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Abstract: - The scope of this paper is to calculate the electric field both inside and outside the human head and
consequently to estimate the Specific Absorption Rate (SAR) when an antenna is placed at its close proximity
at TETRA, UMTS and GSM frequencies. The analysis is twofold: a semi-analytical approach based on three-
dimensional Green’s function theory is initially implemented whereas a FEM (Finite Element Method) method
is used in order to further validate the analysis, by simulating the relevant three-dimensional geometries.
Numerical and simulation results are obtained for the local SAR values at different points inside the head when
the model of the human head is exposed to the radiation of dipole antennas at 0.4GHz (TETRA), 0.9GHz
(GSM), 1.8GHz (GSM) and 2.2GHz (UMTS) placed at a distance of 1 cm, 2cm and 3cm from the head model.
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1 Introduction

As the usage of mobile phones and other wireless
devices increases in everyday life, so does the
concern about potential health effects related to their
use. Although national and international agencies
have established safety guidelines for exposure to
radiofrequency (RF) fields, concerns are still raised
about the potential occurrence of adverse health
effects in relation to RF field exposure. The

Radiation Protection (ICNIRP) and IEEE have
such exposure of RF radiation [1], [2]. In parallel

the World Health Organization’s agenda (WHO) is
constantly updated to include all emerging new

the specific absorption rate (SAR). The SAR is an
indication of the amount of electromagnetic energy
absorbed by the biological tissues, and in the case in
question, in the human body. Between 100 kHz and
6 GHz for RF fields, the Specific Absorption Rate
(known as SAR) measured in Watts per kilogram
(W/kg), is the fundamental RF dosimetry parameter
and is defined as the rate of energy absorbed per
unit mass. The SAR is determined by the incident
International  Commission on  Non-lonizing electromagnetic waves and by the electrical and
geometrical characteristics of the exposed object
provided guidelines specifying the safety limits for [6].

Researchers have used a number of different
approaches to evaluate the interaction between the
human head and mobile phone antennas. Some

aspects concerning the biological implications of RF researchers  implement numerical ~methods  in
fields in public health [3]. Extensive studies conjunction with anatomically based models of the

reviewing recently reported results in literature also
including inter-county research work are also being
performed [4], [5].

radiation of mobile phones is the measurement of

human body to study electromagnetic energy
coupled to the head due to mobile telephones at
different frequencies (e.g. [7], [8], [9]) and various

The method generally used to assess the antenna types (e.g. [10]), whereas others perform
experimental studies of the SAR characteristics of
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mobile phones (e.g. [11]]). In parallel a significant
number of in vitro studies are also carried out (e.g.
[12], [13])

Moreover, concerns have been raised associated
with the temperature rise in head and brain tissues
due to the use of cellular phones which has led to
significant research work on this subject. Simple
[14]-[16] or more complex thermal models [17]-[19]
to compute the temperature rise as a result of
calculated SAR distributions are used to this end.
Also, numerous papers have been published
focusing specifically on the comparison of specific
absorption rates (SARS) in various anatomically
detailed head models [20]-[23].

Mobile phone users in epidemiological studies
have often used more than one phone model, and
sometimes also more than one mobile phone system
(analogue and digital systems). Additionally,
experimental measurements of the SAR in live
organisms are complicated and not always possible.

The present research focuses on using two
theoretical approximations for the evaluation of the
interaction between the human head and an antenna
placed at its close proximity at four radiation
frequencies at various antenna positions.

The two methodologies, used to calculate the
electric field both inside and outside the head and
consequently to estimate the Specific Absorption
Rate (SAR) are: i. a semi-analytical approach based
on two dimensional Green’s function theory ii. a
simulation tool using the FEM (Finite Element
Method).

The analysis based on the Green’s function
theory, which is carried out using a customized
simulation tool previously developed [24], [25], is
valuable since it represents the worst case due to its
more simplified modeling whereas the use of the
FEM tool and the anatomical head model used
provides more detailed and realistic results.

In the present analysis in order to model the
human head a double-layered sphere is used in the
Green’s function analysis and an anatomical head
model is used in the FEM analysis. The various
layers are used to simulate the behavior of different
biological media; bone and brain (gray matter)
tissues. Numerical and simulation results are
obtained for the local SAR values at different points
inside the head when the model of the human head
is exposed to the radiation of antennas at 0.4 GHz
(TETRA), 0.9 GHz (GSM), 1.8 GHz (GSM) and 2.2
GHz (UMTS) placed at a distance of 1 cm, 2cm and
3cm from the head model.

E-ISSN: 2224-2902

102

Irene Karanasiou

2 Materials and Methods

The geometry of the problem is depicted in Fig. 1.
The head is modeled by a double-layered sphere
with radii al and a2. The two layers are used to
simulate different biological media; bone and brain
(gray matter) tissues. The regions (1) and (2) have
dielectric constants &1 and &2 respectively. The
region (3) represents the free space with dielectric
constant €0. The system is excited by an antenna
placed outside the head model where the antenna’s
axis is considered parallel to z-axis.

Green’s function in each region i=1, 2, 3 of space
is properly expanded to an infinite sum of spherical
waves satisfying the appropriate vector wave
equation. By virtue of the spherical symmetry of the
problem, spherical coordinates are used, with unit

vectors 1" M @

REGION 2 <

REGION 1

REGION 3

Figure 1. The geometry of the problem

The following expressions describe the electric-
type Green’s function in the three regions of

Region 1

G, (F.1) =

3 Y [0k )2, (7) + 0 .k el (7],
n=1 m=-n

F<a, "
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Region 2
L(E.1)=
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Where ki = ko gi ! gmn (EI) ' imn (E’) 1y
c,,(f") are unknown coefficients to be
determined and m'? (F,k.), n (F,k.),i=1, 2;

= 1, 2 are the well known spherical wave
functions.
Regarding, the region outside the head and

inside the ellipsoidal cavity, the electric field
G o(L.7) from

!

consists of the primary excitation

=

the unit source located at and the

contribution of the field gs(f’ﬂ), scattered
from the double layered sphere. Thus,

Region 3

Gy (F, 1) =Gy (F.F) + G, (F.F) 3
where, G,(F,F)is the free space dyadic

Green’s function and is defined by an infinite
sum of spherical waves as

- jk, 2n+1
0= ;mZn( 2 J7z n(n+1)
X{ m® (ko )m (£, k) + 0 .k )n (7 k),
® (7, k)M (77, k, ) + 0 (F,k, )nb) (', k, ),
(4)
Hereupon, the unknown expansion coefficients

of the infinite sum of spherical waves are
determined by the boundary conditions on the

interfaces 7 =a,, a,. In order to satisfy the

continuity of the tangential electric and
magnetic field components, the boundary
conditions on the interfaces 7 =a,, a, are then

imposed by implementing the expressions:

—mn
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FxG,(F,F) =FxG,, (F.T) F=a.
I=l, 2 (5)

P (VX Gy (F,1) = Fx (Vx Gy (7, 7))

F:ai; i=1 2 (6)

where I denotes the unit vector along the radial
direction of the local coordinate system (Fig.1). By
implementing the orthogonality properties of the
spherical wave functions, two independent 4 x 4
linear sets of equations are obtained for the
unknown expansion coefficients stated above. These
two independent sets can be solved analytically for

the coefficients amn(r) D, (F) an(f) and

a' (£) by () G (E ) respectively.

The electric field at a point T lying in any region is
given by:

Ei(F)= @ p11,Gi(F)
G,(F

(7
where i=1,2,3, ) is the Green’s function in the

corresponding region and IOis given by the

following equation:

1 [(AWatt)16z,k,
ly=——
WL, A
U
z, = {8_0 K, = 2z
where 0 and A

The SAR at a point T inside the head is given by the
following equation:

o(F) |E(r)|
p(r)

(8)

SAR(F) =

(Watt/kgr) 9

P <\ﬁyhere 6 (S/m) is the conduct1v1ty, p (kgr/m®) is the
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density of the tissue and | )| is the magnitude of
the electric field (V/m) [26].

The investigation of the electromagnetic problem
is approached also numerically using commercial
simulation software (HFSS, High Frequency
Structure Simulator, Ansoft Corporation). HFSS
solves Maxwell’s equations using a finite element
method, in which the solution domain is divided
into a set of tetrahedral elements, termed as “mesh.”
The characteristics of the generated mesh, which are
fully automatically optimized, are crucial to
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obtaining a reliable, well-converged solution. In
order to obtain a converged solution a criterion was
established: the error of the systems S parameters
between two successive passes should be less than
0.02. In all the results presented the above criterion
was achieved. The head model used is an
anatomical meshed head model.

N
OO

Figure 2. Anatomical head model used in FEM
simulator

3 Numerical Results

Numerical results are presented after calculation
using the frequencies f,=0.4GHz (TETRA),
f,=0.9GHz (GSM), f;=1.8GHz (GSM) and
f,=2.2GHz (UMTS). The head model, including
skull and brain (gray matter) is of total diameter
10cm and hence the radii of the two cylinders are
a;=4cm and ap,=1cm.The dielectric properties of the
tissue composition used for the computation are
reported in literature for each frequency [27]. The
magnetic properties of the layers are denoted as
w=1,=pe=4110" Henry/m. The antenna was placed
at a distance of 1, 2, 3cm from the ear oriented in
parallel to the z-axis.

The penetration curves, which are the SAR
values variation from “one ear to the other” along
the longitudinal x-axis have been computed at each
antenna operating frequency, when the antenna is
placed at the above mentioned distances, and the
results are shown in the following figure (Fig. 3).
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Figure 3. Variation of SAR along x-axis of spherical
head model

As expected from theory the SAR values are
larger as frequency increases while penetration
depth decreases with increasing frequency. The
SAR distributions seem to be smoother at lower
frequencies whereas abrupt peaks of SAR values are
observed at the higher frequencies. Also, large SAR
values are observed on the head-air interface at high
frequencies (1.8 GHz and 2.2GHz) due to the
immediate change of the refraction index from the
value 1 in air to a much larger value in brain gray
matter.

Following, the local SAR using the FEM tool has
been computed inside the head model at each
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frequency, at each of the aforementioned distances
and the results are shown in the following figures 4
to 9. The maximum SAR values observed are also
calculated.

Distance of
phone Frequency
from ear
0.4 GHz
lcm

2cm

3cm

Max value: 4.15 W/Kg

Figure 4. Normalized SAR distribution at 0.4GHz

By observation of the results deriving by
implementation of both methodologies, the
maximum local SAR value is dependent on the
frequency and type of signal. The maximum local
SAR values at 2.2GHz are larger than those at
1.8GHz, the maximum local SAR values at 1.8GHz
are larger than those at 0.9GHz and finally the
maximum local SAR values at 0.9GHz are larger
than those at 0.4GHz for the same radiated power of
1Watt. Once again it is observed that the penetration
depth decreases as the frequency increases.
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Distance
of phone Frequency
from ear

0.9 GHz

lcm

2cm

3cm

Max value: 20.22 W/Kg

Figure 5. Normalized SAR distribution at 0.9GHz

Distance
of phone Frequency
from ear
1.8 GHz
lcm
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Max value: 63.35 W/Kg

3cm

Figure 6. Normalized SAR distribution at 1.8 GHz

As also expected, the maximum local SAR value
is dependent on the distance between the antenna
and the head. The maximum local SAR values when
the antenna’s distance from the head is 1cm are
larger than those when this distance is 2 cm and the
latter are larger than those when the distance in
question is 3 cm at the same operation frequency
and for the same antenna radiated power of 1W.

Distance
of phone Frequency
from ear
2.2 GHz
lcm

2cm
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3cm

Max value: 79.94 W/Kg
Figure 7. Normalized SAR distribution at 2.2 GHz

By observing figs. 6 and 7, it is concluded that
the results for the higher frequencies are similar.
The SAR distributions present maximum values
close the human ear, near the surface of the human
head model and the maximum SAR values are also
similar. As the antenna is placed away from the
head model the SAR is minimized.

At lower frequencies, larger areas of the human
head model are radiated and the penetration depth is
larger than that observed at the two highest
frequencies.

Normalized
SAR value
at the lowest
frequency

linear logarithmic

0.4GHz

0.9GHz

1.8GHz

Volume 11, 2014



WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE

2.2GHz

Figure 8. Normalized SAR distribution (at the
lowest frequency) at both linear and logarithmic
scales.

In order to easily compare the results by
observation and also exhibit the differences between
frequencies, the SAR distributions have been
normalized based on min and max observed values
at 1cm distance of antenna from ear both at linear
and logarithmic scales.

All figures present the SAR distributions at a xy
plane at a transversal cut at the ear of the head
model, which is the area where the maobile phone is
in general held and where its antenna radiates.

Normalized
SAR value at
highest
frequency

logarithmic

0.4GHz

0.9GHz
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1.8GHz

2.2GHz

Figure 9. Normalized SAR distribution (at the
highest frequency) at logarithmic scale

Once again similar results regarding head model
radiated areas, penetration depths and maximum
SAR values versus frequency range are obtained.

4 Discussion and Conclusion

In the present study the interaction between the
human head model and a mobile antenna at four
operating frequencies has been studied using a semi-
analytical Green’s function technique and the FEM
method, mainly in order to validate the performance
of the fast semi-analytical method.

Based on the simulation results in all cases, in
terms of use of a mobile phone, it could be assumed
that the higher the frequency used and the smaller
the distance is from the human head, the higher the
exposure. Nevertheless, at high frequencies the
penetration depth observed is small.

Although there are large differences mainly in
geometry, shape and tissue distribution in the
examined configurations, the SAR distributions are
quite similar. Quantitative differences in SAR
values are mainly caused by differences in the head
anatomy and the distance of the closest tissue
tetrahedral to the antenna as well as the
methodology used for the analysis. The results of
this study confirm the earlier results indicating that
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SAR values are sensitive to parameters, such as
distance of current source, anatomical structure of
the head model and frequency [28]-[30].

It should always be kept in mind that several RF
fields appear to be associated with certain biological
effects of unknown clinical significance that require
clarification. Up to now there isn’t any clear
evidence of adverse health effects associated with
RF fields from mobile phones. Given also the
outburst of new technologies, extensive and
continuous research is needed to address long-term
exposure and to gradually follow various possible
health effects right from the very early stages of
their appearance. RF exposure guidelines are also
updated as new scientific information on RF fields
and health risks is generated.

It is worth mentioning that not many studies exist
for the TETRA operating frequency regarding its
potential biological effects in humans. Exposure to a
continuous wave signal around 400MHz having
TETRA signal characteristics, doesn’t seem to
affect users nor seems to be responsible for
symptoms reported by some TETRA users [31].
Nevertheless, exposure to a continuous wave signal
may affect symptoms and should be further
investigated [32].

Another parameter that could be studied as a
factor of potential biological importance in risk
assessment radiofrequency (RF) communication
systems and other technologies is modulation.
Modulation introduces a spread of frequencies into
the carrier signal, but in general when compared to
the frequency of the carrier, this spread is rather
small. While a variety of modulation-dependent
biological effects of RF energy have been reported,
the underlying biological mechanisms have not been
determined [33].

Nevertheless, evidence that pulse-modulated RF
EMF alters brain physiology as measured in EEG
studies has been reported but without clear
exposure-related effects in cognitive performance
[33].

Finally, it has been long investigated over the
last five decades whether non-thermal biological
effects of RF frequencies exist. Numerous in vitro
and in vivo studies have been reported over the
years [34]. It has been concluded so far that the key
pathways towards the understanding of such
mechanisms rely on using multiscale approaches
based on affordable and realistic in silico models
[34].
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