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Abstract 

Every year, more than 150,000 cases of breast cancer are diagnosed and more than 40,000 

deaths occur. It is one of the major causes of cancer mortality in women in the United States. This 

paper will inform how the advances in the field of microwave imaging techniques have enabled it to 

become a potentially new diagnosis tool for early-stage breast cancer detection. 

In particular, the objective of the paper is to illustrate how an active microwave imaging 

technique called Ultra-Wideband Pulse Wave Confocal Microwave Imaging system (UW-PW-CMI) 

works. The physical basis of the system, the assumptions used in the design of such a system, and the 

scientific Finite-Difference-Time-Domain (FDTD) computations performed in obtaining data are 

considered. Finally, Sum-and-Delay Beamforming algorithms suitable for image reconstruction are 

considered at the final stage. 
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1. Introduction 

1.1 Applied electromagnetics in biomedical engineering 

For the past several decades, applied electromagnetic theorists have introduced state-of-the

art computational algorithms that have allowed simpler modeling of electromagnetic waves. Many 

of the modeling methods were used to solve a wide variety of complex real-life problems, mainly 

for industrial and military purposes. However, only recently was applied electromagnetics used 

meaningfully to solve medical problems. The goal of this paper is to illustrate how the approach 

used by microwave imaging may be applied to detect breast cancer tumors in women. 

1.2. Current work in microwave imaging 

Work in the area of potential applications of microwaves in breast cancer detection was 

suggested only in the 1990s. Many of the imaging techniques developed in the mid-90s were fairly 

primitive and unsuccessful. In the late-90s, however, researchers at the Department of Electrical 

Engineering (EE) at the University of Wisconsin-Madison suggested a more robust algorithm to 

detect small tumors known as the Ultra-wideband Confocal Microwave Imaging (UW -CMI). This 

approach paved the way to numerous research publications that appeared in several IEEE 

magazines and other popular journals, as listed in the references section [1-10]. Much of the study 

on UW -CMI technique has been based purely off these sources. After a careful study of the problem 

was complete, some initial testing was carried out using simulation setups very similar to the ones 

used by the researchers. The data that was collected, manipulated and interpreted is outlined in this 

paper. 

At Texas Tech University, there are studies on breast-cancer prevention, but there is no 

dedicated research group on breast-cancer detection. Since this is a topic of biomedical engineering 

rather than the health services, and acknowledging the fact that there is no Biomedical Engineering 

department at Texas Tech, this problem fell under the EE department, in the field of applied 

electromagnetic engineering. Dr. Saed, my faculty advisor, who is an expert in microwaves, has 

interest in biomedical applications, and from him I came to learn about the project. He is currently 

working with several undergraduates to expose us to research-driven projects in contrast to object

driven projects. This is a valuable undergraduate research experience with long-term benefits. 
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2. Breast Cancer Fundamentals 

In this section, the reader will become familiar with the nature of breast cancer, what it is, 

why it is harmful, how it is diagnosed, and the physical principles used in such diagnosis. 

2.1 Breast Cancer - Cause and Statistics 

The breast is essentially a gland that produces mille Just like other parts of the body, the 

cells in the breast form, mature, rest and eventually die out to be replaced by other cells. Normally, 

this cycle of growth is controlled carefully and automatically by the genetic composition in the 

breast-cells. In some cases however, the genes - the functional fingerprint of every cell- can 

develop an abnormality that that causes the affected breast-cells (called tumors) to function 

abnormally as well. One such abnormality is the uncontrolled growth of breast-cells - and this is 

termed as breast cancer. Tumors are classified as either benign or malignant. Malignant tumors such 

as breast cancer tumors are life-threatening and need to be detected and cured before it spreads to 

other parts of the body. 

Breast cancer affects women of all regions of the world. It is the most common form of 

cancer in the United States, and other developed countries. Table 1 shows breast-cancer incidence 

in women (in US) as a function of the age of the women. Clearly, it can be seen that the chances of 

a women contracting this disease increases with age. 

A Woman"s Chances of Breast Cancer 
Incle.lses With Age 

By age 3J 
By age 40 
By age 50 
By age 60 
By age 70 
By age 80 
Ever 

lout of 2,212 
lout of 235 
lout of 54 
lout of 23 
lout of 14 
lout of 10 
lout of8 

Table 1: Breast-cancer incidence versus age of woman [10] 

Breast cancer is a disease that progresses from less harmful stage (stage 0) to its most potent stage 

(stage IV). Table 2 shows the chances of survival for women in different stages of breast cancer. It 

can be inferred that survival rates can be improved by detecting breast cancer in the early stages and 

then administering medical treatment. Both these tables clearly indicate that the key to survival is 

early-detection. 



Stage 5-ye.u Relative 
Survival Rclte 

0 100% 

98% 

IIA 88% 

liB 76% 

iliA 56% 

IIIB 49% 

IV 16% 

Table 2: Breast cancer stage survival rates [10] 

2.2 Dielectric properties of the breast 

A female human breast is a very complex structure - made of several types of tissues and 

glands, which vary in density. Essentially, this heterogeneity means that various parts of the breast 

have different dielectric properties. Dielectric constant is the ratio of the static permittivity to 

permittivity in free-space, expressed as: 

Cs of the human breast is a function of frequency. 

Since Eo is fixed, it follows that Er is frequency

dependent as well. Dielectric spectroscopic studies 

for breast-tissue and malignant tumors have been 

carried out up to 1 GHz by Chaudhary et al. and 

other researchers [1]. Extrapolation of the data was 

carried out up to 10GHz. A Cole-Cole Model was 

used to best-fit the data obtained for both cases, as 

illustrated on the right. The significant contrast of 

5: 1 between malignant tumor and breast-tissue can 

clearly be identified and this is the property 

exploited in the development of microwave imaging 

techniques. 
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Figure 1: Relative permittivity of malignant 

and breast tissue upto 10GHz [1] 
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2.3 Effect of different dielectric constants 

Different dielectric constants cause electromagnetic radiation to travel at different speeds 

within the breast medium. Since tumor has a higher dielectric constant, it means that the radiation 

will travel slower in the tumor. The exact relationship between propagation (Phase) velocity and 

dielectric permittivity, assuming that breast is non-magnetic medium, is expressed as follows: 

1 (2) 
V=--;:=== 

~&r&olLo 
The dielectric constants and conductivity for breast-skin, breast-tissue and tumor-tissue is given in 

the table below. Note that these are just mean values at 6GHz and typical data tend to fluctuate 10-

15% between these means. 

Region Dielectric constant Conductivity Propagation time 

(S/m) for 1 mm (ps) 

Breast-skin 36 0.4 20 

Breast -tissue 9 4 10 

Tumor 50 7 23.6 

Table 3: Mean values of the electrical properties and propagation time in breast 

2.4 Breast Cancer Diagnosis 

There are a multitude of diagnosis procedures for detecting breast cancer. However, none of 

these are 100% perfect. Conventional techniques are plagued with high false-positive rates (as 70%) 

and false-negative rates (30%) test results. Breast-cancer patients usually have to undergo more than 

one diagnosis procedure to verify the results of the fust. 

Of all current methods, X-ray mammography - which creates a 2-dimensional X-ray image 

of the breast - is the most effective form of breast-cancer diagnosis. It has excellent spatial 

resolution and good contrast resolution. It is approved by the Food & Drug Administration (FDA) 

and is also low-cost. However, the biggest drawbacks are the uneasiness women experience due to 

breast compression during diagnosis, and the fact that they are exposed to small, yet consequential 



- . 
doses of X-ray radiation that can have long-tenn effects. Digital mammography extends the life and 

usefulness of conventional mammography by having the mammograms scanned for Computer

Aided Detection (CAD). Although this feature is neat and locates suspicious regions on the 

mammogram, it is both expensive ($200,000+) and the computational algorithms sometimes make 

mistakes, identifying slightly denser regions as potential tumors. 

The most basic fonn of diagnosis is self-examination or by examination by a trained 

physician. The problem with this method is that tumors are detected in later cancer stages and are 

already too big (3.5 cm diameter). It is too late before preventive medical attention can be provided. 

In addition to this, biopsy is also perfonned, which involves extracting breast-tissue sample using a 

syringe and perfonning tests on it. A number of other techniques such as ultrasonography, PET scan 

and MRI techniques may also be used, depending on locality and quality of the diagnosis center. 

3. Microwave Imaging Techniques 

Microwaves are electromagnetic waves with frequencies that span between 1 GHz - 100GHz. 

Several non-invasive microwave imaging techniques have been developed as shown in figure 2. 

( ) 
Mlcl"ewne radian Itu uses antltnnas 

( .... ..e ......... r ....... • 

T _L Conf 
_J ....... MlerOWd 

oeal 
\lie Imaging 

Figure 2: Microwave imaging techniques used in breast-cancer detection 
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3.1 Introduction to Microwave Imaging 

Passive microwave imaging techniques do no use any antennas at all; hence no microwaves 

are illuminated into the breast. Rather, the procedure works by measuring microwaves from within 

the breast. The principle is based on the fact that tumor regions are at an inherently higher 

temperature (due to increased cell activity) and therefore give off electromagnetic radiation. The 

wavelength of the radiation lies in both infra-red and microwaves spectrum, but because the breast 

is more translucent [4] to microwaves, microwaves can be detected on the outside by a radiometer, 

and hence measured. 

Hybrid techniques uses antennas to focus microwaves into the breast just like the active 

techniques but the return signal is some other electromagnetic radiation. Hybrids selectively and 

rapidly heat tumors since the high conductivity of tumors facilitate rapid energy deposition. This 

causes fast pressure waves to be generated within the breast starting at the tumor. These pressure 

waves propagate to the breast-surface where they are sensed by ultrasound transducers. 

Active techniques radiate microwaves into the breast using an array of antenna elements and 

sense the scattered microwaves. All active techniques exploit the dielectric contrast discussed up to 

this point. The two general classes of active techniques are: 1. Tomography, and 2. Radar. 

Tomography is the active technique that uses both the transmitted and received (scattered) 

signals to recover the shape of the breast and complete dielectric profile inside the breast - together 

called the object function. It uses a set of narrowband signals that are illuminated simultaneously 

from several microwave transmitters. This is an inverse-scattering problem and is known to have 

non-linear relationship between the scattered data and object function. Since all this is geared for in 

the frequency domain, very complicated signal processing algorithms need to be developed. Hybrid 

of Finite Element Method (FEM), Boundary Element Methods (BEM), and Newton-Raphson 

Methods are generally used. An experimental system has been developed at University of 

Dartmouth and a complete description of this system can be researched in appropriate journals. 

On the contrary, radar uses only the received (backscattered) signals to identify the presence 

of significant scatterers and their spatial location and orientation within the breast. No attempt is 

made to reconstruct the dielectric profile of the breast. The backscattered data is used to create a 
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map that identifies the location of the tumor. Radar can be used in several ways. The particular type 

of radar we are interested in is the Ultra-wide band Radar (UWR). 

An ultra-wide band signal is one that is composed of several different frequencies. In UWR, 

frequencies between 1 GHz to lOGHz are used because it is a compromise band which offers 

excellent spatial resolution (which increases with higher frequency), and penetration depth (which 

decreases with higher frequency). Hence, at these frequencies, microwave attenuation is small 

enough to allow scanning of the entire breast, as well as to detect small tumors which are less than 1 

cm in diameter. Such tumors are not detected by any other diagnosis procedure discussed so far. 

3.2 Ultra-wideband Pulse-Wave Confocal Microwave Imaging (UW-PW-CMI) 

This is the technique which we will look at in detail for the rest of the paper. In essence, it is 

an active technique that radiates pulsed microwaves into the breast and receives backscattered data 

at the receivers which are at the same location as the antennas (transceiver). An overall simplified 

flowchart for this technique is illustrated in figure 3. 

Modelinll Phase 

Nu T -Delay ..... 
Simu/OtkIn Phase I 

FOTD 

PI'O/Irammill/l Ph... L 
Figure 3: Flowchart for UW-PW-CMI 

One of the important things to keep in mind is that since we are not actually using humans 

as research subjects, there is a requirement to obtain experimental data using some other means. 

One possibility is to use a physical breast phantom - an object made of material similar to the 

human breast. This, by itself, is not sufficient since we will also need an antenna system. Such an 

antenna system is actually under development in the microwave lab at Texas Tech and may some 
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day be used to obtain real-time data. However, the approach of data collection we will be using is 

through computer simulations. This process is acceptable as long we have an anatomically fairly

realistic breast model. This is also how research initially began on CMI. 

3.3 UW-PW-CMI Setup 

An experimental setup for CMI is illustrated in figure 4. According to this figure, CMI uses 

a number of antenna elements placed on the surface of the breast. To create a 2D backscatter map of 

the breast, a linear antenna array is needed, and to create a 3D backscatter map we will need a 2D 

antenna bed. We will consider the 2D case which is easier to follow. The linear antennas are shown 

as blue blocks placed on the breast surface. One assumption made here is that the elements are all 

on a straight line and this is reasonable as long as the breast is sufficiently flat. We will denote the 

distance between antenna elements as h, and displacement of any region within the breast from the 

origin 0 as r. One of the antenna elements, AI, is placed at 0, and defines the y-axis boundary of 

the system. The y-axis runs downward and the x-axis runs to the right from this origin antenna. 

• 

Ai 

y 

h 
.. UW-antenn a array 

A2 A3 A4 A5 

r 
ssue 

er= 9. er= SO. 

s = 0." Sim s = 7 Sim 

CJ 6 GHz 

A6 A7 

----------+ 

er= 36. 
s=" Sim 

Figure 4: Antenna placement in UW-PW-CMI 

x 

Assuming that the breast is homogeneous (which it really isn't), microwave phase velocity 

should remain constant as it propagates throughout the breast tissue. Imagine now that we have 

placed a tumor in the breast directly below the central antenna, A4. Since A4 is clearly the closest to 



the tumor, the total time taken for a round-trip of the microwaves will be minimum for antenna A4. 

Other antennas will receive their respective signals that look similar but not identical to antenna A4. 

Moreover, because the microwaves from these antennas have to travel slightly longer distances, we 

can expect more attenuation of their received signals. Thus, each antenna will receive backscatter 

data that contains the tumor signatures, but delayed in time with respect to one another. One 

important thing to note is that only one antenna radiates and receives during an instant. During this 

period all other antennas are off and do not receive anything. The antennas activate sequentially 

until all the antennas have participated. The sequence occurs once and never repeated because all 

the necessary data collection is complete. 

4. Modeling Phase 

The primary goal of the modeling phase is to setup the CMI problem properly on a computer. 

This will ensure that the simulation phase runs correctly and produces proper backscatter data. This 

section will explore the ideas used in the creation of the numerical breast model and some of the 

assumptions used during development. Moreover, it will also show the derivation ofthe time-delay 

model, the results of which are used in the post-processing algorithm of the programming phase. 

4.1 Creation of the Numerical Breast Model 

A numerical breast model is one that is designed on a computer. The inherent complexity of 

the model depends on the type of modeling software used. For the purpose of this project, a Finite

Difference-Time-Domain (FDTD) software program called EZ-FDTD has been implemented. 

Figure 5 shows both the numerical model- as created in EZ-FDTD, and the phantom model- the 

physical equivalent representation of the numerical model. The key objects that may be included in 

the numerical model are the UW-antenna, the breast-skin, breast-tissue, and the malignant tumor 

inside the breast. All objects are represented using cubic plates that can vary in x, y or z dimensions, 

and need to be at least 1 FDTD unit cell thick. One of the limitations of the software is that it only 

allows the addition of flat plates, so it can be noticed that the numerical model created in figure 6 is 

a rectangular slab without a curved surface. A screenshot of the software in use is shown in 

appendix C. This is very similar to the setup used by researchers in their 2D treatment of CMI [8]. 

The exact model developed in EZ-FDTD is shown in figure 6. 



PHANTOM 

• UW-antenna 

breast-tissue 

er- 9, 
s-OA Sim 

g6GHz 

malignant tumor I 

er- 50, 
s-7S1m 

NUMERICAL 

breast-tissue 

er-9, 
s-OA Sim 

Figure 5: Phantom breast model (desired) versus the numerical breast model (actually modeled) 

PI 

., 

Figure 6: Numerical Breast Model created in EZ-FDTD software 

Due to the challenging nature of the project, the dimensions of the breast model were 

organized into two flavors. The dimensions of the Standard domain are lOOmm x lOOmm x 55mm 

and this domain is primarily used in locating tumors that are within 15mm from the breast-skin 

surface. A simulation using the Standard domain is termed Shallow Scanning. The simulation times 

for the standard domain are small, which is an advantage. However, it was soon realized from 

experimental results that the standard domain was inadequate for the growing needs of locating 

deeper tumors. To accommodate this, an Extended domain was proposed with dimensions 150mm x 

150mm x 55mm. The large size ensured that reflection of microwaves after the LlAO / PML 
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boundary conditions did not interfere with the tumor backscatter response, which is really small in 

amplitude for deep tumors. A simulation using an extended domain is termed Deep Scanning. and 

can locate tumors within 35mm from the skin surface. 

4.2 Inside the Numerical Breast Model 

A magnified illustration of the side-view of the numerical breast model showing the key 

objects is provided in figure 7. It is important to identify the objects that are inside the breast and 

those that are outside. Antenna A4 is a pseudo-wire point source that shoots out a single 

differentiated Gaussian pulse isotropically, and is placed conveniently just on top of the skin surface. 

Hence, antenna A4 is an object present outside the breast. Also, at the exact coordinates of the 

antenna, a monitoring point called MP 1 is installed. The goal of the monitoring point is to record 

the electric and magnetic field components at the antenna for the entire duration of the experiment. 

In a real system, an antenna would act as both the transmitter and the receiver. However, in the 

numerical breast model, monitoring point MPI acts as the receiver and antenna A4 acts as the 

transmitter. 

Perfect Eleme Conductor 

/ 
7' 

Skin 

0= 10mm AntIInna A4 & .. 

~~~~~------- MP2 

I :+--_ _ ........ ~Ie ..... or 

Figure 7: Key objects used in the numerical breast model 

Since we have an isotropic antenna, it is important to place a reflector material such that 

microwaves propagating upwards are reflected back downwards since the tumor is below the 

antenna. The 3mm thick Perfect Electric Conductor (PEC) is the boundary condition for the breast 

model on top and achieves a 100% reflection of the microwaves, so there is no wastage of energy. 

Energy conservation is critical since the microwaves propagating the breast will undergo significant 

attenuation - a 1/d2 relationship in fact, where d is the distance from the antenna. The inclusion of 
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the PEe greatly improved the success rates of deep scanning, as will be illustrated in the section on 

reconstructed images. 

Normally, the skin needs to be modeled as a 2mm thick plate, as used by researchers. 

However, for the purpose of this project, the skin was not used in the modeling stage. The material 

replacing the skin was the breast tissue itself. Hence, the results derived were for a skinless-breast 

model. A 4mm tumor is embedded at a depth of 10mm from the skin surface. A monitoring point 

(MP) called MP2 is used to track the electric and magnetic fields at the surface of the tumor. 

Information from this monitoring point is used in understanding the nature of propagating 

microwaves only - such as the propagation time of the microwaves to the tumor. This is compared 

to the theoretically computed values and the validity of the model checked. Propagating time per 

mm in the breast tissue was found to be lOps from simulations and matched perfectly with the 

theoretical result. 

4.3 Computational Domain Parameters 

To ensure that simulations run correctly, it is important to apply some electromagnetic 

principles related to FDTD. The size of the computational domain is important, since a large 

domain will require much longer time to simulate. Information relating to Standard domain and 

Extended domain have already been presented. Spatial discretization in x, y, z directions were 1 mm 

each and this measure is called the FDTD cell size. The cell size is a parameter that dictates not 

only the maximum frequency that can be used in the model, but also the limitations on dielectric 

properties of the objects placed within the model. 

Based on the calculations outlined in appendix D, the maximum FDTD cell size should be 

1.33mm. This takes into consideration the breast tissue - a medium with an average dielectric 

permittivity of 9. The tumor has a dielectric permittivity of 50, and should actually be taken into 

consideration for FDTD cell size calculation instead. Doing so would reduce the FDTD cell size 

down to 0.5mm that would require four times the simulation time per trial (2 hrs). It is assumed that 

the propagation of the microwaves through the tumor is not important since we are only interested 

in tumor backscatter - which is guaranteed to occur even if 1 mm FDTD cell size is in effect. This is 

an area that would need improvement, hopefully in the future when much faster computers become 

available. 
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4.4 Time-Delay Model for mth Antenna at an arbitrary pixel 

In order to create a 20 backscatter image, the area within the numerical breast model is 

divided into squares called pixels. Suppose we want to focus on a particular pixel. Since the 

location of the pixel within the breast is known, the displacement of the pixel from each antenna can 

be calculated using the model shown in figure 8. Knowing how fast the microwaves travel in the 

breast (refer to table 3), the times taken for roundtrip of microwaves from this focal point to each 

antenna element can now be estimated. Note that precise calculations are not possible if tumors 

which slow microwaves down appear in the direct line of path. 

(0,0) 

y 

x 
m*h 

R o 

arbitIwy pixel 

mth antenna 

I d 

Breast 
Tissue 

Figure 8: Time-delay model for mth antenna at an arbitrary pixel 

The complete derivation procedure is provided in appendix E. The main time-delay formulas are 

shown below: 



Time-delay in skin for mth antenna for a pixel located at (y,x) 

(r ) = 2 Dss = 2 R·dss 

ss m 
Vss c.cos(u) 

Time-delay in breast-tissue for mth antenna for a pixel located at (y,x) 

where, 

c = speed of light in cmls = 3e 1 0 cmls 

m = antenna # 

subscript ss = skin surface 

subscript bt = breast tissue 

T = time-delay 

Er = relative permittivity 

for the angles and distances, refer to figure 8. 

-y 2 

(3) 

d ss ] 

COS(u) (4) 

A small program called timeCalculator was developed usmg Matlab® programmmg 

language that performed the above calculations at every pixel for every antenna in the model. The 

results were saved in data file delays.mat - to be used later in the post processing algorithm. If the 

skin is not used in the model, the time-delay formula for breast-tissue is the only formula that is 

needed. 

5. Simulation Phase 

As the name suggests, the purpose of the simulation stage is to put the user-defined 

numerical breast model into action. This involves running complex FDTD routines programmed in 

the EZ-FDTD software. For the computational sizes defined, each simulation run takes roughly 

between 30-45 minutes, depending primarily on the computational speed of the computer in use. 

For each experiment, a minimum of three simulations is needed or a maximum of seven. Antenna 

A4 is a standard central antenna and always needs to be included as one of the simulation runs. 



Most of the work was carried out on a 1 GHz AMD Athlon, 512 MB physical RAM and 256 

MB graphics computer. Large physical RAM is needed since the program initializes all multi

dimensional field matrices at the beginning of a simulation run. Unexpected operation would occur 

if the computational domain is just too large - another reason why 0.5mm FOTO cell size domain 

was not feasible. 

The outputs of the simulation phase are the computed electric and magnetic field 

components values in x, y and z directions for the entire simulation period at every monitoring point 

defined in the model. These are available in .CSV files MPOO1.CSV and MP002.CSV, which can be 

opened in Microsoft Excel, if needed. 

A total of seven different experiments were performed during the course of the study, 

although more have been planned for the future. Some of the ones covered are: 

o 4mm tumor located 10 mm below A4 

o 2mm tumor located 10 mm below A4 

o 2mm tumor located 10 mm below A2 

o 2mm tumor located 20 mm below A6 

o lmm tumor located 30 mm below A6 

o 1 mm tumor located 30 mm below A4 

o Multiple tumors: 1 mm tumor located 20 mm below A2, and 

2mm tumor located 20 mm below A6 

6. Programming Phase 

This is the final and longest phase of the CMI microwave technique. It consists of the Post

Processing Algorithm (PPA), a collection functions that processes the raw data derived from the 

simulation phase. The output of PP A is in turn used by the image processing algorithm which 

finally creates a 20 backscatter map of the modeled breast. 

6.1 Post-Processing Algorithm (PPA) 

A main driver program calls the PPA. The functions within the PPA are illustrated in figure 

9. All programs and functions were created with a software programming package called Matlab®, 
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since its simple syntax and a wide array of built-in and readily accessible libraries vastly reduces 

software development time. The completed CMI program takes just under three minutes to finish all 

processing, produces reasonably detailed images and is, therefore, moderately fast 

alWay ............. 
Figure 9: Functional Block Diagram of Post-Processing Algorithm 

6.1.1 Data Capture 

This function uses the dlmreadO command in Matlab to conveniently read in the information 

present in ASCII .CSV files, while also converting numbers to double precision format for 

immediate use. Object Oriented Programming (OOP) is implemented for storing the necessary input 

information in objects called structures (aka struct). Each struct element, for example, A4.mpl_HX 

stores the X-directional magnetic field component values for monitoring point # 1 at antenna # 4. 

Each struct consists of elements that are essentially arrays, an object of 1000 sampled points. To 

sum up, data capture feeds the CM! program with the quantitative data to begin analysis. 

6.1.2 Data Analysis 

The purpose of this function is to display the captured information conveniently in a form 

for the user to view and understand. It also hosts a group of sampling functions that allows a user to 

zoom in on any part of the received signal. The raw signal captured by every antenna is illustrated 

in figure 10. Although the raw signal appears to be identical for every antenna to the naked eye, 

there are regions where data fluctuations still occur. These fluctuations are a result of the tumor 

being at di tferent distances from each antenna. 
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Figure 10: Raw signal captured by every antenna 

The overall raw signal can be divided into two distinct regions, namely, the early-time 

response and the late-time response. The early-time response consists of the outgoing signal which 

is essentially a differentiated gaussian pulse shot by an antenna. The tumor backscatter is located 

somewhere within the late-time response since the microwaves will return to the antenna receiver at 

some later time. To convince ourselves that tumor backscatter is present, we need to zoom into the 

area of the late-time response, as shown in figure 11 (a). Two cases are actually shown - the type of 

signal received as the late time response when the tumor is absent (blue) and the damped sine wave 

signal (tumor backscatter) when a tumor is actually present (purple). The time of occurrence of the 

first positive peak in the tumor backscatter is recorded and compared with the peak of the outgoing 

signaL The difference gives the round trip propagating time for microwaves for that antenna. 

Figure 11 (a) actually illustrates the tumor backscatter for antenna A4 which is 10mm above 

and closest to the 4mm tumor. Does the data for other antennas look the same? Figure II (b) shows 

the tumor backscatter received by antenna AS that is 10mm to the right of A4 and, therefore, 

roughly 14mm away from the tumor. Like before, the tumor backscatter can be recognized 



immediately. We note that the backscatter is distorted - not a pure damped sine wave. The reason 

for this is that the tumor was modeled as a cubic plate, and while the microwaves from antenna A4 

strike the tumor head on, those from antenna AS meet at an oblique angle. Thus, the shape of the 

backscatter would be different from antenna to antenna. The only distinctive similarity is the 

presence of the first positive-peak; which suggests that isolation of this peak itself would be a useful 

way for calculating intensities. 
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Figure 11 (b): Tumor backscatter captured by antenna AS 



6.1.3 Early-Time Response Removal 

The early-time response is also called the antenna response because it consists of the initial 

pulse that was radiated by an antenna. The antenna response has no tumor infonnation in it and 

should, therefore, be removed. Although it is the largest component in the received signal, it is also 

the simplest to get rid of. There are two ways of removing it numerically. 

The first scenario uses a control FDTD simulation in the absence of the tumor. The result of 

this simulation will contain only the antenna response. Hence, both the control simulation and the 

set of tumor-model simulations will have identical antenna responses - identical because the 

geometry of the antennas is never changed. The received signal from the control simulation can be 

subtracted from received signals of simulations modeling the tumor to isolate the late-time 

responses - those that contain tumor infonnation. 

An alternative method would be record the time it takes for the antenna response to cease, 

and then set (via programming) all HX field data to zero from time Ops to the time recorded. This 

zeroing out of the antenna response produces the same numerical effect as subtraction. Both 

methods produce the same graphical result - as shown in figure 12. However, the second method is 

still preferable because it involves one less simulation run per experiment. 
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Figure 12: The received signal after removal of early-time response 



6.1.4 Tumor Amplitude Compensation 

We have already seen that the distance of a tumor varies from antenna to antenna. The plots 

in figure 13(a) show the tumor backscatter amplitudes for antennas A3, A4, and AS. Since the 

tumor was placed directly below A4, antenna A3 and AS are at the same distance from the tumor 

and therefore undergo the same attenuation. Antenna A4 being closest to tumor undergoes lesser 

attenuation. 

Amplitude compensation is necessary so that every antenna used in the experiment 

contributes equally in locating the position of the tumor. The way compensation routine works is as 

follows: It first records the amplitude of tumor backscatter in every channel, and from this set of 

amplitudes determines which channel has the maximum amplitude. It then calculates the 

compensation factor for every channel by dividing the maximum amplitude among all channels 

with the amplitude recorded in each channel. The antenna closest to the tumor will have the 

maximum amplitude and after the process just described, it should have a compensation factor of 1. 

All other antennas will have a compensation factor greater than I. 

For any particular antenna, all tumor backscatter values are multiplied with its 

corresponding compensation factor to produce the amplitude compensated tumor backscatter 

response as shown in figure 13 (b). The amplitude of the first-positive peak in the tumor backscatter 

of all channels after compensation should approximately be the same. 

To maintain clarity, figures 13(a) and (b) shows the case where only three antennas were 

used. The software program can easily modified to manage compensation for any number of 

antenna elements, but the maximum is set to 7 as default. 

25 



11 .... ~,.. ... 

" ---=--I"'-:~::":-;-~--"--------:----:-~::::---'-----:-:--::::::-:--:--------.::-:-.. :::::-J~~~~~~ 

• .. ........................... ;-.. ...... ... -- .......... i -- .............. -......... ~ -- -_ .............. --- .. i .............................. ~ .............................. ; .............................. ~- .. --_ .. -- .............. ~ 
: : :: .: 

1D-....- -.. i .. -+.....i..L ..... i- ..... t-- i 
, .............. - · . . ...... _--_ .... _---.. _-_ .... _-----_ .... _----_ ................ - .. . .... -_ .............. - .. _ ...... -_ ..... __ .... ---. · . . . . · . . . . · . . . . · . . . · . . . .. . · . 
a·············· · . 

· . .. . .. .............. . ..... . --~ .... -- ...................... -!- ..... _ .. -. -_ ......... -~ .. -.. _ .. _ .................. i· .. · .. · ............. __ ... :=- ... --_ .. _ ....... ----! 
" ., .. ., .. . · . · . · . ··r· -------- L":.: ::---:---:----... ~. -. --. -.-. -.. r -:: .. -:-: --:-::--::::] ·10 .............. . ..... . 

·15 .............. ~ ....... . 

~~----~aD=-----~ .. ~----~~~----~ .. ~----~ .. ~----~ .. ~-----1~ .. =-----~am ..... , .. 
Figure 13 (a): Tumor amplitudes before compensation 

... I d •• 
25 .. • .. ••••· .. ·T· .. ··· .. · .. · .. ;····· .. m .. ··T····mm.m: .. · .. ··· ....... r·· ......... ml··· .. ·· .. · .... r:····~·;~T 
.., ............. +.. ........ . ........ m .. 1··· ... · .. ·······i .. ····· .... ····1L.········ .. ···· 1···············1=·~· .. ·····~ 

· .. · .. · .. 

: : :::--:::::: ::~: .:: . ----.. ! -::::::r::::::: : .. :::::.:.. :::-::::1. :: :::::::::1. :::::J.::: ~ ::::::::. 
5 ............•. t_ ... 

• 0 

................ 

-111 ............. . 

-15 ··············i········ 

-31 ...•.•.•.•.... ~ ••.....• 

aD 

· . · . · . . .. .... _ .................. - ..................... __ .... _ ..... __ .... _--_ ... _ .. . · . . . . 
· . . . ......... _-_. .. .... _-------------_ ....... _----_ .. _---_._ .. __ .. __ ....... _ ................... - ...............• · . . . . . . · .... . · .... . · .... . · .... . · . . . . . . 

.:t:::::: ... ~:::::J::::::I:··::J:::::T::·:::::::' 
- . . . . . . -....... .. 1 .. 

Figure 13 (b): Tumor amplitudes after compensation 
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6.1.5 Sum and Delay Beamforming 

Once the tumor backscatter compensation is complete, the time-delays calculated earlier by 

the timeCalculator subroutine are recalled into the CMI program. There are two ways of obtaining 

the intensities for the tumor and non-tumor pixels. The first method is time-shift that would involve 

making one antenna the standard, suppose antenna A4. The time-delay for this standard antenna is 

then compared with the time-delay for other antennas. The difference of the latter from the standard 

is a measure of the delay that needs to be compensated. Through time-shifting the signals for all 

antennas except the standard, this compensation requirement is met. If a tumor is indeed present at 

that pixel, coherent addition of the tumor responses will occur. On the contrary, if no tumor was 

present, no significant sum will result. This is illustrated in figure 14. 
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Figure 14: Sum and Delay Beamforming for tumor and non-tumor pixels 

Although time-shifting actually makes sense, it is not a sufficient fast technique especially if 

a high resolution image needs to be created. This is because physical shifting time-signals is a time

consuming process. Rather, I proposed a slightly different beamformer technique which I have 

named the Time-Select method. According to this method, all that needs to be done is identify when 

the first positive peak in twnor backscatter is expected, and based on predefined tumor search 

duration parameter (usually 40 ps). it is possible to calculate a time-window that is sampled off the 

overall received signal. If a pixel is located at the tumor, then each sample of every channel will 
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display the characteristic peak. On the contrary, for all non-tumor pixels, there is no set pattern in 

existence. This process is called tumor-peak isolation and is shown in figure 15. 
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Figure 15: Time-Select Beamfonner Method 

6.2 Image Processing Algorithm (IP A) 

The goal of this stage is to apply basic signal processing functions so as to reconstruct a 

backscatter map of the breast model under study. A complete flowchart of the algorithm is shown in 

figure 16. 

After time-select beamfonning, each tumor peak isolated is averaged and the sum of the 

averages added. This is different from adding the shifted signals directly. Averaging ensures that 

non-tumor pixels always give a result very close to zero, while the tumor pixels yield a positive 

value. Summing the averaged signals causes the twnor pixels intensities to take on a higher positive 

value depending on the number of antennas in use, while the non-tumor pixels intensities remain 

close to null. 



The image matrix created initially is a grayscale image (also called an intensity image) of 

data type double. Data intensification is needed by raising each calculated pixel intensity to a 

certain odd power, usually 3 or 5, such that the tumor intensities become much higher, while the 

non-tumor intensities close to null fade out in comparison. This improves contrast significantly. 

Data is then normalized before converting the grayscale image into an indexed image. 
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Values can be .., ..... Imfllter() 
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Step 1 
values in range 0 to ~1 

Step 2 
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Figure 16: Block Diagram of Image Processing Algorithm 

An indexed image is an extension of the grayscale image, and is actually a color image. This 

is possible because the gray2indO function automatically adds a color map information to the 

grayscale image based on grayscale data and number of contrast levels requested. With a 512 

contrast levels using colormap called jet, a pseudocolor backscatter map of the breast model is 

obtained. Simple burring technique based on the current resolution is also used to optimize the final 

image. The last step is to display the image and save it on hard drive for viewing later. 



7. Reconstructed Images 

This section of the report will explore the results obtained during of the course of this 

research using the eMI Time-Select method. A number of different tumor cases will be considered, 

and an interpretation for each case will be provided as welL 

7.1 Case # 1: A 4mm tumor located 10mm below antenna A4 

~ .... 
c 
'" co. 
f/) 

>-

Figure 17: Reconstructed image of 4mm tumor detected 10mm below A4 

Actual span shows the true dimensions where the tumor was positioned in the numerical 

breast model. The numbers beside the double-sided arrows shows the dimensions where the tumor 

was located by the software. The number in brackets ( ) is the diameter of the red spot in the x or y

direction. Note that the y-axis runs downward from Omm to 40mm and represents the distance from 

surface of the breast, while the x-axis runs in the horizontal direction from Omm to 60mm and 

represents the length of the breast for the supine position. 

Interpretation: For a 4mm tumor, the calculated dimensions of the detected tumor (8-12, 28.2-

31.9) were close to the actual dimensions of the model tumor (10-14.28-32). The size was roughly 

4mm as well, which is an encouragement. The light blue arcs show how coherent addition is 

achieved at the tumor by the triangulation process. Although arcs may cross each other at one or ore 
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points, there is only one primary crossing where all arcs will defInitely pass through. This primary 

crossing will be stronger than all other secondary crossings - and should coincide with the center of 

the tumor. When this occurs, we note that eMl algorithm basfocused on the tumor. 

7.2 Case # 2: A 2BHR tumor located lOmm below antenna A4 
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Figure 18: Reconstructed image of2mm tumor detected 10mm below A4 

Interpretation: With the same software parameters in effect, the 2mm tumor appears to be slightly 

dimmer than the 4mm tumor in comparison. The software calculated a 3mm tumor instead of a 

2mm tumor that was originally positioned. The location at which the tumor was detected is slightly 

off the actual coordinates but still within 1 mm away This case also used the shallow scanning in the 

standard domain. 
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7.3 Case # 3: A 2mm tumor located lOmm below antenna A2 

X-Sp,,/rrm 

Figure 19: Reconstructed image of 2mm tumor detected 10mm below A2 

Interpretation: The location of the 2mm tumor was detected reasonably well once again when it 

was situated at a different position. This goes to indicate that the eMI algorithm can locate most 

superficial tumors without any problem. 

7.4 Case # 4: A 2mm tumor located 20mm below antenna A6 

Any tumor more than 15mm away requires Deep Scanning parameters while using the 

Extended domain model. The software acts somewhat differently in this mode - because it first 

attempts to eliminate domain clutter that appears after the tumor backscatter. Domain clutter occurs 

because the boundary conditions of the model are not perfect, essentially reflecting a small-signal. 

This small-signal has limited or no effect for Shallow Scans, but for Deep Scans this becomes a big 

issue because the domain clutter and tumor backscatter are roughly the same amplitude. The 

removal of domain clutter has been accomplished to a satisfactory level - although there is plenty of 

room for improvement. 

Figure 20 shows the results for a 2mm tumor detected 20mm below A6. The size of the 

tumor detected is slightly larger than the original, but still detected close to the exact coordinates .. 
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Figure 20: Reconstructed.image of 2mm tumor detected 20mm below A6 

7.5 sse#- 5: A Imm tumor located 30mm below antenna A6 

Figure 21 : Reconstructed image of 1 mm tumor detected 30mm below A6 



In this case case, we have pushed the software to its limits - attempting to image a 1 mm 

tumor located 30mm below the skin surface. Although this has been made possible using Deep Scan 

and clutter elimination, a ghost image at (35,50) comes into play. The ghost image could not be 

explained due to domain clutter; rather it is due to the fact that the tumor backscatter at a greater 

depth has a characteristic response as shown in figure 22. 
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Figure 22: Tumor backscatter for A4 after compensation 

The main problem with this waveform is that the second peak exceeds the fIrst peak in 

amplitude. When this occurs, the time-select method is confused into believing that there is a 

stronger backscatter at (35,50) instead of (30,50). The reconstructed image, therefore, develops this 

flaw. 

7.6 Case # 6: A Imm tumor located 30mm below antenna A4 

This case produced the same effect as the previous one - once again emphasizing the the 

problem related to the ghost image under effect. A eMI image is shown in figure 22. 
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Figure 23: Reconstructed image of 1 nun tumor detected 30mm below A4 

7. Case # 7: Imm tumor 20mm below Al, and 2 mm tumor 20 mm below A6 

igure 24: Reconstructed image of double tumors: 1 nun tumor 20mm below A2, and 2 mm tumor 

20 mm below A6 
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Interpretation: In the case of two tumors modeled simulataneously, the eMI algorithm was able to 

trianglulate the locations of both tumors successfully. For best results, it is wise to use all seven 

antennas if there is a possibility of more tumors inside the breast. The two tumors correspond to two 

primary focus points. The measurements have been omitted for the purpose of clarity only. A minor 

ghost image (in greenish-yellow) has also formed. 

8. Conclusions 

Breast cancer is one of the major challenges facing the global community these days. A 

large sum of money has been invested in the research and development of instruments that would 

enable us to detect breast cancer in its early stage. Early detection is critical because it ensures that 

the cancer cells are still very small and has not yet caused any damage to the patient. This is turn 

guarantees the patient with an improved survival rate, many as close to 100% over a 5-year period, 

provided that the patient receives medical treatment. 

The basic goal of the project is to investigate a technique that would essentially allow us to 

obtain a scan of the area inside a female breast. There are a number of system constraints that need 

to be accounted for in the development of a technique. The need to detect very small cancer tumors 

- about 5 mm or less in diameter - requires the capability to produce high resolution images. 

Secondly, the system should be able to produce good contrast images so that it is easy for doctors to 

identify possible cancer tumors. Lastly, the system should be user-friendly - meaning that it should 

be easy for the patient to use and should does not harm the patient directly or indirectly during the 

examination process or in the near future. 

A number of innovative solutions and instruments have already been developed and tested 

for breast cancer detection. However, every one of them tends to fail one or more of the reasons 

outlined in the previous paragraph. As a result, none of the systems are 100% perfect at present -

and doctors have to use the best of their medical expertise and experience to deal with the high 

false-positive and false-negative rates arising from the use of any system. In addition, every system 

should receive FDA-approval before being used in the large-scale diagnosis of patients nationwide. 



· - ------------------------

We have all experienced the impact that microwaves have had in our daily lives. Domestic 

devices such as microwave ovens and some digital cell phone use frequencies in the microwave 

range. Many people are unaware of the fact that microwaves are less harmful than X -rays for the 

same amount of power irradiated. This is because X-rays tend to have an ionizing effect on human 

cells even at low power emissions. On the contrary, microwaves are non-ionizing radiation but can 
" 

still be harmful at large doses due to their thermal effect. 

The decision to use microwaves in breast cancer detection is a safe bet but the question that 

arises is, how do we pull this off? We need to understand the processes that are involved in the 

development of a system. Credit goes to researchers at University at Wisconsin, Madison, for first 

proposing an analytical technique that would make microwaves useful in breast-cancer detection. 

The net result after years of work is the invention of the Confocal Microwave Imaging (eMI) 

algorithm. This algorithm, which has been published in several research journals, is the core of this 

study. We have tried our best to collect and connect any useful information in order to develop our 

own version of the CMI technique. 

eMI technique is actually an active microwave method - active in a sense that it shoots 

microwaves into the breast from sources called antennas. It is also similar to radar in a sense that it 

receives backscatter information from regions within the breast. It explains what to do with the 

backscatter data, purely from analytical and geometrical points of view. Thus, what we have here is 

a technique that uses microwaves theory and promises to deliver high-quality results. We 

investigated this claim from a theoretical point of view. 

A theoretical investigation is different from a practical one. We used no actual human test 

subjects or animals in our experiments. Rather, by knowing certain properties of the human breast, 

we were able to create a fairly accurate computer model. Some of the breast qualities we used in 

development of the model are the dielectric property and conductivity of microwaves in breast 

tissue. The model was created using a sophistical software package called EZ-FDTD, developed by 

EMS-Plus. This software also allowed us to simulate the models that we had created. The 

simulations produced the raw data we needed to begin working with the eMI algorithm. Hence, we 

did not need to collaborate with other health sciences department for collection of raw data - a task 

that would have required more manpower, time and money. 
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The eMl algorithm we implemented varied slightly from the one we found in the research 

papers. Our eMI used the time-delay calculations, artifact removal process and amplitude 

compensation just like theirs'. However, we used a slightly different beamforming methO<L namely 

the Time-Select method instead of Time-Shift, and calculated pixel intensities based on a different 

formula. In addition, we got rid of the integration process totally - since we found it to be producing 

inconsistent results. We are not aware of the software they used for the modeling process while we 

used EZ-FDTD. Finally, we are also not aware of the software language they used for programming 

their algorithm while we consistently used Matlab, the language of technical computing. We did not 

use any raw data that they derived from their simulated experiments either. 

The amount of manpower, time and other resources that were implemented by other 

researchers vastly outnumbered that of our own. Frankly, the work we pursued for the past two 

semesters is less complicated than what they have worked on. While we mainly targeted on 

obtaining 2-dimensional (2D) images, they could already obtain both 2D and 3D images of the 

breast. In addition, they also made use of the breast-surface identification algorithm as a pre-process 

to eMI, further enhancing an image with the boundary of an actual breast. The resolution they used 

is O.2mm, while we used 1 mm in simulations, and enhanced this by a factor of 3 to give a pseudo

resolution of 0.33mm. In addition, our tumor is located based on the simple triangulation process 

while we could find no such terminology in use in their papers. 

Other than the changes described in the eMI algorithm, we also had different assumptions to 

begin with. We actually assumed that the human breast consisted of no skin surface - an assumption 

which is not realistic, but nevertheless made analysis simpler. However, in the design phase, we did 

ensure that the skin surface is optional so that if we had to really consider a skin surface, we could 

easily modify one of the program parameters and it would just run fine. 

Our system was also limited in the number of antennas, namely seven; while they used a 

larger number. The more the number of antennas in use, the better, but the only drawback is that it 

takes more time to perform each experiment. Our antennas were radiating isotropically so we had to 

place a perfect electric conductor boundary right on top of every antenna, essentially reflecting 

waves back into the breast. The antennas they used were more directional dependent, which could 

possibly be better. The microwave propagation characteristics we recorded also varied from what 

they reported. In our experiments, the microwaves were decaying as a function of 1/d2 where d 
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represents distance, but they reported decaying of l/d. Despite these differences, our wavefonn 

displays pretty much stood close to what they showed in research papers. 

As far as system perfonnance goes, our algorithm is fairly consistent in locating tumors in 

the breast. It can easily locate tumors down to 30 mm as verified, and perhaps more. The depth is 

limited to a maximum of 40mm although this can be extended in the software. eMI algorithm can 

locate both single and double tumors located anywhere in the model. Tumors as small as 1 mm can 

be imaged but they are usually associated with a nearby ghost image that gives a false impression 

that the tumor is actually elsewhere. However, we believe this is to do with the size of the model 

itself, and have nothing poor to report about the eMI process. Tumors of size 2mm or larger can be 

detected fairly accurately, not so consistent in size, but quite accurate location-wise. Overall, the 

system we developed perfonns quick calculations to produce a eMI color image of the breast with 

the tumor region marked in red color and breast tissue in blue. 

There are a number of things that we wanted to do but fell short due to time constraints and 

other reasons. First, we did not have the opportunity to test the presence skin surface or internal 

breast heterogeneity that could have led to the construction of different images. Secondly, we 

wanted to use a much smaller computational domain cell size, 0.5mm instead of the 1 mm we ended 

up using. The O.5mm domain may have lead to a more realistic simulation of microwaves within the 

tumor. However, due to the large amount of computational memory and long simulation times, the 

smaller cell size as planned was not feasible. 

To sum up, we believe that the work done during the course of this study strengthens this 

area of research. It has raised new ideas on how it is safe to apply eMI in a different way, how this 

way differs from the traditional approach and what the major problems still left unanswered. Most 

importantly though this is probably the fITSt time something like this has been attempted at Texas 

Tech. With the news of a proposed biomedical engineering in the air, and my interest growing 

more profound in this area of work, there is little hesitation - if any - on my journey to graduate 

school. 
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Appendix A: Project Timeline (Gantt Chart) 
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8 v" looi<up more research papers 4daY$ 

9 v" Microwave ImaOlno techniques 3 days 

10 v" AdvIsor Meetlno , dtt'( 

11 

12 - weele 3 5 dolyS 

13 ::3 UWB Microwave ImaOlno Deslon &. Denvations SdaY$ 

14 v" Preparino software requirements 3 days 

15 v" AdvIsor Meettno 1 dtt'( 

16 

17 - Weele .- 5 d"YS 
18 ::3 Software development approach to venfy 5 days 

19 3 Interim Report. Presentation 4 days 

20 v". AdVisor Meet.no 1 day 

21 

22 v". - Weeks 5-6 12dqe • N 
23 v" Time-delay & Amplitude Return Calculations 12 days [e) 

~ 

24 v'" Advisor Meetlno 2daY$ 

25 

26 v" .;, Weele 1 6d.ye • • 27 v". Pixel Intensity Calculations; Imaoe Formation 6daY$ @ II) 

28 v" AdVisor Meettno 1 day @§) 

29 

30 v" I ~: Weeks 8-9 1 11 dqe • • 31 ../ Final Venficatlon; System Specs 11 daY$ ~~ u:: 
32 ../ Final Report. Presentation 1 day 



Appendix B: Project Budget 

L.lbol Costs 
Name E. Hours I Wt. Pay Rife I hr Weeks Cost 

Muneem Shahriar 20 $20 .00 8 $3,200 .00 

53.200.00 

ResolUces Used 
Name Unit Cos t Quantity Extend ed Cost Cost 

SO.80 

SoftW.l' e Required 
Name Unit Cost La.a Rate /day Oays Ranted La.a Cost 
MS Visual C++ $90.00 020% 60 $10 .00 
Dev C++ $0 .00 020% 60 $0 .00 
Matlab 7 $99.00 0 .20% 60 $11 .88 
EZ·FDTD $3,750.00 0 .20% 40 $300 .00 

5322.68 

Suh.tot.ll 53.522.68 
Ove'head t.lt 75 0 01 52.642.01 Last Updated: August 3,2005 
Tot.ll Costs S6,164 .b~1 

---- .. 



Appendix C: EZ-FDTD Software screens hot 
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Appendix D: Computational Domain Parameters Calculations 

.f~.nUr = 5GH: 

t' - -fH 
, baNiwidth = 5( 7 : 

f' = ":' "OH-, max .. -

C 
Fr =3=11 =

l ' 

l ' = 1 108 m / oS' = .f~ax A 

A . = 1333111171 
min 

F[) TL)c,l/ = Amin / 10 = 1 33111111 

Used 1 mm for ceil-size In the model In x,y,z directions 

dt =k * 
1 

= 1 7325ps 
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PTW Is the pulse temporal width • width of the pulse for FDTD 
calculation in EZ-FDTD. 



Appendix E: Derivation formulas for the Time-Delay Model 

• Calculate angle d using trig function 

I l ' \ 
-/ - t·- J1-

1
1 . J 

( - ,\ \ :\. 

• Determine the position vector Q using vector analysis 

D=.fi-III I/< ~ 

• Determine length of D 

D = ~) I = ~:\'E.2 +.1'E. 2 

• Calculate angle p using sine rule for general triangle 

11171 D -11( 11171 - \ --= <=::> p = SJJ1 - sm( d) 1 

sm( P I SJJ1( d ) \ D J 

• Calculate angle r using sum law of triangles 

r= 18(1 - p-d 

• Calculate angle r 

II = 1,.-901 
• Determine the distance 0 55 microwaves travel in skin 

[) = " 31 31 
COS( II) 

• Determine the distance O bI microwaves travel in breast-tissue 

I)bf = I) - [J,u 

• Determine average velocities in skin and breast-tissue 
1 ~' ~' ~' \' = - - -

IS lee I, - ~ 1;,- - ~ - '6 
'\j ru 01" 0 ru -Y .'l) 

• Calculate the time-delay in skin (both outgoing and incoming) 

[) ~.d 
(T~\, ) =2~=2Voln $$ 

,,111 V,y,~ C. COS(II) 

• Calculate the time-delay in breast-tissue (both outgoing and incoming) 

(rb,)", = 2 [)br =2[F.:l[~(X-/Jlh)~ -,1 ' ~ - dss 
] 

Vb, c COS( II) 
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