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Abstract: This paper presents the method of homogenization of several different biological tissues in order to simplify the numerical calculation of the electric field distribution 
in certain biological structures of interest. For this purpose, a 3D model was used with blocks that have the same electromagnetic characteristics as their corresponding 
biological tissues of the human head. The results obtained in the case of homogenized block model were compared with the ones obtained by using the original 
heterogeneous model containing the following tissues: skin, fat, muscle, bone, and brain. Homogenization of the model has been caried out only for the layers that precede 
the layer in which the analysis of electric field distribution was performed. A smart phone was used as the source of electromagnetic radiation at a frequency of 0,9 GHz. A 
comparative analysis of the electric field intensity in the layer of interest indicates good matches for the heterogeneous and homogenized models. Based on the obtained 
results, deviations in the electric field intensity can be observed for both models. These deviations range from 3,7% to 5,2% for different layer thicknesses.The proposed 
homogenization method significantly simplifies the modelling and also reduces the simulation time required to obtain appropriate results. 
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1 INTRODUCTION 
 

If a biological tissue stands in the way of 
electromagnetic (EM) wave propagation, the wave will 
penetrate the tissue and a part of the wave energy will be 
absorbed by the tissue. When an electromagnetic wave 
passes from one biological medium to another, there is a 
difference between the input and the output wave energy at 
the separation surface. This difference represents the 
absorbed energy. 

Calculation of an EM field inside a human body is very 
complex, because the human body is a heterogeneous, 
nonlinear, and dispersive medium. Therefore, it is 
necessary to use an adequate numerical method. Numerical 
calculations are a combination of mathematical methods 
and field theory and they require using a mathematical 
model to correctly describe the problem by means of 
differential equations, integral equations, or variance 
expressions [1-5]. 

The results presented in [1] showed that the modeling 
of electric field distribution in tissues during 
electroporation has to take into account the changes in 
electrical conductivity when an electroporation-based 
treatment is planned. 

In study [3], the mathematical model of 
electromagnetic parameters devoted to Specific Absorption 
Rate (SAR) was developed using a Debye Model. An 
anthropomorphic phantom model for the SAR test was 
created based on the geometric parameters by following the 
principles of resemblance and consistent conductivity. 

An analytical model for investigating the feasibility of 
sinusoidal transmission of an electric field across a frozen 
physiological layer into biological tissue is presented in 
[4]. The concept was analyzed for frequencies in the range 
of conventional electroporation frequencies and electric 
field intensity. 

The authors of [5] used an improved Newton's method 
to predict pulse voltages and to verify the fit of the method 
for different tissue parameters in a numerical calculation 
developed for electroporation. 

Study [6] describes some numerical methods 
developed for the calculation of induced electric fields and 
SAR in the case of anatomically based heterogeneous 

models of the human body. The impedance method used at 
lower frequencies and the finite difference time domain 
(FDTD) method, which can be used at any frequency of 
interest, are also presented. 

The numerical methods for solving Maxwell's 
equations are presented in [7]. Numerical methods that 
describe the interactions of EM fields with the human body 
provide a way to obtain information that is necessary for 
assessing the exposure of biological tissues to EM fields. 

A new methodology for empirical comparisons of 
competitive computational methods for solving 
bioelectromagnetic problems is presented in [8]. The 
methodology is tested by comparing three numerical 
methods for performing bioelectromagnetic simulations: 
Finite-Difference Time-Domain (FDTD) and two Fast 
Fourier Transform (FFT)-accelerated integral-equation 
methods, Adaptive Integral Method (AIM), and 
Generalized Minimal Residual variant (GMRES-FFT). 

Numerical methods for solving electromagnetic field 
problems are presented in [9]. The purpose of numerical 
electromagnetics is to find solutions to Maxwell's 
equations or equations derived from them that satisfy all 
boundary conditions, electromagnetic properties of 
materials, as well as excitation conditions specific to a 
given problem. 

Study [10] refers to an overview of Fractional Calculus 
(FC) methods in electromagnetic theory, as well as their 
application to dielectric relaxation modeling. Various 
numerical techniques related to the dispersive dielectric 
media are discussed through simulations based on FDTD 
methods. 

The procedure for determination of the dielectric 
properties of heterogeneous materials that have complex 
permittivity parameters is considered in [11]. Several 
different accepted mixing rules are presented and the 
effects of structure and internal geometry of the mixture on 
the effective permittivity are illustrated. 

In [12], the internal homogenization method is 
introduced to determine the effective physical properties 
(permittivity and conductivity) of biological tissues. This 
method is performed on a 2D child head model obtained 
from MRI data. The obtained results are compared with the 
results obtained from the original heterogeneous model and 
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effective medium theories such as Maxwell-Garnett and 
Polder van Santen. 

Homogenization has an important role in simplifying 
the structure and reducing the time required for numerical 
calculation of EM field propagation in biological 
structures. Homogenization consists of replacing the entire 
complex structure with a simplified model that has 
effective physical properties. In some studies [10, 12, 13], 
different approaches to the homogenization procedure of 
the multilayer structure are proposed. 

The new approach presented here is supposed to 
simplify the procedure of determining electric field 
distribution for a specific biological tissue. Specifically, if 
the goal is to determine electric field distribution in a tissue 
through which an EM wave propagates, having previously 
passed through another medium, then it is necessary to 
consider all parameters that may affect a change in the EM 
wave. The wave can be affected to a greater or lesser extent 
by the composition of the media through which it 
propagates, whether they are biological or other media, as 
well as by the conditions at the separation areas between 
two different media. This results in a change of 
electromagnetic wave penetrating depth or the energy 
carried by the wave. 

This model is designed so that all the layers/media on 
the path of the electromagnetic wave to the certain 
biological tissue for which it is important to determine the 
electric field distribution can be approximated into a single 
layer. 
 
2 ELECTROMAGNETIC PROPERTIES OF BIOLOGICAL 

TISSUES 
 

Detailed knowledge of dielectric properties of 
biological tissues is essential to the understanding of 
interaction between EM radiation and the human body. EM 
properties of tissues, which are frequency dependent, are 
described using the dielectric constant ε magnetic 
permeability μ, and specific conductivity σ. These 
parameters describe the interaction of external EM field 
with biological tissue. 

For almost all media, the values of EM parameters 
vary depending on the signal frequency. 

Biological tissues can be viewed as materials whose 
relative magnetic permeability r  is presumed to be 1 and 

that 0  . 

Dielectric properties of materials are determined by a 
complex relative dielectric constant r  [14], which is 

expressed as 
 

r r rj                  (1) 

 
where r   is the real part of the relative dielectric constant 

and it denotes the charge displacement and, consequently, 
displacement of the energy present in the material; r  is 

the imaginary part of the relative dielectric constant, also 
called the external loss factor, and it denotes the power 
dissipation [14]. 

Conductivity is the result of free charge movement, 
while permittivity occurs due to stationary dipoles. In a 
stable state, the difference between conductivity and 

dielectric constant is clear, but at higher frequencies the 
two become connected. 

The complex electrical conductivity [14] can be 

represented as 
 

r 0/                 (2) 

 
where ω (rad/s) is the angular frequency (ω = 2πf). 

Both the real and the imaginary parts of complex 
conductivity may depend on the frequency. 

For many bioelectric phenomena, the first expression 
in Eq. (2) is much larger than the second, so the tissue can 
be presented as purely conductive [15]. 

The external loss factor r   is connected with electrical 

conductivity via the following equation [14]: 
 

j               (3) 

 
where 0  is the dielectric constant of vacuum and ω is the 

angular frequency of the field. 
Several techniques that provide a numerical solution to 

Maxwell's equations are available. They can generally be 
classified into two categories - those based on the 
differential equation (DE) and those based on the integral 
equation (IE). Further classification can be made according 
to whether the calculation is performed in the time domain 
or the frequency domain. Some of those methods include 
Finite-Difference Time Domain (FDTD), Finite 
Integration Technique (FIT), Method of Moments (MoM), 
and Finite-element Method (FEM) [7]. 

As stated, the electrical properties of tissue are 
frequency dependent and therefore dispersive. 
Consequently, the frequency dependence of ε and σ must 
be taken into account at high frequencies. 

Dispersion can be represented using the Debye and 
Cole-Cole formulation [14, 16] in the form of equations: 
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where   is the complex relative permittivity as a function 
of ω; 0 is the permittivity of free space;  is the 

permittivity at frequencies for which 1  ;

n s     is the magnitude of the dispersion; s is the 

permittivity when 1  ; i is static conductivity; and 

n is the contribution to the broadening of the dispersion. 

In [17], the use of a multiple Debye parameterization 
of the form was proposed in order to optimize the time 
needed to perform calculations 
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Some studies present the concepts of dielectric mixing. 

Based on it, the effective permittivity of the mixture can be 
calculated as a function of the permittivity of the integral 
parts, their fractional volumes, and potentially of other 
parameters that characterize the microstructure of the 
mixture [11]. In [12], the possibility of modifying electrical 
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parameters in order to achieve homogenization of 
biological tissues is shown. 
 
3 NUMERICAL MODELS 
3.1 Electromagnetic Radiation Source 
 

The source of radiation is represented by a numerical 
model of a smart phone [18-20] containing a casing, a 
display, and an antenna (Fig. 1). 
 

 
Figure 1 Actual smart phone 

 
The mobile phone antenna is a planar inverted F 

antenna (PIFA) with S-Parameter characteristic, as shown 
in Fig. 2. The operating frequency of mobile phone f = 0,9 
GHz is used in this study while the output power is P = 1 
W [21] and the impedance is Z = 50 Ω. 

 

 
Figure 2 S-Parameter of the PIFA antenna for f =0,9 GHz 

 
3.2 Numerical Block Models of Biological Tissue 
 

The model for biological tissues was created as a block 
model in which each block represents one biological tissue 
(Fig. 3). The layout of biological tissues was selected so as 
to match the actual order of tissues and organs of the 
human head [18-20, 22-24]. The realistic layout of tissues 
and organs in a human head is shown in Fig. 4. 

Colours on the left of Fig. 4 correspond to the colours 
of tissues/organs on the right. Comparison of obtained 
values of electric field distribution will be made along the 
horizontal blue line passing through the block model. 

Each block is described according to the EM properties 
of the biological tissue it represents. Tab. 1 provides the 
EM properties of human head tissues/organs used in the 
simulations for the operating mobile phone frequency of 
0,9 GHz [25]. 
 

 
Figure 3 External appearance of the block model 

 

 
Figure 4 Vertical and horizontal cross-section of the model 

 
The entire modelling of the mobile phone and the 

block model representing biological tissues, as well as the 
entire simulation of EM wave propagation from the mobile 
phone, were carried out using CST Studio Suite [26]. This 
software is based on the FIT (Finite Integration Technique) 
method [27]. 

The simulation yielded the EM field distribution inside 
the block model representing biological tissues. The values 
obtained for electric field intensity for different block types 
were used to verify the accuracy of the approximation 
method. 
 

Table 1 Electromagnetic properties of tissues and organs at f = 0,9 GHz 
Tissues r  σ / Sm‒1 ρ / kgm‒3 

1. Skin 38,9 1,180 1109 
2. Fat 11,0 0,190 911 

3. Muscle 53,5 1,340 1090 
4. Bones 11,8 0,275 1908 
5. Brain* 46,1 1,710 1046 

* Electromagnetic properties defined as average value 

 
4 ELECTRIC FIELD IN BIOLOGICAL TISSUE 
 

The following conditions apply for electric field 
components at the separation surface between the two 
media (Fig. 5): 
 

1 2t tE E            (6) 

 

1 1 2 2n nE E            (7) 
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Figure 5 Components of electric field strength vector at the separation surface 

 
When the surface charge density on the separation 

surface is equal to zero, applying appropriate mathematical 
transformations will yield the relation between the 
complex representatives of normal components of the 
electric field strength vector in both media [28]: 
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Effective values can also be applied in the same way: 
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During propagation in a biological tissue, field 

strength and energy absorption are attenuated. The electric 
field amplitude will then change according to the following 
law: 
 

2 1 e zE E                 (10) 

 
where E2 is the field intensity at distance z from the 
separation surface, E1 is the field intensity at the separation 
surface, and α is the attenuation constant 
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The attenuation constant is equal to the reciprocal 

value of penetration depth δ, which is determined as 
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4.1 Averaging of Quantities 
 

The approximation procedure, or the simplification of 
calculation, is shown in Fig. 6. Let us assume that we wish 
to qualify the electric field distribution in the nth medium. 
As the field distribution in the media preceding the target 
medium is not of interest at this point, it is necessary to 

simplify all calculations pertaining to these media as much 
as possible, while preserving a high degree of calculation 
accuracy. 

The upper portion of Fig. 6 shows the entire series of 
different media (layers), described according to their EM 
properties. During the calculation, for each of these media, 
attention should be given exactly to the EM properties, to 
the thickness of the media/layers themselves, and to the 
conditions at the separation surface. All this complicates 
the entire calculation process and extends calculation time. 

The same figure also shows how the approximation, 
i.e., simplification of the problem, was performed. Namely, 
all layers preceding the layer of interest were unified into a 
single layer, with an appropriate choice of parameters that 
describe the newly-formed layer. All the parameters 
describing this layer are the same as for every individual 
layer, the only difference being that averaging was applied. 
The EM parameter values of each individual medium were 
considered and an approximation was performed for each 
separate parameter. The averaging procedure is given by 
Eqs. (13) to (15). 
 

 
Figure 6 Procedure of averaging multiple layers into a single layer 

 
The expressions for averaged ε, σ, and ρ are: 
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5 RESULTS 
 

The verification of the accuracy of the applied method 
will be analyzed for multiple different simulations of EM 
wave propagation from the mobile phone. To obtain results 
that are as accurate as possible, for every simulation, 
identical conditions were used for the phone radiation and 
for the entire space encompassed by the simulation. 

Every simulation utilized a block model with identical 
external dimensions and with layers simulating specific 
biological tissues, as shown in Fig. 4. All tissues are 
described using their corresponding EM properties. The 
only difference between the blocks used in the simulation 
is the thickness of individual layers, which should 
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simultaneously serve as the indicator of potential 
application of approximation methods in the calculation of 
electric field distribution inside a specific biological tissue. 

For every example, we created two numerical block 
models and two simulations of the effects of mobile phone 
radiation on the given models. The first block model 
contains all six layers (biological tissues), ordered as 
follows: the skin, fatty tissue, muscles, skull bones, the 
brain, and again skull bones. 

In contrast, the second block model consists only of 
two layers. The first layer is a layer obtained through 
unifying the first five layers of the first block model into a 
single layer, while the second is identical to the sixth layer 
of the first block model. In the first layer of the second 
block model, we applied the previously described 
averaging of EM properties of all biological tissues 
constituting the layer. 

 
5.1 Example I 
 

Tab. 2 shows the thickness of every layer of the first 
block model viewed from the side of the mobile phone. 
Tab. 3 shows the EM properties of the averaged layer in 
the second block model, obtained by applying Eqs. (13) to 
(15). 
 

Table 2 Dimensions of specific layers 
Tissue d / mm 
Skin 2 
Fat 2 

Muscles 2 
Bone 4 
Brain 10 

 
Table 3 EM properties of the averaged layer 

EM properties 
d = 20 mm 
εr = 36,16 
μr = 1 

σr = 0,604 S/m 
ρr = 1215,6 kg/m3 

 
Fig. 7 shows the electric field distribution for both 

block models. The electric field strength is limited to the 
same value in the colour palette for both cases, for 
improved visibility and comparability of field distribution 
in each individual layer. 
 

 
                   a) Multilayer model                     b) Averaged model 

Figure 7 Distribution of electric field E (V/m) for both block models 
 

  As previously stated, the entire approximation model 
was conceived to produce the results of electric field 
distribution in a given biological tissue and to unify all the 
other tissues preceding it into a suitable single medium that 
will adequately represent them.  

The distribution of the electric field for both models 
along the direction shown in Fig. 4 is represented in Fig. 8 
and Fig. 9. 

The distribution of the electric field along the layers 
that will be homogenized is shown in Fig. 8, while the 
distribution in the layer which is the same for both the 
homogeneous and the homogenized model and which 
starts 20 mm from the starting point is given in Fig. 9. 

The graph shown in Fig. 9 indicates that the shape of 
the lines representing electric field intensity is the same 
after the 20 mm distance point for both models. Deviations 
in electric field intensity values are negligible, with 4,9% 
being the largest registered deviation for both models. 

 

 
Figure 8 Graph of dependence of E (V/m) on distance 

 

 
Figure 9 Graph of dependence of E (V/m) on distance 

 
5.2 Example II 
 

Tab. 4 and Tab. 5 show the thickness of layers in the 
first block model and the EM properties of the averaged 
layer in the second block model according to the same 
principle as in example I. 
 

Table 4 Dimensions of specific layers 
Tissue d / mm 
Skin 1 
Fat 3 

Muscles 5 
Bone 6 
Brain 5 

 
Table 5 EM properties of the averaged layer 

EM properties 
d = 20 mm 
εr = 32,7 
μr = 1 

σr = 0,53 S/m 
ρr = 1298,5 kg/m3 
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           a) Multilayer model                    b) Averaged model 

Figure 10 Distribution of electric field E (V/m) for both block models 
 

The distribution of the electric field for both models 
along the direction shown in Fig. 4 is represented in                      
Fig. 11 and Fig. 12. 

As in the previous example, the averaged layer 
thickness is also 20 mm, so, the graph of electric field 
distribution after the 20 mm point is represented in Fig. 12. 
 

 
Figure 11 Graph of dependence of E (V/m) on distance 

 

 
Figure 12 Graph of dependence of E (V/m) on distance 

 
Line shapes indicate that electric field intensity values 

are approximately the same for both models, with 5,2% 
being the largest deviation of this value for the defined 
block models (Tab. 4 and Tab. 5). 
 
5.3 Example III 
 

Tab. 6 and Tab.7 show the thickness of layers in the 
first block model and the EM properties of the averaged 
layer in the second block model according to the same 
principle as in the previous two examples. 

 
 

Table 6 Dimensions of specific layers 
Tissue d / mm 
Skin 2 
Fat 6 

Muscles 2 
Bone 4 
Brain 6 

 
Table 7 EM properties of the averaged layer 

EM properties 
d = 20 mm 
εr = 29,04 
μr = 1 

σr = 0,477 S/m 
ρr = 1191,75 kg/m3 

 
Fig. 13 shows the electric field distribution for both 

block models defined according to the values given in Tab. 
6 and Tab. 7, indicating that the electric field distribution 
in the last layer has approximately the same shape and 
value in both models. 
 

 
                 a) Multilayer model                      b) Averaged model 

Figure 13 Distribution of electric field E (V/m) for both block models 
 
The distribution of the electric field for both models 

along the direction shown in Fig. 4 is represented in                       
Fig. 14 and Fig. 15. 

The total thickness of the first five layers in the first 
model is 20 mm, so the thickness of the layer in the second 
model, which simulates the five layers, will also be 20 mm. 
Therefore, as in the previous examples, the analysis will be 
performed only after the 20 mm point in the graph                       
(Fig. 15). 
 

 
Figure 14 Graph of dependence of E (V/m) on distance 
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Figure 15 Graph of dependence of E (V/m) on distance 

 
There is a noticeable overlap of the two lines 

representing electric field intensity along nearly the entire 
length of the same direction. In this example, the largest 
registered deviation of electric field intensity values in the 
two models is 3,7%. 
 
6 CONCLUSION 
 

The presented analyses of electric field intensity 
values in the nth layer indicate that the curves in all of the 
examples are of the same or very similar shape. 

There are slight deviations in electric field intensity 
values at the separation surface of the nth layer, where the 
previous layer(s) is analyzed for comparison. There are 
also certain differences in field distribution through 
individual layers compared to the unified layer simulating 
them, but they are not of particular interest for the present 
analysis, because the presented approximation model is 
primarily designed to facilitate the calculation and analysis 
of field values in the layer of interest (biological tissue) 
rather than in all the other layers. 

Through simulations of electromagnetic wave 
propagation, a block model consisting of several layers was 
considered. These layers represent the biological tissues 
described by their electromagnetic characteristics. For all 
three cases, it was of interest to determine the distribution 
of the electric field intensity in the last layer/tissue of the 
block models. 

In case of solving a heterogeneous model, during the 
analysis, the influence of each layer/tissue on the 
electromagnetic wave propagation, must be taken into 
account, as well as the conditions at the separation surface 
of the two layers/tissues. Due to it, the approach of 
homogenization of multiple layers/tissues into one single 
layer was applied. The goal of this approach is that the 
propagation of the electromagnetic wave to the last layer 
of the model that is analyzed in detail should be as close as 
possible to the wave propagation in the case of a 
heterogeneous model. This has been shown to be possible 
if the homogenized layer adequately presents the 
layers/tissues it replaces. 

The approximation procedure was applied to block 
models containing six layers of different thicknesses. The 
sixth layer is the layer of interest in which the distribution 
of electric field intensity is observed. Homogenized 
models consist of two layers, the first, which replaces the 
first five layers of the heterogeneous model, and the 
second, which is identical to the sixth layer of the 
heterogeneous model. 

The agreement of the electric field intensity 
distribution for heterogeneous and homogenized models is 
analyzed in the last layers. The thickness of the 

homogenized layers is the same for all three models and is 
20 mm. Consequently, the emphasis of the graphic 
comparison of the dependence of the electric field intensity 
as a function of distance is precisely from this distance to 
the end of the model. 

In all simulations, it was shown that there is a very 
good agreement between the graphs of the heterogeneous 
and homogenized models, both in terms of shape and 
values. Deviations in the electric field intensity values are 
insignificant. For the first model, the maximum deviation 
is 4,9%, for the second, approximately the same, 5,2%, 
while for the third model, this deviation is the smallest and 
amounts to 3,7%. 

These deviations of field values are chiefly the result 
of different thicknesses of individual layers that are 
simulated by the unified layer, because that component is 
the integral part of the expressions used to average the EM 
properties of certain media. 

It was shown that, at the used frequency, a complex 
multilayer structure can be homogenized and replaced by a 
single layer and that the homogenization process does not 
affect the accuracy of the results, obtained in the case of a 
multilayer structure. 

This method of homogenization greatly simplifies the 
modelling of the complex structure of the model by 
removing the boundaries between tissues and replacing 
their electromagnetic characteristics with homogeneous 
effective characteristics. Also, simulation with a partially 
homogeneous model is faster than one with a 
heterogeneous model. 

Summarizing the obtained results for the electric field 
distribution, it can be concluded that this approach can be 
successfully used to estimate the distribution of the electric 
field in biological structure of interest since it reduces the 
entire calculation process as well as the simulation time. 

In addition to the good agreement of the obtained 
results, there is still a small difference in the values of 
electric field, which can lead to potential instability of the 
system. The impact of this potential instability and its 
eventual detection and removal will be the subject of 
further research by the authors. 

The proposed homogenization approach can have 
several advantages. First of all, the time required for the 
analysis of the EM wave propagation process as well as the 
use of computer hardware resources is significantly 
reduced. Significant savings in calculation time and 
computer resources can result in some optimization of 
software packages used for the analysis of EM wave 
propagation problems. Also, the process of creating models 
used in simulations can be faster and simpler, because their 
complexity is significantly reduced without losing the 
accuracy of the obtained results. 

The homogenization approach could also be used to 
improve the actual phantom models used in laboratory 
conditions to measure the impact of mobile phones. 
Namely, these phantoms consist of two layers, a shell made 
of fiberglass and a fluid that represents the human brain 
with its EM properties. Replacing the fiberglass layer, with 
a layer whose EM characteristics will be obtained by the 
process of homogenization of the biological tissues it 
replaces, would result in more realistic values of the 
electric field in the fluid with the EM characteristics of the 
human brain. 
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