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Abstract 

The assessment of the fields induced in biological tissue by an electromagnetic (EM) wave is a major issue, not only for 
its relevance in medical research, but also for its implications on the setting of industrial standards. This paper describes 
the analysis of electromagnetic (EM) absorption properties of biological multilayered structure. The biological structure 
comprises three different tissues of skin, fat and muscle. A step-by-step approach for the computation of the EM fields 
within the multilayered structure is presented. The estimated specific absorption rate (SAR) distribution in tissues due 
to exposure from plane waves of frequencies 433, 900, 1300, 1800, and 2450 MHz, based on an incident power density 
4.5 [mW/cm2], are also presented. 
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1. Introduction

There is close relationship between the mathematical description used in the biological model and the computational 
method for solving the EM fields inside the model. Thus, Computer modeling will likely remain the only viable method 
to determine the absorbed electromagnetic (EM) energy inside biological organs and tissues in many practical 
situations [1, 2].  

Although, the availability of more powerful computers will allow for more realistic models [3–6], the biological model 
is not a unique object. It may have a different variety of forms and sizes. In these conditions no biological model should 
be considered as a representative model of the real biological target. Although medical imaging (e.g. CT or MRI) based 
anatomical models are realistically representing the bio-electromagnetic structure of the biological model, they require 
large computational resources for EM simulation. Thus, an attempt to directly analyze their electromagnetic absorption 
properties would be very difficult to carry out. It is therefore seems that simple models can be used satisfactorily to 
solve the absorption problem.  

Although, modern numerical simulations are used effectively to determine internal field distribution for complex 
heterogeneous biological models, simple but important properties of the absorption can be illustrated by simple model 
[7 – 11]. Moreover, results from this simplified model can provide useful guidelines to workers frequently confronted 
with more complex EM absorption problems. 

In this paper, the analysis of electromagnetic (EM) absorption properties of biological multilayered structure is 
described. The biological structure comprises three different tissues of skin, fat and muscle. A step-by-step approach 
for the computation of the EM fields within the multilayered structure is presented. The estimated specific absorption 
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rate (SAR) distribution in tissues due to exposure from plane waves of frequencies 433, 900, 1300, 1800, and 2450 MHz, 
based on an incident power density 4.5 [mW/cm2], are also presented. 

2. Theory and calculations 

Figure 1 shows the geometry of the problem. A plane wave is incident upon biological multilayered structure and 

traveling in the z -direction with the electric field E vector linearly polarized along the x -axis. 

 

Figure 1 General biological multilayered structure 

The incident field is assumed to have harmonic time variation
j te 

. There are 2N  layers  0 1 1, , , NL L L  , and 

1N  interfaces  1 2 1, , , Nz z z  . The ith layer indicated by iL has permittivity i [F/m], permeability i  [H/m], and 

conductivity i  [S/m]. Further, we denote the left-most layer (i.e. air) as 0L , while we denote the right-most layer by 

1NL  . Then, the electric  iE  and magnetic  iH fields in the ith layer are given by 
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where 0,1, , 1i N  . The constant ia and ib are the amplitudes of incident and reflected waves, respectively. The 

amplitude of the incident electric field is represented by 0a , and is known in advance. i  and i  denotes the 

propagation constant and the characteristic impedance iL , respectively, and are given by 
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Further, since the thickness of 1NL  is unlimited, 1 0Nb   . The input impedance of iL denoted by ir and is located at 

iz z , is given by 
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At the interface iz z , the reflection  i and transmission  i coefficients are given by 
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Dividing (5) by i iz

ia e


and substituting equation (6), we rewrite equation (5) as 
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The unknown incident/reflected constants can be determined after imposing the continuity of the tangential 

components of the fields on the plane interfaces between the layers. Thus, due to the continuity of iE and iH across the 

interface iz z , the incident/reflected constants at the left of interface iz are related to those at the left of interface 

1iz  by 
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By observing the relationship defined in equation (5), we may rewrite equation (10) as 
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Substituting equation (9) into equation (11) and dividing by 1ia  gives 
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Solving equation (12) for i yields  
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Applying the relationship expressed in equation (6), we rewrite equation (9) as 
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Thus, i is given by 
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Substituting equation (13) into (15) yields 
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Conventionally, two approaches are used to calculate the electric and magnetic fields in the i th layer, iL . In the first 

approach, the problem is solved recursively starting from the 1N  layer and ending to the 1st layer, whereas the second 

approach utilizes matrix theory.  

2.1. Recursive formulation 

In the last layer 1N  , where waves exit the layered structure, there is only a forward traveling wave, or 1 0Nb   . 

Hence, it follows that 2 0N  . Thus, from (5), 1NZ  is equal to 0 , the characteristic impedance of free space. By 

using equations (4), (13), and (16) we compute 1N  and 1N  . We repeat the procedure by computing nZ , n , n , 

and so on recursively, until  and  have been evaluated at each interface. Then, we compute the complex constants, 

using equations (6) and (7). Finally, we use equations (1) and (2) to calculate the electric and magnetic fields in iL  [12 

– 16].  

2.2. Matrix formulation 

The matrix formulation is particularly suited to compute the transmission of electromagnetic waves in multilayered 
structure. To better understand this formalism, let us consider a three multilayered structure which is similar to the one 
used in this paper, as shown in Figure 2. 

 

Figure 2 Three multilayered structure 

The relation between the electric and magnetic fields at the interfaces can be expressed in matrix form as: 
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Finally, the electric and magnetic fields in iL
 
are obtained by taking the inverse of the matrix. Once the induced electric 

field inside the layered structure is known, the power density (W/m3) absorbed along the ith layer from the sinusoidal 

field of amplitude iE is given by 
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where i is the conductivity of the ith layer (S/m), and iE is the induced electric field (V/m). The rate of energy 

deposition by EM waves in tissue is characterized by specific absorption rate (SAR), which is specified in units Watt per 
Kilogram of tissue and given in terms of the electric field intensity as 
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where i  
is the tissue density of the ith tissue layer (Kg/m3). 

3. Three layered tissue model 

Figure 3, depicts a three layered dielectric structure, consisting of skin, fat, and muscle tissues, surrounded by free-

space in which the permittivity and thickness of each layer is labeled. The electric field intensity iE and SAR have been 

calculated in each layer for an incident power density of 4.5 [mW/cm2] at 433, 900, 1300, 1800, and 2450 MHz. The 

incident power density incP is calculated using one of the following measurements units: 
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where 0a is the amplitude of the incident electric field intensity.  
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Figure 3 Skin-fat-muscle tissues model 

Further, the dielectric properties of tissues are evaluated by use of the four-term Cole-Cole equation. A compilation of 
the EM properties of biological tissues at different frequencies is found in [17, 18]. The permittivity, conductivity and 
density of tissues are given in Table 1 for excitation frequencies equal to 433, 900, 1300, 1800, and 2450 MHz.  

Table 1 Dielectric properties of skin-fat-muscle tissues model 

Tissue 433 MHz 900 MHz 1.3 GHz 1.8 GHz 2.45 GHz 3ρ (Kg/m3) 

1εr 2σ εr σ εr σ εr σ εr σ 

Skin 46.08 0.702 41.41 0.867 39.92 1.001 38.87 1.185 38.01 1.464 1047 

Fat 11.59 0.082 11.33 0.109 11.19 0.141 11.02 0.190 10.82 0.268 916 

Muscle 57.73 0.826 55.96 0.969 55.19 1.132 54.44 1.389 53.57 1.81 1125 
1εr: relative permittivity; 2σ: conductivity [S/m]; 3tissue density 

The values of specific absorption rate (SAR) (Figures 5 and 6) have been calculated based on the calculation of the 
electric field strength distribution inside each layer of the structure shown in Figure 4. Figure 7 show the magnitude of 
reflection-coefficients. 

 

Figure 4 Electric field distributions in the layered structure 
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Figure 5 SAR distributions in the layered structure 

 

 

Figure 6 Magnitude of SAR [W/kg] for the different tissues in the model 
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Figure 7 Magnitude of reflection coefficients i  for the different tissues in the model 

It is noted that the magnitude of SAR is minimum in the fat tissue (i.e. due to its poor conductivity) and maximum in the 
muscle tissue (i.e. due to its high conductivity) as shown in Figures 5 and 6. Further, Figure 6 indicates that the highest 
SAR values are observed at the skin layers of the layered structure at all frequencies. Moreover, of the three biological 
tissues examined, the highest SAR levels are seen to be at the skin layer of the structure at a frequency of 1.3 GHz. 

These figures evidence the higher penetration depth at 900 MHz compared to 1800 MHz. In particular, at the frequency 
of 900 MHz about 26% of the incident power is transmitted. At frequency of 1800 MHz, about 10% of the incident wave 
is transmitted. In conclusion, at 1800 MHz the SAR increases with respect to the 900 MHz irradiation, while the SAR 
absorbed in the muscle reduces. 

Further, our calculations show that the smallest SAR is in the fat tissue and it is approximately 0.2 W/kg and occurs at 
the lowest frequency of 433 MHz, which is a commonly used frequency for Industrial Scientific Medical (ISM) applicators 
[19]. Moreover, the SAR values are higher in the muscle tissue at 433 MHz compared with those at 2450 MHz. Generally, 
the higher the water content of a given tissue, the higher the dissipation of electromagnetic energy. Hence, fat tissue, 
which has low water content, is heated poorly compared to muscle tissue, which has higher water content. This is an 
important consideration in hyperthermia treatment [20 – 22], since the fat tissue will behave like a shielding structure 
and cause microwave power not be able to effectively penetrate into the muscle tissue to heat the tumor. Thus, the 
energy distribution may accumulate in the fat layer and cause heating damage to the fat tissue.  

4. Conclusion 

In this paper, the analysis of electromagnetic (EM) absorption properties of biological multilayered structure is 
described. The biological structure comprises three different tissues of skin, fat and muscle. The analysis and results 
presented here may be useful in designing applicators for hyperthermia treatment  
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