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This study presents a numerical analysis of specific absorption rate (SAR) and temperature distributions
in the realistic human head model exposed to mobile phone radiation at 900 MHz and 1800 MHz. In the
realistic human head model, the effects of operating frequency and gap distance between the mobile
phone and the human head on distributions of specific absorption rate and temperature profile within
the human head are systematically investigated. This study focuses attention on each tissue in the human
head in order to investigate the effects of mobile phone radiation on the human head. The SAR and the
temperature distribution in various tissues in human head during exposed to mobile phone radiation,
obtained by numerical solution of electromagnetic wave propagation and unsteady bioheat transfer
equations, are presented. For both frequencies, the highest SAR values are obtained in the region of
the skin near the antenna. It is found that the highest SAR values are 0.823 W/kg and 1.187 W/kg for
the frequencies of 900 MHz and 1800 MHz, respectively. The SAR values obtained from this study are well
below ICNIRP limit for all cases. In addition, it is found that the temperature distributions are not directly
proportional to the local SAR values. Moreover, the experimental validation has been carried out by using
the infrared camera in order to complement the simulation results.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, there is an increasing public concern about the
health implications of the use of mobile phone, as a result of the
rapid growth in the use of mobile phone throughout the world.
Although the safety standards are regulated in terms of the peak
specific absorption rate (SAR) value of tissue, the maximum tem-
perature increase in the human head caused by electromagnetic
energy absorption is an actual influence of the dominant factors
which induce adverse physiological effects. The severity of the
physiological effect produced by small temperature increases can
be expected to worsen in sensitive organs. Actually, a small tem-
perature increase in the brain about 3.5 �C is noted to be an allow-
able limit which does not lead to physiological damage [1].
Additionally, it is reported that a very small temperature increase
in hypothalamus of 0.2–0.3 �C leads to altered thermoregulatory
behavior [2]. There have been reports on the effects of mobile
phone radiation on the human head. The analysis generally has
been conducted based on peak SAR which follows public safety
standards regulation [3,4]. Due to ethical consideration, exposing
a human to electromagnetic fields for experimental purposes is
ll rights reserved.
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limited. It is more convenient to develop a realistic human head
model through numerical simulation. Numerical analysis of human
head exposed to mobile phone radiation has provided useful infor-
mation on absorption of electromagnetic energy for the human
head under a variety of exposure condition.

Recently, the modeling of electromagnetic induced heat trans-
port in human tissues has been investigated [5–11]. Thermal mod-
eling of human tissue is important as a tool to investigate the effect
of external heat sources as well as in predicting the abnormalities
within the tissue. Most studies of heat transfer analysis in biolog-
ical tissue have frequently used bioheat equation. Pennes’s bioheat
equation, introduced by Pennes [5] based on the heat diffusion
equation, is a frequently used for analysis of heat transfer in bio-
logical tissues. The studies of high temperatures tissue ablation
using a modified bioheat equation to include tissue internal water
evaporation during heating have been proposed by Yang et al. [6].
The simulation result is found in agreement with experimental re-
sults. Okajima et al. [7] derived the dimensionless steady-state
solutions of bioheat transfer equation to discuss the bioheat trans-
fer characteristics common to all organs or tissues. Chua and Chou
[8] have developed a bioheat model to study the freeze–thaw ther-
mal process of cryosurgery. Recently, porous media models have
been utilized to study the bioheat transport in biological media
[9,10]. Many studies have been conducted using the coupled model
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Nomenclatures

C specific heat capacity (J/(kg K))
E electric field intensity (V/m)
f frequency of incident wave (Hz)
j current density
k thermal conductivity (W/(m K))
n refractive index
Q heat source (W/m3)
T temperature (K)
t time

Greek letters
l magnetic permeability (H/m)
e permittivity (F/m)

r electric conductivity (S/m)
x angular frequency (rad/s)
q density (kg/m3)
xb blood perfusion rate (1/s)

Subscripts
b blood
ext external
met metabolic
r relative
0 free space

Fig. 1. Human head exposed to mobile phone radiation.
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of bioheat equation and Maxwell’s equation [13–15]. In the past,
the experimental data on the correlation of SAR levels to the tem-
perature increases in human head is sparse. Most previous studies
of human exposed to electromagnetic field did not consider heat
transfer cause an incomplete analysis to result. Therefore, model-
ing of heat transport in human tissues is needed to be cooperated
with electromagnetic in order to completely explain the actual
behavior of the transport phenomena within the human head.
The topic of temperature increase in human tissue caused by expo-
sure to electromagnetic wave, particularly those radiated by mo-
bile phone, has been of interest for several years [12].

However, most studies of electromagnetic wave exposure of hu-
man head have not been considering realistic domain with compli-
cated organs of several types of tissue, and experimental validation
is limited or non-existent. There are few studies on the thermal
field and electromagnetic field interaction in realistic physical
model of the human head due to the complexity of the problem,
even though it is directly related to the thermal injury of tissues.
Moreover, in general situations involving near-field exposures, it
is well known that the exposure conditions such as operating fre-
quency and the gap distance between electromagnetic source and
exposed object play an important role in electromagnetic energy
absorption. Therefore, in order to provide information on levels
of exposure and health effects from mobile phone radiation ade-
quately, it is essential to simulate both of electromagnetic field
and heat transfer within an anatomically based human head model
under various exposure conditions.

Recently, our research group has tried to investigate the tempera-
ture increase in the human tissues subjected to electromagnetic wave
numerically. Wessapan et al. [13,14] utilized a 2D finite element
model to obtain the SAR and temperature increase in human body
exposed to electromagnetic wave with different testing condition.
They developed a set of governing equations utilizing the bioheat
equation coupled with the Maxwell equation. The results of this study
show that the dielectric and thermal properties of the tissues are play
the significant role on heat transfer in human body. Keangin et al. [15]
carried out on the numerical simulation of liver cancer treated by
using microwave coaxial antenna. Their results are found to be in
good agreement with those from the previous experimental and
numerical studies under various treatment conditions.

This research is a pioneer work that simulates the SAR distribu-
tion and temperature distribution through an anatomically based
human head under electromagnetic radiation. In this study, a
three-dimensional realistic human head model was used to simu-
late the SAR distribution and temperature distribution over the
realistic human head at different frequencies and gap distances.
Electromagnetic wave propagation in human head was calculated
using Maxwell’s equations. An analysis of heat transfer in human
head exposed to electromagnetic wave was calculated using the
bioheat equation. The effects of operating frequencies (900 MHz
and 1800 MHz) and gap distances between the mobile phone and
the human head (0 cm, 1.0 cm and 2.0 cm) on distributions of
SAR and temperature distributions within the human head are sys-
tematically investigated. The frequencies of 900 MHz and
1800 MHz were chosen for simulations in this study, as they have
wavelengths in the microwave band and are used frequently in
area of mobile phone usage. In order to complement the simulation
results, the experimental validation have been carried out by using
the infrared camera. The obtained values provide an indication of
limitations that must be considered for temperature increases
due to electromagnetic energy absorption from mobile phones.

2. Formulation of the problem

Fig. 1 shows the radiation of electromagnetic energy from mo-
bile phone to a realistic human head model. Due to ethical consid-
eration, exposing a human to electromagnetic fields for
experimental purposes is limited. It is more convenient to develop
a realistic human head model through numerical simulation. The
next section, an analysis of specific absorption rate and heat trans-
fer in the layered human head exposed to mobile phone radiation
is illustrated. The system of governing equations as well as initial
and boundary conditions are solved numerically using the finite
element method (FEM) via COMSOLTM Multiphysics.

3. Methods and model

The first step in evaluating the effects of a certain exposure to
radiation in the human head is the determination of the induced



Table 1
Dielectric properties of tissues [21,22].

Type of tissue 900 MHz 1800 MHz

er r (S/m) er r (S/m)

Skin 41.41 0.87 32.5 0.52
Fat 11.33 0.11 5.35 0.078
Bone 20.79 0.34 8.0 0.16
Brain 45.805 0.765 53.0 1.7

Table 2
Thermal properties of tissues [13,23].

Tissue q (kg/m3) k (W/m �C) Cp (J/kg �C) Qmet (W/m3) xb (1/s)

Skin 1125 0.42 3600 1620 0.02
Fat 916 0.25 3000 300 4.58E�04
Bone 1990 0.37 3100 610 4.36E�04
Brain 1038 0.535 3650 7100 8.83E�03
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internal electromagnetic field and its spatial distribution. Thereaf-
ter, electromagnetic energy absorption which results in tempera-
ture increases within the human head and other interactions can
be considered.

3.1. Physical model

In this study, a patch antenna of a mobile phone located at the
left side of a human head with various gap distances is considered
as near field radiation source for human head models. Fig. 2(a)
shows the three-dimensional realistic human head model with
the patch antenna used in this study at various gap distances be-
tween the patch antenna and the human head. This model com-
prises 4 types of tissue which are skin, fat, skull, and brain. These
tissues have different dielectric and thermal properties. Fig. 2(b)
gives the head dimensions used in this study, which are directly ta-
ken from statistical body-size data [16]. The dielectric properties
and thermal properties of tissues are given in Tables 1 and 2,
respectively.

3.2. Equations for electromagnetic wave propagation analysis

Mathematical models are developed to predict the electric field
and SAR with relation to temperature gradient within the human
head. To simplify the problem, the following assumptions are
made:
Fig. 2. Human head model, (a) cross section human head model
1. Electromagnetic wave propagation is modeled in three
dimensions.

2. The human head in which electromagnetic waves and human
head interaction proceeds in the open region.

3. The free space is truncated by scattering boundary condition.
4. The model assumes that dielectric properties of each tissue are

constant.
with mobile phone, (b) dimensions of human head model.
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The electromagnetic wave propagation in human head is calcu-
lated using Maxwell’s equations [13,17], which mathematically de-
scribe the interdependence of the electromagnetic waves. The
general form of Maxwell’s equations is simplified to demonstrate
the electromagnetic field penetrated in human head as the follow-
ing equations:

r� 1
lr
r� E� k2

0erE ¼ 0; ð1Þ

where E is electric field intensity (V/m), lr is relative magnetic per-
meability, er is relative dielectric constant, k0 is the free space wave
number (m�1).

3.2.1. Boundary condition for wave propagation analysis
Electromagnetic energy is emitted by the patch antenna and

strikes the human head with a particular radiated power. The
lumped port, where it used to define a voltage drop across two
patches, is placed between the two patches at the bottom of the
patch antenna in order to generate an electromagnetic field. There-
fore, the boundary conditions for solving electromagnetic wave
propagation, as shown in Fig. 3, are described as follows:

At the bottom of the patch antenna, an electromagnetic simula-
tor employs lumped port boundary condition with specified radi-
ated power,

Zin ¼
V1

I1
¼ E1l1

I1
ð2Þ

where Zin is the input impedance (X), V1 is the voltage along the
edges (V), I1 is the electric current magnitude (A), E1 is the electric
field along the source edge (V/m), l1 is the edge length (m).

The patch of the antenna acts approximately as a cavity which
the perfect electric conductor on the inner and outer surfaces is as-
sumed. Hence, the perfect-electric-conductor boundary condition
along the patches on the antenna is considered,

n� E ¼ 0 ð3Þ

Boundary conditions along the interfaces between different medi-
ums, for example, between air and tissue or tissue and tissue, are
considered as continuity boundary condition,

n� ðE1 � E2Þ ¼ 0 ð4Þ
Fig. 3. Boundary condition for analysis of electrom
The outer sides of the calculated domain, i.e., free space, are consid-
ered as scattering boundary condition [7],

n�ðr�EÞ� jkn�ðE�nÞ ¼�n�ðE0� jkðn�kÞÞexpð�jk � rÞ ð5Þ

where k is the wave number (m�1), r is electric conductivity (S/m), n
is normal vector, j ¼

ffiffiffiffiffiffiffi

�1
p

, and E0 is the incident plane wave (V/m).

3.3. Interaction of electromagnetic waves and human tissues

When electromagnetic waves propagate through the human tis-
sues, the energy of electromagnetic waves is absorbed by the tis-
sues. Interaction of electromagnetic fields with biological tissues
can be defined in term of specific absorption rate (SAR). The spe-
cific absorption rate is defined as power dissipation rate normal-
ized by material density [13,18,20]. The specific absorption rate
is described by the following equation:

SAR ¼ r
q
jEj2 ð6Þ

where r is electric conductivity (S/m) , and q is the tissue density
(kg/m3).

3.4. Equations for heat transfer analysis

To solve the thermal problem, the temperature distribution in
the human head has been evaluated by the bioheat equation which
coupled to Maxwell’s equations. The temperature distribution is
corresponded to the specific absorption rate (SAR). This is because
the specific absorption rate within the human head distributes ow-
ing to energy absorption. Thereafter, the absorbed energy is con-
verted to thermal energy, which increases the tissue temperature.

Heat transfer analysis of the human head is modeled in three
dimensions. To simplify the problem, the following assumptions
are made:

1. Human tissues are bio-material with constant thermal
properties.

2. There is no phase change of substance within the tissues.
3. There is no energy exchange throughout the boundary of

human head model.
4. There is no chemical reaction within the tissues.
agnetic wave propagation and heat transfer.



Fig. 4. A tree-dimensional finite element mesh of human head model.
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The temperature distribution within the human model is ob-
tained by solving the Pennes’ bio-heat equation [5,19] The tran-
sient bioheat equation effectively describes how heat transfer
occurs within the human head, and the equation can be written as

qC
@T
@t
¼ r � ðkrTÞ þ qbCbxbðTb � TÞ þ Q met þ Q ext ð7Þ

where q is the tissue density (kg/m3), C is the heat capacity of tissue
(J/kg K), k is thermal conductivity of tissue (W/m K), T is the tissue
temperature (�C), Tb is the temperature of blood (�C), qb is the den-
sity of blood (kg/m3), Cb is the specific heat capacity of blood (J/
kg K), xb is the blood perfusion rate (1/s), Qmet is the metabolism
heat source (W/m3) and Qext is the external heat source term (elec-
tromagnetic heat-source density) (W/m3).

In the analysis, heat conduction between tissue and blood flow
is approximated by the blood perfusion term [5,13],
qbCbxb(Tb � T).

The external heat source term is equal to the resistive heat gen-
erated by electromagnetic field (electromagnetic power absorbed),
which defined as [13]

Q ext ¼
1
2
rtissuejEj2 ¼

q
2
� SAR ð8Þ

where rtissue ¼ 2pfe0re0.

3.4.1. Boundary condition for heat transfer analysis
The heat transfer analysis is considered only in the human head,

which does not include parts of the surrounding space. As shown in
Fig. 3, the outer surface of human head corresponded to assump-
tion (3) are considered as thermally insulated boundary condition,

n � ðkrTÞ ¼ 0 ð9Þ

It is assumed that no contact resistant occurs between the internal
organs of the human head. Therefore, the internal boundaries are
assumed to be a continuity boundary condition,

n � ðkurTu � kdrTdÞ ¼ 0: ð10Þ
3.5. Calculation procedure

In this study, the finite element method is used to analyze the
transient problems. The computational scheme is to assemble fi-
nite element model and compute a local heat generation term by
performing an electromagnetic calculation using tissue properties.
In order to obtain a good approximation, a fine mesh is specified in
the sensitive areas. This study provides a variable mesh method for
solving the problem as shown in Fig. 4. The model of bioheat equa-
tion and Maxwell’s equation are then solved. All computational
processes are implemented using COMSOLTM Multiphysics, to
demonstrate the phenomenon that occurs within the human head
exposed to electromagnetic field. The system of governing equa-
tions is solved with the unsymmetric multifrontal method. The
electromagnetic power absorption at each point is computed and
used to solve the time-dependent temperature distribution. All
steps are repeated, until the required exposure time is reached.
The calculation using time step for thermal model of 0.1 s and time
step for electromagnetic field model of 10�11 s. The convergence
criterion is specified at 10�6 and the maximum number of itera-
tions is set to 1000 to assure that the transient solution is accurate.
The 3D model is discretized using hexagonal elements and the La-
grange quadratic is used to approximate temperature and SAR var-
iation across each element. Convergence test of the frequency of
900 MHz are carried out to identify the suitable number of ele-
ments required. The convergence curve resulting from the conver-
gence test is shown in Fig. 5. This convergence test leads to the grid
with approximately 200,000 elements. It is reasonable to assume
that, at this element number, the accuracy of the simulation results
is independent from the number of elements and therefore save
computation memory and time. Higher numbers of elements are
not tested due to lack of computational memory and performance.
4. Results and discussion

In this study, the mathematical model combining bioheat equa-
tion and Maxwell’s equation for all cases are used for the analysis.
For the simulation, the dielectric properties and thermal properties
are directly taken from Tables 1 and 2, respectively. Since most
GSM networks use frequencies in the 900 MHz and 1800 MHz
spectrum, therefore, in this analysis, the effects of operating fre-
quencies (900 MHz and 1800 MHz) and gap distances between
the mobile phone and the human head (0 cm, 1.0 cm and 2.0 cm)
on distributions of specific absorption rate and temperature profile
within the human head are systematically investigated.

4.1. Verification of the model

It must be noted in advance that it is very difficult to make direct
comparison of the model in this study and the experimental results
because it is not possible to direct measure the temperature increase
in the brain, especially in the case where the heating effect from mo-
bile phone radiation is taken into account. Due to the geometry of
the human head used to validate the numerical model is sparse. In
order to verify the accuracy of the present numerical model, the
modified case of the simulated results is then validated against
the numerical results with the same geometric model obtained by
Nishizawa and Hashimoto [20]. The SAR distribution in horizontal
cross section of three layer human tissues as shown in Fig. 6 is used
in the validation case. In the validation case, the leakage power den-
sity exposed to the electromagnetic frequency of 1300 MHz is
1 mW/cm2. The results of the selected test case are illustrated in
Fig. 7 for SAR distribution in the human tissues. Table 3 clearly
shows a good agreement of the maximum value of the SAR of tissue
between the present solution and that of Nishizawa with the maxi-
mum error of 3.88%. This favorable comparison lends confidence in
the accuracy of the present numerical model. It is important to note
that there may be some errors occurring in the simulations which
are generated by the input dielectric properties and the numerical
scheme.



Fig. 5. Grid convergence curve of the 3D model.

Fig. 6. Geometry of the validation model obtained from the paper [20].

Table 3
Comparison of the results obtained in the present study with those of Nishizawa and
Hashimoto [20].

Present work Published work [20] % Difference

SARmax in skin 0.212 0.220 3.63
SARmax in fat 0.198 0.206 3.88
SARmax in muscle 0.116 0.120 3.33
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4.2. Electric field distribution

In order to study the effects of the operating frequency, a human
head is exposed to the radiated power of 1 W at the frequencies of
900 MHz and 1800 MHz with the gap distance fixed to 1 cm for
30 min. Fig. 8 shows the simulation of electric field distribution
within the human head exposed to mobile phone radiation along
the extrusion line (Fig. 13) at the both frequencies. It can be seen
that the higher values of electric field in both cases occur in the area
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Fig. 7. Comparison of the calculated SAR distribution to the SA
of outer parts of the head, especially in skin, and fat. By comparison,
the maximum electric field intensity in outer parts of the human
head at the frequency of 1800 MHz displays a higher value than
that of 900 MHz. The maximum electric field intensities are
48.11 V/m at the frequency of 900 MHz and 135.25 V/m at the fre-
quency of 1800 MHz. It is found that a large part of electromagnetic
wave at 900 MHz can penetrate further into the human head. This
electric field leads to deeper electromagnetic energy absorbed in
the organs of human head in comparison to the frequency of
1800 MHz. With the lower frequency of 900 MHz, a large part of
electromagnetic wave is able to penetrate into the human head
due to its long wavelength has a stronger influence than the higher
value of its dielectric properties (shown in Table 1) on the penetra-
tion of an electromagnetic field, which corresponds to a larger pen-
etration depth. It is found that at the frequency of 1800 MHz, the
electric field diminishes within small distances, which results in a
low specific absorption rate in organs deep inside the human head.
This phenomenon explains why the electric field and therefore the
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Fig. 8. Electric field distribution (V/m) in human head exposed to the radiated power of 1 W at the frequencies of 900 MHz and 1800 MHz, with 1 cm gap distance.
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specific absorption rate are greatest at the skin and decay sharply
along the propagation direction for a short wavelength.
4.3. SAR distribution

Fig. 9 shows the SAR distribution evaluated on the horizontal
cross section of the human head. It is evident from the results that
the dielectric properties as shown in Table 1 can become significant
on SAR distribution in human tissues when electromagnetic energy
is exposed in these tissues. The magnitude of dielectric properties
in each tissue will directly affect the amount of SAR within the hu-
man head. The SAR pattern at the frequency of 900 MHz shows
greater electromagnetic power absorption in the deep part of the
human head, with less surface heating, compared to those of
1800 MHz. For both frequencies, the highest SAR values are ob-
tained in the region of the skin near the antenna. The frequency
of 900 MHz displays SAR of 0.823 W/kg and for the frequency of
1800 MHz displays SAR of 1.187 W/kg. It is found that the SAR dis-
tribution pattern in the human head is depended on the effect of the
frequency and the dielectric properties of human tissues. With pen-
etration into the head, the SAR values decrease rapidly along the
Fig. 9. SAR distribution (W/kg) in human head exposed to the radiated power of 1 W
distance. However, it can be observed a deeper penetration of the
electromagnetic energy within the human head in the 900 MHz fre-
quency; this corresponds to an electric field distribution (Fig. 8).
The SAR distributions in the human head are found to be correlated
with the electric field distributions (Figs. 8). Comparing to ICNIRP
limit of SAR value (2 W/kg), the resulting SAR from this study are
not exceeded limit value in all cases. The SAR distribution in each
tissue are presented in detail in Section 4.5.
4.4. Temperature distribution

In order to study the heat transfer within the human head, the
coupled transport phenomenon of electromagnetic wave propaga-
tion and unsteady bioheat transfer are then investigated. Due to
these coupled phenomena, the electromagnetic energy (Fig. 8) is
absorbed by the tissues (Fig. 9) and this energy is then converted
into heat. Fig. 10 shows the temperature distribution in the hori-
zontal cross section human head exposed to the radiated power
of 1 W with 1 cm gap distance for 30 min at the frequencies of
900 MHz (Fig. 10(a)) and 1800 MHz (Fig. 10(b)). Fig. 10(c) shows
the steady state temperature distribution in the human head in
at the frequencies of (a) 900 MHz and (b) 1800 MHz, with 1 cm gap distance.



Fig. 10. The temperature distribution in human head exposed to the radiated power of 1 W with 1 cm gap distance for 30 min. (a) At the frequency of 900 MHz. (b) At the
frequency of 1800 MHz. (c) The temperature distribution in human head without mobile phone used.

354 T. Wessapan et al. / International Journal of Heat and Mass Transfer 55 (2012) 347–359
case of without the mobile phone. For the human head exposed to
the mobile phone radiation, the temperature within the human
head (Fig. 10(a) and (b)) is increased corresponding to the specific
absorption rate (Fig. 9). This is because the electric field within the
human head attenuates owing to the energy absorbed and thereaf-
ter the absorbed energy is converted to thermal energy, which in-
creases the human head temperature. Nevertheless, in regions of
weak electric field intensity, metabolic heat generation as well as
blood perfusion becomes the dominant mechanism for heat trans-
fer. The maximum temperature increases are small in all cases. It is
found that at the different frequencies, the temperature distribu-
tion patterns are quite different. For both frequencies, the hot spot
zone is strongly displayed at the skin and brain tissue. In the skin
region, the case of 1800 MHz has higher temperature (37.057 �C)
than that of the 900 MHz (37.037 �C). While in the brain region,
the 900 MHz has higher temperature (37.112 �C) than that of the
1800 MHz (37.109 �C). The temperature increases in the human
head are found to be correlated with the electric field and SAR
(Figs. 8 and 9). There are much lower than the thermal damage
temperature of 3.5 oC [3]. The brain is a tissue with high metabolic
heat generation, and consequently resulting in a higher tempera-
ture of brain tissue than the other tissues with lower metabolic
heat generation. While the temperature in skin region is lower
than that of brain region even if it has higher SAR value than other
tissues. This is due to the higher blood perfusion of the skin tissue
plays an important role to keep a low temperature of the tissue. It
can be seen that, the maximum temperature increase observed in
each frequency is not much different; however the observed tem-
perature distribution pattern in each frequency is significantly dif-
ferent and is dominated by the dielectric properties and thermal
properties of the tissues. The temperature distribution in each tis-
sue will be presented in detail again in Section 4.5.

4.5. Comparison of SAR distribution and temperature distribution in
human tissues

In order to study the comparison of SAR distribution and tem-
perature distribution within the human head, the SAR and temper-
ature distribution along an extrusion line are then investigated.
Figs. 11 and 12, respectively, show the slice plot of SAR distribution
and the temperature distribution of human head exposed to the
radiated power of 1 W at the frequency of 900 MHz for 30 min
with no gap distance and with 1 cm gap distance. The slice plot
in Figs. 9 and 10 showing the sensitive area of SAR and tempera-
ture distribution within the human head that gives important
information to select the appropriate extrusion line as shown in
Fig. 13.

In Fig. 13, consider the relation of SAR and temperature distri-
bution at the extrusion line, the temperature increases of human
tissues are induced by local dissipation of SAR. Fig. 14 shows the
SAR distribution versus arc-length of human head exposed to the
radiated power of 1 W with 1 cm gap distance for 30 min. With
penetration into the head, the SAR values decrease rapidly along
the distance. However, it can be observed a deeper penetration
of the electromagnetic energy within the human head in the
900 MHz frequency; this corresponds to an electric field distribu-
tion (Fig. 8). The graph shows the higher SAR values of the
1800 MHz frequency at the skin, fat and brain periphery. While
in the skull and middle brain region, the SAR value of 1800 MHz
frequency is lower than that of 900 MHz. This is because at the fre-
quency of 1800 MHz, skull has a much lower electrical conductiv-
ity than that of 900 MHz and the electric field intensity at
1800 MHz is decreasing rapidly. The SAR distribution in Fig. 14 is
correlated with the temperature distribution in Fig. 15. However,
the maximum temperature of the 900 MHz frequency is found to
be higher than that of 1800 MHz frequency, especially in the mid-
dle brain region. This is due to a deeper penetration of the electric
field and SAR pattern into the human head of the 900 MHz fre-
quency. Upon the thermal parameters shown in Table 2, the ther-
mal conduction effect causes the 1800 MHz frequency has a higher
temperature in bone even if it has lower SAR value than that of
900 MHz. This behavior is due to the fact that for the different fre-
quency radiation at same radiated power, the temperature distri-
bution is not the same.

Fig. 16 shows the localized maximum SAR values of human
head exposed to the radiated power of 1 W with 1 cm gap distance



Fig. 11. The slice plot of SAR distribution in human head exposed to the radiated power of 1 W at the frequency of 900 MHz (a) with no gap distance (b) with 1 cm gap
distance.

Fig. 12. The slice plot of temperature distribution exposed to the radiated power of 1 W at the frequency of 900 MHz (a) with no gap distance (b) with 1 cm gap distance.

T. Wessapan et al. / International Journal of Heat and Mass Transfer 55 (2012) 347–359 355
for 30 min for the frequencies of 900 MHz and 1800 MHz. For the
value of localized SAR for each tissue layer, it is found that SAR dis-
tribution is corresponded to electric field distribution as well as the
dielectric properties of tissues. For both frequencies, the highest
SAR values are shown for skin tissue and brain tissue, respectively.
Furthermore, most of the localized SAR for each tissue of the
1800 MHz frequency is higher than that of the 900 MHz frequency
except bone tissue. This is because at the frequency of 1800 MHz,
bone has a much lower electrical conductivity than that of
900 MHz, while the electric field intensities in bone are insignifi-
cant difference between these two frequencies.
Fig. 17 shows the localized maximum temperature increases of
human head exposed to the radiated power of 1 W with 1 cm gap
distance for 30 min for the frequencies of 900 MHz and 1800 MHz.
The highest temperature increase in both frequencies occurs in
skin, fat, bone, and brain, respectively. It is observed that the sec-
ond highest temperature increase in both frequencies appears in
the fat tissue, not in brain like the SAR values as shown in
Fig. 16. This is because fat tissue has lower blood perfusion rate
(4.58 � 10�4 1/s) than the brain (8.83 � 10�3 1/s) which causes
the heat transfer due to blood perfusion is less effective in fat. At
the same time, there is also the contribution of heat conduction
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from the skin tissue, which displays a strong influence on the fat
and bone temperature.

In addition, it is found that the temperature distributions are
not directly related to the SAR distribution. Nevertheless, these
are also related to the parameters such as; thermal conductivity,
Fig. 14. SAR distribution versus arc-length of human head exposed t

Fig. 15. Temperature distribution versus arc-length of human head expos

Fig. 13. The extrusion line in the human head where th
dielectric properties, blood perfusion rate and etc. It is therefore
important to use a strongly coupled model of thermal and elec-
tromagnetic wave propagation model to asses the health effects
of exposure to electromagnetic wave radiated by the mobile
phone.
o the radiated power of 1 W with 1 cm gap distance for 30 min.

ed to the radiated power of 1 W with 1 cm gap distance for 30 min.

e SAR and temperature distribution are considered.



Fig. 16. Comparison of the maximum SAR in human tissues of human head exposed to the radiated power of 1 W at the frequencies of 900 MHz and 1800 MHz, with 1 cm gap
distance for 30 min.

Fig. 17. Comparison of the temperature increases in human tissues of human head exposed to the radiated power of 1 W with 1 cm gap distance for 30 min.

T. Wessapan et al. / International Journal of Heat and Mass Transfer 55 (2012) 347–359 357
4.6. Effect of gap distance between the mobile phone and the human
head

The effect of gap distance between the mobile phone and the
human head has also investigated. Fig. 18 shows the comparison
of the SAR distribution within the human head at various gap dis-
tances with the radiated powers of 1.0 W at the frequency of
900 MHz for 30 min, along the extrusion line (Fig. 13). As the gap
distance decreases, the maximum SAR value in the skin tissue is in-
creased. The maximum SAR values are 0.4, 0.8 and 1.6 W/kg for the
Fig. 18. SAR distribution versus arc-length of human head exposed to the radiated p
gap distances of 2.0, 1.0 and 0 cm, respectively. Fig. 19 shows the
temperature distribution within the human head along the extru-
sion line corresponding to gap distances of 0 cm, 1.0 cm and
2.0 cm. As the gap distance decreases, the maximum temperature
is increased as well, but the gap distance contributes low influence
to the midbrain region because the high blood perfusion of brain
tissue plays an important role to keep a low temperature of the
midbrain region. It is found that gap distance between the mobile
phone and the human head significantly influences the SAR and
temperature distribution. This is due to a smaller gap distance
ower of 1 W at the frequency of 900 MHz at various gap distances for 30 min.



Fig. 19. Temperature distribution versus arc-length of human head exposed to the radiated power of 1 W at the frequency of 900 MHz at various gap distances for 30 min.

Fig. 20. Comparison between experimental result (a) and simulated result (b) of surface temperature distribution (�C) of human head after exposed to the 1800 MHz mobile
phone radiation at the radiated power of 1 W with no gap distance for 30 min.
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leads to higher electric field intensities, SAR, and heat generation
inside the human head, thereby increasing the temperature within
the human head.

The experiment was set up in an indoor nonairconditioned
environment. The room temperature was approaching to the tem-
perature of human body of 37 �C. A FLIR t200 infrared camera was
used to measure the surface temperature of the human head. The
parameters setting of the system were: emissivity = 0.98, subject
distance = 30 cm, RH = 0.8. Fig. 20 shows the comparison between
simulated result and experimental result (measured by infrared
camera) of surface temperature distribution of human head ex-
posed to the radiated power of 1 W with no gap distance for
30 min at the frequency of 1800 MHz. The results show the great-
est temperature in the pinna region especially near the feed point
of the antenna where the maximum electric field is occurred, while
the other areas display the lower temperature. The maximum tem-
perature found in the experimental result is 37.3 �C compared to
37.27 �C of the simulated result. It can be seen that the agreement
between the two temperature distributions is good, particularly
concerning the location of the hot region.

5. Conclusions

This study presents the numerical simulation of SAR and tem-
perature distribution in the realistic human head model exposed
to mobile phone radiation at the frequencies of 900 MHz and
1800 MHz with various gap distances between the mobile phone
and the human head. The numerical simulations in this study show
several important features of the energy absorption in the human
head.

In all cases of exposure, the highest SAR in the human head oc-
curred near the surface, directly beneath the feed point of the mo-
bile phone antenna. Refer to the SAR limit recommended by the
ICNIRP of 2 W/kg, the SAR values obtained from this study are well
below ICNIRP limit for all cases.

In the human head, the location for the maximum temperature
increase is not necessarily the same as for the maximum SAR due
to various mechanisms of electromagnetic propagation and heat
transfer. In view of the fact that the temperature distributions do
not always correlate well with the SAR distributions. The maxi-
mum temperature increase in skin of 1800 MHz frequency is high-
er than that of 900 MHz frequency. While the maximum
temperature increases in brain of 1800 MHz frequency is lower
than that of 900 MHz frequency. In all cases of exposure, the tem-
perature increases calculated in this study are lower than the
thresholds for the induction of thermal damage in all the consid-
ered situations.

A smaller gap distance between the mobile phone and the human
head leads to higher electric field intensities, SAR, and heat genera-
tion inside the human head, thereby increasing the temperature
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within the human head. Moreover, it is found that the temperature
distributions in human head induced by mobile phone radiation are
not directly related to the SAR distribution due to the effect of
dielectric properties, thermal properties, blood perfusion, and
penetration depth of the electromagnetic power.

Therefore, health effect assessment of mobile phone radiation
requires the utilization of the numerical simulation of SAR model
along with the thermal model. This will allow a better understand-
ing of the realistic situation of the interaction between electromag-
netic field from mobile phone radiation and the human tissues.
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