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Chapter 1 INTRODUCTION 

 

1.1 MOTIVATION 

In most developed countries, cancer is the second largest cause of death after 

cardiovascular disease causing 7.6 million deaths (around 13% of all death) in 2008 [1]. 

One of every three man and one of every four woman are going to be affected by 

cancer throughout their life. Through year 2011, there are 7,441,886 humans living 

with cancer and 4,939,810 death caused by this illness [2]. By 2030, World Health 

Organization (WHO) predicts that there will be 21.4 million annual cancer cases and 

13.3 million deaths which involve a 72% more than year 2008 being the most 

important reasons the demographic growth, population aging, and the introduction of 

risk factors [3]. In Spain, the Spanish Society of Medical Oncology (SEOM) has stated 

that cancer is the second cause of death. This Society has predicted that by 2015, there 

will be 221,820 people having cancer and 117,549 deaths in comparison of 104,156 

that 2008 left. By 2030, the WHO predicts that there will be 288,741 new cases of 

cancer in Spain [4]. 

There are many kinds of cancer which affect the individual. The main types of 

cancer depending on the number of deaths caused in 2008 are lung (1.4 million 

deaths), stomach (740,000 deaths), liver (700,000 deaths), colorectal (610,000 deaths), 

and breast (460,000 deaths). Breast cancer is the most common cancer in women 

worldwide, and it is also the leading cancer killer among women aged 20-59 years in 

high-income countries. If everyone lived beyond the age of 70, 1 in 8 of those women 

would get or have had breast cancer [5]. In Spain, more than 16,000 cases of breast 

cancer are being diagnosed per year [6] and around 6,000 people die because of the 

illness. Over the country, this cancer has a remarkably variable geographic distribution. 

The national average is 50.9 cases over 100,000 inhabitants, while Catalunya presents 

an incidence rate of 83.9 cases over 100,000 inhabitants due to the fact that it is an 

industrial region [7]. 

Dramatically, one-third of cancer deaths could be decreased if detected and 

treated early. In worldwide context, this means that nearly 400,000 lives could be 

saved every year. The two components suggested by the WHO of early detection that 

have been shown to improve cancer mortality are: educating, helping people to 

recognize early signs of cancer and to seek prompt medical attention for symptoms; 

and developing screening programs to identify early cancer or pre-cancer before signs 

are recognizable. Particular in Spain, about 75% of women have died of breast cancer 

because they have not taken precautions by following the appropriate campaign. It has 

been point out that if early detection and treatment is carried out, 83% of women 
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could survive 5 years after the diagnosis, 72% 10 years, and 33% 20 years [8]. For this 

reason, the PAPPS (Programa de Actividades Preventivas y de Promoción de la Salud) 

offers a mammography every two years for women starting in the age of 50. 

The most popular method for early detection of breast cancer is the 

mammography. This test consists in the usage of low-energy-X-rays to examine the 

human breast to detect the different densities that it presents. To have better results, 

the breast is highly compressed to hold it still and to avoid shadows caused by other 

tissues, which produces discomfort and unpleasant pain by the patient. The breast is 

composed of two different tissues: the dense one which is the fibroconnective and 

glandular tissue, and the soft one which is the adipose tissue. Because these tissues 

absorb different amount of radiation, they can be shown in the image captured in 

different colors. Dense tissue absorbs the most and it is shown in white and soft tissue 

absorbs the least and it is shown in black. Tumors absorb a big amount of radiation so 

they are shown in white, so here it comes the first disadvantage of the mammography: 

it presents up to 20% of false-negative (missed cancer) in women with dense breasts 

due to the fact that tumor and fibroconnective and glandular tissue have a similar 

density. This test is barely used for women younger than 50 years old because they 

present denser breast and as time passes, they become more adipose. Besides the 

disadvantages pointed out before, mammography uses ionizing X-rays which may 

cause health problems as a result of a sustained exposure of the radiation. It presents 

a 5 to 15% rate of false-positive [9] that is the sensitivity to not miss cancer. In this 

case, more testing is required such as additional mammograms, ultrasound, or a 

biopsy of the abnormal tissue found. Moreover, because mammography detects 

density, it is not able to determine if the tumor is a benign or malignant. Finally, it is 

hard to interpret the test results because a normal breast can appear differently for 

each woman, so it is more appropriate to compare results with previous examinations 

done to same person. 

For all those reasons, many groups have been focused in biomedical imaging for 

several years to propose an alternative/complementary method for breast cancer to 

the one that is the most popular nowadays. Microwave imaging was awakened some 

interest over the last twenty years because it has a great potential and advantages in 

biomedical applications such as: it does not present any risk to human body because it 

is not ionizing; it has a better potential to specify whether or not the tumor is benign; it 

is simple to perform; it presents low discomfort caused in patients; and finally, it could 

be relatively low-cost what makes it widely available in all medical centers. 

Microwave imaging principle is similar to that of X-ray imaging. The body under 

test is illuminated by an incident radiation transmitted by a number of antennas, and 

the disturbed radiation caused by the properties of that body is measured by the 

receiving antennas (direct problem). The captured scattered fields are analyzed 
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(inverse problem) and different kinds of information can be obtained from it. As said 

before, at X-ray frequencies the tissue density is obtained. On the other hand, at 

microwave frequencies the dielectric properties of the tissue can be obtained. Healthy 

and malignant tissue present a relatively large contrast in the permittivity at these 

frequencies and that is why they can be differentiated.   

The Theory of Signal and Communications Department of the UPC (Universitat 

Politècnica de Catalunya) has developed a non-iterative 3D imaging technique called 

UWB Magnitude-Combined (MC-UWB) tomographic algorithm that works at 

microwave frequencies. To be able to implement this microwave imaging system to 

early stage breast cancer detection, its feasibility has to be firstly assessed by 

reconstructing realistic numerical phantoms.  

 

1.2 OBJECTIVES 

In this master thesis, the feasibility of the UWB Magnitude-Combined (MC-UWB) 

tomographic algorithm is assessed for the breast cancer detection application. This 

study is going to start by applying the algorithm and reconstructing canonical scenarios 

like a single cylinder and it will be kept going up to complex and realistic numerical 

breast phantoms. 

To be able to achieve this, firstly a study of the dielectric properties of biological 

tissues is performed to obtain the dielectric characterization of the breast. Then, these 

properties are used to create different numerical phantoms so they can be 

reconstructed. Increasingly more complex simulations will be reconstructed, ending 

with a realistic breast phantom. As for the reconstruction algorithms, a 2D linear and a 

3D cylindrical algorithms will be considered, The 2D algorithm will be also 

implemented for its simplicity as a first step before using the 3D algorithm. Finally, 

image reconstructions are going to be presented and deeply analyzed.  

To carry out this project, several software tools are going to be used. Matlab is 

going to be utilized to create the diverse phantoms. FEKO is going to simulate the 

electromagnetic problem where the phantom is illuminated by an incident field and 

the scattered fields are measured (direct problem). Finally, Matlab is once more used 

to reconstruct the image by processing the measured field with the algorithm (inverse 

problem) and plot the inferred images.   
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1.3 ORGANIZATION OF THE DISSERTATION 

This master thesis is presented in 6 chapters. In this chapter, the motivation of this 

work was depicted showing the importance of it for the development of new medical 

advances to detect breast cancer. The objectives were exposed as well. 

The second chapter is devoted to the breast model creation. Different concepts are 

explained such as the electrical and magnetic properties of biological matter, and 

several models to characterize the electrical properties of the tissues and their 

measurement at microwave frequencies. 

The third chapter is focused on the electromagnetic diffraction analysis. The 

process of creating an incident field is going to be explained as well as what happens 

when it is transmitted in presence of a body under test. 

The fourth chapter is devoted to microwave imaging starting with the inverse 

problem, following with the 2D algorithm, and finally, the 3D algorithm.  

The fifth chapter presents the results of the simulations. First, canonical scenarios 

are reconstructed. Then, all the parameters of each breast phantom are mentioned 

and explained. Finally, all the reconstruction images are shown and discussed. 

Lastly, conclusions are presented on the sixth chapter. 
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Chapter 2 BREAST MODEL CREATION 

 

The electrical properties of biological tissues have awakened some interest over a 

century. The most important reason is the fact that they determine the pathways of 

current flow though the body. To extend the area of diagnosis and treatment on the 

breast cancer, measurement of physiological parameter and studies of biological 

effects of electromagnetic fields can be done breast tissue. 

As a consequence, measurement of physiological parameter and studies of 

biological effects of electromagnetic fields can be done which can help to extend the 

area of diagnosis and treatment on the biomedical field [10]. 

To characterize the field distribution in the biological matter, there are two ways 

to address it. The first one would be a microscopic one which is in a cellular scale (of 

the order of micrometers) [11].Finding this response is complicated because cells have 

different shapes, different distributions inside the tissue, and different properties of an 

extracellular media, this response is complicated. Therefore, the second response is 

usually used to analyze the electrical properties of a tissue. This would be a 

macroscopic approach (of the order of millimeters) due to the fact that most human 

tissues have a stratified or columnar organization within those dimensions. 

 

2.1 ELECTRICAL PROPERTIES OF BIOLOGICAL MATTER  

All the matter, including biological matter, consists of charged entities held 

together by various atomic, molecular, and intermolecular forces. When an electric 

field is applied to it, the charge distribution is affected depending on its dielectric 

properties. Depending on the mobility of atoms charges, when an electric field is 

applied, matter can be classified as conductors, insulators or so called dielectrics, and 

semiconductors. When the first ones are placed in an electric field, electric charges 

move freely along the conductor until the internal field is zero. Unlike conductors, 

when dielectrics are placed in an electric field, the charges are fixed and not free to 

move, so practically no current flows in them. A semiconductor is a matter that 

behaves like a conductor or an insulator depending on a variety of factors such as the 

pressure, radiation, or the temperature of the environment.  

In a dielectric, when an external field   
⃗⃗⃗⃗  is applied, the electrons are so well 

bounded that they cannot move through the material. Instead, electric polarization 

occurs that has the same direction as the applied field. This implies a slight relative 

shift of positive charges in the direction of the electric field and a displacement of the 
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negative charges in the opposite direction as shows Figure 2.1. Equation 2.1 expresses 

the net electric polarization vector  ⃗  (dipole moment per volume unit) with unit in the 

SI of Coulomb per square meter       .    represents the electric susceptibility of the 

dielectric and    represents the free space permittivity with units in the SI of Farads 

per meter       that is expressed as shows equation 2.2 [12].  

 ⃗        
⃗⃗⃗⃗   (2.1) 

   
 

   
       (2.2) 

 
Figure 2.1 Electric polarization in a dielectric. 

The dipole moment per volume unit of the material  ⃗  and the external electrical 

field applied   
⃗⃗⃗⃗   creates a flux density  ⃗⃗  characterized by equation 2.3 [13]. 

 ⃗⃗    
⃗⃗ ⃗⃗    ⃗      

⃗⃗⃗⃗        
⃗⃗⃗⃗            

⃗⃗⃗⃗  (2.3) 

The susceptibility, as it can be inferred from the equation 2.1, is a dimensionless 

constant that indicates the degree of polarization of a dielectric in response to an 

electric field. It is defined as shown by equation 2.4 where   refers to the permittivity 

of the material and    to the relative permittivity [14].  

   
 

  
        (2.4) 

From equation 2.3 and 2.4, the relationship between polarization and permittivity 

can be inferred. The greater the permittivity, the greater the ability of the material to 

polarize in presence of an electric field. Hence, permittivity is a measure of the amount 

of dipole moment density induced by an electric field [15]. Therefore, it influences the 

reflection of the electromagnetic waves at the interfaces and the attenuation of wave 

the energy within materials. 
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A complex permittivity, as shown in equation 2.5, can be defined when the losses 

of the material wish to be considered. The real part   , called dielectric constant, 

characterizes the material’s ability to store charge. On the other hand, the imaginary 

part    , called dielectric loss factor, characterizes the material’s ability to absorb 

energy and to attenuate it. 

           (2.5) 

The loss factor can also be represented by a term called conductivity as it is shown 

in equation 2.6 where   is the angular frequency expressed in equation 2.7 with units 

in the SI of radians per second [   
 ⁄ ]. This term measures the material’s ability to 

conduct an electric current and its units in the SI are Siemens per meter [  ⁄ ]. As it 

can be seen in the equations, the conductivity depends on the frequency, so the higher 

the frequency, the higher the losses on the material. 

      
   (2.6) 

      (2.7) 

Besides the previous alternative definitions of losses on a dielectric, the tangent 

loss angle,     , can be also used to express losses in the material. It is defined as 

equation 2.8 and represented on Figure 2.2. Following this definition, a perfect 

dielectric is a material having a    ° and a prefect conductor having a     °. 

     
   

  
 

 

     
 (2.8) 

 
Figure 2.2 Tangent loss angle. 

The matter in biological tissues follows the characteristics expressed above. 

However, due to the fact that cells have an uneven size and different functions, there 

are different permittivity and conductivity values within the human body. Moreover, 
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tissue presents anisotropy which means that it responses unequally to an external 

stimulus according to orientation. This variation depends on the frequency at which 

the tissue is analyzed [15]. At MHz frequency range, this effect needs to be taken into 

account whether at higher frequencies, it can be neglected. Furthermore, the electrical 

properties of tissue depend on its temperature and frequency. The mobility of the ions 

that transport the current increases with the temperature as the viscosity of the 

extracellular fluid decreases. For all these reason, it is a complex procedure to 

characterize electrical properties of the tissue. They are highly correlated with its 

water content and the main mechanism for the interaction between electromagnetic 

waves and biological tissue is the oscillation of polar water molecules and ions.  

2.1.1 DIELECTRIC DISPERSIONS IN TISSUE 

As mentioned before, tissue presents a high water content. Thus, an effect called 

dispersion occurs producing a variation of the permittivity and the conductivity 

depending on the frequency. There are three main dispersion regions that are called  , 

 , and   and they can be seen on Figure 2.3 [16].They can be explained in terms of the 

orientation of the dipoles and the motion of the charge carriers. 

 

Figure 2.3 Dispersion regions in tissues depending on frequency. 

At low frequencies, up to KHz, when an incident field is applied, dipoles have the 

necessary time to change their position as a response to the field and charger carriers 

travel larger distances, so there is a higher possibility for them to get stored. As a 

result, permittivity is high and conductivity is low and this is so called the   dispersion. 

At 0.1-100 MHz, dipoles are less able to follow the changes in the applied field and the 

charge carriers travel shorter distances during each half-cycle and are less likely to be 

stored. Consequently, permittivity starts decreasing and conductivity starts increasing 

which corresponds to the   disersion. Finally, for higher frequencies, there is   

dispersion where permittivity decreases even more and thus, conductivity increases 

producing a high absorption of energy.  
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2.2 MAGNETIC PROPERTIES OF BIOLOGICAL MATTER 

Magnetism arises from the movement of electrical charges, specially, from the 

spin motions of electrons in an atom. Since all materials, including biological tissues, 

contain moving subatomic particles such as electrons and protons, all materials are, in 

some sense magnetic. The magnetic responses differ greatly in strength.  

By their response to an externally applied magnetic field, materials can be defined 

as diamagnetic, paramagnetic, or ferromagnetic. The first ones are materials in which 

all electron spins are paired, therefore there is no spin magnetic moment and a weakly 

opposition to the applied magnetic field occurs. On the other hand, paramagnetic 

materials are those in which there are some atoms, ions, or molecules uncompensated 

spinning and thus, a permanent net spin magnetic moment occurs. Finally, in 

ferromagnetic materials, there are also uncompensated spins, but somehow, they are 

coupled giving rise to strong magnetic effects. 

The magnetic properties of a material are expressed by a parameter called 

absolute permeability   that measures the response of a medium to a magnetic field. 

It is expressed on equation 2.9 as the ratio of the flux density created in the material   

to the applied magnetic field   and its units in the SI are Henrys per meter [  ⁄ ] [17]. 

The absolute permeability can be also expressed as a product between the vacuum 

permeability    (equation 2.10) and the dimensionless relative permeability   . See 

equation 2.11. 

  
 

 
 (2.9) 

              ⁄    (2.10) 

       (2.11) 

Biological tissues behave as a diamagnetic material due to the fact that all 

electrons are paired and there is no spin magnetic moment. For this reason, it presents 

a permeability value close to that of free space, which implies that there is no direct 

interaction with the magnetic component of electromagnetic fields at low field 

strengths.  Therefore, a      would be assumed in this work. 
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2.3 MODEL OF THE ELECTRICAL PROPERTIES OF TISSUE 

As said before, the electrical properties of the tissue such as permittivity and 

conductivity depend on frequency. To study the effect of an incident field in a body, it 

is necessary to have models that express the dependency on frequency of these 

parameters. There are different models that can be used but the most used are Debye 

model and the Cole-Cole model.  

2.3.1 DEBYE MODEL 

This model studies the dielectric behavior of water on the tissue at microwave 

frequencies. It is modeled as a lossy resonant circuit. The relaxation time ( ) defined by 

Debye is the time required for dipolar molecules to orient themselves when an 

incident field is applied. This effect is counteracted by thermal agitation, so if the 

application of the electric field is interrupted, the alignment relaxes exponentially 

within a typical   for the material. Then, the dielectric constant evolves from    (with 

field) to    (in absence of field) [18]. As a result, the complex permittivity is given by 

equation 2.12. 

         
     

     
 (2.12) 

This expression does not include the effect of conduction currents as would arise 

from, for example, the drift of free ions in static fields. Later on, in order to model the 

dielectric spectrum of muscle, Hurt added up five Debye dispersions in addition of a 

conductivity term as is shown in equation 2.13 [19]. 

         ∑
   

      

 

   

 
 

    
 (2.13) 

2.3.2 COLE-COLE MODEL 

As it can be realized from equation 2.12 and 2.13, the effect of dispersion is not 

taken into account. The complexity of the structure and composition of biological 

material demands taking into account the dispersion of the relaxation constant of the 

material  . Therefore, K.S. Cole and R.H. Cole introduced an equation that gives an 

alternative to the Debye equation called Cole-Cole equation presented on equation 

2.14. 
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 (2.14) 

The relaxation constant and the permittivity properties    and    can be divided 

into several regions by adding intermediate values where both the dispersion and the 

conductivity are taken into account. As a result, this gives a more appropriately 

description of the electrical properties of the tissue. This equation is shown in 2.15 and 

it was successfully used in a range of 10Hz up to 100GHz by S. Gabriel in 1996 [18]. 

         ∑
   

            
 

 
 

    
 (2.15) 

Finally, in 2006, a research group from the University of Wisconsin and the 

University of Calgary demonstrated that for a range of 0.5-20GHz, a single pole of the 

Cole-Cole equation fits the dielectric properties of tissue [19]. This equation is 

presented in equation 2.16. 

         
  

            
 

 

    
 (2.16) 

 

2.4 DIELECTRIC PROPERTIES CHARACTERIZATION OF BREAST 

TISSUE AT MICROWAVE FREQUENCIES 

The characterization of dielectric properties of a breast tissue is challenging due to 

the fact that it is very heterogeneous. There are different measurement techniques to 

measure the parameters needed to characterize these properties such as Open-ended 

Coaxial Probe (OCP), Transmission-Line Method (TLM), and Perturbation Method (PM) 

that consist on a Resonant Cavity Method. In this thesis, only the first method is 

explained because it is the more suitable method for biological tissue inspection. This 

technique was chosen to use due to its accuracy, broadband response, little sample 

preparation, and because it is a non destructive method.  

2.4.1 OPEN-ENDED COAXIAL PROBE 

This measurement technique consists on placing an open-ended coaxial line probe 

in contact with a tissue sample obtained from breast reduction surgeries. This probe is 

connected to a network analyzer like it is shown in Figure 2.4 that determines the 

dielectric permittivity by measuring the reflection coefficient as it is shown in equation 

2.17 where    is the characteristic impedance of the coaxial line probe,    is the 
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fringing capacitance due to the fringing fields outside the coaxial line,    arises from 

the fringing fields inside the line, and   is the complex reflection coefficient of the 

sample. 

 

Figure 2.4 Open-ended coaxial line probe measurement method. 

   
   

           
 

  

  
 (2.17) 

To improve its accuracy, a calibration procedure can be applied. The standard 

calibration procedure cannot be done because the calibration load cannot be set on 

the probe-connector but on the probe-measuring end. Therefore, three 

characterizations of well-know terminations are done as a one-port error correction as 

shown in Figure 2.5. The reflection coefficient in the probe-sample interface is 

calculated applying equation 2.18 where    is the measured reflection coefficient. The 

scattering parameters (                and    ) of the error network must be calculated 

using the three well-known terminations: short circuit (     ), open circuit 

(                    where         ), and water, a polar liquid (   
               

               
 where    can be modeled according to the Debye modeled). The 

scattering parameters                 and     of the error network are calculated by 

equation 2.19, 2.20, and 2.21 where        and    correspond to the measured 

reflection coefficients of the three terminations. 

 

Figure 2.5 S parameter model for the probe characterization. 
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 (2.18) 

    
                                         

                                   
 (2.19) 

    
                     

           
 (2.20) 

       
                 

  
 (2.21) 

2.4.2 ORGANIZATION OF THE DATABASE OF TISSUE DIELECTRIC 

PROPERTIES 

In this section, the database of dielectric properties of breast tissues is presented. 

This database is available at the website of the Electromagnetic Department of the 

University of Wisconsin and the University of Calgary [21]. This data is obtained from 

the measurement of the different samples of normal breast tissue using the technique 

mentioned. Different breast tissues are organized depending on its adipose content in 

three groups. The first group refers to the tissue that has a 0-30% of adipose content 

which would be the high-water-content group. The second group corresponds to tissue 

that has a 31-84% of adipose; and finally, the third group contains the tissue that has 

85-100% of adipose which would be the low-water-content group. In figure 2.6, the 

median dielectric properties of these three groups can be seen in a frequency up to 10 

GHz. It can be observed that the higher the permittivity, the lower the adipose content 

and higher the fibroconnective and/or glandular content. 

 

Figure 2.6 The median dielectric properties of the three groups defined by adipose 
content can be seen in a frequency up to 10 GHz. 
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The data obtained from the probe measurements is presented in an online 

repertory of different breast phantoms derived from Magnetic Resonance images 

(MRI) [20]. Each phantom is comprised of a 3D grid of cubic voxels of 0.5mm x 0.5mm x 

0.5mm with a roughly 1.5-mm-thick skin layer, a 1.5-cm-thick subcutaneous fat layer at 

the base of the breast, and a 0.5-cm-thick muscle chest wall. Each phantom is classified 

within a group according to its radiographic density which could be: 1. Almost entirely 

fat (<25% glandular tissue), 2. Scattered fibroglandular tissue (25-50% glandular), 3. 

Heterogeneously dense breast (51-75% glandular), and 4. Very dense breast (>75% 

glandular). Every breast has an identifier number depending on the group that it 

belongs and its dimensions on each coordinate are given by parameters called s1, s2, 

and s3. All this data is contained in a file called breastInfo.txt. 

There is another file that is called mtype.txt where the tissue type information is 

provided. Each value represents the media number of every voxel depending on the 

type of tissue that it is derived from Table 2.1. The immersion medium media 

corresponds to all voxels that are out of the breast, the muscle ones to voxels that 

conform a chest wall, and the rest corresponds to internal breast tissue. The breast 

internal tissue is categorized by its adipose content as mentioned above by group 1, 2, 

and 3. Group 1 corresponds to the fibroconnective/glandular tissue that has high 

water content. Inside this group, the media number 1.1 has the highest water content 

and thus, the highest dielectric permittivity. Group 3 corresponds to the fatty tissue 

that has low water content. Inside this group, the media number 3.3 has the lowest 

water content and thus, the lowest dielectric permittivity. Finally, group 2 corresponds 

to transitional tissue where the dielectric properties are intermediate [21]. 

To calculate the dielectric properties of each voxel of the phantom it is necessary 

to use the values on Table 2.1 that define the upper and lower bound of the seven 

types of normal breast tissue listed on Table 2.1. These curves are shown in Figure 2.7 

where the blue dotted curves correspond to the maximum and minimum dielectric 

properties curves. The solid black curves correspond to the median dielectric 

properties curves associated to groups 1 and 3 called “group1-median” and “group3-

median”. Finally, the red dashed curves correspond to the 25th and 75th percentile 

associated to group 1 and 3. The curves as referred as “group1-low” (25th percentile of 

the group 1), “group1-high” (75th percentile of the group 1), “group3-low” (25th 

percentile of the group 3), and “group3-high” (75th percentile of the group 3). All the 

ranges defined with the media number in Table 2.1 for interior breast tissue are 

delimited within these curves in a range of frequency up to 20 GHz. 

 

 

 

 

 

 



15 
 

Tissue type Media number 

Immersion medium -1 

Skin -2 

Muscle -4 

Fibroconnective/glandular-1 1.1 

Fibroconnective/glandular-2 1.2 

Fibroconnective/glandular-3 1.3 

Transitional 2 

Fatty-1 3.1 

Fatty-2 3.2 

Fatty-3 3.3 

Table 2.1 Tissue types and corresponding media numbers. 

 

         (ps)     (S/m) 

Maximum 1.000 66.31 7.585 0.063 1.370 

Group1-high 6.151 48.26 10.26 0.049 0.809 

Group1-median 7.821 41.48 10.66 0.047 0.713 

Group1-low 9.941 26.60 10.90 0.003 0.462 

Group3-high 4.031 3.654 14.12 0.055 0.083 

Group3-median 3.140 1.708 14.65 0.061 0.036 

Group3-low 2.908 1.200 16.88 0.069 0.020 

Minimum 2.293 0.141 16.40 0.251 0.002 

Table 2.2 Parameters to calculate the single pole Cole-Cole for the dielectric properties 
associated to the curves called “maximum”, “group1-high”, “group1-median”, 
“group1-low”, “group3-high”, “group3-median”, “group3-low”, and “minimum”. 

A sagittal cut at the middle plane of the breast classified as a breast from the first 

group, which correspond to the almost entirely fat breast, is shown in figure 2.8 where 

the different media number of the breast can be seen depending on the voxel that it 

corresponds.  

Each of these groups presents a variation in the dielectric properties around the 

median. Group 3 shows the smallest variation due to the purity and dominance of 

adipose tissue. In contrast, group 2 exhibits the greatest variability due to the large 

degree of tissue heterogeneity. This variation is described by another file called 

pval.txt where lower dielectric properties are described with lower p values, and 

higher dielectric properties with higher p values within a range of [0.1]. The voxels that 

are not interior breast tissue are set to zero. 
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Figure 2.7 Dielectric properties of the internal breast tissue called from the top to the 
bottom: “maximum”, “group1-high”, “group1-median”, “group1-low”, “group3-high”, 
“group3-median”, “group3-low”, and “minimum”.  

 

Figure 2.8 Sagittal cut of a breast where the media numbers of each voxel can be seen. 

Finally, to calculate the dielectric properties of each voxel is necessary to use the 

equation 2.22 where       
  corresponds to the dielectric properties calculated by 

using equation 2.15 of the upper bound of the curve within the region that the voxel 

belongs depending on its media number, and       
  correspond to the dielectric 

properties calculated by using the same equation of the lower bound of the curve 

within the region that the voxel belongs depending on its media number. This equation 

is frequency dependent and it is valid in a range from 500 MHz up to 20 GHz. 

      
          

              
  (2.22) 

2.4.3 CALCULATION OF THE DIELECTRIC PROPERTIES OF OTHER TISSUES 

As it can be seen in section 2.4.2, the parameters of the dielectric properties of 

skin and muscle are not provided. Thus, equation 2.15 is used to calculate their 
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dielectric parameters. The parameters of this characterization were published by 

Gabriel on 1996 on [22] and are presented in Table 2.3. 

Tissue           

(ps) 

          

(ns) 

          

( s) 

          

(ms) 

     

Muscle 4 50 7.23 0.1 7000 353.68 0.1 1.2x    318.31 0.1 2.5x    2.274 0 0.2 

Skin 4 32 7.23 0.0 1100 32.48 0.2 0.0      0.0002 

Table 2.3 Muscle and skin parameters to calculate the Debye model. 

For the tumor, the single pole Cole-Cole model can be used to calculate the 

dielectric properties. Its parameters are shown in Table 2.4 and they were obtained 

from [24]. 

Tissue         (ps)     (S/m) 

Tumor 6.749 50.09 10.5 0.051 0.794 

Table 2.4 Tumor parameters to calculate the single pole Cole-Cole model. 

In Figure 2.9, a comparison of the curve of the tumor dielectric properties and the 

median dielectric properties of the three groups defined above by adipose content can 

be seen in a frequency up to 10 GHz. In terms of contrast, the malignant tissue in 

comparison to adipose tissue (group 3) shows a proportion of 10:1. On the other hand, 

comparing malignant tissue with fibroconnective/glandular tissue (group 1), there is 

only a 10% of contrast. 

 
Figure 2.9 Curves of the median dielectric properties of three groups defined by its 
adipose content and the malignant tissue.   
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Chapter 3 ELECTROMAGNETIC DIFFRACTION ANALYSIS 

 

To make microwave imaging possible, it is necessary to measure somehow the 

electrical properties of the body under test. This process is also called the direct 

problem and it consists of transmitting an incident field by an antenna and capturing 

the diffracted field by a certain number of antennas all around the body to obtain 

information in all directions. The diffracted field, or the so called total field, is 

composed by the incident field and the scattered field meaning that the radiation 

captured by the receiving antennas is the addition of both fields. The incident field is 

referred to the field that could be measured when the body under test is not present. 

On the other hand, the scattered field describes the changes that suffer the incident 

field due to the presence of the body. Because the incident field is always known, the 

scattered field can be calculated as equation 3.1, where    corresponds to the 

diffracted field,    to the incident field, and    to the scattered one. 

         (3.1) 

 

3.1 FIELDS IN PRESENCE OF A CYLINDER 

To explain the scattering problem, a canonical two-dimensional scenario is 

assumed where a source radiates an incident field in presence of a dielectric cylinder 

and the resultant fields are expressed [25].  

3.1.1 PLANE WAVE INCIDENCE 

Starting with the simplest case, an incident plane wave is assumed. Let us consider 

a z-polarized incident wave in presence of dielectric cylinder of radius  , and a 

measurement point expressed with cylindrical coordinates with radio   and azimuth 

angle of   shown in Figure 3.1. 

The incident wave can be written as equation 3.2 where   refers to the wave 

number in the medium where the wave propagates characterized by both the 

permittivity    and the permeability    that equals equation 3.3.   refers to the 

wavelength expressed by equation 3.4 where    is the propagation velocity of the 

wave in its medium and it is characterized by equation 3.5 and            that is 

the speed of light. 
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Figure 3.1 A plane wave incident upon a cylinder. 

 ⃗     
  ̂   ̂   

      ̂   
         (3.2) 

   √     (3.3) 

  
  

 
 (3.4) 

   
 

√  
 (3.5) 

By applying the “generating equation” of Bessel functions that is presented in 

equation 3.6, the incident field can be expressed as equation 3.7. 

              ∑             

 

    

 (3.6) 

  
    ∑              

 

    

                        (3.7) 

The scattered field at any point outside the cylinder can be expressed as equation 

3.8 and the diffracted field applying equation 3.1 would be as equation 3.9. At the 

cylinder, the boundary condition on the continuity of the tangential fields must be met 

which are                     ,                       , and                     . 

This makes    equals to equation 3.10 and   
     equals to equation 3.11 being       

any Bessel function such as      ,   
      , and so on. 
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   (3.11) 

3.1.2 CYLINDRICAL WAVE INCIDENCE 

A more general scenario is presented on this section where an electric current 

filament   is placed in a point with radio    and azimuth angle   parallel to the 

dielectric cylinder as shown in Figure 3.2. 

 

Figure 3.2 A current filament parallel to a cylinder. 

The incident field can be expressed as equation 3.12, the scattered field as 

equation 3.13, and the diffracted field as equation 3.14. With the same boundary 

conditions at the cylinder of the previous scenario,    can be defined as equation 3.15. 
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3.2 SIMULATIONS OF THE SCATTERED FIELD 

As a first simulation, the scattered field was calculated for a scenario such as the 

one shown in Figure 3.1 where the incident wave corresponds to a z-polarized plane 

wave at 7GHz. The cylinder presents a relative permittivity of      , a radio of 

        and it is located at the middle of the grid with coordinates (0,0). The 

scattered field is calculated for a plane grid of 40cm, from -20 cm up to 20cm in both 

axis   and   spaced 0.5cm between each point. The software Matlab is used to 

calculate mathematically the field and to present the results shown in Figure 3.3 which 

corresponds to the magnitude of the scattered field in dB along the 2D plane with the 

grid mentioned above. 
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Figure 3.3 Magnitude of the scattered field in presence of a dielectric cylinder in dB. 

 

3.3 FEKO 

To be able to solve the direct problem for more complex cases where an analytical 

formula is not available, a comprehensive electromagnetic simulation software tool 

called FEKO 5.5 is used. Its name comes from an abbreviation of a German phase that 

in English means “field computations involving bodies of arbitrary shape” [26]. As the 

phrase suggests, FEKO can be used for various types of electromagnetic field analyses 

involving objects of arbitrary shapes such as the case presented in this project. 

This software is based on the Method of Moments (MoM). Electromagnetic fields 

are obtained by first calculating the electric surface currents on conducting surfaces 

and equivalent electric and magnetic surface currents on the surface of a dielectric 

solid. The currents are calculated using a linear combination of basic functions, where 

the coefficients are obtained by solving a system of linear equations. Once the current 

distribution is known, further parameters can be obtained such as the near field and 

the far field among other parameters. 

Electrically large problems are usually solved with either the Physical Optics (PO) 

approximation and its extensions or the Uniform Theory of Diffraction (UTD). In FEKO 

these formulations are hybridized with the MoM. To model dielectric bodies, the MoM 

as implemented in FEKO offers a number of different techniques such as the surface 

equivalence principle, the volume equivalence principle, or a special Green’s function 

for planar multilayer media. These methods are complemented by the Finite Element 

Method (FEM) in a MoM/FEM hybrid formulation which is well suited to model highly 

heterogeneous objects such as the presence of breast in a cylinder of antennas like it is 

the case in this project.  
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FEKO was chosen as the tool to be used due to some reasons. First of all, the body 

under test can be divided in voxels and it is possible to assign to each one its 

permittivity and conductivity. For this reason, dispersive or non-dispersive scenario can 

be simulated. In addition, FEKO is able to simulate 3D scenarios using different types of 

excitations and choosing different coordinate systems. Besides, FEKO allows obtaining 

the scattered field in presence of an object by only simulating once. On the other 

hand, with other software tools, two simulations have to be done, one in presence of 

the object and another without it to apply then equation 3.1. 

FEKO has two tools to generate the geometry under test. The first one is called 

CADFEKO which consists in a graphical interface where models can be created in an 

user friendly way. Different parameters can be set using this tool such as the 

permittivity of the objects contained in the scenario, the working frequency, the mesh 

applied for the calculation, and choosing the solutions that wants to be obtained. The 

second tool is called EDITFEKO where any scenario can be created with lines of code 

called cards. With this tool, the pertinent excitation is applied to the model as well as 

all the parameters commented above. Geometries created in CADFEKO can be 

imported to EDITFEKO so the scenario is easier to create depending on the case. 
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Chapter 4 MICROWAVE IMAGING 

 

Once the scattered field of the body under test is obtained, there has to be a way 

to translate the measurements to an image. This is so called the inverse problem and it 

is done by applying a reconstruction algorithm to the measured information to infer an 

image of the dielectric parameters of the body.  

 

4.1 STATE OF THE ART 

Active near field microwave imaging for biomedical purposes started with Larsen 

and Jacobi in the 70’s. They obtained images of the internal structure of canine kidneys 

by using a near-field microwave imaging techniques. This aroused the interest of an 

intense research and development effort on imaging techniques already occupied by 

X-rays, ultrasounds, nuclear magnetic resonances, and impedance tomography among 

others. At that time, it seemed that techniques based on interrogating microwaves 

would have provided in a short time new and powerful tools for medical diagnostics. 

However, 30 years later, microwave medical imaging is often still considered an 

emerging technique, since accurate and effective dielectric reconstructions are very 

difficult to obtain [27]. Its potential consists on the extreme sensitivity of microwave 

frequencies to dielectric contrast depending on the water content of diverse tissues 

that can differ normal to pathological situations [28]. 

Some approaches of active microwave imaging have been set out, being the major 

ones radar techniques and tomography. The first one uses a wideband signal to 

identify the presence of significant scatters, that in this case, it could be the presence 

of possible malignant tissue. This technique gives some architectural features of it such 

as shape, size, and density in a 3D way avoiding the so called inverse scattering 

problem. On the other hand, tomography has been traditionally used for narrowband 

signals to recover an image of the dielectric properties of the body under test in 2D to 

simplify the inverse problem.  

In the framework of tomography, the inverse problem associated with microwave 

imaging is nonlinear and ill-posed. To solve this complex problem, iterative algorithm 

could be used as well as diffraction tomography. Iterative algorithms present some 

problems such as the requirement of priori information that sometimes is unknown, 

the high computational cost that entails the possibility that the solution never 

converges, among others. Speaking about diffraction tomography, it can be said that it 

tries to reconstruct the induced current that generates the scattered field depending 

on both the diffracted field and the complex permittivity of the object. The complex 
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permittivity can be found by using a linearization strategy such as the Born 

approximation, which consists on approximating the field inside the object to the 

incident field without concerning about the influence of the object. 

Since Larsen and Jacobi published their results, different research groups have 

been working in active microwave imaging for biomedical applications. The first 

significant contributions to the planar and cylindrical geometry microwave 

tomographic systems were done under the UPC-Supélec collaboration during the 80’s. 

A complete theoretical and experimental imaging platform with a microwave circular 

scanner [36] and a planar camera [37] were established in order to control the 

temperature during a hyperthermia treatment or to find heart disease. The most 

recent application is breast tumor detection. 

From this point on, iterative algorithm were developed. They try to get a 

quantitative reconstruction of the permittivity due to the fact that algorithms based on 

radar or diffraction tomography cannot get it when Born is not satisfied. Born implies 

that the body under test has to have low contrast and it should be electrically small, 

which as it is know, it is not true in human tissue. 

Large amount of work has been developed based on different approaches and 

some of them have been tested only on canonical scenarios. On the other hand, some 

of them have been tested on more realistic numerical phantoms or on physical 

phantoms with experimental setups. Some of the most remarkable research groups 

that have been working on detecting breast cancer are mentioned as follows. 

4.1.1 COMPUTATIONAL ELECTROMAGNETIC LABORATORY, UNIVERSITY OF 

WISCONSIN 

This research group led by S. C. Hagness got involved into breast cancer imaging 

since 1998 when they presented a novel focused active microwave system to detect 

breast tumors called Confocal Microwave Imaging (CMI). This technique, based on the 

radar approach, involves illuminating the breast with an ultra-wideband pulse from 

different locations and the detection of tumors is achieved by the coherent addition of 

the strong scatterings that they return. The feasibility of this technique was proven 

with a planar system composed of a half-space of heterogeneous breast tissue with a 

1-cm-diameter tumor bounded by a 2-mm-thick layer of skin. The dielectric properties 

of the normal tissue were assigned randomly with variations up to 10% around 

nominal values of      and      . They could detect the tumor on each dimension 

but they realized that the approach did not compensate for frequency-dependent 

propagation effects and have limited ability to discriminate against artifacts and noise 

[29].  
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Later on, in 2003, they researched for an improved method based on space-time 

(MIST) beamforming to detect backscattered energy from small malignant breast 

tumors to discriminate against clutter and noise while compensating for frequency-

dependent propagating effects. They demonstrated the efficacy of their approach by 

using backscattered data acquired from a 2D phantom based on the Magnetic 

Resonance Image (MRI) of an actual tumor-free patient where the pixel intensity of the 

MRI was mapped directly to varying permittivity and conductivity in order to model 

the heterogeneity of normal breast tissue. An artificially introduced 2-mm-diameter 

tumor was introduced to be detected. Their images exhibit high signal-to-clutter ratios 

and good tumor localization even under various challenging conditions [30]. 

4.1.2. THAYER SCHOOL OF ENGINEERING, DARTMOUTH COLLEGE 

The first contribution of this group led by Meaney et. al. was in 1999 when a 

prototype system was presented by them where in vivo breast data was exploited at 

0.3-1 GHz in order to convert measured microwave signals into spatial maps of 

electrical permittivity and conductivity [31]. This work was boosted by the previous 

work in iterative reconstruction algorithms based on a moment method formulation 

and Newton’s iteration scheme to minimize the log-magnitude and phase errors [32]. 

Then, they realized that problems appeared when reconstructing big geometries. By 

introducing a priori information the detection of tumors was enhanced, but they 

reported that due to the mismatches between the background and the breast, there 

were false positive detections [33]. 

In 2003, they presented a second generation of active microwave imaging system 

operating over a broader bandwidth of 0.5-2.3 GHz. To create the tomographic images, 

the data measured is introduced in an algorithm based on combination of the iterative 

Gauss-Newton method and the conjugate gradient least squares (CGLS) algorithm [34]. 

The iterative Gauss-Newton method determines the update values at each iteration by 

solving the set of normal equations of the problem using the Tikhonov algorithm. On 

the other hand, the iterative CGLS is capable of solving the update problem by 

operating on just the Jacobian and the regularizing effects of the algorithm can easily 

be controlled by adjusting the number of iterations. This was also tested on in vivo 

breasts.  

4.1.3. DEPARTMENT OF SIGNALS AND SYSTEMS, CHALMERS UNIVERSITY 

OF TECHNOLOGY 

This research group led by Fhager and Persson gained interest in breast 

tomography in 2005. They have been most focused on microwave imaging iterative 

reconstruction algorithms in time domain [35]. Their algorithm is based on solving 

Maxwell’s equations in order to compute gradients, which are used to update the 

dielectric profile with the conjugate-gradient method. First attempts showed weakness 
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when imaging small objects (smaller than 
 

 
), so a priori information has to be 

introduced. This algorithm was tested in a simple scenario that was conformed of a 

large object with a      , and two small included objects with      . Using a 

priori information, an accurate reconstruction was made, but it is important to 

mention that the scenario was not complex. 

4.1.4. BRISTOL UNIVERSITY 

In 2008, A research group led by Craddock published results of breast cancer 

detection that has apparently successfully detected the tumor. The system consists on 

a multi-static ultra-wideband (UWB) radar that creates a map of microwave scattering 

arising from the contrast in dielectric properties within the breast. The system is based 

on the real aperture antenna array [36]. 

The system was tested in a laboratory experiment with a physical model. The array 

of antennas was fist filled with a matching medium. Then, the spherical phantom was 

located in the correct position. Finally, the volume was filled with a liquid simulating 

fatty tissue that corresponded to the same one used as the matching medium. 

4.1.5. APPLIED ELECTROMAGNETIC GROUP, UNIVERSITY OF CALGARY 

In 2009, the Applied Electromagnetic Group of University of Calgary presented 

some reconstruction images from a tumor on breasts by applying a TOA algorithm. 

This technique only identifies the position of the tumor instead of reconstruct an 

image, but it could be useful in some way. The key idea behind this technique is that it 

provides a means for finding the region of the breast that is the source of the tumor 

response. It uses 3D information observed at neighboring antennas and is based on 

triangulation methods used in global and sonar positioning systems [37]. Candidate 

tumor responses are evaluated by comparing the TOA of the response with the 

predicted TOA. If reasonable agreement does not exist, then the candidate response is 

unlikely to originate from the same location as the tumor.  

The phantom used to verify the feasibility of the algorithm was composed of breast 

tissue covered by a 2-mm layer of skin and a 6-mm-diameter tumor was introduced. 

The model was generated from MR scans of a patient diagnosed with cancer. The 

breast tissue was segmented into 19 tissues where the pixel intensities were mapped 

to electrical properties of different 3 groups (0%-30% adipose, 31%-84% adipose, and 

85%-100% adipose) modeled as dispersive by using the single-pole Debye model [32]. 

Results were satisfactory but because it is an iterative algorithm, it could end 

trapped and no result could be found. Assumptions in the electromagnetic properties 

of the tissue are always needed that sometimes are not well assumed. Finally, the 



28 
 

performance of the algorithm may be enhanced by incorporating 3D breast surface 

information.  

4.1.6 DEPARTAMENT DE TEORIA  DEL SENYAL I COMUNICACIONS, 

UNIVERSITAT POLITÈCNICA DE CATALUNYA 

This group starting working in the 80’s grouped with the Supélec group as mention 

before. In 1986, they presented a tomography microwave algorithm for cylindrical 

geometry where a body under test was illuminated and the scattered field was 

measure with a sufficient number of sensors in a circular ring. By using Born 

approximation and some mathematical manipulations, 2D reconstructions of the 

contrast profile could be obtained. Later on, in 1990, they presented a microwave 

circular scanner for biomedical applications working at 2.45GHz where it was possible 

to obtain reconstructions of objects. In 2007, they got involved in the use of UWB 

signals for short range electrically large objects imaging, and they presented an 

algorithm based on radar approach called UWB multifrequency bifocusing (UWB-

MFBF). More recently, they have been researching about an algorithm called UWB 

Hybrid Focusing based on a tomographic approach which consists on the incoherent 

multifrequency combination of coherent multiview focused images. This has been 

tested on numerical simulations and preliminary experimental measurements using 

breast phantoms [42]. 

4.1.7. OTHER GROUPS 

In addition to the groups mentioned above, other authors have been working on 

active microwave imaging for breast detection. Between the School of Innovation, 

Design and Engineering at Mälardalen University and the Département de Recherche 

en Electromagnétisme (Supélec) in France, a collaborative work started since 2007. 

They have been doing improvements to the Newton-Kantorwich Technique (NKT) [38]. 

This technique starts from an initial distribution of the contrast and iteratively 

minimizes the difference between the measured data and the scattered fields 

calculated from a numerical model in the direct problem. This technique is applied to 

data acquired by a planar microwave camera that records the field scattered by a 

water immersed target with 32x32 sensors. They are trying to deal with high-contrast 

objects. Up to now, no results have been reported. 

Furthermore, Semenov et. al. have been investigating in iterative methods based 

on Newton, gradient and multiplicative regularized contrast source inversion (MR-CSI) 

and tested their performance in ex-vivo pig´s meat [38]. Finally, Miyakawa et. al. 

investigated the usability of the linear Chirp Pulse-Microwave Computed Tomography 

(CP-MCT) algorithm that was tested on a physical breast phantom to detect a breast 

tumor [40]. The phantom had a typical Japanese women breast shape and different 
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substances where mixed together to simulate the skin, the breast fatty, the tumor, and 

the muscle.  

 

4.2 DIFFRACTION THEOREM 

A fundamental theorem used to reconstruct objects is called Fourier Diffraction 

Theorem. This theorem, in which the algorithm applied in this project is fundamentally 

based, relates the Fourier transform of the measured scattered field with the Fourier 

transform of the contrast profile of the object under test [41, 42].  

Let us assume an incident z-polarized plane wave with an incidence angle of    

and direction of  ̂  such as the one expressed in equation 4.1, where    represents the 

wave number of the external medium calculated with equation 3.3. The object under 

test is supposed 2D meaning that its electrical properties do not vary on the z 

dimension but only in the x-y plane. The receiving antennas are located along a line 

x=  . The 2D Fourier transform of the contrast of the object can be obtained over a 

circular arc of radius    centered on     in the transformed domain by applying the 

Fourier transformation of the measured scattered field. This situation can be seen in 

Figure 4.1. 

             ̂     (4.1) 

 

Figure 4.1 Spatial domain and transformed domain of the Fourier Diffraction Theorem. 

The scattered field can be worked out from the equation 3.1 and also can be 

expressed as the field generated by the equivalent electric current radiating in the 

external medium as equation 4.2 where           is the Green’s Function and        is 

the equivalent induced electric current expressed as equation 4.3 where       

represents the complex permittivity of the object under test and     the complex 

permittivity of the external medium. The Fourier transform of the equivalent induced 

electric current is expressed in equation 4.4. 
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   ⃗       (4.4) 

If the object’s complex permittivity is close to that of the surrounding medium, the 

scattered field is negligible in front of the incident one (weak scattering) and the Born 

approximation can be applied. This approximation assumes that the diffracted field 

equals the incident field due to the fact that scattered field is too weak: 

                           (4.5) 

What is actually looked for is the contrast profile that is expressed by equation 

4.6. By introducing it in equation 4.3, equation 4.7 is obtained and by applying its 

Fourier transformation, equation 4.8 is obtained. Finally, it can be said that equation 

4.9 represents the bidimensional Fourier transform of the contrast profile evaluated 

over the circumference mentioned before with radius    and center on    . 
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4.3 2D LINEAR GEOMETRY 

By applying the Fourier Diffraction Theorem, tomographic reconstructions can be 

obtained. It can be applied by using canonical geometry such as a 2D linear geometry 

that it is explained as follows. 

4.3.1. FORMULATION 

 A tomographic system with planar geometry uses a plane wave incident field 

    ̂      propagating on    direction which is assumed to be 0 for simplicity. The 

diffracted field   (    ) is measured along a line      such as the one shown in left 

side of the Figure 4.1. The Fourier transform of the equivalent current can be obtained 

from measured diffracted field through the Fourier transform of 4.2 along the   

direction. After some manipulations [43], equation 4.10 can be obtained where 

  (  ) and  ̃ (√  
    

 ) correspond to the angular spectrum of the scattered field 

and the Green’s function, respectively from equation 4.11 and 4.12.    and    are the 

Cartesian components of the real approximation to the propagation vector related to 

each of the plane wave components of the angular spectrum shown in equation 4.13 

and 4.14 where   refers to the direction of the receiving antenna. 

  (     )        ̃ (√  
    

 )  ̃ (√  
    

    )          | ⃗ |     (4.10) 
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Under Born approximation (presence of small objects and low contrast), the 2D 

Fourier transform of the contrast profile can be obtained as expressed in equation 4.16 

[40]. 

 ̃(    ̂   ̂  )  
    

  
  ̃      

      (4.15) 

4.3.2. IMPLEMENTATION AND RESULTS 

A 2D linear tomographic system was implemented where the scattered field was 

calculated, and finally, the algorithm was applies to it to get a reconstruction image of 

the contrast profile. The scenario is shown in Figure 4.2 where a z-polarized plane 

wave was used as the incident field     ̂      which propagated at        with an 

angle of incidence     °. The diffracted field   (    ) was measured along a line 

     in presence of a dielectric cylinder with permittivity of     , radius      , 

and centered at (5,5)cm. The asterisks in Figure 4.2 correspond to 18 antennas spaced 
 

 
 along         acting as receivers. The scattered field was calculated by applying 

equation 3.8. Its Fourier transform on the angular spectrum  ̃      was used to 

calculate the 2D Fourier transform of the contrast profile with equation 4.15. 

 

Figure 4.2 Scenario where the Fourier Diffraction Theorem was applied to be 
reconstructed. 

Finally, the 2D Fourier transform of the contrast profile was transformed to the 

spatial domain       to be reconstructed and the obtained image is presented in 

Figure 4.3 where the circle in white corresponds to the real position of the cylinder. 

The normalized contrast between the cylinder and the external medium can be seen in 

the Figure 4.4 in a linear scale. 
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Figure 4.3 Reconstruction of the scenario of Figure 4.4. 

4.3.3. REMARKS 

Some remarks can be said about the Fourier Diffraction Theorem.  

4.3.3.1 Forward and backscattered measurement 

When the plane algorithm is applied, only the forward scattered field is measured 

along   . As a result, it is possible to measure only the components of the angular 

spectrum that propagates according to the direction of incidence which are associated 

with the right half of the circle in the spectral domain (AOB semicircle in Figure 4.4). To 

solve this problem, the backscattered field has to be obtained and this can be done by 

measuring the field along      and the whole circle (AOBC in Figure 4.2) could be 

obtained in the transformed domain. 

 

Figure 4.4 Considerations to be taken into account in the Fourier Diffraction Theorem. 

4.3.1.2 Multiview 

If the angle of the incident wave is changed, shifted circles of the same radio of 

AOBC of Figure 4.4 can be obtained. Each circle would be centered along a circle of 
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radius    centered in the origin of coordinates, like it is shown in Figure 4.5.Thus, the 

contrast would be obtained inside of a circle with radius of    .  

 

Figure 4.5 Domain of the angular spectrum of a multiview illumination. 

4.3.1.3 Multifrequency 

If the frequency of illumination is changed, circles of different radius centered 

along the same direction would be obtained as shows circle D in Figure 4.4.  

 

4.4 3D CYLINDRICAL GEOMETRY 

A further step in tomographic algorithm is to use a 3D geometry. In this case, it is 

possible to have vertical (in   axis) discrimination which it is not possible in 2D 

algorithms.  

A cylindrical geometry is composed of a number of circular arrays of antennas as 

shows Figure 4.6. Each antenna of each level would work as a transmitting antenna 

while the rest would work as receiving antennas. This geometry gives a multiview 

reconstruction with a domain in the angular spectrum such as the one shown in Figure 

4.3 but with spheres instead of circles due to the fact that it illuminates the object with 

different angles of incidence. By using this configuration, the incidence wave cannot be 

assumed as a plane wave but as a cylindrical one. By applying a synthetic aperture 

approach, a plane wave can be synthesized superposing the existing cylindrical waves 

created by each source located along the circular antenna. As a result, the spectral 

formulation for planar systems can be applied with the forward and backward 

scattered field so better resolution would be obtained. The formulation is presented 

below [44]. 
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Figure 4.6 Antennas in a cylindrical geometry. 

The cylinder of antennas that acts as transmitters and receivers is composed by a 

  ,   -diameter rings of    angularly equispaced antennas. For a given transmitter, 

situated at    
 ,the scattered field is measured at the receiver position    

 . This 

procedure is successively repeated for each transmitter to complete a maximum of 

  x  . Recalling, the dielectric contrast of the body under test at a frequency    can 

be expressed as equation 4.13 where          and             correspond to the 

complex permittivity of the body and the external medium. 

           
         

           
 

                     

           
 (4.13) 

The dielectric contrast             
   corresponds to the induced current on the body 

under test. It can be related to the dielectric contrast as equation 4.14 being  ⃗    the 

total electric field including both the incident and the scattered field.  

            
                         ⃗ 

           
   (4.14) 

The reciprocity theorem is shown in equation 4.15 where     correspond to the 

electric current on the cylindrical antenna acting as a transmitter that radiates the 

incident field  ⃗   which is a plane propagating to a direction  ̂      corresponds to the 

electric equivalent current in the object induced by the incident field propagating 

along a vector  ̂  ( ⃗  
 ) which radiates the scattered field  ⃗   measured along the 

antennas. 

∭     ⃗       ∭     ⃗       (4.15) 
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By applying this theorem, the current     can be obtained due to the fact that the 

scattered field  ⃗   is measured by the receiving antennas. That current is the one that 

contains all the information about the object. Under Born approximation (the 

scattered field is negligible in front of the incident field), the induced current      can be 

expressed as equation 4.16. 

             
                         ⃗  

           
   ̂               

   ̂  (4.16) 

Then, by introducing 4.16 in 4.15, a Fourier transform appears, and the spectrum 

of the contrast profile can be expressed as equation 4.17 where   
 (     

          

 ) is 

the scattered field measured at the receiving antenna      

  when an antenna located at 

     

  is transmitting.   (     

      ̂   ) represents the amplitude to be applied to an 

antenna located at  ̂    to synthesize a plane wave towards  ̂    and vertical 

polarization as a combination of cylindrical waves emanating from a number of 

antennas. 

 ̃ (        ̂   ̂  )

 
  

            
∑   

 (     

          

 )

             

       

  (     

      ̂ )  (     

      ̂ ) 
(4.17) 

 

4.4 UWB EXTENSION 

The quality and robustness of the reconstruction can be improved by illuminating 

the body under test with different frequencies. Combining both the multiview, that it 

is possible by using the cylindrical geometry, and the multifrequency, a finer mesh in 

the angular spectrum domain is obtained as shown in Figure 4.7 where circles of 

different radius are obtained depending on the frequency used. 
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Figure 4.7 Angular spectrum domain by applying multiview and mutifrequency. 

In biomedical imaging, a high contrast and large objects in terms of   between 

tissues exist. As a result, the Born approximation which assumes low scatters is not 

accomplished and a residual phase variation occurs that does not allow to apply a 

coherent combination of images corresponding to different frequencies.  To solve this 

problem, the phase information is neglected and only the amplitude is combined 

(equation 4.18). This solution has been proposed by UWB Magnitude-Combined (MC-

UWB) tomographic algorithm [40]. This tomographic algorithm is based on diffraction 

tomography theory and this is able to obtain qualitative reconstructions avoiding 

iterative schemes and a priori information in a computationally effective way provided 

by the FFT-based implementation. 

 ̃       ∑ |    ( ̃      
)|

    

      

 (4.18) 

 

4.4 PRACTICAL CONSIDERATIONS 

There are different considerations that have to be taken into account when 

reconstructing objects. 

4.4.1 MATCHING MEDIUM 

Biological tissues present high contrast with respect to the air causing strong 

reflections when solving the direct problem. To minimize the mismatching between 

the external medium and the object under test that produces undesired reflections out 

of the breast, a matching medium is required which would have a permittivity similar 

to the breast. Due to the fact that the breast is very heterogeneous, the permittivity of 
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the matching medium is hard to choose, so it is convenient to analyze different types 

of breasts and identify which tissue is the most common one. 

 4.4.2 FREQUENCY 

Choosing the right range of frequencies is very important to achieve the desirable 

tradeoff between resolution and penetration. The resolution is given by the 

wavelength that correspond to equation 3.4 and 3.5 where      would be the 

permittivity of the matching medium. Penetration,   , is defined as the depth where 

the power is reduced to   ⁄  of the power   (equation 4.23) entering the surface. It is 

characterized by equation 4.24 where the inversely proportional relationship with the 

frequency can be seen. Higher frequencies give information about the contours and 

details but present higher attenuation and less penetration. On the other hand, lower 

frequencies contribute to the reconstruction of smother parts as the inside of the body 

under test. 

     
     (4.23) 

   
 

   √   [√  (
   

  )
 

  ]

 

(4.24) 

To choose the proper sampling step in frequency   , the Nyquist sampling criteria 

have to be fulfilled expressed in equation 4.25. This avoids aliasing effects and has to 

be applied along the circumference of radius   where the transmitting and receiving 

antennas are uniformly distributed. The number of frequencies    to be used within 

the range of frequencies        previously chosen by taking into account the desirable 

resolution is characterized by equation 4.26. 

   
  

  √    

 (4.25) 

   
      

  
 (4.26) 

4.4.3 ANTENNAS 

For an ideal reconstruction, both an infinitesimal sampling step in spatial domain 

and infinite measurements would be necessary in an infinite cylinder to obtain all the 
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evanescent waves. In practice, these requirements are not fulfilled due to the fact that 

they are limited by a finite number of antennas as it can be seen in the Figure 4.7 

where a cylindrical geometry is shown. 

To solve the spatial sampling step, the Nyquist criteria have to be fulfilled so the 

number of antennas    in the x-y plane (  plane) must be calculated by equation 

4.27. By satisfying this, reconstructions with reasonable error can be obtained because 

the loss of information is avoided. In the same way, the number of antennas in the  ̂ 

axis    should be calculated with equation 4.26 in a step of    shown in equation 4.29. 

   
      √    

  
 (4.27) 

   
       √    

  
 (4.28) 

   
 

 
 (4.29) 

The fact that the cylinder of antennas is not infinite produces a truncation error 

causing a deterioration of the synthesized plane waves. The closer the angle of the 

synthesized plane wave to the zenith or the nadir is (        or    °), the less 

accurate the plane wave is. To prevent this to happen, the angle      is limited from 

  ° to    °. 
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Chapter 5 SIMULATION RESULTS 

 

The main goal of this project is to assess the feasibility of the UWB Magnitude-

Combined (MC-UWB) algorithm by reconstructing different phantoms. The process is 

done by firstly simulating the direct problem using FEKO as the simulation software. 

Then, the algorithm is applied using Matlab and finally, the image is reconstructed.  

 

5.1 PRELIMINARY SIMULATIONS 

Before simulating the realistic breast models that were reconstructed, simpler 

simulations have to be done in order to test the modeling process. To get familiar with 

the simulation software, a first model of a simple breast was created using FEKO. This 

model consists on a cube composed of 3x3x3 voxels that represented the fatty tissue 

that surrounds the breast with       and a tumor inside located in the middle of the 

breast with      . The permittivity of the matching medium used is        which 

corresponds to a permittivity close to the fatty tissue.  The model was illuminated by 

an incident plane wave at a frequency range of 0.5-2GHz. The parameters of the 

antennas were calculated with the equations presented on chapter 4. Images of the 3D 

breast model, a table with the information of the permittivity used for the fatty tissue 

and tumor, the 3D reconstruction, and the XY reconstruction plane are presented in 

Figure 5.1. It is worth mentioning that the reconstructed plane that would always have 

the best quality is the XY plane. This happens due to the cylindrical geometry of 

antennas: in the XY plane, the body under test is completely surrounded by antennas 

since the antenna rings are located on this plane. Conversely along the   axis, the 

antenna cylinder is not infinite and thus, there is a truncation effect that reduces the 

image quality in this plane. This effect would be solved by using a spherical geometry 

of antennas.  

In the reconstruction planes of Figure 5.1, the normalized permittivity contrast is 

shown in a linear way. These reconstructions correspond to the combination of the 

magnitude of the images obtained for different frequencies as explained in [40]. The 

white circle in the XY reconstruction plane represents where the real tumor should be. 
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        50 

        10 

 

(a) 3D Model (b) Informative table 
 

 
 

(c) 3D reconstruction (d) XY reconstruction plane 

Figure 5.1 Basic breast model, plane reconstructions, and informational tables. 

  

5.2 MODEL’S CONSIDERATIONS AND SPECIFICATIONS 

To design the breast model, different considerations have to be taken into account 

and they are presented as follows. 

5.2.1 COMPUTATIONAL CONSIDERATIONS 

The biggest limitation that has to be considered is the fact that solving the direct 

problem requires a high performance computer which includes a big amount of 

memory. The better the performance of the computer, the faster the calculations of 

the scattered field. 

There are different parameters that control the memory requirements in a FEKO 

simulation. The most important one would be the size of the mesh that FEKO uses to 

discretize the body under test. The smaller the size of the mesh, the more 

requirements needed. However, the mesh cannot be arbitrary large. FEKO 

recommends a maximum edge length that can be calculated as the minimum result 

which fulfills (a)    ⁄  and (b)    ⁄  where   can be calculated as equation 5.1. The 

higher the electrical properties are, the smaller the size of the mesh is, and the higher 

the memory requirements are.  
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  √
 

   
 (5.1) 

5.2.2 VOXELS 

The original breast model is composed of 0.5x0.5x0.5     voxels, each one 

having its electrical properties depending on the online repertory of [21].  To preserve 

the heterogeneity of the model and not exceed the memory requirements, the original 

breast model has been simplified by combining several voxels into a bigger one. In 

particular, the voxels of the models presented in this work will be of 5x5x5     

instead of the original dimensions of 0.5x0.5x0.5    . 

To calculate the electrical properties of the voxels of the model, two different files 

have to be used from the online repertory. The mtype.txt is used to identify the type of 

the tissue among the 8 different tissues presented in Table 2.1. The most common 

type of tissue along the grouping of voxels from the online repertory to create one of 

the voxels of the numerical model to be simulated was used to set its electrical 

properties. This was done to maintain a limited type of tissues in the numerical model 

to be simulated as the ones shown in Table 2.1. By using the Cole-Cole expression of 

equation 2.16, the complex permittivity can be calculated for the lower and upper 

bounds of the bounds of each type of tissue of Table 2.2 depending on the frequency. 

Then, equation 2.22 has to be applied where a p value is needed. This value can be 

obtained from another file from the online repertory called pval.txt. In order to satisfy 

the computational limitations, this p value had to be modified where an average of the 

p value within the same type of tissue was done. Table 5.1 shows the p values used. 

Tissue type P value 

Fibroconnective/glandular-1 0.0532 

Fibroconnective/glandular-2 0.3987 

Fibroconnective/glandular-3 0.3624 

Transitional 0.3577 

Fatty-1 0.4243 

Fatty-2 0.9113 

Fatty-1 0.8686 

Table 5.1 P values used in equation 2.20. 

As a result of the size and grouping of the voxels, lots of skin voxels were lost. To 

have a model with more skin voxels, a threshold was applied to those voxels in the 

grouping.  

As said above, the electrical properties determine the mesh. By using the realistic 

permittivity and conductivity, a very small mesh is obtained which implies too high 
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requirements of memory especially for higher frequencies. To solve this problem, the 

permittivity was set as the real one and the conductivity was limited up to       ⁄  

and scaled depending on the real conductivity value of each voxel.  

5.2.3 ANTENNAS 

The antennas were distributed around the breast forming a cylinder. The first ring 

of antennas was located just touching the chest wall simulating a prone position as 

Figure 5.2 illustrates it [29]. The number of antennas along   direction and   axis were 

calculated with equations 4.27 and 4.28 respectively. The radius of the cylinder of 

antennas was set by calculating the biggest radius of the breast in the online repertory 

and increasing it a bit more. The chosen value was a radius of 12 cm.  

 

Figure 5.2 Prone position. 

5.2.4 FREQUENCY 

Two ranges of frequencies were simulated. The first range was from 0.5 GHz up to 

2 GHz and the second one from 2GHz up to 5GHz. In both cases, 10 sampling steps 

(equation 4.25) in frequency were used. 

By increasing the frequency, both the number of antennas and the conductivity of 

the tissue increase their values. As a result, the requirements of memory increased 

considerably and so the time needed to simulate the direct problem too. 

5.2.5 MESH REFINEMENT 

In order to reduce the computational cost, a mesh refinement can be done to set 

a finer mesh only for tissues that require it, while keeping a coarse mesh to the rest of 

the tissue such as fatty tissue. Since the most restructure sampling criterion is the 

conductivity one (   ⁄ ), the mesh refinement has been applied to the most lossy 

tissues. In particular, two different meshes were defined, the original for most of the 

voxels, and a smaller one for conductivity values higher than a certain threshold. 

At higher frequencies, these problems are worse. In this case, even the criterion 

 
  ⁄  is not fulfilled for the tissues having a large permittivity. Hence, again the mesh 

has to be refined depending on the permittivity of the voxels. 
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Note that each reconstruction in the next section is presented jointly with a table 

summarizing the properties of each simulation including the mesh size and mesh 

refinement. 

5.2.6 MATCHING MEDIUM 

If a matching medium is not used, the effect of mismatching will occur. This effect 

produces undesired reflections at the interface between the external medium, of 

relative permittivity      
, and the breast surface. This is translated to a lower 

transmitted power into the breast and thus a reduced penetrability. To avoid these 

problems, the permittivity of the matching medium has to be obtained as the one of 

the most common tissue in the breast. For sake of simplicity, the matching medium 

was supposed to have constant permittivity over the frequency. Thus, the permittivity 

of it will be the same as the most repeated tissue in the breast which corresponds to 

the fatty one.  

5.2.7 TUMOR 

Because the breasts from the online repertory are healthy, a tumor had to be 

introduced. The introduced tumor had a radius of 75 mm and the parameters used to 

calculate its electrical properties were the ones presented in Table 4.  

 

5.3 BREAST MODELS AND RECONSTRUCTED IMAGES 

In this section, all the models in which the algorithm was applied are presented. 

Per each case, a set of figures are shown which present: a) an informative table with 

the identification number of the breast depending on its radiographic density as 

specified on chapter 2, matching medium, number of antennas in   and   namely    

and    respectively, the frequency range, and the mesh size, b) the 3D numerical 

model of the breast from the online repertory with an introduced tumor showing its 

permittivity and conductivity values (when needed the conductivity) centered at the 

tumor, c) the 3D numerical simulated model centered at the tumor, d) the 3D 

reconstructed image centered at the tumor center, e) a cylinder showing the 

magnitude of the scattered field captured per each antenna depending on its position, 

f) a cylinder showing the phase of the scattered field captured per each antenna 

depending on its position, and g) the scenario composed of the 3D permittivity model 

of the breast with the cylinder of antennas around it. 

In b), the real numerical breast model is shown. In c), the simplified numerical 

model created to be simulated is presented with the voxels permittivity and 

conductivity values (if it is a conductive and dispersive model) at the fifth frequency. In 

the image d), the normalized reconstructed contrast of the electrical properties of 
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each model are presented in a linear scale where only the magnitude of all frequencies 

is shown. A sphere could be seen which represents where the tumor should actually 

be. Finally, in e) the normalized scattered field is presented in dB with a dynamic range 

of [-30-0] dB.  

5.3.1 FATTY BREAST (BREAST #1)  

The first model was the simplest one that corresponded to a breast which is 

classified as an almost entirely fat breast from the online repertory [21]. In this model, 

the electrical properties were calculated as neither conductive nor dispersive. This 

means that the conductivity is assumed to be zero and the permittivity value of each 

voxel was calculated at one frequency that corresponds to 1.17GHz. The model was 

illuminated and reconstructed at a frequency range of 0.5-2GHz with 10 frequency 

sampling steps. The pertinent table and images are presented in Figure 5.3. 

 

ID breast 1 

Matching medium 4.738 

   22 

    12 

Range of frequency 0.5-2GHz 

Mesh size 6.9mm 
 

(a) Informative table of the model (b) 3D numerical model from the online repertory 

  
 

(c) 3D numerical simulated model (d) 3D reconstructed image 
 

  
 

(e) Magnitude of the scattered field captured 

by the cylinder of antennas at 1.17GHz 

(f) Phase of the scattered field captured 

by the cylinder of antennas at 1.17GHz 
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(g) Scenario composed of 12 ring of with 22 antennas in each ring 

Figure 5.3 Informative table, numerical models, reconstructed image, measured 
scattered field, and scenario of the simplest model at 0.5-2GHz. 

Speaking a little bit about the 3D numerical simulated model, it can be said that 

different permittivity values can be seen within the breast which correspond to the 

diverse tissues that can be found in the breast even though it is a simplified numerical 

model from the (b) image. Each tissue belongs to a group of all the existing groups 

shown in Table 2.1. It can be seen that the majority of the voxels (voxels in blue) 

corresponds to the third group that is the fatty tissue. The cyan voxels correspond to 

transitional tissue in the breast, orange voxels and brighter red to glandular tissue, 

darker red voxels to the tumor, and yellow voxels to skin around the breast. It can be 

seen that the skin is almost lost in the numerical model but it is worth recalling that 

each voxel measures 5mm x 5mm x 5mm and it would be also unreal to have a skin 

layer with those dimensions covering the breast. The matching medium used 

corresponds to the fatty group-2 from Table 2.1 that is the one that repeats the most. 

Taking a look to the cylinder of antennas, different things can be said. It can be 

seen that the cylinder composed by the antennas is pretty long. The longitude of it was 

set by as a tradeoff between quality of the reconstruction and execution time in order 

to get the synthesized plane wave. The length chosen gave a good relation between 

quality of the reconstruction and execution time. Talking now about the magnitude of 

the scattered field captured by the cylinder of antennas, it can be seen that the 

receiving antennas in the top half of the cylinder captured the biggest amount of 

scattered field. It is due to the fact that the tumor is near to that zone and it is the 

tissue that scatters the most. The antennas located in the bottom half captured the 

least due to the fact that the breast is not there and consequently, there is no high 

scattered field received by the receiving antennas. In the cylinder that shows the phase 

of the scattered field, it can be seen how the phase varies all around the cylinder and it 

is due to the presence of different type of tissues with their permittivity values. 

In the 3D reconstructed image, there are not enough details as expected. This is due 

to the low resolution given by the range of frequency used, which corresponds to 7-

28cm for the higher permittivity in the fatty medium. All tissues inside the breast 

which present a high permittivity (including the tumor) mix together to finally only get 
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a shadow in the reconstructed image so; this image does not give enough and good 

quality information.  

5.3.2 FATTY BREAST (BREAST #1) WITH MORE SKIN 

This model corresponds to the same breast as the previous case but forcing the 

skin voxels to appear as mentioned before. Figure 5.4 presents all the pertinent table 

and images. 
 

ID breast 1 

Matching medium 4.738 

   22 

    12 

Range of frequency 0.5-2GHz 

Mesh size 6.9mm 

 
(a) Informative table of the model (b) Numerical model from the online repertory 

  
 

(c) 3D numerical simulated model (d) 3D reconstructed image 
 

  
 

(e) Magnitude of the scattered field captured 

by the cylinder of antennas at 1.17GHz 

(f) Phase of the scattered field captured 

by the cylinder of antennas at 1.17GHz 
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(g) Scenario 

Figure 5.4 Informative table, numerical models, reconstructed image, measured 
scattered field, and scenario of the simplest model with more skin at 0.5-2GHz. 

Comparing this 3D numerical simulated model to the previous one, it can be seen 

that the only difference lies in the fact that the amount of skin around the breast had 

increased. Taking a look to the cylinder of antennas that captured the magnitude of 

the scattered field, it can be seen how the skin produced a higher scattered field due 

to its high permittivity. This can be appreciated in the yellow squares that correspond 

to a field in the order of -10dB captured by the antenna that transmitted the incident 

field (the one circled), while in the previous case, it was in the order of the -13dB.  

Analyzing the 3D reconstructed images, a bigger shadow can be seen. This is due 

to the higher scatter produced by the skin. As the previous case, the reconstructed 

image does not give enough information due to the low resolution that the range of 

frequency gives. 

5.3.3 FATTY BREAST (BREAST #1) FREQUENCY DISPERSIVE AND 

CONDUCTIVE  

This model corresponds to the same breast as the simplest case but its electrical 

properties were calculated as frequency dispersive and conductive. This means that 

the permittivity and conductivity values of each voxel are calculated and assigned 

depending on the frequency that would be illuminated. The pertinent table and images 

are presented in Figure 5.5. 

 
 

ID breast 1 

Matching medium 4.738 

   22 

    12 

Range of frequency 0.5-2GHz 

Mesh size 6.9mm 

Refined mesh size 5.3mm 

(a) Informative table of the model 
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Permittivity Conductivity 
(b) 3D numerical  model from the online repertory 

  
Permittivity Conductivity 

(c) 3D numerical simulated model 

 
(d) 3D reconstructed image 

  
(e) Magnitude of the scattered field captured 

by the cylinder of antennas at 3.33GHz 
(f) Phase of the scattered field captured by 

the cylinder of antennas at 3.33GHz 



50 
 

 
(g) Scenario 

Figure 5.5 Informative table, numerical models, reconstructed image, measured 
scattered field, and scenario of the breast #1 frequency dispersive and conductive at 
0.5-2GHz. 

In the model of this simulation, it is possible to see also the conductivity value of 

each voxel. Comparing it to the permittivity model, in addition to distinguish the 

glandular and tumor tissues, it is easy to differentiate at least two types of fatty tissue 

and the matching medium. Voxels of a lightest, lighter, and darkest blue can be seen 

which represents the matching medium, a fatty tissue, and a fatty tissue with higher 

water content respectively. This was impossible to see in the permittivity model due to 

the fact that there is not a noticeable contrast between the matching medium and the 

fatty tissue, and the fatty tissue and the fatty tissue with a higher content of water. In 

this model, the conductivity was not limited because there were no memory 

requirement problems, so real permittivity and conductivity values were used. 

In the cylinder of antennas that shows the magnitude captured by the antennas, it 

can be seen how the scattered field captured has a smaller magnitude. This is due to 

the effect of the conductivity that causes losses. This can be appreciated more easily in 

the bottom half of the cylinder. 

5.3.4 FATTY BREAST (BREAST #1) AT A HIGHER FREQUENCY RANGE 

As mentioned before, the range of frequency of 0.5-2GHz gives a resolution that is 

too low and does not give details of the reconstruction. For this reason, this simulation 

is done at a higher range of frequency which corresponds to 2-5GHz with 10 frequency 

sampling steps. The breast of the model corresponds to the Breast #1. The electrical 

properties of each voxel are the same for each frequency and correspond to the real 

ones at a frequency            In this first simulation, the conductivity was set to 

zero. The pertinent table and images are presented in Figure 5.6. 
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ID breast 1 

Matching medium 4.589 

   54 

    31 

Rage of frequency 2-5GHz 

Mesh size 28mm 

Refined mesh size 4.8mm 

 
 

(a) Informative table f the model (b) Numerical model from the online repertory 
 

  
 

(c) 3D numerical simulated model (d) 3D reconstructed image 
 

  
 

(e) Magnitude of the scattered field captured 

by the cylinder of antennas at 3.33GHz 

(f) Phase of the scattered field captured 

by the cylinder of antennas at 3.33GHz 
 

 
(g) Scenario composed of 31 ring of with 54 antennas in each ring 

 

 

Figure 5.6 Informative table, numerical models, reconstructed image, measured 
scattered field, and scenario of the breast #1 at 2-5GHz. 

Comparing this numerical model with the one at a lower range of frequency, it can 

be seen how it presents a lower permittivity value due to the fact that the permittivity 



52 
 

and the frequency present an inversely proportional relationship between each other 

as equation 2.15 shows. The decrement of the permittivity can be seen easily at the 

matching medium on (a) that still corresponds to the fatty-2 group. In the scenario, it 

can be seen how the number of antennas needed for this simulation increased due to 

the directly proportional relationship with the frequency according to equations 4.27 

and 4.28. 

It can be realized from figure (e) that shows the magnitude of the scattered field 

distributed all around the cylinder, that the biggest amount of scattered field is 

captured for the right top half antennas. This is due to the fact that the tumor is close 

to that position and it is the tissue that scatters the most. 

Analyzing the reconstructed image (d), it can be said that there is more details on 

it. This is due to the frequency range used which give a resolution up to 2cm that 

adapts better to the required resolution to detect a tumor with a diameter of 1.5cm. 

As a result, more information is obtained in the reconstruction. Close to where the 

tumor should be (black sphere), there is a yellow spot that corresponds to the tumor 

which means that it can be detected. It also can be seen in the reconstructed image a 

red spot that by comparing with the numerical model (c), it can be recognized as a 

tissue with high permittivity that corresponds to a glandular tissue. Because of its big 

shape and high permittivity, it is detected making more difficult the detection of the 

tumor. 

To analyze what scatters the highest field, the coordinates of the point with the 

highest contrast was looked for in the 3D reconstructed image. Then, that point was 

looked for in the 3D numerical model and it is shown in the Figure 5.7 as well as the 3D 

reconstructed image centered at that point. By taking a look to it, it can be realized 

that a big amount of skin voxel are found together which causes the biggest scattered 

and for sure, it happens along other locations too. This mistake is caused by the 

grouping of voxels from the online repertory to create the model to simulate. It is 

appropriate to recall that voxels of 5mm x 5mm x 5mm of skin is not realistic because 

the human skin is not that thick. To solve this problem, voxels with smaller size can be 

used in the model. This was not possible due to the computational limitations. 
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3D numerical simulated model 3D reconstructed image 

Figure 5.7 Numerical model and reconstructed image centered at the point with the 
highest scattered. 

5.3.5 FATTY BREAST (BREAST #1) FREQUENCY DISPERSIVE AND 

CONDUCTIVE AT A HIGHER FREQUENCY RANGE 

This model corresponds to the same breast as the previous case but its electrical 

properties were calculated as frequency dispersive and conductive (   ). The 

pertinent table and images are presented in Figure 5.8. 
 

ID breast 1 

Matching medium 4.589 

   54 

    31 

Range of frequency 2-5GHz 

Mesh size 28mm 

Refined mesh size 4.7mm 

(a) Informative table of the model 

  

Permittivity Conductivity 
(b) 3D numerical  model from the online repertory 
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Permittivity Conductivity 

(c) 3D numerical simulated model 

 
(d) 3D reconstructed image 

  
(e) Magnitude of the scattered field captured 

by the cylinder of antennas at 3.33GHz 
(f) Phase of the scattered field captured by 

the cylinder of antennas at 3.33GHz 
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(g) Scenario 

Figure 5.8 Informative table, numerical models, reconstructed image, measured 
scattered field, and scenario of the breast #1 frequency dispersive and conductive at 2-
5GHz. 

From these images, the most important thing to mention is the fact that the 

reconstructed images present a bigger error in terms of tumor positioning. It also can 

be seen in the cylinder of antennas that shows the magnitude of the scattered field 

captured by the antennas, how the field detected is lower compared to the Figure 5.6 

(e). This is caused by the losses produced by the conductivity and it affects to the 

reconstruction by showing a lower contrast between tissues. 

In order to test other ways to reconstruct the images, a differential reconstruction 

was considered. This method consists in calculating the direct problem of the 

numerical model with the tumor and, as a second step, it is also calculated for the 

numerical model without the tumor. Then, the direct problems are subtracted to 

finally apply the algorithm to the resulted scattered field. In Figure 5.9, the pertinent 

table and images are presented. 

 

ID breast 1 

Matching medium 4.589 

   54 

    31 

Range of frequency 2-5GHz 

Mesh size 28mm 

Refined mesh size 4.7mm 

(a) Informative table of the model 
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Permittivity Conductivity 
(b) 3D numerical  model from the online repertory 

  
Permittivity Conductivity 

(c) 3D numerical simulated model 

 
(d) 3D reconstructed image 

  
(e) Magnitude of the scattered field captured 

by the cylinder of antennas at 3.33GHz 
(f) Phase of the scattered field captured by 

the cylinder of antennas at 3.33GHz 
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(g) Scenario 

Figure 5.9 Informative table, numerical models, reconstructed image, measured 
scattered field, and scenario of the differential reconstruction of the breast #1 
frequency dispersive and conductive at 2-5GHz. 

It can be seen from this images, that by eliminating all tissue around the tumor, 

reconstructions with really high quality can be obtained. In the image (e), it can be 

seen how the magnitude of the scattered field captured corresponds almost entirely to 

the tumor. 

It is obvious that in real life, it is impossible to make a measurement of a breast 

with the tumor and another one without it. However, what can be actually done it is to 

selectively change the electrical properties of a part of the breast while the rest of 

tissue remains unchanged. In particular, the first measurement can be made with the 

breast in normal conditions and another one where only the electrical properties of a 

possible tumor are changed to get a higher contrast on it. Finally, the algorithm can be 

applied to the resulting scattered field from the subtraction of both cases and images 

of a differential reconstruction can be obtained. A possible technique to selectively 

change the permittivity of the tumor is the hyperthermia [45]. Another technique that 

could be used is the injection of a contrast agent that could affect only the properties 

of the tumor [46].  

5.3.6 SCATTERED FIBROGRANDULAR BREAST (BREAST #2) FREQUENCY 

DISPERSIVE AND CONDUCTIVE AT A HIGHER FREQUENCY RANGE 

This part is devoted to check how the reconstruction algorithm works in other 

kinds of breasts. This breast is classified as a scattered fibroglandular one by the online 

repertory [21]. The electrical properties of each voxel of the model are calculated as 

frequency dispersive and conductive. The pertinent table and images are presented in 

Figure 5.10. 
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ID breast 2 

Matching medium 4.589 

   54 

    31 

Range of frequency 2-5GHz 

Mesh size 28mm 

Refined mesh size 4.7mm 

(a) Informative table of the model 

  
Permittivity Conductivity 

(b) 3D numerical  model from the online repertory 

  
Permittivity Conductivity 

(c) 3D numerical simulated model 

 
(d) 3D reconstructed image 
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(e) Magnitude of the scattered field captured 

by the cylinder of antennas at 3.33GHz 
(f) Phase of the scattered field captured by 

the cylinder of antennas at 3.33GHz 

 
(g) Scenario 

Figure 5.10 Informative table, numerical models, reconstructed image, measured 
scattered field, and scenario of the breast #2 frequency dispersive and conductive at 2-
5GHz. 

In this numerical model, breast tissues with low water content are less common. 

On the contrary, tissues with higher permittivity and conductivity values are found 

which makes difficult to find the tumor because it could be masked by these tissues 

that besides, are really close to the tumor. Even though it is a breast classified as a 

scattered fibroglandular, the most common tissue among the entire breast is the fatty-

2 group. Hence, the matching medium is set as this type of tissue like the Breast #1 

case.  

In the cylinder of antennas that captured the magnitude of the scattered field, it 

can be seen how the bottom half does not capture much field. This is due to the fact 

that this breast is smaller than breast #1 and the scattered field does not go to the 

bottom half.  

The differential reconstruction of this breast was also done to this model and the 

reconstruction images are shown in Figure 5.11. As it can be observed, the 

reconstructed image clearly shows the position of the tumor with a small error even 

though the tissues of this breast present high electrical properties. This is due to the 

fact that the tumor is masked by tissues with high complex permittivity values. These 

tissues scatter higher fields and it could be realized by taking a look to (e). 
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As it can be seen, it is very important to find a way to change the electrical 

properties of the tumor in order to make possible a differential reconstruction because 

it gives results with good quality and resolution. 

 

ID breast 2 

Matching medium 4.589 

   54 

    31 

Range of frequency 2-5GHz 

Mesh size 28mm 

Refined mesh size 4.7mm 

(a) Informative table of the model 

  
Permittivity Conductivity 

(b) 3D numerical  model from the online repertory 

  
Permittivity Conductivity 

(c) 3D numerical simulated model 

 
(d) 3D reconstructed image 
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(e) Magnitude of the scattered field captured 

by the cylinder of antennas at 3.33GHz 
(f) Phase of the scattered field captured by 

the cylinder of antennas at 3.33GHz 

 
(g) Scenario 

Figure 5.11 Informative table, numerical models, reconstructed image, measured 
scattered field, and scenario of the differential reconstruction of the breast #1 
frequency dispersive and conductive at 2-5GHz.  
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Chapter 6 CONCLUSIONS 

 

In this thesis, the feasibility of an alternative/complementary method to detect 

early stage of breast cancer called the UWB Magnitude-Combined (MC-UWB) 

tomographic algorithm is assessed by applying it to different realistic breast phantoms. 

The main reason of this research is the fact that the most popular method used 

nowadays called mammography, presents several drawbacks being the most 

remarkable ones the ionization issues caused by the high frequency of its radiation, 

and the discomfort produced to the patient caused by the high compression of the 

breast to get better results. Besides, it presents a 20% of false-negative and a 5-15% of 

false-positive rates that leads to many unnecessary biopsies. For this reason, a solution 

based on microwave imaging is assessed in this project for breast cancer detection.  

In order to create the models on which the algorithm was going to be applied, an 

intensive study of the breast tissue had to be done. At microwave frequencies, it is 

possible to detect changes on the electrical properties of the tissue. Two parameters 

are very important to characterize these properties which are the permittivity and the 

conductivity. The first one measures the degree of polarization of the tissue in 

response to an electric field. On the other hand, the second one characterizes the 

tissue’s ability to absorb energy and to attenuate it. The electrical properties of the 

tissue are correlated with its water content. The higher the water content of the 

tissue, the higher the electrical properties. The tissues that present the highest water 

content correspond to tumors and fibroconnective/glandular tissue. On the contrary, 

the ones that present the least water content correspond to fatty tissue. There is also a 

relationship between the electrical properties and frequency. The higher the 

frequency, the lower the permittivity, the higher the conductivity. Depending on these 

properties, tissues scatter different amount of fields which can make possible the 

reconstruction images by applying the algorithm to it. 

Speaking about the inverse problem, it is based on illuminating an object under 

test with a plane wave. As it is well known, this is impossible to get in a near field 

measurement setup consisting of a cylindrical configuration array of antennas. So, a 

plane wave field has to be synthesized by applying a synthetic aperture approach, 

which conveniently weights the existing cylindrical waves created by each source 

located along the cylinder of antennas. To obtain the scattered field produced by the 

breast models, ideally an infinite number of antennas completely surrounding the 

body under test should be used. To be able to reconstruct images with acceptable 

errors, the Nyquist criteria have to be fulfilled. Because the cylinder of antennas in the 

  axis cannot be infinite but finite, the truncation of it affects the resolution in axis. As 
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a result, the best resolution is not obtained in the XZ reconstruction plane nor the YZ 

reconstruction plane but in the XY reconstruction planes.  

 To obtain reconstructions with high quality, the scenario has to be well chosen. A 

very important parameter to be set is the frequency because it is the one that 

establish the resolution in the reconstruction. It is important to have in mind the 

relationship that exists between frequency and electrical properties, in particularly, the 

conductivity that represents the absorption of the incident field by the tissue because, 

the higher the frequency, the higher the losses.  Another parameter that is important 

to set properly is the matching medium. To avoid important reflections in simulation 

between the breast and the matching medium, it should have the same permittivity as 

the most common tissue in the breast which corresponds to the fatty tissue 

independently to the kind of breast. 

The skin is always an issue in microwave imaging. This is due to the fact that it 

presents a high complex permittivity with respect to the fatty tissue. It also becomes 

an issue the fact that the fibroconnective/glandular tissue and the tumor present 

similar electrical values. This makes the detection of the tumor out of the other types 

of tissue even harder. This problem is more important when the tumor is located close 

to fibroglandular tissue. That type of tissue causes undesirable and unexpected 

shadows on the reconstructions which can mask the tumor. 

The location mismatches in the tumor detection obtained by the algorithm are 

due to the assumption that the wave propagation in the body to study is constant. This 

is not true due to the heterogeneity presented by the breast composed by different 

types of tissues. So, the more drastic the electrical properties of the tissue are, the 

worse the approximation is, and the bigger error is obtained in the reconstruction 

images. This can be seen by comparing reconstruction images from a breast that is 

classified as an almost entirely fat breast as the breast #1 and a breast classified as a 

scattered fibroglandular one as the breast #2. Nevertheless, the issues produced by 

high contrasts between the permittivity values involved with the body under test is the 

price that one has to pay if it is interested in having a reconstruction algorithm non-

iterative, robust and computationally efficient.  

Differential reconstructions are the ones giving the best results. In real life, this is 

challenging but it is important to find a method to increase the electrical properties of 

the tumor in order to increase the contrast between it and other kinds of tissue. 

As a future work, it would be appropriate to simulate and reconstruct a 

heterogeneously dense breast or a very dense breast from the online repertory [21] in 

order to check how the algorithm behaves. 
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