS beamformer. The 

reconstructed energy from clutters has similar level with that arising from breast lesion.  

 

We show the result obtained using our proposed MWDAS in Figure 3.4.5(c) which 

offers higher resolution in the localization of the suspicious region compared to DAS. 

MWDAS efficiently reduces effects from clutter interference. One can see that the 

reconstructed region can be identified clearly (arrow) and has similar performance to 

the reference ideal image. To quantitatively assess imaging results, we also use the 

measure of signal-to-clutter ratio (S/C) [42]to examine the detection quality: ratio of 

peak target energy to a peak of clutter energy. S/C is given by: 

 S Cൗ = Peak target energyPeak clutter energy                                   (3. 35) 

 

The simulated S/C results are listed in Table 3.4.1. Results show that MWDAS 

improves DAS by several orders of magnitudes from a 10mm sized lesion. 

 

 

 

 

Table 3.4.1 Signal-to-Clutter Ratio (dB) for C3 Breast Phantom 

Reference DAS MWDAS 

0.1 0.08 0.3 
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(a) 

 
(b) 

 
(c) 

Figure 3.4.5 Reconstructed image of suspicious region in C3 dense phantom (a) 
reference image using target-free template (b) DAS (c) proposed MWDAS 
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3.4.2 Discrimination of lesion morphologies using CNR signatures in 

C3 phantom 
In this section, CNRs are extracted from four sets of spiculated and smooth lesions 

(Figure 3.4.1 (d)) when they are embedded in C3 heterogeneously dense phantom 

(Figure 3.4.1) at a location (84, 55, 38)mm. For each lesion, two CNR poles are 

extracted and they are shown in Figure 3.4.6. A pole at higher frequency is called higher 

mode of CNR and a pole at lower frequency is lower mode CNR. It can be observed 

that the damping factors at higher mode of spiculated lesions are significantly lower 

than those of smooth lesions. On the contrary, the damping factors at lower mode are 

not separated for all lesions: except for smooth-3, all the other lesions have closely 

clustered damping factors at lower frequencies and thus are difficult to differentiate. 

The results of damping factors and resonant frequencies are also listed in Table 3.4.2.  

 

 

 
Figure 3.4.6 Extracted CNRs from simulated data using four sets of spiculated and 
smooth lesions in C3 phantom 
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Table 3.4.2 Extracted CNRs of Spiculated and Smooth Lesions in C3 Phantom 

 Higher Mode Lower Mode 

Smooth 

Lesion-1 

Resonant Frequency (GHz) 7.1 4.05 

Damping Factor (1/ns) -11.3 -3.71 

Smooth 

Lesion-2 

Resonant Frequency (GHz) 6.47 4.14 

Damping Factor (1/ns) -12.91 -4.87 

Smooth 

Lesion-3 

Resonant Frequency (GHz) 7.14 4.3 

Damping Factor (1/ns) -12.6 -9.26 

Smooth 

Lesion-4 

Resonant Frequency (GHz) 6.29 3.86 

Damping Factor (1/ns) -10.8 -3.4 

Spiculated 

Lesion-1 

Resonant Frequency (GHz) 7.73 4.15 

Damping Factor (1/ns) -5.47 -4.35 

Spiculated 

Lesion-2 

Resonant Frequency (GHz) 9.15 3.94 

Damping Factor (1/ns) -8.4 -1.44 

Spiculated 

Lesion-3 

Resonant Frequency (GHz) 9.78 3.53 

Damping Factor (1/ns) -5.59 -1.62 

Spiculated 

Lesion-4 

Resonant Frequency (GHz) 4.45 8.7 

Damping Factor (1/ns) -6.45 -4.33 

 

 

To quantitatively analyze the CNR discrimination for the embedded lesions, we use 

normalized-CNR-error (NCR) (3.33) for the extracted CNRs. NCR results are shown in 

Figure 3.4.7. As expected, NCRs among smooth lesions are small (averaged value is 

equal to 0.2) as shown in Figure 3.4.7 (a), since smooth lesions have small transitions of 

surface geometries. On the other hand, NCRs between spiculated lesions are high (>0.6) 

as shown in Figure 3.4.7(b), as spiculated lesions have random sharp transitions of their 

surface shapes. It can also be seen from both Figure 3.4.7(a) and (b) that NCRs between 

smooth and spiculated lesions are considerably higher than those between smooth 

lesions. These simulated results have demonstrated that spiculated shaped lesions can be 
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used potentially to discriminate smooth lesion shapes from spiculated shapes using 

CNRs. 

 

 
(a) 

 

 

 

 
(b) 

Figure 3.4.7 Normalized CNR errors between extracted CNRs from breast lesions in C3 
phantom. (a) NCRs of smooth-1 to other lesions (b) NCRs of spiculated- to other 
lesions 
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3.5 Discussion 

This chapter presents a new technique to discriminate breast lesions using complex 

natural resonances. We use MWDAS to spatially minimize the interferences from 

clutters followed by two-stage waveform estimation method. Numerical results using 

C3 heterogeneously dense breast phantom have demonstrated that MWDAS can 

achieve a high resolution image to identify the location of suspicious region inside 

dense breast phantom. To efficiently focus on the suspicious region within the breast, 

we develop a general pair-matching pre-processing technique using root-mean-square-

error as a criterion to select the available pulses from which we can remove the early-

time unwanted contents. We also develop a TOA autocalibration technique which can 

make the reconstruction method adapt to inhomogeneous breast. Numerical 

demonstrations have shown that TOA autocalibration is easy to implement and results 

in good reconstructed lesion image in both simple hemispherical model and C3 dense 

breast phantom.  

 

The proposed two-stage waveform estimation combines a minimum-square-error 

based beamforming and steering vector estimation using RCB to estimate an accurate 

waveform of target response, since waveform is important for extraction of CNRs. We 

develop a method to make sure CNRs are extracted from late-time resonant signal on 

the obtained target response. This method separates late-time resonant signal from 

early-time non-resonant signal by forming a map of dominant resonances as a function 

of time. By using this method, spurious CNRs that may be extracted from early-time 

nonresonant signals can be reduced. Normalized-CNR-error (NCR) is used as a metric 

to measure the difference between CNRs extracted from different targets.  

 

The extracted CNRs from four sets of breast lesions in C3 heterogeneously dense 

phantom have shown that CNRs extracted from spiculated lesions have significantly 
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lower damping factors than those from smooth lesions. This difference on CNR 

indicates that breast lesions with distinct surface shapes can be potentially discriminated. 

NCRs also confirm that spiculated and smooth lesions can be discriminated, since their 

calculated NCRs are considerably larger than those between smooth lesions. 
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Chapter 4 

UWB Antennas for Microwave 

Breast Imaging 

4.1 Introduction 

Antenna is critical for the success of any practical microwave imaging system. 

Many ultrawideband (UWB) antennas have been reported [48, 73, 137, 138]. For breast 

cancer detection, the end-fire antennas have attracted special attention since they have 

good directivity and de-coupling capability [78, 80, 81, 139-141]. Li et al  proposed a 

ridged pyramidal horn antenna having very low return loss over UWB bandwidth to 

perform both in free space and inside a coupling liquid [79]. A hemispherical wide-slot 

antenna array was developed for both radar imaging and tomography imaging 

applications [44], in which a wide-slot antenna was combined with a metallic cage to 

force the radiated energy into the breast phantom. Balanced antipodal Vivaldi antenna 

(BAVA) [80] incorporating a novel dielectric director was proposed by Bourqui et al to 

improve the antenna directivity and gain for breast cancer imaging [80]. A TEM horn 

antenna was reported in which high dielectric material was used to match with breast 

tissues so that use of coupling liquid can be avoided [81].  



Chapter 4: UWB Antennas for Microwave Breast Imaging 
______________________________________________________________________________________________ 

______________________________________________________________________ 
102 

 
 
 

 

In this chapter, we examine three different types of end-fire directional UWB 

antennas by using FDTD simulations. The FDTD mesh size is 1/14 of the smallest 

wavelength and use of much smaller fine mesh is required to model fine geometrical 

features of the antenna. Convolutional perfectly matched layers (CPML) are used for 

absorbing boundary condition. Antennas are optimized to work efficiently when 

immersing into the coupling liquid. We employ iteratively empirical optimization that 

includes resizing and rescaling of the geometries and shapes of antennas based on 

FDTD simulations to obtain the best reflection and transmission performances in the 

frequency band of interest. We select our antennas based on a selection criterion as 

discussed in section 4.2. 

 

Our aim is to design novel and efficient UWB antennas for use in experimental 

microwave breast imaging system. We first propose three novel designs and use FDTD 

based empirical optimization to obtain good characteristics for each proposed antenna. 

We then compare the simulated performances based on a set of criteria so that we pick 

one antenna that has satisfied all the criteria. We then fabricate the antenna that has 

satisfied our criteria and measure the performance. Once satisfactory measured 

performance is obtained, we then employ it in our proposed experimental microwave 

imaging system.  

 

Our investigations have proven that the proposed BAHA antenna satisfied all the 

criteria and we fabricated this BAHA antenna. Both simulated and measured results 

have demonstrated that BAHA antenna has good antenna characteristics for microwave 

breast imaging. Then, we also examine the effects of antenna on the extraction of 

complex natural resonances from the embedded targets. The measured results using 

different antennas have also demonstrated that our proposed BAHA antenna has 

minimal effects on the CNRs extracted from the embedded target. 
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4.2 Criteria for antenna selection 

To design an antenna with good characteristics for microwave breast imaging, we 

set up the following criteria for the three proposed end-fire directional antennas in this 

chapter. They are: (a) compact aperture size which is equivalent to a few centimeters 

(i.e., <4cm), (b) ultrawideband impedance bandwidth (<-10dB) which better covers the 

UWB range allowed by the Federal Communication Commission (FCC) for indoor 

applications, i.e., 3.1GHz to 10.6GHz, (c) superior transmission response which 

requires the magnitude of transfer function be as flat as possible and the magnitude is 

higher than -30dB when antennas are immersed in coupling liquid and have 100mm 

separation (d) high fidelity (>0.9) at 100mm separation when immersing antenna in 

coupling liquid used for imaging. These criteria are also included in Table 4.2.2. 

Whichever antenna of the three investigated in this chapter fulfills these metrics and 

outperforms others, it will be chosen for use in breast cancer detection. 

 

4.2.1 Ultrawideband impedance bandwidth 
For near-field microwave imaging applications, wide bandwidth can provide more 

information of interest from the imaged region that increases the chances of detecting 

breast cancer [33]. Further, since one of our key aims is to extract complex natural 

resonances (CNRs) from embedded breast lesion, antenna should be able to receive 

signals within the band that covers the natural resonant frequencies of the targets. The 

resonant frequencies for a smooth lesion (dia=10mm) embedded in breast tissues can be 

estimated using Baum’s transform as given in (3.5)[125]. The breast medium referred in 

Table 4.2.1 can represent the average values of the permittivity of the breasts for both 

high fatty (𝜀௥ = 4) and low fatty (𝜀௥ = 14) tissue scenarios according to the MRI 

derived realistic breast phantom provided by UWCEM [57]. The permittivity of 𝜀௥ = 4 

can represent the average permittivity of high adipose tissue dominated breast [57]. On 
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the other hand, 𝜀௥ = 15 can represent low adipose tissue dominated breast, and 

permittivity of heterogeneously dense breast can vary from 15.2 to 27.5  [131]. 

 

Only three CNR poles that fall in frequencies less than 11GHz are discussed, since 

poles falling at frequencies >11GHz are not useful due to inefficient penetration of 

microwaves into breast tissues at higher microwave frequencies. It can be seen from 

Table 4.2.1 that it is ideal to have an antenna that can have an impedance bandwidth 

from 2Ghz to 8.5GHz meaning that antenna can receive signals within the band for 

CNR extraction efficiently. The aperture size of the antenna needs to be increased if 

lower operating frequency is required to cover the natural resonant frequencies that fall 

at those low end microwave frequencies. For example, the first pole at 2GHz in low 

adipose tissue phantom as shown in Table 4.2.1. As a compromise between lower 

operating frequency and the antenna size, we have chosen the UWB frequency 

operating from 4GHz so that it covers band of natural resonant frequencies of some 

CNR poles while maintaining a compact size. We fixed the desirable aperture size to be 

20mm so that the antenna is small and thus useful to form a large antenna array for 

microwave breast imaging.  

 

Table 4.2.1 Resonant Frequencies of Embedded Spherical Tumor (dia=10mm) in Breast 
Phantoms 

Low adipose tissue 𝜺𝒓 = 𝟏𝟓 High adipose tissue 𝜺𝒓 = 𝟒 

1st Pole 2nd Pole 3rd Pole 1st Pole 2nd Pole 3rd Pole 

2GHz 4.4GHz 6GHz 4GHz 8.5GHz 13.1GHz 

 
Table 4.2.2 Criteria Of Antenna Metrics 

Metric Criteria Dimension  
1 Compact aperture size <4cm 
2 Ultrawideband bandwidth <-10dB 
3 High transmission response >-30dB 
4 High fidelity >0.9 
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4.2.2Transmission response 
In order to achieve minimal distortion of UWB signals transmitted into the breast, it 

is desirable that the magnitude of the transfer function of the antenna is as flat as 

possible across the required frequency band [78]. Thus, antenna should have constant 

and high magnitude of S21 across the chosen bandwidth. We obtained S21 in both 

FDTD simulation or measurement  using the setup as shown in Figure 4.2.1, where two 

antennas facing each other at bore sight while both immersed in coupling liquid having 

dielectric constant𝜀௥ = 2.5, 𝜎 = 0.04 S/m at 100mm distance [78, 80]. 

 

 

 

                               

 

 
 
 

Figure 4.2.1 Antenna setup for S21 measurement or simulation immersed in coupling 
liquid. Two identical antennas face each other at boresight in coupling liquid and 
separated by 100mm. 

4.2.3 Fidelity 
When radiating narrow time-domain pulsed signal (UWB in frequency domain), it is 

important that antennas do not distort the pulse shape while in transmission. In order to 

study the level of distortion in the radiated pulse, fidelity is a critical metric. Maximum 

value of fidelity (fidelity=1) of an antenna means this antenna can radiate a negligibly 

distorted UWB pulse into imaging region. The fidelity parameter 𝐅 is a measurement of 

how faithfully the pulse is transmitted and received by the antenna. It is calculated by 

the maximum magnitude of the cross-correlation between the normalized observed 

response and an ideal response derived from the source waveform, as given by [79]: 

100mm 

Coupling liquid 
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 𝐅 = max𝝉 ∫ 𝒓(𝒕 − 𝝉)𝒇(𝒕)𝒅𝒕ஶିஶ                                       (4. 1) 

 
where the observed pulse is the received UWB pulse 𝑟(𝑡)and ideal response is the 

normalized time derivative of the source waveform 𝑓(𝑡). To calculate the fidelity using 

(4.1), use of antenna setup for simulation or measurement is the same as that shown in 

Figure 4.2.1 and the source UWB signal in our simulation has bandwidth from 2GHz to 

10GHz with a 3-dB bandwidth of 2.1GHz. 

 

4.3 Proposed antenna 1: UWB ridged horn antenna with 

straight launching plane 

It has been noted that the bandwidth of waveguide horn antennas can be increased 

significantly by adding metallic ridges to waveguide and flared sections [142, 143]. 

Pyramidal horn antenna with double ridges was proposed to operate from 1-18GHz 

[144]. A modified version of pyramidal horn antenna was proposed by Li et al [79] that 

a curved metallic plane is terminated by two chip resistors. In this section, we propose a 

modified design for UWB ridged horn which has a straight ridge and a straight 

launching plane terminated with four chip resistors. The aperture dimension of the 

proposed straight ridged horn antenna is20mm × 15mm as shown in Figure 4.3.1. A 

metallic straight launching plane is connected to the central conductor of the coaxial 

feed. Four 200 Ω termination resistors are attached between the end of the launching 

plane and the side wall of the horn. The ridge is also straight which is attached to the 

wall opposite to the straight launching plane as shown in Figure 4.3.1. The straight 

shaped ridge and launching plane make both simulation and fabrication simple. The 

dimensions and shapes of the horn, ridge, launching plane, and the termination resistors 

are the main factors that influence the input impedance of the antenna. The optimized 
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dimensions and shapes of this antenna using FDTD simulation are shown in Figure 

4.3.1. 

              
 

                                           (a)                                       (b) 

Figure 4.3.1 Proposed straight ridged horn antenna with straight launching plane, and 
four 200ohm chip resistors. (a) 3D view (b) another 3D view 

S11 and S21 results for the straight ridged horn are obtained using FDTD 

simulations are shown in Figures 4.3.2 and 4.3.3, respectively. S11 results indicate that 

the proposed ridged horn antenna has very good impedance match up to 12GHz with 

S11 level lower than -15dB. S21 results are obtained by using the same setup as shown 

in Figure 4.2.1. The coupling liquid used in simulation has 𝜀௥ = 2.5, 𝜎 = 0.04 S/m. It 

can be seen from Figure 4.3.3 that the simulated S21 with magnitudes above -30dB 

ranges from 5GHz to 11GHz. 

 
 

Figure 4.3.2 S11 of ridged horn antenna using FDTD simulation in coupling liquid 
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Figure 4.3.3 S21 of ridged horn antenna using FDTD simulation in coupling liquid 

 
 

The fidelity of ridged horn antenna is also calculated using the procedure in section 

4.2.3. The ideal and the observed responses are shown in Figure 4.3.4. The calculated 

fidelity using (4.1) is 0.995. 

 

 

 
Figure 4.3.4 Ideal and observed responses using FDTD simulation for ridged horn 
antenna in coupling liquid 
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4.4 Proposed antenna 2: A modified Balanced Antipodal 

Vivaldi Antenna (mBAVA) 

Balanced antipodal Vivaldi antenna (BAVA) was first introduced by Langley et al 

[145] with wideband and end-fire radiation. It was first modified for UWB breast 

imaging application by Bourqui et al [80, 140] by including a dielectric director. The 

main feature of dielectric directed BAVA is that it provides high fidelity for pulse 

radiation and the radiation characteristics are enhanced by the presence of dielectric 

director for energy radiation into the breast.  

  
                                           (a)                                         (b) 

 
(c) 

Figure 4.4.1 Dimensions of mBAVA. (a) Top view. (b) 3D view. (c) another 3D view 
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for breast cancer detection. The resultant aperture size is 14mm × 6mm as shown in 

Figure 4.4.1. The mBAVA uses four Rogers Duroid 6002 substrates having 𝜀௥ = 2.94, 

and  σ = 0.0027  S/m. The four substrates support the three copper planes i.e., one 

conductor plane in the middle layer (green) and two ground planes (red) as shown in 

Figure 4.4.1 (c). Each layer of substrate is 1.524mm thick. Unlike Bourqui et al [80], we 

use tapered flares for ease of manufacture. This antenna is fed by an SMA coaxial 

connector.  

 

Figure 4.4.2 S11 of mBAVA using FDTD simulation in coupling liquid 

 

The mBAVA is also designed to work when immersed in a coupling liquid with 

dielectric constant𝜀௥ = 2.5, 𝜎 = 0.04 S/m. The FDTD simulated S11 results are plotted 

in Figure 4.4.2, which show that the -10dB impedance bandwidth is 11GHz in the band 

from 5GHz to over 14GHz. Simulated S21 results are shown in Figure 4.4.3, from 

which it can be observed that S21 values higher than -30dB level occur between 

5.2GHz and 14GHz using the same setup shown in Figure 4.2.1. The S21 values have 

flat transmission response with high magnitudes over the band that demonstrates the 

superior transmission capability of mBAVA. Simulated fidelity for mBAVA is 0.98 at 

distance of 100mm in coupling liquid calculated using the setup given in Figure 4.2.1. 
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Both received pulse shape and ideal response (both simulated) are shown in Figure 

4.4.4. 

 

Figure 4.4.3 S21 of mBAVA using FDTD simulation in coupling liquid 

 
 
 

 
Figure 4.4.4 Observed and ideal responses in coupling liquid using FDTD simulation 
for mBAVA 
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4.5 Proposed antenna 3: UWB Balanced Antipodal Horn 

Antenna (BAHA) 

In this section, we propose a new balanced antipodal Vivaldi type UWB horn 

antenna (BAHA). BAHA has similarities to the well-known balanced antipodal Vivaldi 

antenna [80]. BAHA is a horn type antenna whereas BAVA is a Vivaldi without any 

horn arrangement. The geometry of the BAHA is shown in Figure 4.5.1.  

 

 
                                            (a)                                                 (b) 

 
(c) 

Figure 4.5.1 BAHA antenna geometry 
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The BAHA contains a metallic, tapered horn in which a dielectric-conductor 

sandwich is used similar to that used in Vivaldi [80], but with redesigned aspects. The 

dielectric-conductor sandwich has four dielectric substrates supporting three copper 

layers. Two external layers are the ground planes that are connected to the external horn 

structure terminated with two 100 Ω termination resistors. The central metallic layer 

connects to the central conductor of coaxial feed and its flare section is terminated to 

the external horn cavity through four 200 Ω resistors. The shapes and dimensions of 

three copper layers are redesigned and optimized by using FDTD simulation. A straight 

feed line is connected to the SMA connector as shown in Figure 4.5.1(a). Both the 

conductor and the ground have the same transition width. The copper layers are 

separated by two dielectric substrates (supportive substrates) and two additional 

dielectric layers are stacked on each side of the antenna which are in similar 

configuration in [80], and thus form the sandwich. Two dielectric substrates have been 

used viz., Taconic TLE-95 and Rogers RO3003 with 1.52mm thickness and dielectric 

constant 𝜀௥ = 2.95 for our fabrication. BAHA is also designed to work in coupling 

liquid that has approximate dielectric properties  𝜀௥ = 2.5, 𝜎 = 0.04  S/m. The 

parameters of antenna geometry and their FDTD optimized values are listed in Table 

4.5.1. The overall antenna size is 20 × 20 × 24mm.  

 

Table 4.5.1 Parameters of BAHA Antenna Optimized by FDTD Simulation 

Parameters Optimized Values 

(mm) 

Parameters Optimized Values 

(mm) 

W 20 a2 5 

H 20 a3 11 

L 24 b1 3 

l1 15 b2 2 

l2 13 b3 5.5 

l3 9 w1 3 

s 2 w2 7 

a1 1 w3 9 
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4.5.1 Performance of BAHA using FDTD simulation 

Simulated results S11 and S21 are shown in Figure 4.5.2 and Figure 4.5.3 

respectively. It can be seen that BAHA has low S11 values up to 11GHz. By examining 

the simulated S21, it can be seen that the transmission response is flat over 14GHz. S21 

with magnitudes higher than -30dB starts from 4.5GHz to 14GHz and the average 

magnitude has very high value of -23dB. The simulated observed and ideal response 

pulses can be seen in Figure 4.5.4 using the procedure given in section 4.2.3. The 

calculated fidelity using simulated data is 0.989. 

 

 

 

 
Figure 4.5.2 Simulated results of S11 for BAHA in coupling liquid 
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Figure 4.5.3 Simulated results of S21 for BAHA in coupling liquid 

 
 

 
Figure 4.5.4 Simulated results of observed and ideal responses by BAHA in coupling 
liquid. 
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4.6 Selection of the best UWB antenna 

Out of the three UWB antenna configuration investigations so far using FDTD 

simulations, now we choose the best configuration that satisfies the criteria and 

fabricate it for inclusion in the experimental microwave imaging system for breast 

cancer detection. As discussed in section 4.2, there are overall five criteria that are used 

to evaluate the antennas. The evaluation results for these three antennas are listed in 

Table 4.6.1. All the three end-fire UWB antennas as discussed in earlier sections have 

similar impedance bandwidth as shown in Table 4.6.1. It can be seen that among them 

BAHA has the highest S21 magnitude while maintaining high fidelity. The aperture size 

of BAHA is also compact. Further, BAHA has UWB band with starting frequency from 

4.5GHz which falls within the resonant frequencies of CNR poles as given in Table 

4.2.1. Although other antennas have smaller aperture size than BAHA, smaller antenna 

aperture size is not the only metric to influence the resolution. Other metrics such as 

fidelity and transmission response are more important for antenna. BAHA comes out 

with superior performance. BAHA provides over 4dB higher magnitude of transfer 

function than other antennas in comparison and has relative flat phase response over the 

band. Thus, we choose BAHA as the candidate antenna for our experimental microwave 

imaging system for the breast cancer detection. 

 

Unfortunately, we could not get measured data for arrow slot antenna and hence this 

antenna was not presented in the thesis. The reason for not choosing the arrow slot 

antenna is that the arrow slot antenna requires higher dielectric material as coupling 

medium than other three antennas (BAHA, mBAVA, and ridged horn) and those 

materials were not available. Hence, simulation results of arrow slot antenna are 

incorporated in a report which is referred in the thesis [156]. 
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Table 4.6.1 Antenna Characteristics of Proposed UWB Antennas using FDTD 
Simulation 

Antenna 

Type 

Aperture Size Impedance 

Bandwidth 

S11 Averaged 

S21 

Fidelity 

Arrow shaped 

slot antenna with 

modified fork 

feed [156] 

10mm × 11mm 4.5-10.6GHz <-10dB -27dB 0.980 

Ridged horn 

antenna 

15mm × 20mm 5-11.4GHz <-10dB -28.5dB 0.995 

mBAVA 16mm × 14mm 5-11GHz <-10dB -28dB 0.980 

BAHA 20mm × 20mm 4.5-11GHz <-10dB -23.9dB 0.989 

 

 

 

 

4.7 Measured Antenna Characteristics of BAHA 

4.7.1 Fabrication of BAHA 

As explained in the previous section, the internal sandwich Vivaldi structure of 

BAHA is first fabricated using Rogers RO3003 substrates. The flared part of the copper 

conductor layer soldered with four 200Ω termination chip resistors are shown in Figure 

4.7.1(a). The fabricated internal Vivaldi structure of BAHA before connecting to the 

horn is shown in Figure 4.7.1(b). Later, the sandwich was inserted into the metallic horn 

as shown in Figure 4.7.1(c). The fabricated BAHA is shown in Figure 4.7.1(d) and (c) 

in different views. 
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                                            (a)                                         (b) 

 
                                (c)                                  (d)                             (e) 

Figure 4.7.1  Pictures showing fabrication of BAHA (a) The middle conductor layer of 
sandwich structure (b) fabricated sandwich Vivaldi structure (c) BAHA without 
soldering the termination of chip resistors (d) front view of fabricated BAHA (e) top 
view of fabricated BAHA  

 
4.7.2 Measured S11 

The measured S11 is compared with simulated S11 in Figure 4.7.2. It can be 

observed that both measured and simulated impedance bandwidth (-10dB) is 10GHz in 

the band 1-11GHz due to the chip resistors, which demonstrates superior input response 

performance. Moreover, the measured data also demonstrates that a very low S11< -

15dB with frequency up to 9.6GHz. It can also be observed that measured S11 matches 

the main trend of the simulated data, although measured data appears to be shifted. The 
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shifted measured data with respect to FDTD simulation could be due to the fabrication 

imperfection and soldering of chip resisters and copper layers as well as gaps between 

the layers of the dielectric sandwich.  

 
Figure 4.7.2 Measured and simulated S11 of BAHA when immersed in coupling liquid. 

 

4.7.3 Investigation on effects of fabrication imperfections 

During fabrication of BAHA, soldering of the resistors could not guarantee tight 

bonding of the substrates within the sandwich. Thus, the gaps may appear between the 

substrates. These gaps in the fabricated BAHA could have contributed to the 

discrepancies in the S11 result shown in Figure 4.7.2. To investigate the effect of gaps 

formed between layers of dielectric sandwich as shown in Figure 4.7.3, we undertake 

detailed FDTD simulations. Each chip resistor is modelled to have a size of 

of 2.5mm × 1.5mm × 1mm  in FDTD model and the corresponding gaps as shown in 

Figure 4.7.4(a) are also modeled in FDTD. On the figure, we used three gap sizes viz. 

gap-1=0.4mm, gap-2=0.8mm and gap-3=1.2mm, and the ideal result assumes perfect 

bonding without any gap. From Figure 4.7.4 (b)-(d), one can observe that having the 

gap, worse are the S11 results. But for all the three gap sizes considered, the S11 over 

the band still did not exceed -10dB. 
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                                               (a)                                                    (b) 

Figure 4.7.3 Gaps between supportive substrates of BAHA (a) fabricated conductor layer with 
chip resistors (b) gaps appearing between substrate layers. 

   
(a) (b) 

  
                                   (c)                                                              (d) 

Figure 4.7.4 Simulated S11 results showing the effects of gaps between substrates due to the 
fabrication imperfection (a) gaps modelled between substrates of BAHA antenna (b) s11 with 
gap-1 (c) s11 with gap-2 (3) s11 with gap-3 
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4.7.4 Measured S21 

The transmission coefficient S21 was measured using the setup given in section 

4.2.2 as shown in Figure 4.2.1. The coupling liquid used here is olive oil which has 

approximate dielectric constant 𝜀௥ = 2.5, σ = 0.04. The simulated and measured results 

are shown in Figure 4.7.5. Measured S21 results have shown that the magnitudes higher 

than -30dB are obtained from 4.1GHz to 14GHz and beyond. The measured S21 results 

have flat characteristics and their magnitudes are high demonstrating that the 

transmitted UWB pulse experience low distortion. When compared with other antennas 

discussed in this chapter (ridged horn with straight ridge and launching plane, and 

mBAVA), BAHA obtains superior performance with high S21 magnitude. Further, 

BAHA also has higher S21 magnitudes than the TEM horn and wide slot antennas 

reported in literature [78, 81]. 

 
Figure 4.7.5 Measured and simulated S21 of BAHA immersed in coupling liquid. 

 

4.7.5 Measurement of antenna fidelity for BAHA 

The measured pulse is generated synthetically by using frequency swept mode of 

VNA over the band of 1-8GHz with 1600 frequency samples. Then the time-domain 

waveform is calculated by IFFT over the spectrum. The measured ideal response is 

2 4 6 8 10

-80

-60

-40

-20

0

Frequency (GHz)

S2
1 

(d
B

)

 

 
Simulation
Measurement



Chapter 4: UWB Antennas for Microwave Breast Imaging 
______________________________________________________________________________________________ 

______________________________________________________________________ 
122 

 
 
 

obtained from the measured data by directly connecting two ports of VNA using a low 

loss cable and its time-domain signal is plotted as solid line in Figure 4.7.6 (a).  

 

  
                                     (a)                                                                (b) 

Figure 4.7.6  Measured fidelity of BAHA (a) measured pulse and ideal response (b) 
measured and simulated fidelities at different distances 

 

To measure the observed response, two BAHA are immersed in coupling liquid 

(olive oil) with 100mm separation. Then the observed pulse can be measured 

synthetically using VNA using the same frequency swept. The measured observed 

response is also shown in Figure 4.7.6 (a) in dotted line which shows low distortion 

compared to the waveform of the ideal response. Fidelity is also measured at different 

distances ranging from 0 to 100mm at a step of 5mm. Fidelity versus distance is shown 

in Figure 4.7.6(b) and compared with simulated data. Despite the reduced fidelity level, 

measured fidelity is still larger than 0.9 and is reasonably stable after a 40mm 

demonstrating robust fidelity of BAHA over distance. This stable fidelity is superior to 

that of TEM horn antenna reported in literature [81]. The measured result has 

demonstrated a low distorted UWB pulse can be radiated and received for obtaining 

good quality signals for microwave imaging of breast cancer and CNR extraction.  
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4.7.6 Coupling efficiency 

Coupling efficiency is another measurable parameter that can approximately 

characterize the performance of the power coupling into the imaged region within 

breast[81]. To calculate the coupling efficiency, near field directivity (NFD) is first 

computed by the ratio of power integrated only from the aperture surface of the antenna 

to the total power integrated from all the six surfaces of the antenna. The power 

integrated is computed by the integration of the real part of the Poyning vector on the 

cuboid surface. This factor provides an approximate proportion of power radiated 

through the front aperture. The virtual cuboid structure that encloses the antenna can be 

viewed in Figure 4.7.7(a). The results of NFD are shown in Figure 4.7.7(b). The 

average NFD from 4.1GHz to 11GHz is larger than 0.9, which means that over 90% 

energy radiated only through aperture of BAHA will be coupled into the imaged region. 

 

 

 

  
                                (a)                                                         (b) 

Figure 4.7.7 Simulation of NFD (a) cuboid structure to simulate NFD (b) calculated 
NFD from simulated data 
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To measure the coupling efficiency, two BAHA antennas are positioned touching 

with each other and immersed in coupling liquid using the setup as shown in Figure 

4.7.8(a). Coupling efficiency is defined by[81]:  

 𝒆𝒄 = |𝑺𝟐𝟏|ට൫𝟏ି|𝑺𝟏𝟏|𝟐൯∙൫𝟏ି|𝑺𝟐𝟐|𝟐൯∙NFD                                     (4. 2) 

 
It should be noted that the calculated coupling efficiency is only an approximate 

metric, as NFD is calculated from simulated data. 

 

 
(a) 

 
(b) 

Figure 4.7.8 Measured and simulated coupling efficiencies (a) method of measuring 
coupling efficiency in coupling liquid(b) comparison of results 
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The measured coupling efficiencies (solid line) are shown in Figure 4.7.8 (b). The 

averaged measured coupling efficiency is 47% from 4.1GHz to 11GHz, while the 

simulated average coupling efficiency is 60%. BAHA has 15% higher coupling 

efficiency than the existing TEM horn antenna (𝑒௖ =32%) [81].  

 
Radiation efficiency is the ratio of input power to output power of the antenna. It is 

normally measured in an anechoic chamber or using wheeler’s cap [146, 147]. Since it 

is difficult to measure antenna radiation efficiency when antenna is immersed in 

coupling liquid, here we only present simulated radiation efficiency as shown in dashed 

line in Figure 4.7.8(b).  

 

4.7.7 Radiation pattern  
Due to difficulties in measuring the radiation pattern for BAHA antenna when 

immersed in coupling liquid, here we only show the simulated results of far field 

radiation patterns when antenna immersed in coupling liquid. Far-field or near field 

depends on the dimension of antenna and wavelength according to R = 2dଶ/𝜆, where d 

is antenna dimension and 𝜆 is the wavelength. For near-field imaging antenna such as 

BAVA [80], d=44mm and the antenna was immersed in coupling liquid with 𝜀௥ = 2.5. 

Hence, the imaging region could be in the radiating near field. However, BAHA has 

dimension of 20mm and when immersed in the coupling liquid, the radiated fields 

within the breast region could be in the far field.  

 

Radiation pattern is an important metric for microwave imaging, as a focused beam 

that illuminates into a small volume can increase the tumor-to-clutter ratio [80]. 

Moreover, symmetric radiation pattern is also important to radiate the pulses into the 

region of interest. Hence, the proposed BAHA with focused beam and symmetric 

pattern could be a good candidate antenna element for microwave imaging. 
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2D cuts of radiation patterns in X-Y plane are shown in Figure 4.7.9(a), while 

patterns in Y-Z plane are shown in Figure 4.7.9(b). 3D patterns are shown in Figure 

4.7.10.  

 

 
                                                            (a) 

 
                                                            (b) 

Figure 4.7.9 Simulated radiation pattern of BAHA at 4, 6, 8, and 10GHz when 
immersed in coupling liquid. (a) XY plane (b) YZ plane 
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Figure 4.7.10 3D view of radiation pattern of BAHA at 7 and 9 GHz. 

 

4.8 Effects of antenna in measurement of scattered fields 

for extracting CNRs from embedded targets 

In this section, measurement is carried out to investigate effects of antenna on CNR 

extraction, since our aim is to extract CNRs from embedded targets using proposed 

BAHA antenna. For this, we used fabricated BAHA as explained earlier and also 

fabricated BAVA[80], and pyramidal ridged horn antenna given by [79]. BAVA and 

pyramidal ridged horn are reported having high fidelity (>0.95 at 100mm separation in 

coupling liquid).  

 

When a transient pulse is radiated by the antenna, the antenna can introduce 

additional CNRs in the form of antenna ringing. For an ideal antenna, no ringing will be 

present which is equivalent to fidelity value of 100%. In addition to fabricated antennas, 

we also investigate the antenna effects using TEM horn antenna proposed by [81] using 

simulation, since fabrication can be relatively complex and it requires special dielectric 

materials and absorbing sheets. The reason to choose simulating TEM horn is that we 

tried to investigate how fidelity would affect the extracted CNRs, as TEM horn has low 

fidelity (<0.4 at 100mm separated by coupling medium) as reported in [81].  
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For the CNR extraction, backscattered signals from an embedded PEC sphere in a 

coupling liquid are collected when antennas for test are radiating or receiving. Once 

late-time response is separated from the record pulse, CNR are then extracted from the 

late-time target response that is obtained by subtracting a target-free template. Finally, 

the effects of antennas on those extracted CNRs are discussed by comparing them with 

theoretically estimated CNRs obtained using Baum’s transform (3.5) given by [112]. 

 

4.8.1 Data collection using TEM horn in simulation 
Firstly we use FDTD simulation to investigate the effects of using TEM horn 

antenna proposed in [81]. To test the effect of antenna for extracted CNR, simulation 

setup is shown in Figure 4.8.1. Two TEM horn antennas face each other and are 

separated by 17mm thick dielectric box (𝜀௥ = 10). Here only a short distance of 17mm 

is used because the fidelity of TEM horn antenna is low and also decreases significantly 

with increased separation as reported in[81].  

 

Before obtaining the target response, fidelity at this separating distance of 17mm is 

examined. The simulated fidelity (without the embedded object) is only 0.76 which is 

close to the value reported in [81] using similar arrangement and distance. The ideal 

response and the observed signal are shown in Figure 4.8.2. The radiated signal is 

significantly distorted due to the low fidelity even though the separation is only 17mm. 

These observations lead to the conclusion that TEM horn antenna proposed in [81] may 

not be the best choice for use for CNR extraction due to distorted received pulse. 

 

Now we extract CNR from a PEC steel sphere with diameter of 15.875mm which is 

embedded in the centre of the dielectric box as shown in Figure 4.8.1. CNR has been 

extracted using matrix pencil method [122] from late-time target response which is 

obtained by subtracting a target-free signal. The extracted CNRs from simulation data 

are shown in Table 4.8.1. 
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Figure 4.8.1 Simulation setup using TEM horn antennas [81]to collect reflected data 
from immersed PEC sphere (dia=15.875mm) for CNR extraction  

 

 

 

 

  
                                 (a)                                                                (b) 

Figure 4.8.2 Simulated ideal and observed pulse responses from TEM horn [81] (a) 
ideal response (b) observed pulse  
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Table 4.8.1 CNRs of Steel Sphere (dia=15.875mm) Extracted from Simulated Data 
using TEM Horn in Coupling Liquid (𝜺𝒓 = 10) 

 
Frequency (GHz) Damping factor (1/ns) 

Higher mode Lower mode Higher mode Lower mode 

6.18 2.78 -7.14 -2.01 

 

 

4.8.2 Data collection using BAVA in measurement 

 
The balanced antipodal Vivaldi antenna (BAVA) [80] was fabricated as shown in 

Figure 4.8.3(a) to examine its effect for extracting CNR. The measured and simulated 

S11 values of a fabricated BAVA are shown in Figure 4.8.3 (b). It can be seen that 

simulated and measured S11 values have close agreement. 

 

 
                                    (a)                                                         (b) 

Figure 4.8.3 Measurement S11 using BAVA [80](a) fabricated BAVA (b) measured 
S11  
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The comparison of Sଶଵbetween mBAVA and BAVA was not presented, because: (a) 

mBAVA prototype was not fabricated as only BAHA was selected as the final antenna 

prototype for fabrication. (b) BAVA has larger aperture dimension thus it can cover 

lower frequency at about 2GHz. However, the lower frequency for mBAVA starts from 

5GHz. Hence, in S21, differences can be expected. (c) from simulation, we know that 

BAVA would provide about 8dB higher in the magnitude of transfer function than 

mBAVA.   The original BAVA and ridged horn antennas were fabricated because they 

were used to measure the backscattered signals from PEC spheres which were used for 

CNR extraction and compare with the CNRs extracted from spheres collected by the 

proposed BAHA antenna. Using this comparison, the effects of antenna on CNR 

extraction can be investigated. On the other hand, mBAVA and ridged horn with 

straight launching plane were not fabricated as they were not deemed good enough for 

CNR extraction based on simulations when compared to BAHA antenna. Hence, 

BAHA element was chosen for fabrication. 

  
 

                                  (a)                                                         (b) 

 
Figure 4.8.4 Measured response using BAVA in coupling liquid (a) measured ideal 
response (b) measured received pulse at 100mm distance using BAVA 
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Figure 4.8.5 Measurement setup for CNR extraction from a PEC sphere in coupling 
liquid (dia=15.875mm) 

The measured ideal and received pulses are illustrated in Figure 4.8.4. It can be 

observed that the radiated signal has reasonably close waveform shape with the ideal 

response. The measured results indicate that BAVA has high fidelity (0.98) which 

outperforms the TEM horn antenna. To extract the CNR from embedded PEC sphere 

(dia=15.875mm), two BAVA antennas are immersed in coupling liquid at an angle of 

45 degrees with respect to each other and at a distance of 50mm to the immersed PEC 

sphere as shown in Figure 4.8.5. Olive oil is used as coupling liquid which has 𝜀௥ =2.5, 𝜎 = 0.04 S/m.  

CNRs are extracted from measured data of late-time target response obtained by 

subtracting target-free signal. The values of CNRs are listed in Table 4.8.2. 

 

Table 4.8.2 CNRs of Steel Sphere (dia=15.875mm) Extracted from Measured Data 
using BAVA in Coupling Liquid (𝜺𝒓 = 𝟐. 𝟓) 

 
Frequency (GHz) Damping factor (1/ns) 

Higher mode Lower mode Higher mode Lower mode 

6.83 3.40 -5.92 -3.99 

 

 

                 
 
                                
                                

 
Coupling 
liquid 

45° 
PEC 



Chapter 4: UWB Antennas for Microwave Breast Imaging 
______________________________________________________________________________________________ 

______________________________________________________________________ 
133 

 
 
 

4.8.3 Data collection using ridged pyramidal horn in measurement 
  

 Ridged pyramidal horn antenna given by [79] is fabricated for measurement to 

examine its effects for the extracted CNR. The fabricated ridged pyramidal horn is 

shown in Figure 4.8.6. The measured ideal response and observed pulse are shown in 

Figure 4.8.7 using the same setup in Figure 4.2.1. Olive oil is used as a coupling liquid 

with 𝜀௥ = 2.5, 𝜎 = 0.04 S/m. The measured fidelity is 0.965 which indicates that this 

antenna has small level of distortion for the radiated pulse shape. CNRs for the same 

PEC sphere (dia=15.875mm) are extracted and listed in Table 4.8.3. 

 

 
Figure 4.8.6 Fabricated ridged pyramidal horn antenna. 

 

 
 

Figure 4.8.7 Measured ideal and observed responses using ridged pyramidal horn[79] 
in coupling liquid (a) measured ideal response (b) measured received pulse  

Time (ns) Time (ns) 
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Table 4.8.3 CNRs of Steel Sphere (dia=15.875mm) Extracted from Measured Data 
using Ridged Pyramidal Horn in Coupling Liquid (𝜺𝒓 = 𝟐. 𝟓) 

 
 

Frequency (GHz) Damping factor (1/ns) 

Higher mode Lower mode Higher mode Lower mode 

6.10 3.53 -13.3 -3.88 

 

 

 

 

 

 

4.8.4 Effects of antenna on extracted CNRs 
Now we discuss the effects to CNRs using different antennas. Extracted CNRs 

using Baum’s transform [125] given in (3.5) for the same PEC sphere (dia=15.875mm) 

are used as a reference to compare the CNRs extracted from measured data when using 

different antennas. The measurement of characteristics for CNR extraction using BAHA 

is reported in the Chapter 5. We first examine the extracted CNRs from the embedded 

PEC sphere in coupling medium (𝜺𝒓 = 10) where TEM horns are immersed. The results 

are shown in Figure 4.8.8. It can be seen that the CNRs extracted from simulated data 

using TEM horn have large discrepancy with the theoretically estimated CNRs using 

Baum’s transform[125]. This is probably due to large pulse distortion introduced by 

TEM horn antenna. 
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Figure 4.8.8 Extracted CNRs from simulated data for PEC sphere (dia=15.874mm) 
using TEM horn [81]. 

 

 
Figure 4.8.9 Extracted CNRs from measured data for PEC sphere (dia=15.874mm) 
using BAHA, BAVA[80], and ridged pyramidal horn[79]. 

 

Next, we compare the extracted CNRs from measured data for the same PEC sphere 

(dia=15.875mm) using different antennas including BAVA, ridged pyramidal horn and 

BAHA as shown in Figure 4.8.9. For comparison, we also plot the CNRs obtained by 

using Baum’s transform (3.5). It can be seen from Figure 4.8.9 that BAHA gives most 

close value of the extracted damping factor at higher order mode compared with the 
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theoretically estimated value. However, at lower CNR mode, BAHA gives large bias 

for damping factor, as BAHA works from 4.5GHz as shown in measurement data in the 

earlier section. BAVA gives accurate resonant frequencies for both higher and lower 

mode. However, their damping factors have a large shift with reduced values. Ridged 

pyramidal horn gives significantly large discrepancy on damping factor values at higher 

CNR mode, although the extracted resonant frequencies are similar to the theoretically 

estimated values. As discussed in Chapter 3, damping factors are most important to 

differentiate CNR signatures so that the objects with different shapes can be 

discriminated. Therefore, estimation of accurate damping factors is critical. As 

discussed above, use of proposed BAHA is able to provide accurate estimation of 

damping factor at frequency higher than 4.5GHz. Thus, once again it is demonstrated 

that BAHA could be a good candidate for microwave imaging system and thus may 

help to discriminate breast lesions with different morphological features. 

 

  4.9 Discussion 

In this chapter, three UWB antennas have been investigated for use in experimental 

microwave imaging for breast cancer detection. Firstly we modified ridged pyramidal 

horn [79]and propose a modified ridged horn with straight ridge and launching plane. 

Subsequently, we propose a mBAVA by using tapered flares and straight transition. 

Finally, we propose a novel UWB antenna called BAHA. BAHA combines an internal 

Vivaldi structure and an external horn. By comparing antenna characteristics between 

these three antennas, it appears that BAHA has superior characteristics on high fidelity 

and S21 and thus is selected as a candidate for microwave breast cancer imaging. 

 

Measured results have shown that BAHA has high fidelity (>0.9) and high S21 

magnitudes (-23dB) that help to radiate a low distorted UWB pulse into breast tissues. 

In particular, we also examine the effects of antenna for extracted CNRs using different 
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antennas including TEM horn[81], BAVA[80], ridged pyramidal horn [79] and BAHA. 

Through measurement demonstration, BAHA is superior to other antennas in terms of 

accurate extraction of damping factor. Therefore, we choose BAHA element for the 

UWB antenna array in the experimental microwave imaging system for breast cancer 

detection and discrimination which will be dealt in the next chapter. 
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Chapter 5 

Experimental Investigation on CNR 

based Tumor Discrimination using 

Chemical Phantoms 

5. 1 Introduction 

Recently many studies have appeared that used chemical as well as numerical breast 

phantoms and some preclinical experiments. All have successfully demonstrated the 

potential of microwave imaging for breast cancer detection [27, 35, 38, 42, 45, 148, 

149]. However, when employing radar based microwave imaging, still problems exist 

regarding the discrimination of malignant and benign breast lesions. It is desirable to 

have a technique that compliments the existing approaches and in addition is capable to 

identify whether the localized suspicious target is malignant or benign. The main factors 

that significantly hinder the process of identification of malignant tissues are the 

interferences from fibroglandular tissues in the background as well as the presence of 

benign lesions. Furthermore, the inhomogeneity of the breast can result in blurred 
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images when using existing radar based techniques. However, microwave tomography 

can avoid this ambiguity by reconstructing the dielectric property map [24, 107, 109, 

150] so that the malignant and benign lesions can be discriminated based on dielectric 

properties. However, tomography can be significantly affected by severely ill-posed 

inverse problem, particularly in dense breasts.  

 

The main focus of the radar based microwave imaging for breast cancer detection 

appears to be the identification of the suspicious tumor location. This is because the 

energy-based detection methods employed by almost every researcher that worked on 

microwave imaging for breast cancer detection can only identify the strong scatterers, 

but cannot discriminate whether the identified scatterer is malignant or benign. Li has 

reported the first experimental work using 3D beamforming on low dielectric contrast 

(1.5:1) breast phantom [35]. Klemm et al have presented fast ultrawideband (UWB) 

imaging system to accurately collect data for imaging [17, 42, 44, 45]. Others, e.g., 

Amineh et al [81] reported a new TEM horn antenna with high coupling efficiency and 

directivity to raster scan the breast. A preclinical prototype has been reported in [151] 

for thermal therapy using time-reversal to focus the possible tumor location. However, 

these imaging systems have not addressed the discrimination of breast tissues based on 

their microwave signatures so that microwave imaging can be truly useful for clinical 

diagnosis of early stage breast cancer. 

 

To discriminate whether the breast tissue is malignant or benign, electromagnetic 

properties related to tumor shape and material have been explored using radar cross 

section (RCS) and complex natural resonances [97, 98]. The surface geometry of the 

dielectric lesion influences the external mode of CNR which was investigated for 

detecting the tissue [99, 100]. Notably, most of the analyses to distinguish 

morphological features of tumor lesions that are reported in literatures are based on 2D 
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numerical phantoms [72, 99, 152]. Further, so far no studies are reported on measuring 

the external mode CNRs of the embedded dielectric targets in a lossy medium.  

 

In this chapter, we report experimental investigations for distinguishing of 

morphological features of breast tumors using complex natural resonances (CNRs) 

using breast tissue mimicking chemical phantoms. The proposed method combines the 

radar based microwave imaging technique for detecting the suspicious locations and 

CNR identification for discriminating the features of the embedded dielectric targets. 

The experimental setup employs a UWB array that uses with 32 BAHA antennas which 

have been addressed in chapter 4. The proposed experimental imaging system is used to 

collect time domain backscattered data so that the image of suspicious region within the 

breast phantom is reconstructed. Next we use the proposed two-stage waveform 

estimation from the suspicious region to recover the resonant signal for the calculation 

of complex natural resonances. The CNRs are calculated using matrix pencil 

method[119]. For the experiments, we employ two types of targets: a 12 mm-diameter 

dielectric inserts (made of chemicals) that have irregular border profiles to mimic the 

malignant lesions and an approximately spherical dielectric body with smooth profile to 

mimic benign lesions. The existence of differences on tumor morphologies has been 

well established by MRI and X-ray images [4, 84-86]. These dielectric inserts are 

embedded in both homogeneous and inhomogeneous tissue mimicking chemical 

phantoms. The CNRs have been extracted for both irregular shaped as well as smooth 

shaped dielectric insertions so as to investigate their relationship with the morphological 

features so that they can be used for discriminating the breast tumors. The resonant 

frequency-time plane effectively localizes the late-time resonant response to help CNR 

extraction. Further, a two-step calibration procedure for the extracted CNR is employed 

to reject spurious CNRs from nonresonant signals. Moreover, normalized CNR error 

(NCR) also helps to evaluate the morphological differences between the malignant and 

benign tumors. It has been demonstrated that the proposed experimental microwave 
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imaging system that employs 32 BAHA antenna elements has potential to: (a). localize 

the suspicious region in breast phantoms with high dielectric and low dielectric contrast; 

(b). distinguish malignant and benign tumors based on the extracted CNR signatures. 

5. 2 Tissue Mimicking Chemical Breast Phantoms 

5.2.1 Inhomogeneous chemical breast phantom 

Use of tissue mimicking chemical phantoms have been reported by numerous 

research groups for making microwave measurements [40, 45, 58, 59, 61, 153-155]. We 

made oil-gelatin tissue mimicking phantoms [58, 59]. Figure 5.2.1 shows our phantom 

fabrication system. First, we have developed our own mold to fabricate the 

hemispherical shaped breast phantom in which we have developed arbitrary shaped 

tissue mimicking glandular tissues. Our hemispherical mold has radius of 70mm which 

is made of nylon to support the phantom. In addition, it can also be used to mold a 

nipple of 1cm size. On our fabrication process, skin layer was firstly molded and let it 

solidified for 2 days. Later, the fabrication of fatty and glandular tissues was made. The 

procedures are shown in Figure 5.2.2. Skin layer has approximate thickness from 2 to 

4mm as shown in Figure 5.2.3(a) which was fabricated by pouring the skin mimicking 

chemical material into the gap between nylon mold and inner hemispherical wheat flour 

mold. Figure 5.2.3 (b) and (c) illustrates patterns of glandular tissues which are 

surrounded by fatty tissues. A 1cm nipple can be seen in Figure 5.2.3(d). The dielectric 

properties of fabricated tissues at 6GHz are listed in Table 5.2.1.  

 

Table 5.2.1 Dielectric Properties of Tissue Mimicking Chemical Phantom at 6GHz 

Tissue Type Dielectric Property 
Skin 𝜀௥ = 30,𝜎 = 5 
Fatty tissue 𝜀௥ = 11, 𝜎 = 1.5 
Glandular tissue 𝜀௥ = 26, 𝜎 = 4 
Tumor 𝜀௥ = 45, 𝜎 = 7 
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Figure 5.2.1 Methods employed for phantom fabrication 

 

                
(a)                                                     (b) 

          
                                          (c)                                                     (d) 

Figure 5.2.2 Procedures employed to make tissue mimicking heterogeneous breast 
phantom. (a) suspending hemispherical inner wheat flour mold to make skin layer (b) 
filling fatty tissue mimicking material into wheat flour mold (c) fill glandular tissue 
mimicking material (d) resultant multilayer heterogeneous breast phantom 
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                                   (a)                                                          (b)                  

 

   
                                   (c)                                                            (d) 
 
Figure 5.2.3 Fabricated inhomogeneous breast phantom. (a) skin layer (b) bottom view 
(c) cross section of inhomogeneous phantom (d) side view 

 
5.2.2 Smooth and spiculated dielectric inserts 

A number of dielectric inserts have been fabricated as shown in Figure 5.2.4 

including spiculated and smooth oil-gelatin inserts to mimic malignant and benign 

tumors respectively. These dielectric inserts have the same dielectric properties as 

shown in Table 5.2.1 to mimic breast tumors. Spiculated inserts (Figure 5.2.4 (a)) are 

fabricated following the method described in [130] that  a number of random spicules 
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are mounted on a central smooth base. On the other hand, smooth inserts are made so 

that they have no sharp transitions on surface (Figure 5.2.4 (b)). Both spiculated and 

smooth inserts have average diameter of approximately 12mm. 

 

 

 
(a) 

 

 
(b) 

Figure 5.2.4 Fabricated oil-gelatin dielectric inserts to mimic breast lesions (a) 
spiculated inserts (b) smooth inserts 
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5.3 Development of microwave imaging system using 

hemispherical antenna array of 32 BAHA elements 

We have developed a UWB multistatic experimental microwave imaging system 

that employs 32 BAHA elements. BAHA was proposed in Chapter 4 and it was also 

demonstrated that it offers superior performance. Since BAHA is compact in size, it is 

useful to form a compact but large array placed surrounding the breast. 32 BAHA 

antenna elements form a hemispherical array and antennas are held by a plastic holder 

as shown in Figure 5.3.1. This hemispherical array is formed of three circular rings: the 

top and middle rings have 12 BAHA elements; lower ring has 8 BAHA elements. 

Figure 5.3.1 (a) and (b) also show different views of the antenna array and Figure 5.3.1 

(c) zoom the antenna element. All the antennas are made to radiate towards the centre of 

the phantom so that more phantom area can be covered.  

 

5.3.1 Measured data acquisition 
The UWB microwave imaging system using BAHA array is used with vector 

network analyzer (VNA HP8510C) for experimental investigations as shown in Figure 

5.3.2. Short-open-load-through (SOLT) calibration on VNA is conducted for 2-ports 

calibration at the measurement planes using low loss coaxial cables from 50MHz to 

15GHz. After calibration, the two ports of the VNA and S-parameter test set (Agilent 

8517B) are connected to the BAHA array for the measurement of the breast mimicking 

chemical phantom. The UWB pulse for radiation is synthetically generated [44, 94]. 

Firstly, frequency domain transmission measurement is conducted by sweeping signals 

using VNA from 1GHz to 10GHz with 1600 frequency samples. After both the two-port 

complex S parameters were measured over the frequency band, the time domain 

response was then obtained by taking the inverse Fourier transform. The 1600 
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frequency samples are over 3 times more than the measured samples reported in [126] 

and thus we deem they are sufficient for CNR measurement. The phantom and BAHA 

array are both immersed in a coupling liquid (normal olive oil). We have manually 

switched the connection from transmitting and receiving antennas to VNA to obtain 

multistatic configuration. Transmitting antenna is excited with input signal up to 10GHz 

and the scattered fields collected by different receiving antennas are recorded by VNA. 

Not all antennas are used to receive the backscattered signals in the measurement, 

eliminating those antennas that only receive very low levels of signal amplitudes. We 

use the method described in [44], where only antennas that can see the transmitting 

antenna are selected to receive the backscattered signals. For our measurement setup, 

five antenna elements that have closet positions to transmitting antenna are selected to 

record the measured data. Thus, the recorded raw data can be represented by: 𝐸௜,௝(𝑡),(𝑖 = 1, ⋯ ,32 is the index of transmitting antenna), 𝑗 = 1, ⋯ ,5 (𝑗 is the index of  

receiving antenna). Pulses from other antennas will be eliminated based on their 

received low amplitudes due to backscattered signals. Hence, the total recorded raw 

data only have 𝑀 = 32 × 5 = 160 pulses instead of the full multistatic configuration 

having 992 pulses from 32 antennas.  

 

Early-time content including antenna excitation and skin reflected artifacts are 

removed using a simple procedure that was suggested by Klemm et al [42] in which the 

measured raw data was removed by mechanically rotating the array. As there are 32 

elements positioned in the array, mutual coupling can be present between antenna 

elements. The mutual coupling of antennas can be suppressed in the pre-processing. In 

pre-processing recorded signals subtracted with similar level of signal magnitude in 

early-time, which will remove the unwanted signal contents including mutual coupling. 

In addition, antennas with focused beam such as BAHA antenna can avoid the mutual 

coupling between adjacent positioned antennas. In practical measurements, 
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mechanically array rotation also will suppress the mutual coupling between antennas. In 

reports [43], antenna elements are increased up to 60 and array rotation can still 

effectively suppress the mutual coupling effects. 

 

Only a small rotation about 10 degrees was used. After the rotation, a twin-

signal𝐸෨௜,௝(𝑡)  (after IFFT) was recorded. Thus, another group of pulses having 𝑀 =32 × 5 = 160 are recorded as the twin signals, which are used for calibration. Now the 

artifact-removed calibrated signal was obtained using: 

 𝑥௜,௝(𝑡) = 𝐸௜,௝(𝑡) − 𝐸෨௜,௝(𝑡),   𝑖 = 1, ⋯ ,32, 𝑗 = 1, ⋯ ,5                       (5. 1) 

 

A sample of the time-domain received pulse obtained from measured data is shown 

in Figure 5.3.3(a). The twin signal obtained by mechanically rotating the array by a 

small angle (10 degree) is also shown as dotted line in Figure 5.3.3(a). It can be seen 

that twin signals have similar levels of amplitudes of early-time signals, since skin 

reflections do not differ at small angular separation. Then, target response can be 

obtained using (5.1) to remove the early-time contents as much as possible which are 

plotted in Figure 5.3.3(b). This calibrated signal is then processed using time-shift and 

time-window processing given by (2.2)-(2.4) and later processed by MWDAS algorithm 

given by (2.8)-(2.11) proposed in Chapter 2, to form the image for the suspicious region 

for embedded dielectric insert (lesion). 
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                                                                                    (b) 

 

                             
                         (c) 

 

Figure 5.3.1 Hemispherical UWB array with 32 proposed BAHA antennas. (a) zoomed 
view of individual BAHA element (b) top view  of the array held by the plastic holder 
(c) side view 

 

 

(a) 
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Figure 5.3.2 Experimental microwave imaging system for breast cancer detection and 
discrimination 
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(a) 

 
(b) 

Figure 5.3.3 Measured pulse and its twin signal (a) time-domain pulse obtained from 
measured data and its twin signal obtained by a small angle rotation(b) late-time 
response obtained after subtraction of the early-time contents shown in(a) 
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It is worth noting that the pair-matching preprocessing using RMSE given by (3.6) 

proposed in Chapter 3 is not used here in our experiments. Instead, we employ a simple 

mechanical array rotation [42] to remove early-time contents. The reason is that RMSE 

based pair-matching requires a large number of antenna elements and will be highly 

suitable for heterogeneously dense breast phantom such as C3 or C4 phantoms. Usually, 

a large number of antenna elements (>90) may be required to form the RMSE matrix, 

but due to the hardware, fabrication and switching limitation, we employed only 32 

antenna elements and used manual switching for preliminary experiments reported here.  

  

5.4 Breast imaging in homogeneous and inhomogeneous 

breast mimicking chemical phantoms 

5.4.1 TOA autocalibration based on measured data  

Time-of-arrival (TOA) autocalibration is conducted based on the measured raw data 

that contain antenna excitations. Knowing the actual antenna positions, the TOA 

compensation factor μ, using (3.11)-(3.15) as described in Chapter 3 was optimized by 

estimating the locations of the transmitting antenna so that we can match the estimated 

known positions. The antenna positions which are estimated by optimizing the TOA 

compensation factor are plotted in Figure 5.4.1. From Figure 5.4.1, it can be observed 

that the estimated positions fit well with the known true locations of transmitting 

antennas at (0, -72, -20)mm, (55, 0, -45)mm, (0, 72, -20)mm, and (-55, 0, -45)mm. This 

guarantees that the TOAs are properly calibrated which ensures the accuracy of tumor 

reconstruction process. In particular, we will demonstrate the TOA autocalibration as 

proposed in Chapter 3 by reconstructing the suspicious region for both homogeneous 

and inhomogeneous tissue mimicking chemical breast phantoms. 
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Figure 5.4.1 Estimated antenna positions for TOA autocalibration based on measured 
data. 

 
5.4.2 Reconstructed image in homogeneous breast phantom with large 

amounts of adipose tissue equivalents  

In this case, we embedded a 12mm smooth shaped dielectric insert (tumor) in 

homogeneous phantom that was filled with large amounts of adipose breast tissue 

equivalents and having tumor-to-background dielectric contrast of 4:1. This smooth 

dielectric insert is embedded at location (30, 0, -10)mm inside the breast phantom. Each 

antenna in the experimental imaging system is excited to radiate microwave signal 

using the frequency sweep facility offered by VNA with bandwidth up to 6.5GHz. The 

magnitudes of recorded S21 by VNA are shown in Figure 5.4.2 (a) and the IFFT 

transformed time-domain pulses 𝐸௜,௝(𝑡) and its twin signals 𝐸෨௜,௝(𝑡)are plotted in Figure 

5.4.2(b).  

 

Estimated 
transmitting 
antenna locations 
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The measured results in Figure 5.4.2, Figure.5.4.5, and Figure 5.4.7 showed 

multiple recorded frequency domain results. The jitter noise came in the results when 

the received antenna is separated at large separation from the transmitting antenna. As 

the BAHA produces relatively focused radiation, a large angular distance will result in 

low fidelity. Hence, jitter noise may appear in the recorded result. The dynamic range of 

transmission measurement of the VNA is 106dB and the maximum power at the port is 

11dBm. Thus, any signal up to -90dB of magnitude has can be measured without much 

problem. 

 

The reconstructed 3D tumor image using simple data-independent delay-and-sum 

(DAS) (2.6) is shown in Figure 5.4.3 (a). It can be observed that the 12mm smooth 

dielectric insert is successfully localized (white arrow) with high resolution. Due to the 

dominant content of high adipose tissue equivalents (dielectric properties listed in Table 

5.2.1) and the phantom homogeneity, the effect of clutter interference is very small, and 

hence accurate localization could be achieved. Another 2D view using DAS is also 

shown in Figure 5.4.3 (b). On the other hand, proposed MWDAS (2.11) as described in 

Chapter 2 further improves the resolution of the suspicious region of embedded 

dielectric insert as shown in Figure 5.4.3(c). Signal-to-clutter ratio (SCR) (3.37) is 

defined by the ratio between the energy of the strongest response from tumor to the 

strongest response from clutter within the breast [42]. Here, SCR for image of 12mm 

smooth dielectric insert inside homogeneous phantom using DAS and MWDAS is 

1.65dB and 2.75dB respectively at a SNR level of 15dB. 
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(a) 

 

(b) 
 
Figure 5.4.2 Recorded data from UWB BAHA array for homogeneous breast phantom. 
(a) magnitudes of S21 (b) transformed time-domain pulses by iFFT  
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(c) 

Figure 5.4.3 Reconstructed tumor image in homogeneous phantom (a) 3D image of 
12mm smooth lesion at (30, 0, -10)mm (b) 2D view using DAS (c) 2D view using 
MWDAS 

 
 

5.4.3 Reconstructed image in inhomogeneous breast phantom 

containing dense tissues 

In this case, we embedded the same smooth shaped dielectric insert in 

inhomogeneous breast phantom. The inhomogeneous breast phantom contains dense 

fibroglandular tissue equivalents. The smooth insert is embedded inside the region 

where dense fibroglandular tissues are present at the position-1: (20, 0, -20) mm marked 

as a ‘black circle’ symbol in Figure 5.4.4. The dielectric contrast in this case between 

tumor to breast medium is 1.7:1 at 6GHz. Time-domain signals are obtained by using 

the frequency sweep from 50MHz to 8GHz employing VNA. The recorded magnitudes 

of S21 values are shown in Figure 5.4.5 (a) and transformed time-domain pulses are 

plotted in Figure 5.4.5 (b).  
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Figure 5.4.4 Inhomogeneous breast phantom with fibroglandular tissue content. 
Position-1: (20, 0, -20)mm marked by black circle. Position-2: (-20, 36, -20)mm marked 
by black cross. 
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(a) 

 
 

(b) 
 

Figure 5.4.5 Recorded data when dielectric insert is embedded in position-1 in a 
inhomogeneous breast phantom. (a) magnitudes of S21 (b) transformed time-domain 
pulses by iFFT 
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(c) 

Figure 5.4.6 Reconstructed suspicious region when dielectric insert is placed in 
position-1 in inhomogeneous phantom (a) 3D image of 12mm smooth dielectric insert 
at (20, 0, -20)mm (b) 2D view using DAS (c) 2D view using MWDAS 

  

Tumor (suspicious region) is reconstructed (arrow) using DAS (2.6) as shown in 3D 

view of Figure 5.4.6 (a) and in 2D view is also plotted in Figure 5.4.6 (b). As expected, 

DAS cannot perform satisfactory and more clutters appear in the reconstructed image 

due to the high dielectric properties of fibroglandular tissues (Table 5.2.1) and breast 

inhomogeneity. This can be improved by our proposed MWDAS which reconstructs the 

embedded dielectric insert accurately as shown in Figure 5.4.6 (c). It can be seen that 

MWDAS improves the quality of suspicious region of embedded insert (white colour 

arrow) and suppress the clutter effects significantly. SCR obtained for image obtained 

using DAS and MWDAS is 0.38dB and 1.58dB respectively for the same embedded 

insert. 
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To test the robustness of the experimental microwave imaging system, the smooth 

tumor mimicking dielectric insert is also placed at a location where transition between 

glandular and fatty tissues occur at position-2 (-20, 36, -20) mm which is marked as 

black cross symbol in Figure 5.4.4. Measured magnitudes of S21 are recorded using 

VNA from 50MHz to 8GHz as illustrated in Figure 5.4.7 (a) and the inverse Fourier 

transformed time-domain pulses are plotted in Figure 5.4.7 (b).  

 

The reconstructed 3D suspicious region of embedded dielectric insert (arrow) using 

DAS is shown in Figure 5.4.8 (a) and its 2D view is plotted in Figure 5.4.8 (b). Further, 

reconstructed suspicious location using MWDAS is shown in Figure 5.4.8 (c). It can be 

clearly seen that MWDAS improves DAS significantly with higher resolution and 

locates the suspicious location accurately (white colour arrow). These images have 

shown that the location of embedded dielectric insert is accurately imaged despite its 

position inside the inhomogeneous phantom.  

 

Signal-to-clutter ratio (SCR) for image of the embedded dielectric insert using DAS 

and MWDAS inside inhomogeneous breast phantom at position-2 is 2.21dB and 2.60dB 

respectively at SNR level of 15dB. The results of SCR for homogeneous and 

inhomogeneous phantoms are also tabulated in Table 5.4.1. 
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(a) 

 
 

(b) 

 

Figure 5.4.7 Recorded data when dielectric insert is embedded in position-2 in a 
inhomogeneous breast phantom shown in Figure 5.4.4. (a) magnitudes of S21 (b) 
transformed time-domain pulses by iFFT 
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(c) 

Figure 5.4.8 Reconstructed suspicious region when dielectric insert is placed in 
position-2 in inhomogeneous phantom (a) 3D image of 12mm smooth dielectric insert 
at (-20, 36, -20)mm (b) 2D view of DAS result (c) 2D view of MWDAS result 

 
Table 5.4.1 Signal-to-clutter ratio for images of embedded targets located at different 

position inside the chemical breast phantom at SNR=15dB 

Locations in Breast Phantoms SCR obtained 
with DAS (dB) 

SCR obtained with 
MWDAS (dB) 

(30, 0, -10)mm in homogeneous high 
adipose phantom 
 

1.65 2.75 

Position-1 in inhomogeneous dense 
phantom at (20, 0, -20)mm 
 

0.38 1.58 

Position-2 in inhomogeneous dense 
phantom at (-20, 36, -20)mm 

2.21 2.60 

 
Here, we only compared the results using DAS and MWDAS, because: (a) DAS and 

MWDAS both are data-independent beamformers. RCB is a data-dependent method. So 

comparing between data-independent methods is appropriate. (b)DAS is simple but 

more popular data-independent beamforming method that has been reported in the 
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literature for image reconstruction [62], although it can introduce more clutter 

contamination on the reconstructed image. MWDAS can reduce the clutter 

contamination. Hence, when comparing DAS, MWDAS, one can clearly see the 

improvement offered by MWDAS. (c) DAS has been used as a reference for image 

comparison in clinical diagnosis [18], where DAS images were compared with 

mammogram images for the same patients to establish successful detection. Hence, 

comparison of MWDAS with DAS can demonstrate the superior performance of 

MWDAS for clinical application.  

5.5 CNR extraction calibration using PEC objects 

Once the suspicious region is accurately reconstructed, we will estimate the 

waveform using our proposed two-step approach. This waveform will be used for CNR 

extraction. However, before we extract CNRs of dielectric inserts, it is necessary to 

extract CNRs of embedded PEC inserts inside chemical phantoms. This is important 

since the PEC objects have only external mode CNRs [89]which can be used to 

discriminate target shape, etc. Thus, CNR extraction using PEC inserts can be 

considered to be equivalent to CNR calibration.  

5.5.1 Measurement setup for calibration 

To evaluate the capacity of the proposed experimental microwave imaging system 

for CNR extraction, firstly we employ conducting objects with different surface 

geometries to calibrate the extracted CNRs. Two typical PEC objects are used: (i) a 

steel sphere and (ii) a copper insert with some small random spicules as shown in 

Figure 5.5.1. The PEC spiculated insert is fabricated by soldering copper spicules on a 

smooth copper base using Gaussian sphere method [127, 130]. The two metallic objects 

are immersed in olive oil. For PEC target, we employ the procedures as shown in Figure 

5.5.2. Here, one BAHA antenna illuminates the embedded target using VNA with 
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frequency swept from 1 to 10GHz and another BAHA antenna that is positioned at 45 

degree angle and separated at 50mm away from the target will receive the scattered 

field. Time domain pulse is obtained by using iFFT. The received scattered filed will 

then be subtracted from signal obtained for target-free scenario to ideally obtain the 

late-time target response to extract CNRs. The measured results will be compared with 

available published data [123] on CNRs and theoretical predictions obtained by  using 

Baum’s transform [125]. 

 
Figure 5.5.1 Spiculated and spherical metallic objects. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.2 Experimental setup for calibration of CNR extraction using PEC objects 
embedded inside coupling liquid 
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5.5.2 Methods for detecting late-time resonant signal for CNR 

extraction 

CNRs are extracted based on late-time responses. For the embedded objects in 

dielectric medium, CNRs can be affected by non-resonant early-time signal and antenna 

ringing, as well as spurious CNRs due to clutters. In fact, it is difficult to differentiate 

late-time resonant signal with other nonresonant signals. The existing solution for 

discrimination of late-time and early-time signal is based on an empirical time window 

[99] which is not straight forward to implement. Hence, it is desirable to develop a 

method that can accurately pinpoint the period of late-time resonant signal.  

 

We propose a time-resonant frequency method to find out the late-time response to 

extract CNRs. It should be noted that here the term “late-time” is used with regard to 

resonant signals. Time-resonant frequency is conventionally used to find out the 

fundamental resonant frequency of an embedded object in GPR applications [89, 94], 

where resonant frequencies are plotted as the function of time to obtain a time-

frequency plane. On this resonant frequency-time plane, the longest stable line with the 

lowest frequency indicates the fundamental resonant frequency[94]. On the other hand, 

higher order mode of resonant frequencies usually result in short and instable lines[94]. 

Hence, fundamental resonant frequency can be easily identified to determine the 

embedded object, as this fundamental frequency corresponds to the physical length of 

the embedded metallic PEC objects[94].  

 

Here, we have modified this resonant frequency-time plane to localize the starting 

time of late-time resonant signal, for which a stable and non-fluctuating resonant 

frequency can be expected. On the contrary, non-resonant frequencies including early-
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time and antenna ringing do fluctuate. Our method differs from the conventional 

method[94], as we only plot the dominant poles as a function of time. This is because 

the dominant poles are certainly due to the resonant signal and other spurious poles with 

lower magnitudes can be suppressed on this plane. The extracted CNRs of the dominant 

poles will have highest magnitudes. The dominant poles will form stable and non-

fluctuating resonant frequencies on this time-freq plane. Thus, the starting time of 

resonant signal which coincides with the starting time of dominant poles can be clearly 

displayed on the resonant frequency-time plane. To get late-time response, a target-free 

reference signal is firstly obtained without immersing any object in the coupling liquid. 

Then, the signal is measured by immersing the object back to the coupling liquid. Then 

both signals are subtracted with each other to get calibrated signal. 

 

5.5.3 Calibration using metallic spheres 

We firstly employed two spherical PEC smooth targets with diameter of 15.875mm 

and 11.11mm respectively. The late-time target response of measured data from 

15.875mm steel sphere and its time-resonant frequency planes are shown in Figure 

5.5.3. Figure 5.5.3 (a) shows the target response of 15.875mm PEC sphere. Figure 5.5.3 

(b) shows the resonances on time-resonant frequency plane. From this data, it appears 

that fundamental resonance with lowest resonant frequency is around 3GHz with stable 

period that is short and starts from 0.91ns as indicated in the dashed line in Figure 5.5.3. 

This time starting gives the starting point of the late-time resonant signal and CNR will 

then be extracted by using matrix pencil method [119] from that starting time. It should 

be noted that in this plot, the stable period is short and difficult to identify. Other 

fluctuating results shown in the figure may be due to erroneous CNR poles that are 

caused by early-time nonresonant signals and antenna ringing and thus must be 

eliminated. Figure 5.5.3 (c) shows a plane using conventional method for localizing 

fundamental resonant frequency [94].  
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(a) 

  

 
 

(b) 

 
(c) 

Figure 5.5.3 Localization of late-time resonant signal for PEC sphere of 15.875mm immersed in coupling 
liquid. (a) target response signal (b) localization of late-time resonant signal using proposed time-resonant 
frequency plane (c) localization of late-time resonant signal using conventional method[94].  
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 (a)  

 

 
(b) 

 
(c) 

Figure 5.5.4 Localization of late-time resonant signal for PEC sphere of 11.11mm immersed in coupling 
liquid. (a) target response signal (b) localization of late-time resonant signal using proposed time-resonant 
frequency plane (c) localization of late-time resonant signal using conventional method [94]. 
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It can be seen the resonant frequency-time plane plotted using the conventional 

method gives the unwanted resonances from 1 to 6GHz. It also obtains flat and stable 

resonances along the whole time which makes it difficult to discriminate the late-time 

resonant frequencies from early-time nonresonant frequencies. However, by using our 

proposed method, most of the spurious resonances can be suppressed and in addition it 

helps to identify late-time resonant frequency accurately. For steel sphere of 11.11mm 

diameter, target response and the localization of late-time resonant signal are plotted in 

Figure 5.5.4. Fundamental frequency appears to be around 4.5 GHz starting from 1.04ns. 

It can also be observed that the proposed method can suppress many spurious resonant 

frequencies. Therefore, CNRs can be extracted based on these localized stable periods. 

 

The measured CNRs from immersed steel spheres are listed in Table 5.5.1. For 

comparison, we theoretically calculate the CNRs from spheres located in free space 

using equation (3.4). These CNRs are transformed using Baum's transform (3.5) [125]to 

obtain CNRs in lossy medium. 

 

Table 5.5.1 Measured Resonant Frequency of PEC (Steel) Spheres 

Size 

(mm) 

mode Resonant 

Frequency in 

Free Space 

(GHz) 

Predicted Resonant 

Frequency in 

Coupling Liquid 

(GHz) 

Measured 

Resonant 

Frequency 

(GHz) 

15.875 1 5.21 3.29 3.18 

2 

 

10.87 6.87 6.75 

11.11 1 7.44 4.7 4.79 
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It can be observed from Table 5.5.1 that the measured resonant frequencies are very 

close to the values predicted by Baum’s transform[125]. This demonstrates that our 

proposed late-time localization method can accurately localize reliable late-time 

response for CNR extraction. This procedure will be used in later sections as a method 

of calibration when extracting CNRs of dielectric inserts embedded in tissue mimicking 

chemical phantoms. 

 

5.5.4 Calibration using metallic spiculated objects 

Since the CNRs extracted for metallic (PEC) objects have only external mode of 

CNRs, they reflect the morphological characteristics of PEC objects [89]. Hence, we 

can extract external mode CNRs of dielectric objects. Then we can correlate the CNRs 

with the geometrical features of the object. However, dielectric objects have both 

external and internal CNRs. So, to identify the external mode CNRs of dielectric objects, 

we require CNRs of PEC objects. Thus, by comparing the external mode of CNRs, 

objects with distinct surface geometries can be identified [94]. Here, we employ PEC 

inserts with spiculated shapes and extract the CNRs from them to discriminate the 

CNRs from smooth inserts in terms of external mode of CNRs.  

 

In our experiment, we embed PEC spiculated inserts (shown in Figure 5.5.1) in the 

coupling liquid and measure the scattered field from the object using the experimental 

setup as shown in Figure 5.5.2. CNRs extracted from measured data from PEC 

spiculated insert are plotted in Figure 5.5.5, and compared with CNRs extracted from 

measured data for smooth steel inserts of diameter 15.875mm. It can be seen that at a 

higher order mode around 6GHz, the damping factor from a PEC spiculated insert is 

distinct (having much lower damping factor) from that of the smooth PEC insert. 

Higher order mode of CNR is the pole with higher resonant frequency. However, as can 

be seen, at lower order modes, CNR poles have similar values of damping factors, then 
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making it difficult to discriminate. Also, since BAHA antenna element is designed to 

work above 4GHz when immersed in coupling oil (as discussed in Chapter 4),  resonant 

frequency lower than 4GHz may not be adequately detected. 

 

From the above measured experiments, we can discriminate PEC spiculated and 

smooth objects using CNRs when they are immersed in coupling liquid. Now we 

examine their extracted CNRs by embedding them in homogeneous adipose-content 

dominant phantom. Two additional metallic spiculated objects are fabricated each with 

equivalent diameter of 15mm (in Figure 5.5.6) and both are embedded at the same 

location. We use the same experimental setup as shown in Figure 5.5.2. The breast 

phantom is also immersed in coupling liquid for matching purpose. The results on 

CNRs are shown in Figure 5.5.7, from which the following findings can be observed: a) 

damping factors can be distinguished at higher order modes of CNR poles; b) at lower 

order modes, CNR damping factors have similar values and so are difficult to 

differentiate due to BAHA antenna characteristics. 

 
Figure 5.5.5 CNRs from metallic PEC spiculated and spherical inserts in coupling 
liquid 
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The extracted CNRs are tabulated in Table 5.5.2. By using PEC spherical and 

spiculated inserts, external mode of CNRs can be calculated. These external mode 

CNRs correspond to the target’s morphological features and thus offers promising 

potential for discriminating breast lesions. The reason that damping factors at lower 

order mode are difficult to discriminate may lie in the design of BAHA antenna as it 

starts radiating efficiently from 4.1GHz.  

 
 

 
 

Figure 5.5.6 Fabricated spiculated copper inserts 

 
 
 

 
Figure 5.5.7 CNRs from PEC spiculated and spherical inserts embedded in 
homogeneous adipose tissue dominant breast phantom. 
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Table 5.5.2 Extracted CNRs for PEC Inserts 

 Embedded Dielectric Medium 
Object Type Coupling Liquid High Adipose Phantom 

Frequency 
(GHz) 

Damping 
factor (1/ns) 

Frequency 
(GHz) 

Damping 
factor (1/ns) 

Sphere of 15.875mm 
diameter 

6.18 
2.78 

-7.14 
-2.01 

4.47 
2.83 

-11.2 
-1.64 

Spiculated lesion-1 6.44 
2.55 

-4.04 
-2.66 

4.9 
3.2 

-2.55 
-1.56 

Spiculated lesion-2   6.03 
3.27 

-1.88 
-1.73 

Spiculated lesion-3  4.1 
5.6 

-2.38 
-1.33 

 

5.6 Discrimination of tumor mimicking dielectric inserts 

using CNR signatures  
 

5.6.1 Methods of CNR extraction 
For embedded dielectric inserts in tissue mimicking breast phantoms, we employ the 

proposed UWB microwave imaging system with BAHA antenna array to collect the 

backscattered pulses for extraction of CNR signatures. We have employed general 

preprocessing given by (3.6) and TOA autocalibration given by (3.11)-(3.15) to process 

the measured data. Then we used two-stage beamforming given by (3.20)-(3.31) to 

reconstruct time-domain target response from the embedded dielectric inserts. After 

localizing the late-time resonant signal on resonant frequency-time plane, CNRs are 

extracted by using Matrix Pencil method [122]. 
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5.6.2 Estimated late-time resonant signals 
Three sets of tumor mimicking dielectric inserts (spiculated and smooth as shown in 

Figure 5.2.4) are first embedded within the homogeneous breast phantom containing 

high adipose tissue content, all three at the same position (30, 0, -10) mm, respectively. 

The dielectric properties of adipose tissue and dielectric insert (tumor) are shown in 

Table 5.2.1.  

 

Plots of CNR on resonant frequency-time planes for the smooth dielectric insert-1 

and spiculated dielectric insert-1 are plotted in Figure 5.6.1, and Figure 5.6.2, 

respectively. For smooth dielectric insert-1, the lowest resonant frequency appears at 

3GHz with starting time at 1.25ns meaning that CNRs can be extracted after 1.25ns. On 

the other hand, spiculated dielectric insert-1 has fundamental resonant frequency at 

3.5GHz with time starting from 1ns.  

 

5.6.3 Extracted CNRs for dielectric inserts in homogeneous breast 

phantom 
 

CNRs extracted for the three sets of spiculated and smooth shaped dielectric inserts 

(as shown in Figure 5.2.4) are illustrated in Figure 5.6.3. Resonant frequencies range 

from 3GHz to 6GHz with fundamental resonant frequency at 3GHz. For each complex 

pole, both spiculated and smooth dielectric inserts have similar level of resonant 

frequencies.  
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(a) 

 

 

 
(b) 

 

Figure 5.6.1 Localization of late-time resonant signal for smooth shaped dielectric 
insert-1 in homogeneous adipose-dominated phantom. (a) tumor response signal (b) 
localization of late-time resonant signal using proposed time-resonant frequency plane  
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(a) 

 
 

 

 
(b) 

 
Figure 5.6.2 Localization of late-time resonant signal for spiculated shaped dielectric 
insert-1 in homogeneous adipose-dominated phantom. (a) tumor response signal (b) 
localization of late-time resonant signal using proposed time-resonant frequency plane 
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Figure 5.6.3 Extracted CNRs from measured data for three sets of tumor mimicking 
dielectric inserts in homogeneous adipose-dominated breast phantom. 

Table 5.6.1 Extracted CNRs for Dielectric Inserts Embedded in Homogeneous Phantom 

 Extracted CNRs 

Tumor Mimicking Inserts Frequency (GHz) Damping Factors (1/ns) 

Higher mode Lower mode Higher mode Lower mode 

Smooth dielectric insert-1 4.03 3.07 -5.52 -0.54 

Smooth dielectric insert-2 3.37 3.04 -8.02 -1.60 

Smooth dielectric insert-3 4.84 3.2 -6.67 -1.85 

Spiculated dielectric insert-1 4.68 3.54 -2.42 -1.44 

Spiculated dielectric insert-2 5.53 3.61 -1.60 -3.18 

Spiculated dielectric insert-3 3.83 3.14 -2.99 -1.96 

 

It can be observed that CNRs corresponding to higher mode have differences in 

their values for spiculated and smooth shaped dielectric inserts. One can observe that 

the damping factors are different for smooth and spiculated dielectric inserts. On the 
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contrary, CNRs at lower mode have very similar values of damping factors and hence 

are difficult to discriminate. This establishes that the damping factor of higher order 

modes of CNRs for spiculated dielectric inserts have distinct differences with smooth 

inserts as shown in Table 5.6.1. It should be mentioned that the lack of distinct 

difference in lower mode of CNR could be due to the BAHA antenna element which 

works above 4 GHz when immersing in coupling liquid (𝜀௥ = 2.5)as discussed in 

Chapter 4 so that resonant frequency lower than 4GHz may not be collected properly. 

Estimation of late-time resonant signal is limited by the lossy medium, breast 

inhomogeneity, as well as the SNR of measured system. Although our proposed method 

improves resonant frequency-time plane, it still strongly depends on the accurately 

estimated time-domain signals. 

 

One cannot measure CNRs directly. They are obtained by using Matrix Pencil 

Method on measured scattered field data. Furthermore, there is no standard method to 

calibrate CNRs for dielectric inserts that have either smooth or spiculated peripheries. 

Therefore, we have employed indirect calibration methods by using PEC spheres and 

Baum’s transform (3.5) by estimating CNR values for PEC spheres embedded in 

homogeneous dielectric medium. Another indirect calibration method we have 

employed is to use the external mode of CNRs of PEC inserts to compare and identify 

external mode CNRs of dielectric inserts. This is possible because PEC targets have 

external mode CNRs only[94]. Extracted CNRs from measured data have shown that 

spiculated objects have much lower damping factors than smooth shaped objects as 

shown in Table 5.5.2.  

 
5.6.4 Extracted CNRs for dielectric inserts in inhomogeneous breast 

phantom 
CNRs are extracted from the measured data using the same three sets of tumor 

mimicking dielectric inserts as reported in the earlier section. Here, these dielectric 
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inserts are embedded in inhomogeneous dense breast phantom at (20, 0, -20) mm. The 

dielectric contrast between dielectric inserts and ambient medium (glandular tissues) is 

1.7:1 and their dielectric properties are shown in Table 5.2.1. CNRs extracted from 

measured data are shown in Figure 5.6.4. A similar trend can be observed from Figure 

5.6.4 that the differences of damping factors for higher order modes is distinct, whereas 

at lower modes (about 3GHz) differences in damping factors values is not distinct. Then, 

one can use damping factors of higher mode CNRs to differentiate between smooth and 

spiculated shaped dielectric inserts. The CNR results are also tabulated in Table 5.6.2.  

 
 
 
 

 
 

Figure 5.6.4 Extracted CNRs from measured data for three sets of dielectric inserts 
embedded in inhomogeneous dense breast phantom. 
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Table 5.6.2 Extracted CNRs for dielectric inserts in inhomogeneous phantom 

 Extracted CNRs 

Tumor Mimicking Inserts Frequency (GHz) Damping Factors (1/ns) 

Higher mode Lower mode Higher mode Lower mode 

Smooth shaped insert-1 3.98 2.90 -11.50 -1.05 

Smooth shaped insert-2 5.27 3.04 -8.31 -0.10 

Smooth shaped insert-3 3.46 3.05 -9.17 -2.88 

Spiculated insert-1 4.11 2.93 -2.80 -0.80 

Spiculated insert-2 4.91 2.75 -2.64 -0.87 

Spiculated insert-3 6.19 3.15 -1.64 -0.99 

 

5.6.5 Normalized CNR error (NCR)  

Since CNRs are closely associated to morphological features of the targets, a 

standard to evaluate the obtained CNRs is critical. Normalized CNR error (NCR) given 

by (3.33) as discussed in Chapter 3 is used to measure the differences between the 

extracted CNRs from two objects[136]. Values of NCR lie between 0 and 1. For a large 

NCR, the two targets can be discriminated indicating that they have distinct 

morphological features. On the other hand, targets that have similar morphological 

features are possible to have small NCR.  NCR for the three sets of dielectric inserts 

placed in homogeneous phantom is illustrated in Figure 5.6.5. As expected, errors 

among smooth shaped inserts have smallest NCR, since their shapes have gradual 

transitions at the borders. Spiculated inserts have shown distinct NCR with respect to 

each other due to their irregular random sharp transitions. This is useful in identifying 

spiculated breast tissues as they have random irregular morphologies. We have 

calculated NCR between smooth and spiculated inserts: 1) smooth insert-1 and 
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spiculated insert-2 have the largest NCR of 0.86; 2) smooth insert-1 and spiculated 

insert-3 gives a low NCR, because they have relative close damping factors at higher 

mode CNR. 

 
Figure 5.6.5 Normalized CNR errors of dielectric inserts in homogeneous adipose-
dominated breast phantom 

 

NCR for the same three sets of dielectric inserts placed in inhomogeneous phantom 

is illustrated in Figure 5.6.6. NCR between smooth insert-2 and spiculated insert-1 and 

3 are 0.75 and 0.69, respectively. On the other hand, NCR between smooth insert-2 and 

smooth inserts-1 and 3 are decreased by 0.21 and 0.29 due to their smooth border 

transitions. In this experiment, the highest NCR (0.94) appears between spiculated 

inserts 1 and 3 because of the highly random spiculated shapes. 
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Figure 5.6.6 Normalized CNR errors of dielectric inserts in inhomogeneous dense 
breast phantom 

 

NCR helps to discriminate the shapes of unknown embedded targets. It is difficult to 

judge the difference between CNR poles only by examining their contrasts between 

damping factors (Table 5.6.1 and Table 5.6.1). Smooth inserts have large damping 

factor contrasts with respect to each other, but they have shown small NCR value 

indicating that they have similar surface shapes. On the other hand, spiculated inserts 

have small damping factor contrast but has large NCR value indicating that they have 

distinct morphological features. Therefore, NCR could offer to identify difference 

between morphological features based on CNR poles and is preferable to be a metric to 

discriminate target shape.  

 

5.7 Discussion 
We develop an experimental microwave imaging system using the 32 BAHA 

elements. By using this system, we have demonstrated that tumor mimicking dielectric 

inserts with diameter of 12mm can be successfully detected in both high homogeneous 

and inhomogeneous tissue mimicking breast phantoms. Furthermore, we have also 
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fabricated three sets of dielectric inserts with smooth and spiculated shapes which 

represent benign and malignant breast tumors respectively. By extracting their CNRs 

from measured data when they are embedded in breast phantoms, spiculated dielectric 

inserts can be discriminated from smooth dielectric inserts. The significant contrast of 

calculated NCRs for these dielectric inserts also demonstrates that spiculated inserts can 

be differentiated from smooth inserts. This discrimination between smooth and 

spiculated shaped dielectric inserts have demonstrated the potential of breast tumor 

discrimination by using CNR. 

 

Our preliminary experiments reported in this chapter are the first experimental 

attempt to discriminate morphological features of dielectric inserts. The fabricated 

tissue mimicking chemical phantoms and dielectric inserts can be further improved to 

mimic denser breast phantoms such as C3 or C4 dense phantom models [57]and more 

realistic body profiles of breast lesions.  

 

BAHA antenna elements used in microwave imaging system is designed to collect 

the backscattered signals with frequency from 4GHz as reported in Chapter 4 when 

immersed in coupling liquid (𝜀௥ = 2.5). The antenna response at frequency lower than 

4GHz may not be optimal. Thus, due to this, we have emphasized that use of higher 

resonant mode which usually has frequency greater than 4GHz or 5GHz can be more 

appropriate for CNR discrimination. On the other hand, higher resonant mode shows 

distinct contrast between damping factors which further re-conforms that use of higher 

mode is helpful. Hence, although the current BAHA antenna’s performance is sub-

optimal at lower frequency, it can still be used for CNR discrimination. 

 

Based on the experimental experiences in this thesis, we observed that it is possible 

to develop a six element BAHA imaging system with a mechanical rotation device. This 

system can avoid the complex high frequency microwave switch system which can be 
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very expensive. However, use of rotation device can increase the total time for data 

collection which may lead to increase in the measurement uncertainty. For example, the 

patient may move if the measurement time is longer. 

  

Experimental results have shown that dielectric inserts can be discriminated by their 

distinct damping factors. However, the values of damping factors depend on ambient 

breast tissue background and also the size of the lesion. Hence, reference damping 

factors are required to identify the difference between damping factors of breast lesions. 

Otherwise, it is difficult to interpret the obtained damping factor data from extracted 

CNRs. Therefore, our proposed breast lesion discrimination method can be used as a 

complementary method with other techniques such as mammography. Once the ambient 

background of the suspicious lesion location is obtained from mammogram, an initial 

dielectric property of ambient medium can be known from which we estimate the 

possible range of damping factor values that the suspicious lesion may have. By using 

this knowledge obtained apriori using mammography, the proposed discrimination 

method will help to find out whether the extracted CNRs are from smooth or spiculated 

lesions. 
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Chapter 6 

Conclusions 

6.1 Overview 
This chapter presents the conclusions based on the contributions made in this thesis. 

It is organized by firstly presenting the major chapters summaries and then the key 

contributions from the thesis are reported. Finally, scope for future work is briefly 

addressed 

 

6.2 Summary of the thesis 
This thesis presents a novel microwave imaging technique for early stage breast 

tumor detection and discrimination by proposing a novel TOA autocalibration and a 

novel data-independent beamforming, and extraction of complex natural resonances. 

Based on the detected suspicious region of breast tumor, a method for CNR extraction 

and calibration techniques are presented to discriminate the shapes of embedded breast 

lesions. To validate the proposed methods, this thesis also reports experimental 

microwave imaging system that uses a UWB antenna array connected to VNA. A new 

and efficient UWB antenna for microwave imaging is also proposed in this thesis. 

Measurements on microwave imaging have been carried out using tissue mimicking 

chemical breast phantoms as well as tumor mimicking dielectric inserts which have 
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been fabricated. Using the measured data, complex natural resonances (CNR) of tumor-

mimicking dielectric lesion have been extracted and compared with CNRs of metallic 

objects. Our results have shown that it is possible to discriminate malignant and benign 

lesions based on their complex natural resonances. In this chapter, the main conclusions 

incorporated in each chapter are highlighted. 

 

Chapter 2 

This chapter presents the use of array beamforming technique for early stage breast 

tumor detection. We propose data-independent beamformer known as MWDAS method 

for localizing suspicious regions. Using FDTD simulation on 2D and 3D numerical 

breast phantoms, it has been demonstrated that MWDAS method is capable of focusing 

to the strongest scatterer within the breast thereby effectively localizing suspicious 

regions. When compared to existing methods viz., DAS and DMAS, the proposed 

MWDAS could offer higher resolution even for inhomogeneous breasts. The 

importance of TOA information has also been addressed showing as to how TOA can 

affect the final reconstruction of tumor location. FDTD simulations have revealed that 

data-independent method (such as DAS) with proper TOA calibration is able to achieve 

the similar level of reconstruction accuracy that has been reported with RCB, which is a 

data-dependent method.  

 

Chapter 3 

This chapter presents the techniques for discriminating whether the tumor malignant 

or benign by using the morphological features of breast tissues in term of complex 

natural resonances (CNRs). Since CNR is an approximate metric extracted from the 

time-domain signal by singularity expansion method (SEM), the quality of the extracted 

CNR is vital. To guarantee the high quality of CNR extraction, this chapter presents a 

number of novel procedures:  
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1) TOA autocalibration: use early-time artifacts to estimate TOA information for 

different propagation paths by reconstructing the antenna positions initially as a 

calibration step since they are known apriori.  

2) General pre-processing: remove early-time artifacts based on backscattered 

signals 

3) Two-stage of scaled beamforming: in the first stage, array steering vector is 

estimated by using stochastic method-PSO; in the second stage, time-domain 

waveform of target response is estimated. 

4) CNR calibration: in the first case, calibrate the CNR extraction by employing 

PEC spheres with different sizes and the extracted CNRs are examined by 

predicted values by using Baum’s transform. In the second case, calibrate 

external mode of CNR by employing spiculated and spherical PEC objects and 

compare with their corresponding dielectric counterparts having the similar 

shapes. The results have shown that external mode of CNR for dielectric objects 

can be extracted which are useful for discriminating the surface morphological 

features of tissues. 

5) Method of identifying late-time resonant signal: we improved the conventional 

resonant frequency-time plane to obtain the resonances as function of time. This 

method helps to find out the starting time of late-time resonant signal from 

which CNR can be extracted by using matrix pencil method. 

 

To test the above techniques, FDTD simulations have been carried out using MRI-

derived C3 class dense breast phantom which is obtained from online repository 

provided by University of Wisconsin-Madison[57]. Computational results from the C3 

dense breast phantom have demonstrated that: 

1) TOA can be well calibrated based on received raw data by using simple DAS 

beamformer. As a test, a number of transmitting antenna positions have been 



Chapter 6: Conclusions 
______________________________________________________________________________________________ 

______________________________________________________________________ 
190 

 
 
 

accurately estimated, then providing optimized TOA information, for use with 

breast phantoms. 

2) Suspicious tumor location within dense breast phantom can be identified. The 

performance has been evaluated by ideally reconstructed tumor location that is 

obtained when subtracting tumor-free signal, obtained from ideal tumor-free 

template. 

3) Extracted CNRs of PEC spheres from simulated data have very close agreement 

with those extracted from measured data given in literature[123] as well as the 

available theoretically predicted results. Extracted CNRs from embedded PEC 

spheres also fit well with Baum’s transformed data. 

4) Discrimination of tumor shapes by using CNRs has been observed at 

higher order mode of CNR poles. The poles of higher order mode CNR have 

much smaller damping factors for spiculated breast lesion than those from 

smooth lesion. However, damping factors of corresponding lower order mode 

CNR have too close values to differentiate.  

 

Extracted CNRs from simulated data have obvious limitation: firstly, CNR 

extraction is limited by waveform estimation, as the applied two-stage waveform 

estimation can only reduce the interference from clutters, but the errors still exist; 

secondly, late-time resonant signal is difficult to differentiate form early-time 

nonresonant signal. Thus, erroneous CNRs could also be introduced. This may lead to 

the unsuccessful discrimination of damping factors at lower order mode. 

 

Chapter 4 

This chapter focuses on UWB antenna design. We exclusively focus on end-fire 

compact UWB antennas as they could radiate higher energy into the imaged tissues than 

other antennas such as monopole and slot antennas. Firstly, modified ridged horn and 

Vivaldi antennas are reported. They also have compact size and could form a large 



Chapter 6: Conclusions 
______________________________________________________________________________________________ 

______________________________________________________________________ 
191 

 
 
 

antenna array. Finally, we have developed a modified ridged horn antenna with straight 

ridge and launching plane using FDTD simulations. A modified balanced antipodal 

Vivaldi antenna is also investigated in this chapter using FDTD simulation. Finally, we 

proposed a BAHA antenna element that has a size of 20mm × 20mm and selected this 

antenna as the candidate for experimental breast imaging setup. Measured results have 

shown that BAHA has low return loss (<-15dB) and high fidelity (>0.9) and S21 levels 

(around -25dB) at 100mm distance in a coupling liquid. BAHA resonates from 4.1GHz 

to 11GHz covering sufficient UWB bandwidth for our proposed microwave imaging.  

 

 

Chapter 5 

In this chapter, we investigated methods to determine whether the breast tissue is 

malignant or benign using tumor mimicking dielectric inserts embedded inside chemical 

breast phantoms. The phantoms are categorized into two types: homogeneous phantom 

which consists of manly fatty tissue equivalents and inhomogeneous phantom which 

has dense glandular tissues and fatty tissues. For tumor mimicking inserts, both smooth 

and spiculated dielectric inserts have been fabricated with 12mm equivalent diameters 

to represent benign and malignant breast tumors respectively.  

 

We have built an imaging system for breast tumor detection and tumor shape 

discrimination. As a critical component in this system, a hemispherical antenna array is 

formed by 32 BAHA antennas. Antennas in the array are excited by VNA to radiate 

UWB microwave to the breast which is immersed in coupling liquid. Time-domain 

signals at the receiving antennas are obtained synthetically by employing wideband 

frequency scan using VNA. To investigate breast tumor detection and tumor 

morphology discrimination, chemical breast phantoms with radius of 68mm have been 

fabricated to mimic breast tissue equivalents including homogeneous and 

inhomogeneous breast tissues. Fabricated tumor mimicking dielectric inserts (with 
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equivalent diameter of 12mm) which correspond to benign and malignant breast tumors 

have been inserted into breast phantom for measurements. Based on measured data, we 

have successfully localized the regions where the inserts have been placed in both 

homogeneous and inhomogeneous breast phantoms. The measured data has been 

processed to extract waveforms for CNR extraction. 

 

To calibrate CNR extraction from measured data, two steel spheres with 15.875mm 

and 11.11mm diameters respectively are employed into the coupling liquid and their 

CNRs are extracted from measured data using BAHA antenna elements. The extracted 

CNRs fit well with the estimated values calculated by Baum’s transform. Furthermore, 

calibration using PEC spiculated objects is also carried out in both coupling liquid and 

inside the homogeneous chemical phantom. Finally, extracted CNRs from the measured 

data have revealed that smooth inserts can be discriminated from spiculated inserts, thus 

providing a very promising potential for early stage breast cancer detection.  

 

6.3 Summary of original contributions 
The following is the summary of the contributions made is this thesis. 

1. Novel end-fire UWB antennas for near-field microwave imaging 

The thesis has proposed different novel UWB antenna elements that have compact 

sizes. Modified ridged horn is proposed with good impedance bandwidth (-10dB) from 

5 to 14GHz by using straight ridge and launching plane. These modifications improve 

the ease of fabrication. We have also proposed a modified Vivaldi antenna (mBAVA) 

with aperture size only of 14mm × 6mm.  

 

2. Study of BAHA antenna for microwave imaging 

One of the key contributions of this thesis is the design of novel BAHA antenna for 

UWB imaging. Measured results have shown that BAHA antenna offers good 

performance for near-field breast imaging. Of having high level of fidelity, BAHA can 
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radiate low distorted UWB pulse demonstrated through measurements using VNA. 

Minimized pulse distortion is important for accurately recording the measured tumor 

response, as tumor response has very small amplitudes and are dominated early-time by 

early-time artifacts. Moreover, BAHA has flat S21 characteristics over the band.  

 

3. Experimental microwave imaging setup with hemispherical BAHA antenna 

array using on tissue mimicking breast phantoms  

We have built a microwave imaging system for experimental study of breast tumor 

detection. This system used our proposed UWB BAHA antennas to form a 

hemispherical antenna array. Due to the superior performances of the proposed BAHAs, 

experimental results have shown that tumor mimicking inserts (with diameter of 12mm) 

can be identified when the dielectric contrast is both high (4:1) and low (1.7:1) for the 

breast phantoms.  

 

We also developed multilayered chemical phantoms for experimental tests. The 

tissue mimicking phantom has 68mm radius and has a 10mm nipple. By controlling the 

amount of the inner mold made of flour, we can fabricate both high-adipose-dominated 

phantom as well as dense glandular-tissue-dominated phantom. In addition, the arbitrary 

shaped glandular tissues can also be controlled by the inner mould during the phantom 

fabrication.  

 

4. Experimental investigation for discrimination of tumor mimicking inserts 

using CNR 

Measured results on three tissue mimicking dielectric inserts have revealed that their 

morphological features can be discriminated by their extracted CNRs. As expected, 

damping factors of CNR poles extracted from smooth shaped inserts are significantly 

higher than those from spiculated shaped inserts. These experimental findings have 

demonstrated that CNR extraction for breast tumor discrimination can be highly useful. 
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We have also proposed some empirical metrics for measuring the effectiveness of the 

proposed techniques. 

 

5. Investigation of antenna effects for extracted CNR 

The effects of antenna itself for extracted CNR have been investigated for four 

UWB antennas: BAHA, BAVA, pyramidal ridged horn antenna, and TEM horn antenna. 

Only for TEM horn antenna, the effects are evaluated by only FDTD simulations. Other 

three antennas have been fabricated and the backscattered signals from a standard steel 

sphere immersed in coupling oil are measured for CNR extraction.   

 

Late-time target response is obtained by subtracting a target-free signal which is 

measured when the steel sphere is not present. The results of extracted CNRs from 

measured data are listed in Table 6.1. All the antennas, BAHA, BAVA and pyramidal 

ridged horn have high fidelities with values above 0.9 and thus provide close levels of 

resonant frequencies compared to the CNRs obtained by Baum’s transform[125]. 

However, when compared with other antennas, BAHA obtains the best measured results 

for the estimation of damping factor at higher order mode CNR. BAVA results are also 

reasonable as the estimation of resonant frequencies is accurate but there is a shift on 

extracted damping factors. Data from pyramidal ridged horn causes a large bias on 

extracted damping factor. The extracted CNRs of simulated data by TEM horn are also 

listed in Table 6.2. As TEM horn has very low fidelity which is only 0.76 even at a near 

distance of 17mm, extracted CNRs have large bias compared to CNRs obtained by 

Baum’s transform. 
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Table 6.1 CNRs of steel sphere (diameter=15.875mm) extracted from measured data in 
coupling liquid (𝜺𝒓 = 𝟐. 𝟓) 

CNR obtained from Frequency (GHz) Damping factor (1/ns) 

Higher mode Lower mode Higher mode Lower mode 

Measured data by BAHA 6.18 2.78 -7.14 -2.01 

Measured data by BAVA 6.83 3.40 -5.92 -3.99 

Measured data by Pyramidal 

ridged horn 

6.1 3.53 -13.30 -3.88 

Baum’s transform 6.87 3.29 -7.77 -5.87 

 

Table 6.2 CNRs of steel sphere (diameter=15.875mm) extracted from simulated data in 
coupling liquid (𝜺𝒓 = 𝟏𝟎) 

CNR obtained from 

 

Frequency (GHz) Damping factor (1/ns) 

Higher mode Lower mode Higher mode Lower mode 

Simulated data by TEM horn 6.18 2.78 -7.14 -2.01 

Baum’s transform 3.45 1.68 -6.05 -5.04 

 

 

6. Novel MWDAS method for reconstruction of tumor suspicious region 

We have proposed a new MWDAS method and demonstrated both by numerical 

simulation and phantom experiments that MWDAS can very accurately localize the 

suspicious region within the breast phantom and reject clutter interferences effectively, 

when compared to other existing methods in literature[31, 46]. 

 

7. TOA autocalibration for inhomogeneous breast 

We proposed a novel TOA autocalibration and demonstrated it both by both 

numerical simulation and phantom experiments that it is capable to estimate accurate 
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TOA for different propagation paths within heterogeneous breast phantoms. The 

proposed TOA autocalibration can enhance the localization of suspicious regions and it 

is adaptive to any types of breast environment varying from homogeneous adipose-

dominant to heterogeneously dense breast phantoms.  

 

Thus, the work reported in this thesis, has for the first time, experimentally 

demonstrated that morphological features of tissue mimicking dielectric inserts can be 

differentiated using CNRs. 

 

6.4 Future Work 
1. There is a need to extend our method to highly dense breast phantoms viz., C4 

type phantoms. 

 

2. As BAHA only radiate from 4 GHz, the CNR corresponding to lower resonant 

frequency cannot be obtained. Hence, it is desirable to develop a new antenna that can 

work from lower frequency such as 2GHz while maintaining high fidelity and relatively 

smaller aperture. It is also expected to obtain lower mode CNR poles by improving the 

discrimination of tissue morphologies.  

 

3.Only 10mm breast tumors have been studied. Smaller tumor size will bring 

significant challenges for radar based detection due to limits on resolution. For tumor 

discrimination, a smaller size requires higher resonant frequency. Hence, more studies 

on CNR extraction of small dielectric inserts are necessary. 
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