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Abstract 

 
 This paper addresses a novel microwave tomography method for the reconstruction of the dielectric properties of 
breast tissue using the percentage of the tissue water content. The reconstruction algorithm consists of a combination of 
a binary and a real Genetic Algorithm (GA). 
 

1.  Introduction 
 

The microwave imaging technique is a relatively new tool for the characterization, monitoring, and treatment 
of breast cancer using energy at microwave frequency range. The efficacy of these techniques depends on the different 
dielectric properties of benign and malignant breast tissue, because this technique relies on the absorption and scattering 
energy of different breast tissues. Recent extensive characterization of the dielectric properties of different tissue types, 
including all types of normal, malignant, and benign breast tissues obtained from reduction and cancer surgeries, in the 
frequency range 0.5 to 20GHz, has been performed by Lazebnik et al. [1]. This study shows that the dielectric 
properties of breast tissues are dispersive, and they change with the water content amount. The goal of classical 
microwave tomography is to recover the dielectric properties profile of the breast by solving an inverse problem. This 
algorithm generally involves matching measured data with data computed using a model (forward problem). The 
challenge of microwave tomography, however, is that it involves the solution of an ill-conditioned nonlinear inverse 
scattering problem which is often computationally intensive and inherently has non-unique solutions. Recently, the 
authors developed the numerical simulation tomography method based on Frequency Dependent Finite Difference Time 
Domain and Genetic Algorithm ((FD)2TD/GA) for detecting breast cancer [2]. The (FD)2TD algorithms are effective 
techniques for calculating electromagnetic fields in multilayer inhomogeneous and dispersive objects, and GA is a well 
known optimization strategy able to deal with nonlinear functions such as those arising in the inverse scattering 
problem. However, the use of iterative procedures such as GA often makes the reconstruction process computationally 
expensive, and the procedures may not result in the best answer. To solve the computational expensiveness, the authors 
implemented the parallel version of ((FD)2TD/GA) using a Message Passing Interface (MPI) that decreases the 
computational runtime[3]. Also, it is the nature of GA as a nonlinear random optimization method that prevents the 
certainty of having the best answer. The contribution of this paper is to mitigate this problem by using both Binary 
Genetic Algorithm (BGA) and Real Genetic Algorithm (RGA) in order to decrease the number of possible solutions, as 
well as to provide more information about breast tissue such as type and percentage of water content. The paper is 
organized in the following manner: First the microwave tomography technique based on (FD)2TD/GA is explained. 
Next, The formulation of (FD)2TD for a frequency dependent complex permittivity that incorporates dispersion and 
water content dependency using the first-order Debye equation in the Finite Difference Time Domain (FDTD) model is 
presented. Then we discuss the optimization method based on BGA and RGA in order to solve inverse problem. 
Finally, the proposed microwave tomography technique is applied to a simple numerical example that represents a 
breast phantom with an inhomogeneous scatterer profile, and the map of dielectric properties inside the breast phantom 
is reconstructed. 

 
2.  Microwave Tomography Method 

 
In microwave imaging the goal is to determine the map of dielectric properties inside the breast. In tomographic 

microwave imaging approaches, several microwave transmitters illuminate the breast, and the scattered field in 
numerous locations is measured. Then, the spatial distribution of the tissue dielectric properties are obtained from these 
scattered fields by solving the inverse scattering problem. In other words, the microwaves penetrate the body and 



structural and functional information about the tissues is extracted from the scattered signals. Microwave tomography 
methods consist of two parts: forward solver and inverse algorithm.  

 
2.1  Forward Solver 

 
In the proposed technique, the Finite Difference Time Domain (FDTD) method, as a forward solver, is used 

intensively to simulate microwave interactions with breast tissue, in order to generate the scattered field around the 
object. Therefore, the information of the dielectric properties of breast tissues is required. The normal tissue sample has 
been divided into three adipose-defined groups: 0-30% adipose content, 31-84% adipose content, 85-100% adipose 
content [1]. Fig. 1 shows the dielectric constant of different breast tissues having different levels of water content at 
different frequencies. Therefore, as can be seen in this figure, the dielectric properties of biological tissues are functions 
of frequency as well as water content. The frequency dependence of dielectric properties of breast tissues can be 
efficiently described in FDTD numerical method by using the single-pole Debye model given by (1) [4].  
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where ε0 is the permittivity of the free space, εs and ε∞ are the dielectric constants at zero (static) and infinite frequency, 
respectively, ω is the angular frequency and τ0 is the relaxation time constant. In addition, the percentage of water 
content can also be included into the single pole Debye model [5]. Therefore, the parameters of the Debye model 
become functions of both water content and the dielectric properties of the lower and upper bounds of each group, and 
can be defined as:  
σs = p σsu + σsl – p σsl 
ε∞ = p ε∞u  + ε∞l  – p ε∞l                                                  (2) 
εs = p εsu  + εsl  – p εsl 

where σsu and σsl are conductivity, ε∞u  and ε∞l are permittivity at infinite frequency, and εsu and εsl are dielectric constant 
at zero frequency for the upper and lower bounds of the corresponding group, respectively. Table I shows the single 
pole Debye parameters of the different breast tissue at different frequencies [6].  

2.2  Inverse Algorithm 

In the proposed technique, the inverse problem is solved by using the binary and real GA as a global optimization 
algorithm. After discretizing the unknown domain, the dielectric properties of the solution domain are used as 
parameters to optimize the cost function. In the GA programs, the enclosed scattering region is discretized into a 
number of small patches and a dielectric permittivity and conductivity pair (εj,σj) is assigned to each patch, where j is 
the index to the patch location. Therefore, the combination of dielectric properties for each patch is the gene. In this 
method, the GAs consider only a few types of material by using a look-up table. The optimization part is divided into 
two steps. At the first step, the BGA is employed in order to determine the type of the tissue for each patch. In the 
second step, by using RGA for the candidate solutions the search is performed for different of the right amount of water 
content. In the BGA, the look-up table consists of first order Debye parameters for four different tissue types: fibro-
glandular, fatty, transitional, and malignant tissues with 50 percent as the water content percentage [6]. For each patch, 
a two bit identifier can designate it as one of four types of tissue. In BGA the chromosome is expressed as a binary 
string. Therefore, the search space of the considered problem is mapped into a binary space. After reproducing an 
offspring, a decoder mapping is applied to the look-up table to map them back to real space in order to compute their 
fitness function values. The optimizing parameter here is the type of breast tissue for each patch of search space. The 
BGA program stops when the average quality of the population does not improve after a number of generations. The 
best individuals of the last generation of BGA are passed to the second step which is RGA. For the RGA the look-up 
table consists of first order Debye parameters from the upper to lower end of the range for four the same types of breast 
tissue with various water content levels. RGA optimizes the percentage of water content. The result of BGA is a map of 
the dielectric properties inside the breast phantom and for the RGA is the water content of that tissue. The fitness value 
is the difference between the measured and simulation data at different angles of reflection around the object, using four 
different angles of incidence at different frequencies (For a more detailed explanation of this process, see [7].) It is 
worth mentioning that the GA programs are not guaranteed to converge to the optimal solution, but by using RGA and 
looking at the behavior of the best fitness values at different generations for each individual of those possible solutions 
obtained by BGA, one can choose a population that is adequate to the problem and thus increase the chance of success.   

 



3.  Numerical Results 
 

 Fig. 2 depicts a cross-sectional view in the x-y plane of the breast phantom. The goal is to image a homogeneous 
object (tumour) inside a heterogeneous background (fatty, glandular, transitional tissue). The inhomogeneous 
background has a diameter of 12cm. It is filled with fatty tissue and has square shaped tumour, fibro-glandular and 
transitional tissue with sides of 1.5cm. It is covered by an outer layer (skin) with a thickness of 2mm and having 
different dielectric properties. The dispersive dielectric properties of normal breast tissue used in this example are given 
in Table I. The phantom is illuminated by a Gaussian plane wave at different angles and the scattered fields are 
measured by 100 receiver antennas surrounding the phantom. In this paper, the measured data are replaced by 
hypothetical measured data obtained by running a forward simulation using (FD)2TD with dielectric properties of breast 
tissue containing 70 percent water content. The (FD)2TD code uses a uniform grid consisting of 600×600 cells with 
square unit cells of 0.3mm, a time step of ∆t=0.5ps and a solution space bounded by ten MPMLs. The incident wave is 
a Gaussian pulse E(t)=exp(-(t-t0)2/2T2) where t0=60∆t and T=10∆t. The frequency range used in this example was 
between 3-10GHz, because it can be efficiently described by first order Debye parameters in FDTD program. Also, we 
assumed that the contrast between fibro-glandular and malignant tissues persists at around 10% over the frequency 
range (3-10GHz) [1]. In the first step, the BGA optimization starts from a homogeneous fatty tissue background and 
fills in some inhomogeneous patches of possible materials inside the area. After running the (FD)2TD as a forward 
solver, the scattered field is measured at the receiver antennas for each one of four incident angles. Then, the fitness 
value is evaluated for all individuals (i.e. all suggested arrangements of non-homogeneity). Fig. 3 shows the map of 
dielectric properties of the recovered image at 6GHz using the proposed technique. Fig. 4 shows another example with a 
breast phantom the same as previous example with different layer of breast tissues. Fig. 5 shows the optimized 
permittivity maps at 5GHz, illustrating that for the geometry of breast phantom Fig. 4 the different breast tissues could 
be detected. This method can also be applied to the breast phantom with higher resolution. However, this results in 
longer runtimes. 
 

4.  Conclusion 
 

The heterogeneity of normal breast tissue dielectric properties is high. Furthermore, the vast majorities of breast 
cancers arise in glandular tissue, and as tumours develop and grow, the amount of glandular tissue increases. Therefore 
inverse scattering techniques are necessary to characterize and monitor the breast tissue and the changes in their 
dielectric properties, because these techniques image the entire breast. This paper’s primary goal was to present an 
alternative method to create a map of dielectric properties of breast tissue inside the breast. To that end, we employed 
real and binary GA. The BGA obtained the information about the type of breast tissue and the RGA gave us the 
information about water content percentage of them. 
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Fig. 1. Dielectric constant of breast tissues 

   Table I. Single pole Debye parameters of the 
different adipose content [6] 

 

 
Fig. 2. Breast phantom with skin, breast tissues and a 

square shaped malignant tumour (top view) 
 

 
Fig. 3. Map of dielectric constant for the breast 

phantom shown in Fig. 2 

 

 
Fig. 4. Breast phantom with skin, breast tissues and a 

rectangular shaped malignant tumour (top view) 

 
 

 
Fig. 5. Map of dielectric constant for the breast 

phantom shown in Fig. 4 

 

Medium 
0-30% 
adipose 
content  

31-84%  
adipose 
content  

85-100% 
adipose 
content  

Malignant 
tumour 

ε∞u 23.20 12.99 3.987 9.058 
εsu 69.25 37.19 7.535 60.36 

σsu(S/m) 1.306 0.397 0.080 0.899 
ε∞l 12.99 3.987 2.309 23.20 
εsl 37.19 7.535 2.401 69.25 

σsl(S/m) 0.397 0.080 0.005 1.306 
τ0(ps) 13.0 13.0 13.0 13.0 
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