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Abstract—The influences of electromagnetic radiation from mo-
bile phones on human health have aroused significant public con-
cern. One of the most serious consequences is the increment of
temperature of tissues and organs. Due to the specificity of the re-
search object, numerical methods for electromagnetic and thermal
analysis are usually adopted instead of trials. Most of the existing
studies adopt a finite-difference time-domain method for electro-
magnetic and thermal simulation. Moreover, the radiative cooling
phenomenon is neglected during the thermal simulation. In this
letter, we utilized the finite-element method with tetrahedral ele-
ments to get a better modeling of the human head. Furthermore,
the radiative cooling is also taken into account by using the radia-
tion boundary condition. Numerical results validate the accuracy
and capability of the proposed method.

Index Terms—Convective cooling, finite-element method (FEM),
radiative cooling, specific absorption rate (SAR), thermal simula-
tion.

I. INTRODUCTION

S INCE the invention of cell phones, it has become more
and more indispensable in people’s daily lives due to its

mobility, versatility, convenience, and affordability. When a cell
phone is in operation, it will transmit electromagnetic waves, and
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a substantial part of them will be absorbed by human bodies,
especially human heads. The most immediate adverse effect is
the increment of temperature of tissues and organs. It is reported
that a small temperature increase in the brain of about 3.5 °C
will lead to physiological damage [1]. Therefore, a thorough
study of the thermal effects on the human head induced by
the radiation of cell phones can provide guidelines for their
design, manufacture, and usage, thus avoiding or reducing their
influence on human health.

Due to the ethical consideration, experimental studies of elec-
tromagnetic and thermal effects on the human body are impracti-
cal. Thus, numerical methods including the method of moments
(MOM) [2], [3], finite-difference time-domain (FDTD) method
[4]–[8], and finite-element method (FEM) [9]–[11] are widely
adopted. After making a thorough survey of current research, we
found the following: 1) The MOM is not convenient to deal with
highly inhomogeneous materials like human head. The FDTD
method is the most popular numerical method for both electro-
magnetic and thermal simulation of the human body due to its
simplicity and efficiency. However, orthogonal grids are adopted
in conventional FDTD method, resulting in a degeneration of
the geometrical information due to the staircase effect. The
FEM with tetrahedral elements allows for conformal modeling
of geometries with curved surfaces, resulting in better accuracy.
2) In most of the works, only electromagnetic simulation is in-
volved to obtain the specific absorption rate (SAR) values of
tissues, while the electromagnetic and thermal cosimulation is
less studied. Actually, the temperature increments in tissues are
not directly proportional to the local SAR values [4]. There-
fore, it is necessary to conduct electromagnetic and thermal
cosimulation. 3) In nearly all of the studies on thermal simu-
lation of the human body, only convective boundary condition
is imposed at the interface of skin and air, while the radiative
cooling phenomenon is ignored. Actually, all objects that are
above absolute zero temperature radiate electromagnetic waves
to surroundings. It is said that 60% of total heat loss of a nude
person sitting at normal room temperature is by radiation [1].
Thus, it is unreasonable to neglect the radiative cooling of skin
in the thermal simulation of the human body.

Based on the above considerations, we propose to use the
FEM for electromagnetic and thermal cosimulation. More-
over, both the convective and radiative boundary conditions are
adopted during thermal simulation to get a more accurate tem-
perature distribution of the human head.
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Fig. 1. Flow diagram for the electromagnetic-thermal analysis of human head
exposed to cell phones.

II. PRINCIPLE AND FORMULA

As shown in Fig. 1, there are mainly three steps for an
electromagnetic-thermal analysis of the human head exposed to
cell phones. First, the electromagnetic simulation is performed
to obtain the electric field distribution E(r) of the head model.
The numerical method for electromagnetic simulation adopted
in this letter is the finite element-iterative integral equation eval-
uation (FE-IIEE) method [12], [13]. The FE-IIEE method pro-
vides an arbitrarily accurate radiation boundary condition for the
FEM by means of an integral equation method. A detailed intro-
duction of the FE-IIEE method is out of the scope of this letter;
the readers can refer to [12] and [13] for further information of
this method.

The energy of the electromagnetic waves radiated from a cell
phone will be absorbed by the human head. The SAR value is
utilized to measure the rate of electromagnetic energy absorbed
by the biological tissues. It is defined as the power absorbed per
mass of tissue. It can be calculated as

SAR = σ |E (r)|2
ρ

(1)

where σ refers to the local conductivity and ρ represents the
local density.

After we get the SAR distribution of the human head model,
thermal simulation can be carried out to acquire the temperature
distribution by solving the Pennes’ bioheat equation [14] as
follows:

ρcρ

∂T

∂t
= ∇ · (κ∇T ) + ρSAR + Qm − B (T − Tblood) (2)

where T is the unknown temperature as a function of time
and space, ρ represents the density, cρ refers to the specific
heat capacity, κ is the thermal conductivity, Qm denotes the
metabolic heat generation, B is related to the blood perfusion,
and Tblood is the blood temperature.

Solution of (2) requires a predefined boundary condition and
an initial condition. Usually, a convection boundary condition
is adopted on the skin–air interface

−n̂ · κ∇T = h (T − Tsur) (3)

where h represents the convective heat transfer coefficient and
Tsur denotes the surrounding temperature. This boundary condi-
tion is utilized to describe the heat exchange between the skin
and the air.

As mentioned earlier, all objects that are above absolute
zero temperature radiate electromagnetic waves to surround-
ings. Hence, the radiation phenomenon of skin is also considered
by using the radiation boundary condition [15] as follows:

−n̂ · κ∇T = ε0σ
(
T 4 − T 4

sur

)
(4)

where ε0 refers to the emissivity of the skin and σ = 5.68 ×
10−8 W/m2K4 is the Stefan–Boltzmann constant.

The initial condition for the partial differential equation (2)
can be specified as

T (r; t = 0) = T 0 (r) (5)

where T 0(r) represents the temperature distribution at t = 0.
The time-domain FEM (TDFEM) is employed to solve (2)

to obtain the time-varying temperature distribution. Tetrahedral
elements are adopted to mesh the human head model. The tem-
perature T in each element is expanded by nodal basis functions.
Then, the spatially discrete form of (2) can be obtained with the
Galerkin’s scheme as

[C]

{
∂T

∂t

}
+ [K ] {T } = { f (T )} (6)

where

[C]i j = ρcρ

∫

V
Ni N j dV (7)

[K ]i j =κ

∫

V
∇Ni · ∇N j dV + B

∫

V
Ni N j dV +h

∫

S
Ni N j d S

(8)

{ f (T )} =
∫

V
NiρSARdV +

∫

V
Ni QmdV +B

∫

V
Ni TblooddV

+ h
∫

S
Ni Tsurd S − ε0σ

∫

S
Ni (T 4 − T 4

sur)d S (9)

where Ni and N j denote the ith and jth nodal basis functions,
respectively. {T } is constituted by the temperature at the nodes
of tetrahedral elements.

In order to obtain an unconditionally stable system, the
Crank–Nicolson scheme is utilized for the temporal discretiza-
tion of (6) as

(
[C] +[K ]

�t

2

)
{Ti }=

(
[C] − [K ]

�t

2

)
{Ti−1}+ { f (Ti )} �t

(10)
where {Ti } contains the temperature of all the nodes at ti = i�t ,
�t is the time-step size. Obviously, (10) is nonlinear since the
term T 4

i is included in { f (Ti )}. A fixed-point iteration method
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Fig. 2. (a) Head model. (b) Cell phone model.

TABLE I
ELECTROMAGNETIC AND THERMAL PARAMETERS OF HEAD MODEL

is used to solve this nonlinear equation as follows:
(

[C] + [K ]
�t

2

) {
T (n + 1)

i

}

=
(

[C] − [K ]
�t

2

)
{Ti − 1} +

{
f
(

T (n)
i

)}
�t. (11)

The initial value of {T (n)
i } is set to be {T (0)

i } = {Ti − 1} before
the iteration process. At the nth iteration, (11) is solved with a
multifrontal method for sparse linear equations. The termination
criterion for iteration is

∥∥∥
{

T (n + 1)
i

}
−

{
T (n)

i

}∥∥∥ ≤ δ (12)

and δ equal to 10−3.

III. NUMERICAL RESULTS

A. Model and Simulation Parameters

Fig. 2(a) shows the head model. It is constituted by skin, fat,
muscle, cortical bones, cerebrospinal fluid (CSF), brain, and
eyes. The corresponding electromagnetic and thermal parame-
ters are given in Table I.

The cell phone model is shown in Fig. 2(b). It contains a
planar inverted-F antenna, a display screen, and a plastic shell.
The working frequency of the antenna is 900 MHz. Its input
power is 1 W.

All the computations are carried out on a work station with
192 GB RAM and two 2.0 GHz CPUs. Each CPU has eight

Fig. 3. Radiation pattern obtained by the (a) HFSS software and (b) FE-IIEE
method.

Fig. 4. Electric field amplitudes within the skin layer of the human head model
obtained by (a) HFSS software and (b) FE-IIEE method.

Fig. 5. Electric field amplitudes along two line segments obtained by the
HFSS software and the FE-IIEE method. The first line segment is from the
center of left ear to the center of right ear. The second line segment is from
the center of the neck to the center of the top of the head model.

cores. The parallel computation with 16 cores is adopted for the
following simulations.

B. Electromagnetic Simulation

First, the electromagnetic radiation of the cell phone model
is simulated by the FE-IIEE method and HFSS software. As the
shown in Fig. 3, the radiation pattern obtained by the FE-IIEE
method agrees well with the HFSS software.

Second, the human head model is exposed to the radiation of
the cell phone with a gap distance of 1 cm. The cell phone is
not in contact with the skin. This case is still analyzed by the
FE-IIEE method and the HFSS software. The obtained three-
dimensional (3-D) electric field amplitudes within the skin layer
of the head model are shown in Fig. 4. The electric field ampli-
tudes along two line segments inside the head model are given
in Fig. 5. One hundred sampling points are taken along each
line. Again, the results of FE-IIEE method and HFSS software
agree well with other. The CPU time and memory requirement
of the FE-IIEE method are 510 s and 32.5 GB, respectively.
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Fig. 6. 3-D temperature distributions at t = 10 000 s and the temporal tem-
peratures at a randomly chosen observation pointobtained by (a) COMSOL
software and (b) TDFEM.

Fig. 7. 3-D temperature distributions at t = 6000 s and the temporal tem-
peratures at a randomly chosen observation point obtained by the proposed
electromagnetic and thermal cosimulation method.

C. Thermal Simulation

First, an individual thermal simulation is performed, and
the result is compared with COMSOL software to validate the
TDFEM for thermal simulation. To be consistent with the heat
conduction equation utilized in the solid heat transfer module
of COMSOL software, ρSAR and B are set to be zero. A uni-
form volume heat source is assumed and Qm = 1000 W/m3.
The initial temperature of the head model is 37 °C. The room
temperature is 25 °C. Fig. 6 shows the results with only the
convection boundary condition imposed on the surface of the
head model and h = 5 W/(m2 · K), and the results with both
the convection and radiation boundary condition imposed and
ε0 = 0.95. The 3-D temperature distributions at t = 10 000 s
and the temporal temperatures at a randomly chosen observa-
tion point (0.024, −0.024, and 0.021 m) are given. Obviously the
results of the TDFEM agree well with the COMSOL software.

Second, the electromagnetic and thermal cosimulation is per-
formed. Using the electric field within the human head model
calculated in Section III-B, the SAR distribution can be obtained
according to (1). Then, the SAR value is input to the bioheat
equation to study the heat transfer within the head model. Again
the convection boundary condition with h = 5 W/(m2 · K) and
radiation boundary condition with ε0 = 0.95 are considered.
Fig. 7 shows the 3-D temperature distributions at t = 6000 s
and the temporal temperatures at a randomly chosen observa-
tion point (0, −0.026, and 0.043 m) inside the brain. The highest
temperature increase with the convection boundary condition is

about 0.25 °C, while it is 0.15 °C with both convection and
radiation boundary condition. Thus, it is worth mentioning that
the temperature will be overestimated if radiative cooling is ne-
glected. The CPU time and memory requirement for thermal
simulation are 61 s and 56 MB, respectively.

IV. CONCLUSION

The electromagnetic and thermal cosimulation of a human
head model exposed to cell phones based on the FEM is studied
in this letter. Both the convective and radiative boundary condi-
tions are adopted during the thermal simulation stage. Numer-
ical examples validate the correctness of the proposed method.
Moreover, it is found that the radiative cooling phenomenon can-
not be neglected if a highly accurate temperature distribution is
expected.
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