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Abstract: In this study, using the finite–difference time domain (FDTD) method, specific absorption rate (SAR) distributions and
temperature increase are evaluated in a multi-layered human head model exposed to the field radiated from cellular phones and
wireless local area networks (WLANs) antennas. The bioheat equation with suitable boundary conditions is solved to find
temperature elevation and exposure time effect. Ageing effect is figured out too. In addition, the case of using cellular phones
in enclosed areas is studied. Moreover, the effect of distance between the source and the head model is investigated. The
obtained results confirm the importance of performing a thermal analysis along with the dosimetric one. At the same levels of
radiated power, SAR levels in the tissues are less than the safety limit recommendations, except in skin and cerebrospinal
fluid (CSF) tissues. It is also found that the induced temperature elevation in the brain region, in all the examined conditions,
never exceeds 0.48C. This value is well below the threshold for the induction of adverse thermal effects to the neurons.
1 Introduction

Recently, public concerns regarding potential health hazards
owing to the absorption of electromagnetic (EM) waves
emitted by portable telephones and wireless local area
networks (WLANs) have been growing because of the
recent rapid increase in the use of these applications. Limits
on maximum specific absorption rate (SAR) have been
established. The most widely acceptable standards are those
developed by the American National Standard Institution/
Institution of Electrical and Electronic Engineering (ANSI/
IEEE) and the International Commission on Non-Ionising
Radiation Protection (ICNIRP). These safety guidelines are
based on the findings from experiments on animals. The
SAR parameter has been widely used to determine the
possibility of health hazards in the human head because of
radio frequency (RF) radiation [1, 2].

Since SAR is a physical quantity, which causes the tissue
heating because of RF exposure, the safety guidelines on
localised SAR for wireless applications should be
determined in relation to temperature rise in the head. This
is because the biological hazards are mainly owing to
temperature rise in the tissue. Although temperature
elevation is an important parameter, little is known about it.

Different head models were presented in the literature. A
semi-infinite homogeneous plane of tissue has been
considered by Riu and Foster [3]. Khalatbari et al. [4]
considered a three-layered sphere model that represents
skin, bone and brain. An inhomogeneous human head
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model with 32 tissues has been used in [5]. Two problems
are faced in these models: first, the rather long execution
time needed in order to get the results; in the best case it
requires few hours. The second problem is that the cell size
used in these models is at least 2.5 mm which is considered
a low resolution for head models, and thus, the effect of
thin layers such as skin, fat and Dura is usually neglected.

In this paper, a simple multi-layered human head model
will be used to calculate SAR using the finite–difference
time domain (FDTD) method. The temperature rise in the
human head for wireless applications will be also
computed. Moreover, the effect of age on dielectric
properties of tissues, and head size, for SAR and
temperature evaluation will be investigated. The effect of
having a nearby wall (metallic or concrete) on SAR
distribution and temperature elevation in the head is studied
as well. Finally, the effect of distance between the
excitation source and the head model will be investigated.

2 Numerical method and modelling

As the number of existing anatomical computer models is
small, and their quality is often not sufficient to study the
effects of tissues with small thicknesses, a planar multi-
layered model of the human head is used here. This model
was originally proposed by Akram and Andrew [6], and it
consists of skin, fat, bone, Dura, CSF and brain as shown in
Fig. 1. The mobile phone antenna (or the WLAN antenna)
exists in air at a specific distance from the head model. It is
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assumed that this antenna produces a uniform plane wave that
is normally incident on the multi-layered structure.

This model is chosen because it does not need extensive
numerical techniques for field and SAR calculation. In
addition, it will be demonstrated that this rather simple
model will produce SAR values that are very close to those
obtained using other more elaborate models. The effect of
thin layers will be figured out precisely. To the best of our
knowledge, this model has not been used before to find out
temperature elevation in the head exposed to RF radiation.

The electrical properties of human tissues control the
propagation, reflection, attenuation and other properties of
EM fields in the body. These properties depend strongly on
the tissue type and the frequency of interest. As the water
content in the tissue increases, the conductivity increases.
Table 1 shows the electrical properties of the different
tissues in the head model at 900, 1800 and 2400 MHz,
which are commonly used in cellular phones and WLANs
[7]. It should be noted that the averaged values between
white and grey brain tissues are used as the electrical
properties of brain. It is also worth mentioning that the
body is so weakly magnetic such that, generally, the
relative permeability mr can be assumed to be 1.

The FDTD method is a well-known explicit scheme that
allows investigating the time of exposure to RF waves and
temperature elevation distributions. Moreover, FDTD allows
accurate characterisation of inhomogeneous media. Hence,
FDTD is essential in bio-electromagnetics and the
characterisation of the interaction of EM fields with the
tissues of the human head [8].

MATLAB programs were implemented using the FDTD
method, with a cell resolution of 0.1 mm. For practical
considerations, the total power radiated by the cellular
phone antenna is assumed to be 0.6 W, and the distance
between the head and the phone is assumed to be 2 cm.
Once the induced electric field inside the stratified structure

Fig. 1 Six-layered human head model used in this paper
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is known, the power density (W/m3) absorbed in the ith
layer is given by [6]

Pi =
si|E|2

2
(1)

where si and |Ei| are the ith tissue conductivity and the
electric field, respectively. The SAR (W/kg) is then
calculated by the following equation

SARi =
si|E|2

2ri

(2)

where r is the tissue’s density (kg/m3). The values of ri for
the different tissues of the model are taken from [9] and are
given in Table 2. The results of FDTD will be verified by
using the method presented in [10] to calculate SAR
distribution.

Tissue temperature distributions during exposure to RF
waves can be determined by solving the bioheat transfer
equation (BHE), which considers the contributions of heat
conduction, blood perfusion and external heating. In
addition to geometrical parameters and thermal properties,
SAR distribution induced by the external heating device
should be determined first. Pennes [11] proposed a model
to describe the effects of metabolism and blood perfusion
on the energy balance within the tissue. It is written in the
following form

Cp(z)r(z)
∂T (z, t)

∂t
= K(z)∇2T (z, t) + r(z)SAR(z)

− B(z)(T (z, t) − Tb) (3)

where T is the temperature of the tissue, Tb is the temperature
of the blood, K is the thermal conductivity of the tissue, Cp is
the specific heat of the tissue and B is a term associated with
blood perfusion.

The temperature elevation because of handset antennas can
be considered as sufficiently small not to activate the
thermoregulatory response, including the increase of local
blood flow and the activation of sweating mechanism. Thus,
this response is neglected in this study. Next, a boundary
condition is needed to account for the heat exchange
between the head surface, namely, the skin, and the external

Table 2 Tissues density of the layers of the human head

model [9]

Tissue Skin Fat Bone Dura CSF Brain

r (kg/m3) 1100 920 1850 1050 1060 1030
Table 1 Relative permittivity and conductivity of the layers of the human head model [7]

Layer Relative permittivity Conductivity (S/m)

900 MHz 1800 MHz 2.4 GHz 900 MHz 1800 MHz 2.4 GHz

skin 41.4 38.9 38.1 0.87 1.18 1.44

fat 5.46 5.34 5.29 0.051 0.078 0.102

bone 12.45 11.8 11.41 0.14 0.28 0.385

Dura 44.4 42.9 42.1 0.96 1.32 1.64

CSF 68.7 67.2 66.3 2.41 2.92 3.41

brain 45.8 43.5 42.6 0.77 1.15 1.48
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environment. It is given as follows

K(zmin)
∂T (z, t)

∂z
= −h(T (zmin, t) − Ta) (4)

where h, T, and Ta denote, respectively, the heat transfer
coefficient, the surface temperature of the tissue and the
temperature of the air. The thermal parameters used in this
study are given in Table 3 [12]. The convective heat
transfer coefficient between the model surface and air (h) is
set to 10.5 W/(8C m2), which is the typical value of the free
convection mode of air at room temperature. The ambient
temperature (Ta) and the blood temperature (Tb) are set to
20 and 378C, respectively.

The discretisation of the bioheat equation follows that of
the FDTD cell used to determine the SAR. For a
continuous function of space and time F(z, t), its discretised
form at mth time step can be written as Fm(z) =
F(kDz, mDt), where Dz is the cell size in the finite–
difference representation and Dt is the incremental time
step, which should be chosen according to a condition that
ensures the numerical stability. By expanding the bioheat
equation in its finite–difference approximation, (3) and (4)
can be written as follows

Tm+1(i) = Tm(i) + Dt

Cp(i)
SAR(i)

− Dt B(i)

Cp(i)r(i)
(Tm(i) − Tb) +

Dt K(i)
Cp(i)r(i)Dz2

[Tm(i + 1)

+ Tm(i − 1) − 2Tm(i)] (5)

Tm+1(imin) = K(imin)Tm(imin + 1)

K(imin) + hDz
+ TahDz

K(imin) + hDz
(6)

The temperature rise because of the RF exposure is obtained
from the difference between the temperature T (z, t) and
T (z, 0), where T (z, 0) is the normal temperature distribution
in the unexposed head, that is, with SAR ¼ 0 at thermal
equilibrium. A stability criterion, similar to the time-step
criterion used to calculate electric and magnetic fields using
the FDTD method, is needed in order to make sure that the
heat transfer distribution is true. Of course, the standard
FDTD time step is not proper for a heat transfer simulation
because it is incredibly small and it would take very long
time to do a proper heat transfer simulation. Another reason
is that heat does not move with the speed of light.
Therefore a new time step is required to solve the bioheat
equation. The numerical stability condition for the time step
used in solving a bioheat equation in its finite-difference
form can be derived by expressing the solution using the
Fourier series and by checking the variation of amplitude of
each Fourier component. In order to ensure the numerical

Table 3 Thermal parameters of head tissues [12]

Tissue K W/(Km) Cp J/(K kg) B W/(KM3)

skin 0.42 3600 9100

fat 0.25 3000 1700

bone 0.39 3100 1850

Dura 0.5 3600 1125

CSF 0.62 4000 0

brain 0.535 3650 40000
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stability, Dt is chosen to satisfy

Dt ≤
2CprDz2

12K + BDz2
(7)

which is derived from Von Neumann’s condition [13].

3 Adult human head model results

SAR distributions are found using the FDTD method and the
technique described in [10] (which will be referred to as
‘Matrix inversion method’). In this technique, the electric
and magnetic fields in each layer are expressed as the
superposition of forward and backward travelling waves,
each with specific unknown amplitude. Then, appropriate
boundary conditions (the continuity of tangential electric
and magnetic fields components) are enforced at the
interfaces between the layers, resulting in a set of equations
to be solved for the unknown amplitudes by ‘matrix
inversion’. Results for the three frequencies 900 MHz,
1800 MHz and 2.4 GHz, respectively, are presented in
Figs. 2–4. It is clear that the FDTD solution is very

Fig. 2 SAR distribution using FDTD and matrix inversion method
at 900 MHz

Fig. 3 SAR distribution using FDTD and matrix inversion method
at 1800 MHz
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efficient and gives results that are the same as the exact
solution using matrix inversion of boundary condition
equations [10].

Generally speaking, the distributions of the electric field
and SAR distributions have different shapes at different
frequencies. This results from the fact that the dielectric
properties are frequency dependent. In SAR distributions, it
is noted that the peaks appear in skin and CSF layers. The
international limit level for the SAR, which is 2 W/kg for
head, is exceeded in these two places. This is because these
tissues have relatively high conductivity values compared to
other tissues and cause SAR peaks, since the higher
conductivity implies a higher SAR. Table 4 shows the peak
SAR values in skin, CSF and brain at the three frequencies
of interest.

Compared to the results obtained in [5, 14], the obtained
SAR values are very close to the FDTD simulation of other
complicated head model. In the literature, the cell resolutions
used are inadequate to find the actual SAR value in very thin
tissues and it is averaged or even neglected. This is the
reason behind the fact that the obtained peak values in this
work are higher than those found in [14].

It is informative to consider how quickly the temperature in
the head is elevated because the steady-state temperature rise
may not give a realistic picture of the temperature rise
distribution within the head since telephone calls are,
usually, not long enough to reach steady state. Figs. 5–7
show the short-term peak temperature rise in the skin, fat,
bone and brain tissues at the frequencies of interest. It is
found that the peak temperature rise for these tissues
increases exponentially over the first 9–10 minutes, and
then the rate of temperature rise slows down. The steady
state is reached after about 25 min of exposure. Our results
agree with those presented in [13, 15] where it was found
that the peak temperature rise in the head occurs in the
skull and it is up to 0.2278C at 900 MHz, 0.2688C at
1800 MHz, and 0.3858C at 2.4 GHz.

Fig. 4 SAR distribution using FDTD and matrix inversion method
at 2.4 GHz

Table 4 Peak SAR values in skin, CSF and brain

Tissue 900 MHz 1800 MHz 2.4 GHz

skin 14.6 4.8 11.8

CSF 6 2.79 3.3

brain 1.76 1.04 1.27
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The steady-state temperature provides information on the
maximum temperature rise within the human head exposed
to RF fields from wireless applications. It should be pointed
out that the peak SAR occurs at the skin tissue, while the

Fig. 6 Short-term peak temperature at 1800 MHz

Fig. 5 Short-term peak temperature rise at 900 MHz

Fig. 7 Short-term peak temperature rise at 2.4 GHz
IET Microw. Antennas Propag., 2011, Vol. 5, Iss. 9, pp. 1073–1080
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peak temperature rise occurs within the internal bone tissue
rather than the skin tissue.

Figs. 5–7 show that the maximum temperature rise in the
brain is up to 0.138C at 900 MHz, 0.0978C at 1800 MHz,
and 0.148C at 2.4 GHz. It is known that the brain has the
largest blood-flow rate in the head, so that temperature rise
slows down rapidly. However, since the normal active heat
transfer is very effective in regulating the temperature in the
brain, a temperature rise up to 3.58C in the brain is
harmless and does not cause any physiological damage
[13]. This value is approximately 27 times the computed
maximum temperature rise at 900 MHz, 36 times the
computed maximum temperature rise at 1800 MHz and 25
times the computed maximum temperature rise at 2.4 GHz.
From these results, it is found that the temperature increase
is not directly proportional to the local SAR values, thus,
confirming the importance of doing thermal analysis.

4 Effect of age on SAR and temperature
elevation distribution

The level and distribution of RF energy absorbed in a child’s
head during the use of a mobile phone has been a
controversial issue in recent years. When investigating this
problem, the dielectric properties of the biological tissues
for adults are, so far, being used owing to the lack of
dielectric properties for children which raised the public
concern on whether or not the children heads absorb more
EM energy. In this section, the age effect on dielectric
properties is examined by employing 7-year-old and 3-year-
old head tissues properties, which are presented in Table 5
for 900 MHz. They are taken from [16], in which an
empirical formula for the complex permittivity of various
tissues as a function of the hydrated rate or the total body
water (TBW) was derived according to Lichtenecker’s
exponential law.

Fig. 8 shows the short-term peak temperature rise in the
brain tissue for an adult, 3-years-old and 7-years-old head
models. The results show a very small difference in
temperature elevation because of age. For children,
temperature increase is less than adults’ temperature
increase value by �2%. This means that the dielectric
properties for the child head models do not significantly
affect the temperature elevation. This could be explained as
a cancellation of the increased conductivity and decreased
electric field penetrating into the tissue. This is because of
the same degree of increase between the conductivity and
permittivity.

Another issue of concern regarding the effect of wireless
applications on the children is their small head size and
whether this fact has an effect on SAR and temperature
elevation in the brain or not. To investigate this, a 5-years-
old child head model is obtained by linear scaling of the
IET Microw. Antennas Propag., 2011, Vol. 5, Iss. 9, pp. 1073–1080
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adult head model using a scaling factor of 0.693 in the
horizontal plane [17]. Fig. 9 shows the SAR and steady-
state temperature distributions for the 5-years-old child head
model at 900 MHz.

The results show that the SAR values increase in the CSF
and brain tissues. Moreover, SAR values exceed the
international limit level at the beginning of the brain tissue.
However, compared to the results of an adult head, the
steady-state temperature elevation (as well as its peak value)
decreases in the whole head model. The peak of the
temperature increase in an adult head model is 0.228C
(Fig. 5), whereas it is 0.168C in the child head model.

Fig. 8 Short-term peak temperature rise in the brain tissue for an
adult, 3-years-and 7-years-old head models

Fig. 9 SAR and temperature distributions for 5-years-old head
size at 900 MHz
Table 5 Dielectric properties of children and adult heads at 900 MHz [16]

Tissues Adult 3 years old 7 years old

1r s 1r s 1r s

skin 41.4 0.87 43.48 0.91 42.47 0.89

fat 11.33 0.11 13.26 0.13 12.29 0.12

bone 11.27 0.23 23.12 0.38 21.97 0.36

Dura 44.43 0.96 46.38 1 45.43 0.98

CSF 68.64 2.41 69.1 2.43 68.88 2.42

brain 45.8 0.765 47.65 0.795 46.75 0.78
1077
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5 Effect of using mobile phones in
enclosed areas

With the rapid increase in the use of mobile phones in
enclosed environments, such as elevators, public anxiety
over the possibility of RF exposures in these environments
exceeding the international restrictions has been growing.
The arguments are based on the well-known fact that
conductive structures tend to reflect EM fields that may
result in an enhancement of SAR and temperature elevation.

Temperature elevation, which will be studied in this
section, is the most important parameter in reaching any
conclusion regarding any added effect of using cellular
phones inside enclosed environments. For this purpose, the
multi-layered human head model, excited by a plane wave,
is adopted. The distance between the wall and the head
model is varied.

Here, firstly, we investigate the effect of using a mobile
phone inside an elevator. In this case, an infinite metallic
wall is simulated since the elevator wall is usually made of
iron with conductivity 107 S/m. Second, the effect of
having a concrete wall beside the mobile phone is
investigated. Concrete is essentially a non-magnetic material
with a relative permeability of unity. The principal factor
influencing the concrete permittivity is the amount of
moisture contained within the concrete pores, which often
varies with increasing depth below the surface. The relative
permittivity of concrete used in the simulation is 6 for
naturally dry concrete and 12 for saturated concrete [18].
Conductivity of concrete varies with water content as well.
The used conductivity of concrete is 10 mS/m for naturally
dry concrete and 20 mS/m for saturated concrete [19].

Figs. 10 and 11 show the temperature elevation
distributions for the head model in free space (without
walls) and with a metallic wall existing behind the plane
wave source. Moreover, Figs. 12 and 13 show temperature
elevation distributions for the head model with a concrete
wall existing behind the plane wave source. In these figures,
the head model is set at l/4 and l/2 away from the wall,
for 900 and 1800 MHz.

The difference between the temperature elevation
distribution while the head is in free space and beside the
conductive walls can be easily observed in these figures. It
is very clear that the effect of these walls depends mainly

Fig. 10 Effect of having an iron wall behind the plane wave source
on the temperature elevation in the head

Head model is set at l/4 and l/2 away from the wall at 900 MHz
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Fig. 11 Effect of having an iron wall behind the plane wave source
on the temperature elevation in the head

Head model is set at l/4 and l/2 away from the wall at 1800 MHz

Fig. 12 Effect of having a concrete wall behind the plane wave
source on the temperature elevation in the head

Head model is set at l/4 and l/2 away from the wall at 900 MHz

Fig. 13 Effect of having a concrete wall behind the plane wave
source on the temperature elevation in the head

Head model is set at l/4 and l/2 away from the wall at 1800 MHz
IET Microw. Antennas Propag., 2011, Vol. 5, Iss. 9, pp. 1073–1080
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on the distance between the wall and the head model.
Furthermore, it is found that the peaks of the excitation
source occur at the distance from the metallic wall given
approximately by the equation

dpeak
z = (2n + 1)

l

4
(8)

where n ¼ 0, 1, 2. . . and l is the free-space wavelength at a
given frequency.

In the case of metallic walls, the maximum temperature
elevation obtained at 900 and 1800 MHz are 0.37 and
0.38C, respectively, corresponding to an increase of 64 and
15.3% those of the human model in free space. It has been
also found that for maximum SAR values, there was an
increase of 67 and 40% over those found in free space at
900 and 1800 MHz. Our SAR results are in good agreement
with the measured ones at 900 MHz presented in [20].

For the case of wet concrete walls, the maximum
temperature elevations obtained at 900 and 1800 MHz were
larger than those found in the free-space case by 26.4 and
3.8%, respectively. It has been also found that for
maximum SAR values, there was an increase of 56.5 and
27% over those found in free space at 900 and 1800 MHz.
For the case of dry concrete wall, the SAR values and
temperature elevation are found to be a little slightly
smaller than the wet concrete walls results. This is because
of the fact that the conductivity of dry concrete is smaller
than that for wet concrete.

Another interesting fact is that, at some distances from the
wall, there is a destructive interference between the EM fields
because of multi-reflections in the enclosed environments.
This causes the electric field to be almost zero at some
definite distances from the walls. At these distances, the
temperature elevation in the head is lower than the free-
space case. The minimum values of the peak SAR, as well
as temperature elevation, are obtained when the distance is
given approximately by

dmin
z = n

l

2
(9)

where n ¼ 0, 1, 2. . .
The SAR and temperature elevation distributions were

found to depend on the head model position relative to the
wall. For the other type of enclosed environments, concrete
walls, a substantial enhancement because of multi-
reflections was observed. These findings are true regardless
of the type of the human model used. Moreover, their effect
is smaller than that observed in an elevator because
concrete conductivity is smaller than that of iron. This
would result in less reflections from the walls.

6 Effect of distance between the head model
and the source

In all of the above results, the power radiated from cell phones
was set to be 0.6 W. Fig. 14 illustrates the peak SAR when the
distance between the head model and the source is variable at
different frequencies. Moreover, Fig. 15 illustrates the peak
temperature elevation in the head model when the distance
between the head model and the source is variable at
different frequencies. It is obvious from these two figures
that there is an inversely proportional relationship between
these distributions and the distance between the head model
IET Microw. Antennas Propag., 2011, Vol. 5, Iss. 9, pp. 1073–1080
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and the excitation source. This observation agrees with that
found in [4, 21]. For instance, increasing the distance
between the source and the head model from 1 to 2 cm
causes the SAR to decrease by almost 75% at the
frequencies of interest. Moreover, it causes the temperature
elevation to decrease by 74% at 900 MHz, 75% at
1800 MHz and 70% at 2.4 GHz.

7 Conclusions

SAR distribution and temperature increase have been
evaluated in a head model exposed to the RF wave radiated
from cellular phones and WLAN antennas. The obtained
results confirm the importance of performing a thermal
analysis together with the dosimetric one. SAR levels in the
tissues are less than the safety limit recommendations,
except in skin and CSF tissues. However, it is found that
the induced temperature elevation in the brain, in all the
examined conditions, never exceeds 0.48C. This value is
well below the threshold for the induction of adverse
thermal effects to the neurons. Even though the used head
model is simple, the obtained results were very close to
those presented in the literature using more sophisticated
models. This model enabled us to make simulation with

Fig. 14 Peak SAR when distance between head model and the
source is variable

Fig. 15 Peak temperature elevation when distance between head
model and the source is variable
1079
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very small cell size, and thus, figuring out the effect of thin
layers on the SAR distributions was possible in a small
simulation time. Moreover, this paper presented a
comprehensive study on SAR and temperature elevation
distributions which includes investigating age effect, using
phones inside enclosed environments and the effect of the
distance between the head model and the source.
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