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Abstract

The aim of this study was to estimate Specific Absorption Rate (SAR) induced in
human head tissues, by assuming human head as a cubical model filled with lossy dielectric
material and exposed to electromagnetic plane waves. The research is carried out by
computational simulation using C programming codes. The numerical technique used in
this study was Finite Difference in Time Domain (FDTD) method, along with Perfectly
Matched Layer (PML) as an appropriate absorbing boundary condition. Different
conditions including exposure conditions as well as physical parameters are employed, in
order to compare the results to the past literature. Finally, the penetration depth of one of
the specified models is expressed by means of interpolation. The results which are in
complete agreement with the others in some cases, suggests that considering the biological
tissues as dispersive media, would result in correct estimations; whereas changing in the
structure of the model, doesn’t differ if precise predictions are not important. Furthermore,
the penetration depth correlation to frequency is in line with what is expressed in theoretical

papers.
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Introduction

Nowadays by the development of technology, using electrical devices inevitably
results in excessive electromagnetic exposure of human being. It includes domestic
sources such as personal wireless devices (mobile phones or pagers) as well as RF
dielectric heaters, RF sealers, radars and RF transmitters as industrial or occupational
sources. In investigating the effects of the radiation emitted by these sources, there is a
classification based on the photons energy during the interaction with matter. lonizing
radiation which has been studied for about sixty years refers mostly to the gamma and X
radiation; while the non- ionizing radiation is referred to the lower frequencies of
Electromagnetic spectrum and covers the ultra violet waves and lower frequencies. This
type of radiation, despite its name has raised more debates in the last 20 years, as some
evidences show that the energy of photons in this frequency range are sufficient for
some molecular interactions. The non ionizing radiation could be subdivided into other
groups such as low frequency fields (LF), Medium frequency fields (MF) and high
frequency fields (HF) regarding the area of research. What is more important is that
they have biological effects as well as thermal effects, and the theory of the biological
effects is still unknown is some cases. [1, 2]

To have a review on the past literature, modeling of the human body and using
numerical methods are the main points to be mentioned. The first anatomically realistic
voxel model of humans due to the ICRP standards [3] called NORMAN, was developed
by P. Dimbylow in 1996 [4]. Later more models, regarding gender, age and different
species were introduced by others [5, 6]. What makes us more indebted in this field of
study is the database of tissues’ dielectric properties, established by Gabriel et al (1996)
[7]. This database provides us the conductivity and permittivity of some animals and
human tissues in a wide frequency range in addition to some predictions on a model for
dielectric spectrum of the tissues, and this would help us on the simulation of human
body tissues_ if we consider there is not much difference between human and animal

tissues according to the measurements in [8].
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The next step for simulating is an efficient numerical method, which can accurately
estimate the solution to Maxwell’s equations. There have been several numerical
methods based on integral or differential equation techniques, and the specification of
the domain which could be time or frequency. What is more important in this step is the
boundary condition, which could work out the problem more accurate. An appropriate
numerical method along with an efficient boundary condition, make the simulation of
electromagnetic waves interaction inside the body more satisfactorily. The importance
of simulating of electromagnetic waves has made scientists produce some commercial
software packages, which are available in some universities or institutions. The
numerical method which is applied in most of these packages is the Finite difference in
Time Domain (FDTD) method [9]. The boundary conditions used, are also different
according to the field of research; however, the Perfectly Matched Layer (PML) is
highly recommended in the field of Bioelectromagnetics, as it could be applied for non-
homogeneous, non-isotropic, nonlinear and dispersive media due to an exposure of
plane waves [10].

In this study, some major head tissues are exposed to electromagnetic waves within
the frequency range of 500- 2450 MHz, and the thermal effects are investigated
according to computational calculations. In some stages, few frequencies are selected,
since the human head is more exposed to them by proximity of mobile phones. The
frequencies are approximately 900 and 1800 MHz and refer to the Global System for
mobile communications (GSM) frequency ranges _ popular in most parts of the world.

The wave is simulated as a planar wave field equation, and to comply with some
simulation software, in which the dispersive biological tissues are taken into account;
we defined a 14.6 cm cubical model with isotropic, homogeneous and lossy dielectric
parameters for the human head. The numerical method used is FDTD as well as the
PML representing the boundary condition. Various results are obtained due to the
variation of initial conditions, such as input power, frequency and model layers. The
correlation of penetration depth to frequency is finally estimated, by considering grey
matter as a lossy dielectric medium. It should be noted that, the simulation is undertaken

in C# codes, while the final data are plotted in MATLAB view for more data analysis.
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Materials and Methods
1. Simulation Process
In the frequency range of 100 kHz to 6 GHz, the dosimetric quantity which is used as
an index of comparison and estimation of energy absorption inside the biological

tissues, is called Specific Absorption Rate (SAR), and defined as follows

"e d (dW) _ d (dW) W/k 1
~dt\dm/ ~ dt\pdv g 1

where, dW is the increment of absorbed or dissipated energy in the mass element of tissue with
mass density of p (kg/m®). The relation between SAR and the amplitude of electric field is

o|E?|
SAR = W/kg )

In this equation o (S/m) is electrical conductivity of tissue, and E is the rms electric
field strength (V/m) [11]. The SAR is related to the temperature rise in tissue by
cAT

SAR = NS W/kg 3)

where c is the specific heat of tissue (]J/kg. C°), and At is the time interval (seconds) in
which temperature increment AT is measured.

IEEE and ICNIRP have established some basic restrictions on the rate of energy
deposition inside the human head and trunk within the related frequency range, to
prevent the thermal effects of such radiation on human, either in occupational or public
scale. The guidelines determine that the average SAR in any 10 gr region of body
tissues shouldn’t exceed 10 W/kg at occupational or 2 W/kg at public exposures [12].
According to these standards, AT should not exceed 1 C°.

To estimate SAR in a biological tissue, what we need first is the solution to the
Maxwell’s electromagnetic equations inside the physical medium. Those could be either
the differential equations or the integral ones. Among the numerous techniques which
provide a numerical solution to these equations, the Finite Difference in Time Domain
(FDTD) method, which was first introduced by K.S. Yee (1966), seems to be the best
method for our study, since it could be applied to find the solutions quickly as well as
being coded into computer programs quite easily. Furthermore it has been mentioned in

some reference books that the FDTD method is more applicable in bioelectromagnetic
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researches, since it is extremely versatile in whole body or partial body exposures, due
to various spatial fields (far or near fields) as well as other initial conditions [13], [14].
Maxwell’s differential equations for an isotropic medium, which has no electric or

magnetic sources but may have materials that cause electric or magnetic losses are as

follows
oD
E = VXxH _]e (4')
0B
5t = VXE-Im (5)

in which D = €E = ¢.¢,E ,B = uH, J. = cE and J,, = ¢"H. Besides € and u are also
permittivity and permeability of the medium as well as o and o* which are the electric
conductivity and the equivalent magnetic resistivity of the medium respectively.
Working in Cartesian coordinates system, we can derive 6 scalar equations from the
equations (4) and (5), including partial space and time derivatives for E and H
intensities. These terms could be then expressed by employing the spatial and temporal
derivatives equivalences, represented by Yee in the FDTD method [11] .

In this method, the whole volume of interest is subdivided into a grid of Yee cells.
The grid coordinates are incremented by Ax , Ay and Az as well as the time, which is
incremented by At, while n represents time steps and is an integer. Taking Yee’s
approach, we can then determine E (or H) at any position inside the medium from their
previous values at the adjacent grid positions. By the time intervals, we can also find out
how much the energy is absorbed inside the body as the time passes.

In order to achieve the necessary accuracy, the minimum spatial increments of the
Yee’s cells are determined to be 10- 20 samples per wavelength. What we have
proposed for a cubical cell in this study is the minimum value due to the maximum

number of samples,

Co
Ax = Ay = Az <
A T

in which f is the applied wave frequency, ¢, is the relative permittivity of the tissue, and

(6)

co Is the light velocity in free space. Moreover, temporal sampling should be
sufficiently small, in order to maintain the stability of the FDTD method, which is

named the Stability Criterion by Yee [9],
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At < — (7)
CO\/AXZ + Ay? T2z

Considering equal size for cubical cells, we can then write down the following equation

instead of equation (7),
Ax

coV3

The next step to carry out the simulation is to terminate the mesh in a way that the

At < (8)

computational domain is reduced, while no reflection from the medium boundaries
interferes the calculations. Various types of absorbing boundary conditions have been
presented on this issue using analytical techniques. Among all, the Perfectly Matched
Layer (PML) is a highly effective method introduced by Berenger in (1994). This
approach, which is known as an artificial boundary condition, could be imposed in
different media, as well as being exposed by different plane waves. Using the
instructions can lead to solutions to the Maxwell’s equations inside this layer [10].
Subsequently, by applying the Yee algorithm for this layer, the program would be
accomplished in sampling basis.

The final step to estimate energy absorption rate inside the medium is to define
physical and dielectric properties of the tissues proposed to study. It is known that
biological tissues are types of dispersive media, following the dielectric spectrum
described by Gabriel et al [7] in terms of multiple Cole- Cole equations and a

conductivity term as shown below,

4
Ag, Og
(@) = & 9
&) = & + Z 1+ (iwty)t—@ + iwe, )
n:

in this equation, €., is the permittivity at field frequencies where wt > 1, and €, is the

permittivity of free space. Ae, = (g5 — &,) is expressed as the magnitude of
dispersion, while € ¢ is the permittivity at frequencies where wt <« 1. In addition to
that, n refers to each dispersion regions of the tissue’s main constituents, as well as T,
which refers to the relevant relaxation times. This model is known to be a complex

equation, regarding i> = —1 and a as a real constant in the range [0, 1]. It should be
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added that the magnetic properties of biological materials are different from one to
another; however most of them are regarded as diamagnetic.

Taking all the above into the program, by some other specifications such as incident
wave characteristics, the source location, and other physical specifications of the tissue,
we can then find SAR at any position inside the medium, and that would consequently

help us on further research on the issue.

2. Specifications of the model used in this study
Assuming the human head as a cube of 14.6 cm in size, which is the average size of
an adult [3, 15], filled with an isotropic and homogeneous lossy dielectric material; we

can express the dielectric spectrum of the model as,

(W) =&, +

(10)

1WE,

which is the combination of the first and third terms of equation (10). Subsequently, the

necessary parameters would be taken into account during the research according to table

(1). Furthermore, the permeabilities of the tissues are considered to be equal to that of
free space.

This model is used during 3 stages of the research; while in one another stage the

model is changed into a multi planar layered cube of the same size, including different

isotropic and homogeneous lossy dielectric materials [figures [1- (a, b)].

E Field (2) ™ E Field (2)

HFeld ) © Propagation (%) : H Field () Propagation (x)

1. Blan (2 mm)

2. Fat {4 mm)

3. Bone {cortical), (2 mum)
4. Bone (cancellous) (4mm)
5. Grey matter (2 mum)

6. White matter {13.2 rum)

(@) (b)
Figurel. a) Simple model exposed to plane waves at source position,
b) Multi layered planar model used in this study

Source Position (10, 36, 36)

According to equation (6), the cells sizes imposed in the models follow below,
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B 3 x 108 (m/s)
20 X 2450 x 106 (1/s) X V4
which is the minimum size acquired during this study. Consequently, the maximum

Ax = Ay = Az

= 3.1 mm (11)

time increment due to equation (8) is,
3.1x 1073 (m)

N 1 (/) x V3

Having a more detailed SAR distribution, in order to compare the results with past

=59ps (2)

literature on realistic head models, is the reason for setting the above values 2 mm and
3.9 ps respectively.

The incident wave is also proposed to be a planar electromagnetic wave, in different
frequencies and powers. The wave enters perpendicularly to the medium at cell number
(10, 36, 36) on the left side of the model, and propagates on x- direction as shown in
figure (1-a). Furthermore, the electric field (E) is imposed on z- direction; whereas the
magnetic field (H) is on the y- direction by the values varying due to the input power.

For more details on the wave parameters, it should be mentioned that the radio
frequencies used in this study are those of the most incidence toward human head and
are propagated by cellular phones antennas. The related carrier frequencies applied by
the Global System for Mobile communication (GSM) throughout the world, are
approximately 900 and 1800 MHz, and the input powers are 1 and 2 W. It should be
noted that, the changes in the battery current of these devices generate extremely low
frequency (ELF) magnetic fields in the range of few Hz to 40 kHz, but they are
supposed to be within the safety levels [13, 14].

Considering the cell sizes, allocating 7 cells to the PML as well as 2 cells to the air
layer on each side, the whole computational domain then consists of 91x91x91 cells,
being sampled every 3.9 (ps) during a period of time, to find the SAR pattern inside the
model.

Results

Describing head models, exposure conditions and computational methods, we can
now survey energy deposition inside the models from different aspects. There are 5
stages which are carried out in this study.
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1. SAR variation in homogeneous models due to different input powers

6 major head tissues are taken into account in this stage to investigate the impact of
power changes. The input power is set to be 2 W and 1 W, while the frequency is fixed
on 900 MHz. Each tissue is exposed to either of the input powers separately, and the

results are then compared.

2. SAR variation in homogeneous models due to different input frequencies
The same procedure is done in this stage, by setting frequencies 900 and 1800 MHz,
while the input power is fixed on 2 W. Then the impact of frequency changes on a

particular tissue is compared to the past literature.

3. SAR variation in different homogeneous models due to a fixed input frequency
and power

In this stage the previous stages which were carried out for all of the 6 tissue types,
are used to estimate the relevant penetration depths and then listed in table 2. In this
stage we can have some discussions on the responses of different tissues in accordance
with their dielectric properties. That could be based on either of the fixed conditions in

table 2.

4. SAR variation in multi layered models due to a special input power and frequency

During this stage, models of 5 and 6 layers are exposed respectively to the plane
wave with the frequency 900 MHz, and the input power of 2 W. The 5 layered model
includes skin (wet), fat (not infiltrated), bone (cortical), brain (grey matter) and brain
(white matter), whereas the 6 layer model has an extra layer of 4 mm bone (cancellous),
and the cortical layer thickness is decreased to 2 mm as illustrated in figure (1- b).
Therefore the impact of the extra layer is inspected in this stage. The results are shown
in figures (2-4). It should be mentioned that, the layers thicknesses are based on the

ICRP standards [3]
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Specific Absorption Rate (SAR) distribution in x- y plane passing through the

source position for, (a) 5 layered model, (b) 6 layered model
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Figure4. Specific Absorption Rate (SAR) 3 dimensional pattern in x- y plane passing
through the source position for, (a) 5 layered model, (b) 6 layered model.

5. Penetration depth interpolation for a homogeneous model, based on SAR
variations over the frequency range of 500- 2450 MHz

In this stage a simple homogeneous model of grey matter is exposed to a plane wave
with the input power of 2 W, and over a wide radio frequency range. The frequency

increments are determined to be 50 MHz, and the SAR distribution is plotted by
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MATLAB, in order to find penetration depth of the wave_ the distance at which the
maximum energy absorption is decreased to the order of 1/e* by the software’s
sampling tools [see figure 5]. The depths (cell numbers) are then plotted versus related
frequencies. Finally, the whole trend is interpolated by the software’s curve fitting tools
[figures [6 (a, b)]]. The most appropriate curve fitting equation is as follow,

§ = 66.08f 709987 1 0.01978 (13)
That could be considered as

§=66f"1+0 (14)

W10

.48 x
0.015 200446 e

{

001 -1

) I

SAR (Wkg)
0 Y

% 42

. 46
0002679

K78

20000425

40 50 80 [}
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T
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SAR (Wrkg)

X:4T
Y:0.00194
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Figureb. (a) Specific Absorption Rate (SAR) distribution in a simple model filled with grey
matter at (900 MHz, 2 W) exposure. The data tips represent the samples used for
predicting of envelop; (b) the relevant penetration depth is found at the crossing of the
horizontal line and the curve (These procedures are carried out to estimate penetration

depths in stages 1-3 and 5)
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Figure6. Penetration depth (cm) trend in the frequency range 500- 2450 MHz. (a) The dots
are the data gathered in stage 5 from grey matter as a lossy dielectric material, the solid
line is achieved by curve fitting, (b) the asterisks are extra data to examine the accuracy of

the fitted curve

Discussion and Conclusion

In the first stage, the increase in the input power shows an increase in the SAR inside

the model. This includes all the cubical cells, and the most SAR is seen at the source

position, while it decreases gradually in the adjacent cells. The penetration depth is

fixed in both cases.
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In the second stage, the increase in the source frequency causes an increase in the
SAR inside the model in a way that the penetration depth decreases. This is in complete
agreement to the results obtained computationally by Keshvari et al on the realistic head
models [17].

In stage 3, the analysis of the data shows that all the samples have similar response to
the initial exposure conditions, and their dielectric parameters could lead to different
energy distributions. According to [18, 15] biological tissues with low water content
(low conductivity and permittivity), have reduced attenuation comparatively to those of
high water content; consequently the wave have higher penetration depth inside the
tissue. Here conductivity of cancellous is the greatest value among the other samples
listed in table 1; while that of skin is the smallest value. Therefore, the penetration depth
Is also expected to be the least for cancellous, and the most for the skin (wet).

In stage 4, the presence of cancellous in 6 layered model causes high local energy
deposition of 0.02 W/ kg in this layer, while the SAR distribution is the same in the
other layers comparing to 5 layered model. This result could be compared with the
others achieved computationally [19, 2, 15, 14], regarding the differences in input wave
and tissue dielectric properties.

In the last stage, the penetration depth of a typically lossy dielectric material is
interpolated by fitting different curves to the gathered data. Few extra data are entered
later as test points to check the validity of the result. The trend shows a correlation to
the input frequency, and this is in line with the expressions introduced for lossy

dielectric materials in electromagnetic reference books.
Tablel. Dielectric parameters used in this study.(*: Extra information)

Tissue type

£ [4] o (5/r[4] p (kg/m?)
Skin (dry) * 4 0.0002 1090 [15]
Skin (wet) 4 0.0004 1090 [15]
Fat (infiltrated) * 2.5 0.0350 950 [15]
Fat (not infiltrated) 25 0.0100 950 [15]
Bone (cancellous) 2.5 0.07 1180 [15]
Bone (cortical) 25 0.02 1920 [15]
Brain (grey matter) 4 0.02 1038.5 [2]
Brain (white matter) 4 0.02 1043.3 [2]
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Table2. Specific Absorption Rate (SAR) variation in simple cubic models of tissues due to

different initial conditions

Tissue Freq. | Power SAR hax SAR . gepth Penetration Penetration depth
(MHz) (W) depth (Cell
(Wikg)x 1072 | (Wikg)x 1072 Numbers) | 15 ronmy & cell No. x

4y]

White 900 2 14.0 1.94 48 9.6

matter

Grey 900 2 15.0 1.95 48 9.6

matter

Bone 900 2 45.0 6.02 22 4.4

(Cancellous)

Bone 900 2 7.8 1.05 40 8.0

(Cortical)

Fat (not 900 2 7.9 1.06 69 13.8*

infiltrated)

Skin (wet) 900 2 0.3 0.04 >>73 >>14,6%*

white 900 1 7.2 0.98 48 9.6

matter

Grey 900 1 7.3 0.98 48 9.6

matter

Bone 900 1 220 3.02 22 4.4

(Cancellous)

Bone 900 1 3.9 0.53 40 8.0

(Cortical)

Fat (not 900 1 4.0 0.54 69 13.8*

infiltrated)

Skin (wet) 900 1 0.1 0.02 >>73 >>14.6**

white 1800 2 14.0 1.94 29 5.8

matter

Grey 1800 2 15.0 1.95 29 5.8

Matter

Bone 1800 2 45.0 6.02 16 3.2

(Cancellous)

Bone 1800 2 7.8 1.05 25 5.0

(Cortical)

Fat (not 1800 2 7.9 1.06 41 8.2*

infiltrated)

Skin (wet) 1800 2 0.3 0.04 >>73 >>14,6%*

Penetration depth is estimated for each sample for further discussions.

*: The penetration depth is quite large in comparison to the model size.
**: The penetration depth is not achievable inside the model.

To put in a nutshell, the aim of this study was to model and simulate the interaction

of electromagnetic waves with the human tissues, and comparing the results with the

achievements of others, obtained by investigating anatomically detailed models. The

results obtained show us, considering human head tissues as dispersive materials

obeying equation (9), it is possible to say that the multi planar layered model is useful to

estimate energy deposition in cases that precise calculations are not of major
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importance. Moreover, according to the correct results, complicated specifications could

be imposed in case of further research.
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