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Abstract — In this paper, 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. An original procedure
where the complex 2D head model is represented as a
multilayered circular structure is employed to retrieve
the effective medium parameters. Results obtained with
the proposed internal homogenization concept are
compared with those obtained from the original
heterogeneous model (with 4 tissues) and effective
medium theories such as Maxwell-Garnett and Polder
van Santen.

I. INTRODUCTION

Nowadays, mobile phones and wireless handy
computers are widely used and there have been public
concerns about their possible hazardous effects due to
the emitted electromagnetic radiation. To quantify these
effects, the most widely used quantity is the specific
absorption rate (SAR) [1]. Dosimetry based on computer
simulations is usually preferred because the SAR
measurement on a living human body is difficult to
perform [2]. In numerical dosimetry, the finite difference
— time domain (FDTD) method is a well-known method
to solve Maxwell’s equations, but its cubic meshing
scheme reduces the accuracy when complex geometries
with curvature are simulated [3].

In this paper, the finite element method (FEM) is
used. However, the FEM is a time consuming technique.
Furthermore, human head is a complex structure
composed of several biological tissues with different
thicknesses and physical properties. This complex and
fine structure is very difficult to simulate even with high
computing systems. Therefore, homogenization plays an
important role to simplify the structure and then reducing
the time required for the simulation. Homogenization
consists of replacing the entire complex structure with a
simplified model having effective physical properties.
In literature, different approaches were proposed to
homogenize composite materials such as metamaterials,
periodic structures, etc. [4]. In [5], to homogenize a
multilayered structure, authors proposed to use FDTD
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grid with a coarser mesh which allows to reduce the
computation. In [6], authors developed the adjoint
method combined with the FDTD method for the
homogenization of human body’s models. The retrieval
method based on S parameters is a classical method to
determine the effective medium constitutive parameters
[7]. This method has been successfully applied to
metamaterials in [8] and [9]. The field averaging
technique has been applied to homogenize periodic
structures with unit cells having inclusions much smaller
than the electromagnetic wavelength [10, 11]. In the
present work, the “internal homogenization” method,
introduced by [12], is used and the obtained results are
compared with those of the heterogeneous medium and
results given from Maxwell-Garnett and Polder van
Santen theories. Moreover, a new effective parameters
extracting procedure based on the representation of the
complex heterogeneous head as a simplified circular
model is also presented.

1. HOMOGENIZATION

Homogenization is a term given to the treatment of
inhomogeneous medium where physical properties are
dependent of the space coordinates. Its aim is to find an
effective medium model where physical properties do
not vary within the model. In case of an external
excitation, such a medium should exhibit similar
behavior to the equivalent inhomogeneous medium. To
calculate the effective material parameters of a
heterogeneous medium, effective medium theories
(EMT) are often used. In subsequent sections, the
internal homogenization based on a layered circular
structure and some of widely used EMT such as
Maxwell-Garnett and Polder van Santen mixing theories
will be presented.

A. Internal homogenization procedure

Although, the concept of “internal homogenization”
was introduced to assign an effective permittivity for a
single inclusion contained in a bulk material, we applied
it to attribute an effective medium parameter to a
simplified child head. As opposed to the internal
homogenization, the external homogenization consists
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of assigning an effective permittivity to a distribution of
inclusions in a matrix.

For simplicity, the child head model is considered to
have subwavelength structure so that the quasi-static
approximation can be applied. The simplified model is
assumed to have multi-layered circular geometry that is
composed of 4 different tissues: skin, muscle, skull and
brain.

The internal homogenization procedure is as
follows: the 2D heterogeneous model is replaced by an
equivalent multi-layered circular structure (Fig. 1). The
radius of each tissue is calculated in accordance to
its total area given by MRI data (Table 1). The
homogenization is then applied to the multi-layered
circular structure. Thereafter, in order to calculate its
response to an external electromagnetic excitation, the
calculated effective medium parameters are presented to
the 2D model of the head.
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Fig. 1. Effective parameters extracting scheme: (a)
heterogeneous head model, (b) simplified circular multi-
layered model, (c) equivalent homogeneous model with
effective permittivity eer and radius rs, and (d)
homogeneous head model.

Table 1: Approximated thickness for each tissue
Tissues Skin Muscle | Skull Brain
Radius 0.1286 | 0.1139 | 0.0686 | 0.0324

(meter) (ra) (rs) (r2) (ra)

The internal homogenization method is based on the
equivalence of the polarizability of the multi-layered
model and the equivalent homogeneous model. The
derivations of the polarizability expressions are long and

out of the scope of this paper. The interested readers
are invited to refer to [13], [14] and [15]. The
homogenization procedure begins with the first two
inner layers, i.e., the brain and the skull tissues. The
polarizability is expressed as a1 and oz for the two
layered sphere (brain + skull) (1) and the equivalent
homogeneous sphere (2), respectively:
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where &, and &, are the permittivities of the brain and the
skull respectively, and r;, r, are the approximated radius
of each tissue. By equating these two polarizabilities, the
effective permittivity &, (for the brain and the skull) of
the equivalent sphere is given by (3):

5y (6 +26,) +2 (&, — &,) 3)
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This calculation is repeated in an iterative manner until

the effective permittivity g Of the whole model (4 layers
structure) is determined.

Ep =&

B. Maxwell-Garnett EMT

One of the most popular and widely used effective
medium theories is the so called Maxwell-Garnett EMT
[16]. It dates from the beginning of the last century. It is
expressed as (4):

& — &

e
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The Maxwell-Garnett formula is based on the fact that
the heterogeneous medium is composed of isotropic
spherical inclusion with &; diluted in isotropic host
material of permittivity .. The volume fraction occupied
by the inclusion is f. The formula is valid for very low
concentration inclusions (f<<1). As for the internal
homogenization described above, this theory implies the
quasi-static approximation. It has been applied for
several material types including microwave absorbing
material containing conducting particles [17], composite
dielectric medium [18], conducting polymers [19], etc.

E =&, +3fe,

C. Polder van Santen EMT

A derivation of the Maxwell-Garnett mixing
expression is Polder van Santen formula (also called
Bottcher formula) that can treat a variety of mixtures
[16], [20]. Especially, it is valid for ellipsoid inclusion
and for all volume fractions. For spherical inclusion the
formula takes the form given below (5):

Eeft —E¢ —f & — &, . (5)
KT & +2¢,
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For dilute materials, Maxwell-Garnett and Polder van
Santen formulas should give similar effective medium
parameters [16].

I11. RESULTS
The homogenization procedures described above is
applied to a 2D child head model obtained from MRI
data. The physical properties of the head tissues from 10
MHz to 3 GHz are given below (Fig. 2 and Fig. 3) [21].
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Fig. 2. Tissues parameters (10 MHz to 3 GHz): (a)
dielectric constant, and (b) conductivity [11].
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Fig. 3. Effective parameters of the homogeneous head
model obtained with the three EMTs (10 MHz to 3 GHz):
(a) effective dielectric constant, and (b) effective
conductivity.

The same procedure described in 2.1 (Fig. 1) is used
to obtain the effective parameters with the three different
EMTs. These are given in Fig. 3. As the multilayered
structure is composed of the core materials embedded in
a medium of the shell material, and the same process is
applied for both methods, the internal homogenization
and Maxwell-Garnett EMT are expected to give the same
effective parameters independently of the frequency of
the excitation [12], [16]. This is confirmed by the Fig. 3.
However, as the filling fraction for each tissue layer is
not negligible, especially for the skin, the muscle and the
skull (Table 2), Polder van Santen EMT give slightly
different results compared to the two other methods.
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Table 2: Filling fraction for each layer

3 /13 0.1052
r/r3 0.2184
73/} 0.6948

These effective properties are then used in the 2D
head model where only the external boundary exists and
all internal boundaries are suppressed. Thus, due to a
lower cell number, the computation time will be reduced
consequently. In fact, the number of cells when the
heterogeneous model is considered is 85490, whereas
after the homogenization only 6146 cells remain due to
the removal of all internal boundaries. The FEM
computation is about ten times faster after the
homogenization.

Validation of the internal homogenization method is
carried out by computing the electric field distribution
inside the original heterogeneous and the homogeneous
models using a commercial FEM software. The
computational resource used for this work is a
computer equipped with Intel® Core™ Quad CPU
Q8400 @ 2.66 GHz processor with 4 GB of memory.
The source of radiation is an infinitesimal dipole
placed at 1 cm from the boundary of the skin. Figure 4
and Fig. 5 show the electric field distribution at two
frequencies, 100 MHz and 900 MHz, for heterogeneous
and homogeneous models, respectively.
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Fig. 4. Heterogeneous model (left), the electric field
distribution at 100 MHz (center) and 900 MHz (right).
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Fig. 5. Homogeneous model (left), the electric field
distribution at 100 MHz (center) and 900 MHz (right).

It is clearly shown that at low frequency (100 MHz)
the electric field distribution is similar for both models.
However, at higher frequency (900 MHz), there is a net
difference between them. To quantify this difference, the
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relative error induced by each EMTSs, i.e., internal
homogenization, Maxwell-Garnett and Polder van Santen
are computed. This is achieved by plotting the induced
electric field magnitude along a horizontal line crossing
the head at the level of the source point (Fig. 6).
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Fig. 6: Electric field magnitude along a line in the the
head at 100 MHz and 900 MHz.

The plots in Fig. 7 are based on the data presented
in Fig. 6, where the relative errors are calculated between
the electric field distribution in the heterogeneous model
and each presented EMTS.
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Fig. 7. Relative error vs. normalized electric field at: (a)
100 MHz and (b) 900 MHz.

Figure 7 shows that the overall error is more
important at 900 MHz than at 100 MHz. Especially in

the vicinity of the excitation (higher electric field
magnitude), where the EM radiation is much likely to
have damage on biological tissue, the error induced by
the homogenization techniques are very low.

Furthermore, to confirm the validity of the employed
internal homogenization method, the average relative
error is plotted versus the frequency (Fig. 8). It is
obtained by summing up the relative errors calculated at
each point along the line and dividing it by the number
of points. The average error remains acceptable up to
400 MHz (about 10%). Beyond this frequency, the
homogenization gives inaccurate results. This important
error is due on one hand to the fact that the quasi-static
approximation is no more valid beyond this frequency.
On the other hand, the circular multilayered structure is
not fully representative of the complex 2D head
structure. Furthermore, at high frequencies, the EM
response is more dependent on fine details of the
structure.
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Fig. 8. Average relative error vs. frequency.

IV.SENSITIVITY ANALYSIS

In this part, the influence of the head model
parameters to the electric field distribution is studied.
These parameters are the approximated thickness
(radius) obtained for each tissue and the physical
properties such as the dielectric constant and the
electrical conductivity. The Monte Carlo (MC) method
is used for this purpose.

First, the influence of both physical constants and
the radius of each tissue is considered. The model
parameters are considered to have 10% of uncertainty
with a uniform distribution over the range of variation
centered at the nominal values presented in the previous
section. 100000-sample MC simulation based on the
internal homogenization formula (3) presented in
Section Il is used to analyze the dispersion of the
effective medium parameters, i.e., the average values
and the standard deviation of the dielectric constant and
the conductivity. For instance, results at 100 MHz are
presented in Table 3. It is shown that 10% of uncertainty
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of the model parameters induces about 5% of dispersion
of the effective dielectric constant and about 7% of the
effective conductivity when all model parameters are
considered, i.e., physical constants (Ap, dielectric constants
and conductivities) of each tissue and corresponding
radius (Ar). The first two columns show the results
corresponding to this case. In Table 3, the first row
corresponds to the values obtained with the nominal
values of the model parameters, without any uncertainties,
and are given as a comparison.

Second, if one supposes that the physical constants
of each tissue are fixed and only the radii of the tissues
have uncertainties (Ar), the results presented in Table 3
(right two columns) are obtained. The uncertainties due
to the approximated radii is about 62% (for the dielectric
constant) and 78% (for the conductivity) of the previous
results when all model parameters are considered. Thus,
the radius has more effect on the effective medium
parameters. However, the uncertainty induced remains
reasonably low.

Table 3: Uncertainty on the effective dielectric constant
at 100 MHz

Ap and Ar Ar Only

&€ (¢} € (¢}

Effective parameters

. 58.40 | 0.5528 | 58.40 |0.5528
for nominal values

Average effective | o 14 1 5540|5320 |0.5542
parameters

Standard deviation 3.12 [0.0403| 1.96 |0.0318

Variation (%) 5.37% | 7.28% | 3.36% | 5.74%

Finally, the variability of the electric field magnitude
in a horizontal line due to the uncertainty of the effective
dielectric constants and conductivities has been studied.
For both frequencies, 100 MHz and 900 MHz, the
average electric field magnitude and the standard
deviation versus the horizontal distance from the feed
point side of the head are estimated and plotted (dotted
lines) in Fig. 9.

For this study, the first case where both physical
constants and radii have uncertainties is considered
(columns 1 and 2 in Table 3). It can be seen in Fig. 9 that,
the variation in the effective parameters induces small
changes in the electric field magnitude at 100 MHz.
Depending on the distance, the uncertainty of the electric
field varies between 2% and 7%. As expected, at 900 MHz
the uncertainties of the effective parameters and radii
have more effect on the electric field. The uncertainty
can be as high as 17%.

The electric fields obtained when the homogeneous
head model is made entirely out of the constituent tissues
parameters are also shown in Fig. 9. One can observe
that, there is a discrepancy between the results given by
our method (dotted lines in Fig. 9) and those obtained if
one were using one of the tissues parameters as effective
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medium parameter. The model made out of the skin
seems to give the closest results because at those
particular frequencies the effective parameters obtained
are close to those of the skin.
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Fig. 9. The electric field magnitude variation in a
horizontal line with the corresponding uncertainties due
to the effective medium physical constants variations.

V. CONCLUSIONS

In this paper, the concept of internal homogenization
is presented and the results are compared with the
heterogeneous model and Maxwell-Garnett and Polder
van Santen effective medium theories. It has been shown
that, up to a certain frequency where the quasi-static
approximation is valid, the complex multi-layered
structure can be replaced by its counterpart effective
medium. The internal homogenization method gives
similar results to those obtained from Maxwell-Garnett
but slightly different results compared to Polder van
Santen EMT. The use of a multilayered circular model
to extract the effective parameters is also presented. This
procedure highly simplifies the modeling of the complex
head structure by removing boundaries between tissues
and by replacing the space-depending physical parameters
by a homogeneous effective parameter. For this 2D case,
the simulation with the homogeneous model is about 10
times faster than for the heterogeneous one. The
difference in terms of computation time will be even
higher if a 3D model is considered.

Although, the employed method is limited in
frequency, it is worth to note that, most of the error is far
away from the excitation and is located where the
electric field intensity is weak. Thus, one can propose to
use the homogenization only in the vicinity of the
radiation source, inside the head, a few centimeters from
the skin. Homogenization allows to diminish the number
of cells required to represent thin shells and consequently
the simulation time is reduced considerably.

Finally, the sensitivity analysis showed that the
possible uncertainty in the head model parameters might
have impacts on the electric field magnitude. The level
of the induced uncertainty depends on the distance to the
source point and the frequency. Histerically



ACIKGOZ: INTERNAL HOMOGENIZATION OF BIOLOGICAL TISSUES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

REFERENCES
IEEE, Recommended Practice for Determining the
Peak Spatial-Average Specific Absorption Rate
(SAR) in the Human Head from Wireless
Communications Devices: Measurement Techniques,
IEEE Standard 1528, 2003.
V. Monebhurrun, M.-F. Wong, and J. Wiart,
“Numerical and experimental investigations of a
commercial mobile handset for SAR calculations,”
The 2" International Conference on Bioinformatics
and Biomedical Engineering, May 16-18, 2008.
U. S. Inan and R. A. Marshall, Numerical
Electromagnetics, The FDTD Method, Cambridge
University Press, 2011.
X. Chen, T. M. Grzegorczyk, B. Wu, J. Pacheco,
and J. A. Kong, “Robust method to retrieve the
constitutive effective parameters of metamaterials,”
Phys. Rev. E, vol. 70, pp. 016608-1-016608-7,
2004.
A. Pradier, F. Lacroux, D. Lautru, M.-F. Wong, V.
Fouad Hanna, and J. Wiart, “Influence of the
homogenization of tissues on the electric field
calculation in numerical dosimetry for wireless
application,” Proceedings of the 9" European
Conference on Wireless Technology, Manchester,
UK, Sep. 2006.
J. Silly-Carette, D. Lautru, A. Gati, M.-F. Wong, J.
Wiart, and V. Fouad Hanna, “Optimisation of the
homogenization of tissues using the adjoint
method and the FDTD,” International Microwave
Symposium Digest, IEEE MTT-S, June 15-20, 2008.
J. Qi, H. Kettunen, H. Wallén, and A. Sihvola,
“Different retrieval methods based on S-parameters
for the permittivity of composites,” URSI
International Symposium on Electromagnetic
Theory, 2010.
D. R. Smith, S. Schultz, P. Markos$, and C. M.
Soukoulis, “Determination of effective permittivity
and permeability of metamaterials from reflection
and transmission coefficients,” Physical Review B,
vol. 65, pp. 195104, 2002.
X. Chen, T. M. Grzegorczyk, B.-1. Wu, J. Pacheco,
and J. A. Kong, “Robust method to retrieve the
constitutive effective parameters of metamaterials,”
Physical Review E, vol. 70, pp. 016608, 2004.
D. R. Smith and J. Pendry, “Homogenization of
metamaterials by field averaging,” J. Opt. Soc. Am.
B, vol. 23, no. 3, Mar. 2006.
I. Bardi, J. Tharp, and R. Petersson, “Homogenization
of periodic structures using the FEM,” IEEE
Transactions on Magnetics, vol. 50, no. 2, Feb.
2014,
U. K. Chettiar and N. Engheta, “Internal
homogenization: effective permittivity of a coated
sphere,” Optics Express, vol. 20, no. 21, Oct. 8,
2012.

[13] C. F. Bohren and D. R. Huffman, Absorption and
Scattering of Light by Small Particles, John Wiley
& Sons, New York, 1983.

[14] H. C. van de Hulst, Light Scattering by Small
Particles, John Wiley & Sons, New York, 1957.

[15] M.E. Ermutlu and A. H. Sihvola, “Polarizability of
matrix of layered chiral sphere,” Progress In
Electromagetic Research, vol. 9, pp. 87-101, 1994.

[16] A. Sihvola, Electromagnetic Mixing Formulas and
Applications, IEE Publishing, London, 2008.

[17] M.Y. Koledintseva, P. C. Ravva, R. E. DuBroff, J.
L. Drewniak, K. N. Rozanov, and B. Archambeault,
“Engineering of composite media for shields at
microwave frequencies,” Proc. |IEEE EMC
Symposium, vol. 1, pp. 169-174, Chicago, Aug.
2005.

[18] P. Mallet, C. A. Guérin, and A. Sentenac,
“Maxwell-Garnett mixing rule in the presence of
multiple scattering: derivation and accuracy,”
Phys. Rev. B, vol. 72, 014205, July 25, 2005.

[19] O. Levy, “Maxwell Garnett theory for mixtures of
anisotropic inclusions: application to conducting
polymers,” Physical Review B, vol. 56, no. 13, Oct.
1,1997.

[20] M. Scheller, C. Jansen, and M. Koch, Applications
of Effective Medium Theories in the Terahertz
Regime, Recent Optical and Photonic Technologies,
Book edited by: Ki Young Kim, 2010.

[21] Federal Communication Commission, Body Tissue
Dielectric Parameters, http://transition.fcc.gov/oet/
rfsafety/dielectric.html

Hulusi Acikgoz received the B.S.
and Master degrees in Applied
Physics from the Paris-Est Marne-
La-Valée University, France, and the
Ph.D. degree from the Pierre and
Marie Curie University (UPMCParis
V), Paris, France, in 2008 in
Electrical Engineering. He has been
a Teaching Assistant at UPMC-Paris IV in 2009-2010.
After a year of Post-Doctoral Research at the L2E
(Laboratoire d’Electronique et d’Electromagnétisme) in
Computational Electromagnetic Dosimetry, he joined
the KTO Karatay University, Konya, Turkey, in 2011, as
an Assistant Professor. Currently, he is a Visiting Scholar
working with Dr. Raj Mittra’s research group at the
University of Central Florida, USA. His research
interests include, microwave characterization of dielectric
materials, electromagnetic dosimetry, homogenization,
antennas for microwave cancer ablation, high impedance
surfaces, graphene applications in electromagnetics and
statistical analysis of electromagnetic devices.

711


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Monebhurrun,%20V..QT.&searchWithin=p_Author_Ids:37282526800&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Man-Fai%20Wong.QT.&searchWithin=p_Author_Ids:37307306300&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Wiart,%20J..QT.&searchWithin=p_Author_Ids:37266923000&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4534879
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4534879
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4534879
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4625375
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4625375



