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Abstract.  The present paper reports the results of a numerical analysis of 
two phases lossless heterogeneous materials based on a three dimensional 
(3-D) random dielectric mixture. The effective permittivity of a 3-D 
dielectric materials is calculated by the S-parameter retrieval method and 
finite element method. The calculated effective permittivity is in good 
agreement with theoretical models by compared with Bruggeman formula 
and Coherent potential formula, showing that the volume fraction of 
inclusions is increasing, the effective permittivity increases with radiation 
frequency and appear an imaginary part taking on the dielectric loss 
properties. 

1. Introduction 

Heterogeneous materials containing two phases that are conductive and dielectric are 
present in a wide variety of man-made materials and in nature. Experimental and theoretical 
studies of heterogeneous dielectric materials have been in a continuous state of 
development since the initial work of Maxwell. A number of models such as transmission 
line modeling or matrix (TLM) method [1], effective medium theories, bounding methods, 
percolation theory, random walks, hopping model, Fourier expansion, FDTD [2], RC 
network method, have been documented that dealt with modeling of electromagnetic 
properties of heterogeneous materials. Many interesting phenomena, e.g. percolation 
phenomenon [3], local electric field enhancement phenomenon [4], are presented. most 
studies focused on frequency dependent dielectric properties of specified materials utilized 
experimental method. Doyle [5] developed an iterative multiple approach to simulate the 
dielectric properties of heterogeneous particulate materials with arbitrary microstructure, 
and found that effective permittivity are frequency dependent. Effects of frequency 
dependent of two phase composite materials were investigated in a two-dimensional 
formulation by Sun [6]. Inspired by these works, we report here three-dimensional model of 
two phase heterogeneous materials for the simulation of electromagnetic properties of 
heterogeneous materials and compare this with the results of the 2D based on FEM and S 
parameters retrieval algorithm. It shows that the effective permittivity of heterogeneous 
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materials is in good agreement with the results of the Bruggeman formula and CP formula, 
meanwhile, the real and imaginary part of effective permittivity of modeled heterogeneous 
materials are frequency dependent even when both inclusions and host are lossless 
materials. 

2. Modeling and Simulation Calculation 

It is assumed that the heterogeneous materials consists of host phase, its permittivity �e

= 1, and cuboid-shaped inclusions phase, its permittivity �i = 8 and their side-length of 
these particles is 1.5mm (<�/10 for accuracy). The microstructure model of composite 
materials and its effective permittivity model are shown in Fig. 1. The composite has 
successfully been shown to interact with electromagnetic radiation in the same manner as 
would homogeneous materials with equivalent S parameters [7], as shown in Fig.1(b). 
Moreover, it is assumed that the size of waveguide is 45mm×35mm, and at the walls of 
waveguide, a perfect conducting condition is utilized. Distances from the right, left port to 
the composite, Ii, Ij, are both equal to 15mm. �i, �j are propagation constant on left port 
(port i) and right port (port j), respectively. 

Fig.1 calculation model and (b) effective medium model 
 In order to characterize the electromagnetic properties of composite, S-parameter 

retrieval methods [8] are adopted. The S-parameter retrieval procedure operates as follows: 
i) Obtain S parameters from electric fields. Set the composite interfaces as reference 

phases [9]. 
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where S' can be obtained from electric fields on ports by the following equation [10] 
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where and are the excitation electric field on port i and port j respectively; is 
the computed electric field on the port i and port j, which is equal to the sum of the 
excitation field and reflected field. 

ii) Using the S  parameters, we obtain the effective permittivity eff
�

 according to 
the following equation: 

��             

(5) 
where n, z is the refractive index, wave impedance of the composite, respectively. These 

parameters of heterogeneous materials can be obtained in terms of the S parameters as 
follows [8]: 
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where k is the propagation constant in free space; d is the thickness of the composite. 
The value for z determined with 0)Re( 

eff
� . T parameters can be expressed in terms of 

S parameters as follows: 
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(8) 
where 

i
f  is the excitation frequency and c is the speed of light in free space. The 

results of the computation are validated by compared with the exponential mixing formula 
[11] in next section. 
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(9) 
where f is the volume fraction of inclusions, v=0 for Maxwell Garnett formula, and v=1 

for the Bruggeman formula. 

3. Results and Discussion 

3.1The Effects of Volume Fractions on S Parameters 
To investigate the interaction of electromagnetic filed with particle inclusion, random 

and periodic particle inclusions embedded on the host material have been calculated for two 
cases of given volume fractions: 10% and 50%. The transmission coefficients S21 of 
random and periodic models with volume fractions are shown in Fig. 2 (a) and (b). 

Fig. 2 The transmission coefficient filled with random and periodic particle inclusion of volume 

fraction: (a) 10%, (b) 50% 
At two cases: volume fraction equal to 10% and 50% shown in Fig. 2(a) and (b) , 

differences of S21 between random and periodic models are 0.03 and 0.1. Besides, these 
differences increase with the frequency rising. The illustrations of Fig. 2 show the 
distributions of electric field for random and periodic models with volume fraction setting 
as 10% and 50% at 2GHz. It can be seen that local field enhancement appears in the 
random model. This phenomenon is in good agreement with the results of Yang et al. [4]. 
This phenomenon is explained that when the concentration of inclusions is increased, the 
average distance between particles decrease, which the effects of volume fractions on S 
parameters and local field distribution have been highlighted. 
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Fig. 3 The effective permittivity as a function of volume fractions at different frequenc: (a) 

20MHz, (b) 2GHz 

3.2The Influences of Volume Fractions on Effective Permittivity 
The effective permittivity of random and periodic models have been simulated by using 

the S parameters retrieval methods at 20MHz and 2GHz in which five random distributed 
topological structures have been calculated for each volume fraction, respectively. As 
shown in Fig. 3(a) and 3(b), the standard deviations of effective permittivity are 21.2%, 
2.2% and 1.2% compared with Maxwell-Garnett, Bruggeman formula and Coherent 
potential at 20MHz. Whereas the standard deviations are 21.4%, 2.3% and 1.4% at 2GHz. 
It shows that the effective permittivity of composites computed in this paper are good 
agreement with Eq. (11) at low volume fractions. The discrepancy of effective permittivity 
have been enlarged when the volume fraction and frequency increase. Therefore, the 
effective permittivity will be subject to the random distribution of particles and the 
frequency of electromagnetic fields.  

3.3Relations Between Effective Permittivity and Frequency 

Fig. 4 The effective permittivity of heterogeneous materials as function of frequency with volume 

fraction

(a) 10%, (b) 50% 
The relation between the effective permittivity and the frequency is illustrated in Fig.4, 

which includes the volume fractions of the heterogeneous materials are 10% and 50%. It 
can be seen from Fig. 4(a) that the real part of effective permittivity of periodic and random 

    
  

DOI: 10.1051/06084 (2016), matecconf/2016MATEC Web of Conferences  6
SMAE 2016

70608467

5



model unchanged with frequency, moreover the imaginary part hardly change, approximate 
to 5�10
4. However, according to Fig. 4(b), with increasing frequency, it is apparent that 
the effective permittivity of periodic and random model will increase at volume fraction 
equal to 50%. This phenomenon has been reported by Doyle et al. [5], which claimed that it 
is resulted to Mie resonances. We find interestingly that the imaginary part of effective 
permittivity changes more magnitude at the random model than at the periodic model, 
reaching to 0.04, which is counterintuitive due to both inclusions and host are lossless 
materials. 

4 Conclusion 

The dielectric properties of composite materials is very important in electromagnetic 
application fields. The effective permittivity of two phase composite materials has been 
computed in this paper. Results show that the effective permittivity of model is in good 
agreement with Maxwell Garnett rule at low volume fractions; the discrepancy of effective 
permittivity have been enlarged when the volume fraction and frequency increase; Effective 
permittivity as a function of the volume fraction of inclusions; the real part and imaginary 
part of effective permittivity of random model increases with frequency even if both the 
inclusions and host materials are frequency independent and lossless. 
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