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Increased testicular temperature adversely affects the reproductive system in the male. Environmental
conditions, namely high ambient temperature and electromagnetic fields (EMFs), influence the temper-
ature increase in the human body. This study considers the computationally determined specific absorp-
tion rate (SAR) and the heat transfer in a piecewise-homogeneous human model of the male reproductive
organs and upper thigh exposed to an electric dipole antenna. The study focuses on increases in testicular
temperature due to EMF absorption. Much attention is paid to the effects of the operating frequency and
exposure time on the SAR and temperature increases induced by exposure to a near-field EMF. The elec-
tric field, SAR and temperature distributions in various tissues during exposure to EMFs are obtained by
numerical simulation of EM wave propagation and an unsteady bioheat transfer model. This study indi-
cated that when the model is exposed to EMFs at the frequencies of 900 and 1800 MHz, the highest SAR
values are obtained in the scrotum. In the testis, which is the most sensitive part of the male reproductive
system, the SAR value of the 900 MHz frequency is significantly higher than that of 1800 MHz, while
there are no significant differences in the temperature increases between the two operating frequencies.
The obtained results may be of assistance in determining exposure limits for the power output of wireless
transmitters, and their operating frequency for use with humans.
Significant of this work: The study focuses on increases in testicular temperature due to EMF absorption.
Much attention is paid to the effects of the operating frequency and exposure time on the SAR and tem-
perature increases induced by exposure to a near-field EMF. The electric field, SAR and temperature dis-
tributions in various tissues during exposure to EMFs are obtained by numerical simulation of EM wave
propagation and an unsteady bioheat transfer model. The obtained results may be of assistance in deter-
mining exposure limits for the power output of wireless transmitters, and their operating frequency for
use with humans.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the male reproductive system, testicular function is temper-
ature dependent. Normal testicular function requires a tempera-
ture of 2–4 �C below the body temperature [1–2]. It is reported
that a very small temperature increase of 1 �C in the testicle may
alter the production of sperm [3]. Scrotal temperature is also
highly correlated with testicular temperature [4]. Elevated scrotal
temperature is a well documented mechanism of abnormal sper-
matogenesis in common diseases associated with male infertility
[5]. Scrotal hyperthermia produced by exposure to various heat
sources, such as laptop computers [6] and scrotal insulation [7],
has been studied.

In recent years, the utilization of electromagnetic (EM) waves in
various applications has been increasing rapidly in daily life,
including mobile phones, tablet, laptops and microwave cooking.
The high intensity EM fields of different power levels and frequen-
cies penetrate deep into the human body and raise the tempera-
ture in the tissues, causing health risks. The concern is
heightened when the power absorption in the male genital area
and the sensation of warmth for the testis and skin in close prox-
imity to the intense radiation source induces a temperature
increase inside it. While the testicles are well known to be very
sensitive to heat, portable devices are commonly used on the
lap; therefore the genital area is subjected to EM fields and trans-
ferred heat [8–11]. However, the resulting thermo-physiological
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Nomenclature

C specific heat capacity (J/(kg K))
E electric field intensity (V/m)
f frequency of incident wave (Hz)
H magnetic field (A/m)
h convection coefficient (W/m2 K)
j current density (A/m2)
k thermal conductivity (W/(m K))
n normal vector
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, initial condition
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response of the reproductive organs and related tissue to EM fields
is still not well understood. In order to gain insight into the phe-
nomena in the reproductive organs related to the temperature
increase induced by EM fields, a detailed knowledge of the
absorbed power distribution as well as the temperature distribu-
tion is necessary. Therefore, this study aims to investigate the
interaction effects between EMF and tissues that occur during
exposure to EM waves. Although safety standards in terms of the
maximum SAR values are regulated [12], they are not stated in
terms of the maximum temperature increase in the tissue caused
by EM energy absorption, which is the actual influence of the dom-
inant factors inducing adverse physiological effects. Numerical
analysis of the heat transfer in male reproductive organs exposed
to EM fields has provided useful information on the absorption of
EM energy under a variety of exposure conditions.

The thermal modeling of human tissue is important as a tool to
investigate the effect of external heat sources and to predict abnor-
malities in the tissue. The modeling of heat transport in human tis-
sue was first introduced by Pennes [13] based on the heat diffusion
equation. The equation is normally called Pennes’ bioheat equation
and is frequently used for the analysis of heat transfer in human tis-
sues. The topic of temperature increases in human tissue caused by
exposure to EM waves has been of interest for several years. There
are some experimental studies in animals such as rat [14], cow [15]
and pig [16]. However, the results may not represent the practical
behavior of human tissues. Our research group has numerically
investigated the temperature increase in human tissue subjected
to EMFs in many studies [17–27]. Wessapan et al. [17,18] utilized
a 2D finite element method (FEM) to obtain the specific absorption
rate (SAR) and temperature increase in the human body exposed to
leaked EM waves. Wessapan et al. [19,20] developed a 3D model of
the human head in order to investigate the SAR and temperature
distributions in the human head during exposure to mobile phone
radiation. Keangin et al. [21–22] carried out a numerical simulation
of liver cancer treated using a complete mathematical model that
considered the coupled model of EM wave propagation and heat
transfer. Moreover, an analysis of mechanical deformation in the
biological tissue with a microwave ablation was investigated [23].
Wessapan et al. [24–27] investigated the SAR and temperature dis-
tributions in the eye during exposure to EM waves based on the
porous media theory. Although many advanced transport models
of biological tissue have been proposed, Pennes’ bioheat model is
still a good approximation and widely used for modeling the heat-
ing of biological tissue because of its easy implementation andmin-
imum data requirement.
Calculating the spatially-induced electric field and SAR becomes
more complex when the human body is non-uniform in shape and
contains several parts. Most studies of the human body’s exposure
to EM waves have not considered a realistic domain with compli-
cated organs of several types of tissue, especially in the reproduc-
tive system, and experimental validation is limited or non-existent.
Therefore, in order to provide information on the levels of exposure
and health effects from EM radiation, it is essential to simulate
both the EM field and heat transfer within an anatomically based
human body model to represent the actual processes of heat trans-
fer within the human organ.

This study presents the simulation of the SAR and temperature
increases in a male reproductive system model exposed to an elec-
tric dipole antenna. A two-dimensional human model was used to
simulate the SAR and the temperature increases induced by EM
energy. The model comprises seven types of tissue: the skin, fat,
muscle, bone, testis, penis and scrotum. The EM wave propagation
was investigated by using Maxwell’s equations. An analysis of the
heat transfer was investigated using a bioheat transfer model. In
the piecewise-homogeneous human model, the effect of operating
frequency on the SAR and temperature distributions in each tissue
layer is systematically investigated. In this study, the frequencies
of 900 and 1800 MHz are chosen for our simulations as the fre-
quencies used globally in a wide range of applications including
Global System for Mobile Communications (GSM) services. In this
work, the model excluded the presence of clothing in order to ease
the modeling procedures. The values obtained represent the accu-
rate phenomena to determine the temperature increase in the
male reproductive organs and indicate the limitations that must
be considered as the temperature increases due to EM energy
absorption from EM field exposure at different frequencies.
2. Formulation of the problem

Whether or not electromagnetic (EM) fields induced from a
strong near-field source potentially pose any direct or indirect
health hazards for humans is uncertain. Further, the human body’s
response to thermo-physiological phenomena is currently not well
understood. Near-field sources such as mobile phones and portable
wireless routers operate in the close vicinity of the body and can
cause temporarily high local exposure. For adequate study of the
transport phenomena in human tissue caused by EM near-field
exposures, the contribution of different EM sources to the human
exposure of different body tissues is required. Fig. 1 shows human



Fig. 1. Human exposure to near-field EM radiation.
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exposure to near-field EM radiation. Due to ethical considerations,
exposures of the human to EM fields for experimental purposes are
limited. It is more convenient to develop a realistic human model
through numerical simulation. A highlight of this work is the illus-
tration of the heat transfer in a piecewise-homogeneous human
model of the male reproductive organs and upper thigh exposed
to EMFs at different frequencies. The analyses of the SAR and the
heat transfer in the model will be illustrated in Section 3. The sys-
tem of governing equations as well as the initial and boundary con-
ditions 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
EM fields in the human body is to determine the induced internal
EM fields and their spatial distribution. Thereafter, EM energy
absorption which results in a temperature increase in the human
body and other interactions can be considered. This study consid-
ers the heat transfer and temperature increases of such exposure
and their implications for the threshold for EM hazard.
3.1. Physical model

In order to investigate the effects of EM near-field exposure on
the body and male reproductive system, a piecewise-homogeneous
human model of the male reproductive organs and upper thigh is
exposed to an electric dipole antenna. In this study, a 2D model
is considered in order to minimize the amount of computational
time while maintaining resolution.

Fig. 2 shows the physical domain of this study, in which inter-
actions between the human body and the dipole antenna take
place. In the model, the thighs are 15 cm in diameter. The testicles
have the dimensions of 3 cm in length and 2 cm in width. The skin
and fat layer have thicknesses of 2 mm and 5 mm respectively. The
femur bone and penis have diameters of 4 cm and 3 cm respec-
tively. This model comprises seven types of tissue: the skin, fat,
muscle, bone, testis, penis and scrotum. These tissues have differ-
ent dielectric and thermal properties. The dielectric and thermal
properties are obtained according to the comprehensive literature
review of Hasgall [29] (www.itis.ethz.ch/database), the dielectric
properties of which are largely identical to those proposed by Gab-
riel et al. [30]. The dielectric and thermal properties of the tissues
are given in Tables 1 and 2, respectively. Each tissue is assumed to
be homogeneous and electrically as well as thermally isotropic.
There is no effect on the chemical reaction and phase change
within the tissue. The antenna’s feed point, located at the middle
of the thighs with a certain position, is considered as a near-field
radiation source for the human body. The antenna is excited at
the center feed point, and the transmitted power is determined
as the complex product of the current and voltage at the feed point.
The dipole used operates at 900 and 1800 MHz frequencies and
transmits the radiated power of 2.0 W, the approximate maximum
output of general mobile phone and wireless transmitters.

3.2. Equations for EM wave propagation analysis

The mathematical models are developed to predict the electric
fields and the SAR with respect to the temperature gradient in the
model. To simplify the problem, the following assumptions are
made:

1. The EM wave propagation is modeled in two dimensions.
2. The EM wave interaction with the tissue proceeds in the open

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

are constant.
5. The radiated waves from the dipole are characterized by trans-

verse electric (TE) fields.

The EM wave propagation is calculated using Maxwell’s equa-
tions [17], which mathematically describe the interdependence
of the EM waves. The general form of Maxwell’s equations is sim-
plified to demonstrate the EM field that penetrates into the tissue
as follows:

r� 1
lr

r� E
� �

� k20 er � jr
xe0

� �
E ¼ 0 ð1Þ

er ¼ n2 ð2Þ
where E is the electric field intensity (V/m), lr is the relative mag-
netic permeability, n is the refractive index, er is the relative dielec-
tric constant, e0 ¼ 8:8542� 10�12 F=m is the permittivity of free
space, is the electric conductivity (S/m), j ¼

ffiffiffiffiffiffiffi
�1

p
and k0 is the free

space wave number (m�1).

3.2.1. Boundary condition for wave propagation analysis
The boundary conditions along the interfaces between different

mediums, namely, between air and tissue, are considered as a con-
tinuity boundary condition:

n� ðH1 � H2Þ ¼ 0 ð3Þ
The outer sides of the calculated domain, i.e., free space, are

considered as a scattering boundary condition to eliminate
reflections:

n� ðr� EÞ � jkE ¼ 0 ð4Þ
where k is the wave number (m�1), n is the normal vector, j ¼

ffiffiffiffiffiffiffi
�1

p
,

and H is the magnetic field (A/m).

http://www.itis.ethz.ch/database


Fig. 2. The physical domain of the problem.

Table 1
Dielectric properties of tissues [29,30].

900 MHz 1800 MHz

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

Skin 41.4 0.867 38.9 1.18
Fat 11.3 0.109 11.0 0.19
Muscle 55.0 0.943 53.5 1.34
Bone 12.5 0.143 11.8 0.275
Testis 60.6 1.21 58.6 1.69
Penis 44.8 0.696 43.3 1.07
Scrotum 41.4 0.867 38.9 1.18
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3.3. Interaction of EM fields and human tissues

To quantify the exposure conditions and the resulting responses
for the various biological tissues, the specific absorption rate (SAR)
is used. When the EM waves propagate through the tissue, the
energy of the EM waves is absorbed by the tissue. The SAR is crit-
ical to the antenna design, because if the SAR is too high the
antenna must be changed. The SAR is defined as the power dissipa-
tion rate normalized by the material density. The SAR is given by

SAR ¼ r
q
jEj2 ð5Þ

where E is the electric field intensity (V/m), is the electric conduc-
tivity (S/m), and q is the tissue density (kg/m3).
Table 2
Thermal properties of tissues [29].

Tissue q (kg/m3) k (W/m�C)

Skin 1109 0.37
Fat 911 0.21
Muscle 1090 0.49
Bone (cortinal/compact bone) 1908 0.32
Testis 1082 0.52
Penis 1102 0.46
Scrotum 1109 0.37
Blood 1050 0.52
3.4. Equations for heat transfer analysis

To solve the thermal problem, the coupled effects of the EM
wave propagation and the unsteady bioheat transfer are investi-
gated. The temperature distribution corresponds with the SAR. This
is because the SAR in the tissue is distributed owing to energy
absorption. Thereafter, the electromagnetic absorbed energy is
converted to thermal energy, which increases the tissue tempera-
ture. To reduce the complexity of the problem, the following
assumptions are made:

1. The tissue is a bio-material with constant thermal properties.
2. There is no phase change of substance in the tissue.
3. There is no energy exchange throughout the outer surface of the

human model.
4. There is no chemical reaction in the tissue.
5. The heat transfer is modeled in two dimensions.
6. The thermal properties of the tissues are constant.

The temperature increase within the human body is obtained
by solving Pennes’ bio-heat equation [13]. The transient bioheat
equation describes effectively how heat transfer occurs within
the tissue, and the equation can be written as

qC
@T
@t

¼ r � ðkrTÞ þ qbCbxbðTb � TÞ þ Qmet þ Qext ð6Þ

where q is the tissue density (kg/m3), C is the heat capacity of tissue
(J/kg K), k is the thermal conductivity of tissue (W/m K), T is the tis-
C (J/kg�C) Qmet (W/m3) xb (1/s)

3391 1829 1.59e�3
2348 464.6 6.03e�4
3421 991.9 5.65e�4
1313 162.3 8.73e�5
3778 343 3.08e�3
3306 209.38 1.81e�4
3391 1829 1.59e�3
3617 – –
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sue temperature (�C), Tb is the temperature of blood (�C), qb is the
density of blood (kg/m3), Cb is the 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 (electromagnetic
heat-source density) (W/m3).

In the analysis, heat conduction between the tissue and blood
flow is approximated by the blood perfusion term, qbCbxbðTb � TÞ.

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

Qext ¼
1
2
rtissuejEj2 ¼ q

2
� SAR ð7Þ
3.4.1. Boundary condition for heat transfer analysis
Heat transfer is considered only in the human model, which

does not include parts of the surrounding space. As shown in
Fig. 3, the outer surface of the human model, corresponding to
assumption (3), is considered to be a thermally insulated boundary
condition:

n:ðkrTÞ ¼ 0 ð8Þ
It is assumed that no contact resistance occurs between the lay-

ers of the human tissue. Therefore, the internal boundaries are
assumed to be continuous:

n � ðkurTu � kdrTdÞ ¼ 0 ð9Þ

Tu ¼ Td ð10Þ
3.5. Calculation procedure

In this study, the finite element formulations of the coupled
electromagnetic–bioheat transfer model in the human body are
carried out over the entire domain. 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. 3. The system of governing equations as well as the
initial and boundary conditions are then solved. All computational
processes are implemented using COMSOLTM Multiphysics, to
demonstrate the phenomenon that occurs in the organs exposed
to the EM fields.

The 2D model is discretized using triangular elements and the
Lagrange quadratic elements are then used to approximate the
Fig. 3. Boundary condition for analysis of E
temperature and SAR variations across each element. A grid inde-
pendence test is carried out to identify the appropriate number
of elements required. This grid independence test leads to a mesh
with approximately 40,000 elements. It is reasonable to assume
that, at this element number, the accuracy of the simulation results
is independent of the number of elements.
4. Results and discussion

The numerical analysis of coupled electromagnetic propagation
and heat transfer is done by solving the Maxwell and bioheat equa-
tions. The dielectric and thermal properties are taken directly from
Tables 1 and 2 respectively. The exposed radiated power used in
this study refers to the International Commission of Non-Ionizing
Radiation Protection (ICNIRP) standard for safety levels at the max-
imum SAR value of 2 W/kg (general public exposure) and 10W/kg
(occupational exposure) [12]. Since, in mobile communication,
GSM-900 and GSM-1800 are used in most parts of the world,
therefore in this analysis, the effects of these operating frequencies
on the distributions of the SAR and temperature increase in the
organs are systematically investigated.
4.1. Verification of the model

Before we can solve the problem, an initial numerical validation
is required to support the results stated within this paper. In order
to verify the accuracy of the present numerical models, the simple
case of the simulated results is validated against the numerical
results obtained with the same geometric model obtained by Riu
and Foster [28]. The SAR is determined in a homogeneous tissue
model from near-field exposure to a dipole antenna. In the valida-
tion case, the dipole used operates at 900 MHz frequency and
transmits the radiated power of 0.6 W. The result of the validation
test case is illustrated in Fig. 4 and clearly shows good agreement
of the SAR value of the tissue between the present solution and
that of Riu. The SAR decreases exponentially in the direction of
wave propagation. This favorable comparison lends confidence in
the accuracy of the present numerical model and ensures that
the numerical model can accurately represent the phenomena
occurring at the interaction of the EM fields with the tissue.
M wave propagation and heat transfer.



(a) The computational domain for validation 

(b) Comparison of the calculated SAR distribution to the 
 SAR distribution obtained by Riuand Foster.  

Fig. 4. Validation of the mathematical model: (a) The computational domain for
validation; (b) Comparison of the calculated SAR distribution to the SAR distribu-
tion obtained by Riu and Foster [28].

T. Wessapan, P. Rattanadecho / International Journal of Heat and Mass Transfer 102 (2016) 1130–1140 1135
4.2. Electric field distribution

In the model, the effect of the operating frequency on the elec-
tric field distribution is systematically investigated. The model is
exposed to the dipole source at the frequencies of 900 and
1800 MHz to illustrate the penetrated electric field distribution
inside the body. Fig. 5 shows the simulation of an electric field pat-
tern inside the model exposed to the EM fields in TE mode operat-
ing at the frequencies of 900 and 1800 MHz and propagating over
the vertical cross-section of the human model. Due to the different
dielectric characteristics of the various tissue layers at different
operating frequencies, a different fraction of the supplied EM
energy will become absorbed in each layer in the model. Conse-
quently, the reflection and transmission components at each layer
contribute to the resonance of the standing wave in the tissue. It
can be seen that the highest values of electric fields at both fre-
quencies occur in the outer area of the body, especially in the penis
and skin. By comparison, the maximum electric field intensity in
the outer parts of the body at the frequency of 900 MHz displays
a higher value than that of 1800 MHz. The maximum electric field
intensities are 124.735 and 115.395 V/m at the frequencies of 900
and 1800 MHz respectively. For both frequencies, the electric fields
deep inside the muscle and bone are extinguished as the electric
fields attenuate due to the absorbed EM energy and are then con-
verted to heat. As shown in the figure, the penetration depth of the
EM field inside the dispersive lossy tissue decreases as the fre-
quency increases. The electric field at lower frequencies is attenu-
ated at lower rates, which allow them to penetrate deeper into the
tissue.

4.3. SAR distribution

Fig. 6 shows the SAR distribution evaluated on the vertical
cross-section of the human model exposed to the EM frequencies
of 900 and 1800 MHz. Even though the electric field intensity
within the 900 MHz model is higher than that of 1800 MHz
(Fig. 5), the maximum SAR value of 1800 MHz is higher than that
of 900 MHz (Fig. 6). This is because the SAR is a function of the
electrical conductivity, which corresponds to Eq. (5), and the
increase in operating frequency causes the electrical conductivity
to increase (Table 1), thereby increasing the SAR. The results of
the SAR values in the model (Fig. 6) are increased in correspon-
dence with the electric field intensities (Fig. 5). Besides the electric
field intensity, the magnitude of the dielectric and thermal proper-
ties in each tissue will directly affect the SAR values in each organ.

For both frequencies, the highest SAR values are obtained in the
penis and skin surface. For the radiated power of 2 W, the calcu-
lated maximum SAR values of the frequencies of 900 and
1800 MHz are 6.745 and 7.856 W/kg respectively. The main reason
is the position of the penis and skin located close to the dipole
source, at which the electric field intensity is strongest. Moreover,
the penis and skin have a high dielectric constant value (e), which
means that the propagating EM energy can be absorbed, producing
localized heating.

It is found that the SAR distribution pattern in the model, which
corresponds to Eq. (5), depends on the effect of the electrical con-
ductivity (r, shown in Table 1) and tissue density (q, shown in
Table 2). Moreover, the SAR distribution at the frequency of
900 MHz shows a greater value of EM power absorption in the
deep part of the body, namely, in the testis. This is because the
electric field at lower frequencies is attenuated at lower rates,
which allow them to penetrate deeper into the tissue. Compared
to the ICNIRP standard for the safety level at the maximum SAR
value of 2 W/kg (general public exposure) [12], the resulting SAR
values at both the 900 MHz and 1800 MHz frequencies are higher
than the ICNIRP exposure limits for general public exposure.

4.4. Temperature distribution

Since this study has focused on the electromagnetic heating
effect in the piecewise-homogeneous human model of the male
reproductive system, the effects of an ambient temperature varia-
tion have been neglected in order to gain insight into the interac-
tion between the EM fields and the tissue, as well as the
correlation between the SAR and the heat transfer mechanism.
Therefore, at the outer surface of the model, the adiabatic bound-
ary condition provided by clothing is applied. The effect of ther-
moregulation mechanisms has also been neglected due to the
small temperature increase that occurs during the exposure
process.

In order to study the heat transfer in the tissue, the coupled
effects of EM wave propagation and unsteady heat transfer as well
as the initial and boundary conditions are then investigated. Due to
these coupled effects, the electric field distribution in Fig. 5 and the
SAR distribution in Fig. 6 are then transformed into an incremental



(a) 900MHz 

(b) 1800MHz

Fig. 5. Electric field distribution (V/m) in the human model exposed to the radiated powers of (a) 900 MHz (b) 1800 MHz.

(a) 900MHz

(b) 1800MHz

Fig. 6. SAR distribution (W/kg) in the human model exposed to the radiated power of 2 W at the frequencies of (a) 900 MHz (b) 1800 MHz.
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(a) 900MHz 

(b) 1800MHz 

Fig. 7. The temperature increase (�C) at 60 min in the human model exposed to the radiated power of 2 W at the frequencies of (a) 900 MHz (b) 1800 MHz.
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amount of heat by EMF absorption of the tissue. Fig. 7 shows the
temperature increase in the vertical cross-section human model
at 60 min of exposure to the EM radiated power of 2 W at the fre-
quencies of 900 MHz (Fig. 7a) and 1800 MHz (Fig. 7b). For the
model exposed to the EMF for 60 min, the tissue temperature
(Fig. 7) is increased corresponding to the SAR (Fig. 6). This is
because the electric fields in the tissue attenuate owing to the
energy absorbed and thereafter the absorbed energy is converted
to thermal energy, which increases the body temperature. It is
found that when the model is subjected to the EM fields at
Fig. 8. Comparison of the maximum SAR (W/kg) in each tis
different frequencies, the distribution patterns of the temperature
at a particular time are quite different. This is because the differ-
ence in the temperature distribution pattern between the two cho-
sen frequencies is caused by the dielectric properties of the tissue
as well as the electric field distribution pattern, which become the
dominant mechanisms for the heat transfer.

Fig. 8 shows the comparison of the maximum SAR in each tissue
type at the frequencies of 900 MHz and 1800 MHz. For both fre-
quencies, the three highest SARs are shown for the scrotum, penis
and skin. Furthermore, the localized SARs of the 1800 MHz
sue type at the frequencies of 900 MHz and 1800 MHz.



Fig. 9. Comparison of the temperature increase (�C) in each tissue type at the frequencies of 900 MHz and 1800 MHz.

Fig. 10. Comparison of the temperature increase (�C) in testis and penis at various exposure times.
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frequency are higher than the 900 MHz frequency in all organs
except the testis. This is because the penetration depth of the
900 MHz frequency is larger than the 1800 MHz frequency and
the testis position lies in the scrotum at the location of the deep
inguinal ring.

The SAR values in Fig. 8 are then converted into heat through
absorption by the tissues. Fig. 9 shows the comparison of the tem-
perature increase in each tissue type at the frequencies of 900 MHz
and 1800 MHz. The highest temperature increase in both frequen-
cies occurs in the scrotum. The highest temperature increase in
both frequencies also appears in the penis, corresponding to the
SAR values. In the testis, it is observed that the 900 MHz frequency
has higher SAR values than those at 1800 MHz (Fig. 8), while there
is no significant difference in the temperature increases between
900 and 1800 MHz in the testis (Fig. 9). This is because at
1800 MHz, there is the contribution of heat conduction from the
surrounding tissues with a higher temperature, namely the scro-
tum and penis, which displays a strong influence on the testis tem-
perature. Moreover, the testis tissue also has a higher thermal
conductivity (k), as shown in Table 2, which leads to increasing
heat conduction from the surrounding tissue into the testis. It is
found that the temperature distributions in the testis are not
directly proportional to the local SAR values due to the effect of
the interaction among parameters such as the thermal conductiv-
ity, dielectric properties, blood perfusion rate, etc.
Fig. 10 shows the comparison of the temperature increase in the
testis and penis, which are the most sensitive parts of a man to
EMFs, at various exposure times. From Fig. 10, it is found that
the exposure time significantly influences the temperature
increase in the testis and penis. A longer exposure time resulted
in a higher heat accumulation in the tissue, thereby increasing its
temperature. The temperature increase of the penis at a frequency
of 1800 MHz is found to be higher than that at 900 MHz over the
exposure time. In this case, the temperature increase varies accord-
ing to the distribution of the electric fields and SAR. Due to the dee-
per penetration of the electric field of the 900 MHz frequency
(Fig. 6a), it has a higher SAR value in the testis than that of
1800 MHz frequency, as shown in Fig. 8. However, there is no sig-
nificant difference in the temperature increases between 900 and
1800 MHz in the testis over the exposure period (Fig. 10). This is
because the thermal conduction from the surrounding tissue
increases the temperature of the testis tissue at 1800 MHz.

Fig. 11 shows the comparisonbetween thedistributionof the SAR
and the temperature increase in the testis during exposure to 900
and 1800 MHz EMF at the radiated power of 10 W at various expo-
sure times. The maximum SAR values at 900 and 1800 MHz are
12.952 and 9.634 W/kg respectively. From the figure, the SAR distri-
bution patterns show a wavy behavior, which varies corresponding
to the wave patterns produced in the tissue. At the operating fre-
quency of 900 MHz, the maximum temperature increases are



Fig. 11. Comparison between the distribution of SAR (W/kg) and temperature increase (�C) in testis during exposure to 900 and 1800 MHz EMF at various exposure times.

T. Wessapan, P. Rattanadecho / International Journal of Heat and Mass Transfer 102 (2016) 1130–1140 1139
0.0523, 0.483, and 1.62 �C for the exposure times of 60 s, 600 s, and
3600 s, respectively. At the operating frequency of 1800 MHz, the
maximum temperature increases are 0.0425, 0.461, and 1.674 �C
for the exposure times of 60 s, 600 s, and 3600 s, respectively.

According to the higher SAR value of the testis at 900 MHz fre-
quency, the absorbed energy of the 900 MHz case is also higher. A
higher testis temperature increase at 900 MHz during the early per-
iod of exposure (60 s) is observed. Surprisingly, as time passes, the
temperature increase in both frequencies shows almost no differ-
ence in the middle period (600 s). This is because not only the tis-
sue’s ability to absorb specific frequencies of EMF, but also the
EMheating patterns and heat conduction in the surrounding tissues
play an important role in heat transfer from the penis and scrotum
to the testis. In the final period (3600 s), the stronger effect on the
conduction from the surrounding tissue (induced by a larger tem-
perature gradient) at 1800 MHz (Fig. 7b) has the result that the tes-
tis temperature increase at 1800 MHz is slightly higher than that at
900 MHz, even though the SAR value at 900 MHz is larger.

In this study, the maximum temperature increases in the testis
exposed to the radiated power density of 10 W at the frequencies
of 900 and 1800 MHz are 1.62 and 1.674 �C respectively. The tem-
perature increases obtained may cause decreased sperm produc-
tion [3]. It is found that the temperature increase distributions in
the testis are not proportional to the local SAR values. Neverthe-
less, these are also related to parameters such as the surrounding
tissue temperature, thermal conductivity, dielectric properties,
blood perfusion rate, etc.
5. Conclusions

The numerical simulations of the electric field, SAR and temper-
ature distributions in this study show several important features of
the energy absorption and temperature increase in the piecewise-
homogeneous human model of the male reproductive organs and
upper thigh during exposure to EMFs at 900 and 1800 MHz. This
study indicated that when the model is exposed to EMFs at the fre-
quencies of 900 and 1800 MHz, the highest SAR values are
obtained in the scrotum. In the testis, the SAR value at 900 MHz
is significantly higher than at 1800 MHz, while there are no signif-
icant differences in the temperature increases between the two
operating frequencies.

The numerical simulations in this study show several important
features of the energy absorption in the human tissue. The electric
field distributions display awavy behavior and show a strong depen-
dence on the operating frequency and the dielectric properties of the
tissue. The distribution patterns of the SAR vary corresponding to the
electric field intensities. Besides the electric field intensity, the mag-
nitude of the dielectric and thermal properties in each tissue typewill
directly affect the SAR distribution patterns. The SAR distribution at
the frequency of 900 MHz shows a greater value of EMpower absorp-
tion in deeper parts of the body and especially in the testis.

We refer to the SAR safety limit indicated in the Guidelines as
2 W/kg for general public exposure and 10 W/kg for occupational
exposure according to ICNIRP. For the 2 W radiated power, the
resulting SAR levels at both the 900 MHz and 1800 MHz frequen-
cies do not exceed the occupational exposure limits of 10 W/kg
specified in the ICNIRP. The calculated testis temperature increases
are lower than the thresholds for the induction of infertility (1 �C)
at both frequencies. However, in the case of 10 W radiated power,
the SAR values are higher than the occupational exposure limits of
10 W/kg specified in the ICNIRP. The testis temperature increases
also exceeded the threshold for the induction of infertility (1 �C)
at both frequencies.

It is found that the temperature distributions in the testis are
not directly proportional to the local SAR values due to the effect
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of the interaction among parameters such as the thermal conduc-
tivity, dielectric properties, blood perfusion rate, etc. The results
obtained may be of assistance in determining exposure limits for
the power output of wireless transmitters, and their operating fre-
quency for use with humans.

In future works, the effect of feed point position will be included
in the analysis to represent the actual heat transfer process which
occurs in a realistic situation and a more realistic 3D model will be
developed for the simulations. This will allow a better understand-
ing of the real situation of the interaction between EM fields and
the human body.
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