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In the modern environment, electromagnetic waves from various types of transmission antennas, such as
those in cell phones are propagating around the human body. The electromagnetic (EM) wave is absorbed
by the human body and some undesirable effects occur in the tissues. The specific absorption rate (SAR) is

a useful parameter for measuring these effects. In this study, changes in human body temperature, con-
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sidered as thermal effects, are computed in a tissue-based analysis of the SAR. The finite difference time
domain (FDTD) method and the bio-heat equation are used primarily to calculate the consequent effects.
Two-dimensional formulation of FDTD is applied in the computing, and the propagation of the electric
field is investigated in two polarizations: transverse electric (TE) wave, and transverse magnetic (TM)
wave. The electric field source is kept near the human head which is designed as structured layers.

© 2019 Elsevier GmbH. All rights reserved.

1. Introduction

In modern society, a smartphone is an essential device for peo-
ple so the electromagnetic wave radiation to the human body is an
interesting research area. Thus, researchers try to measure the
radiation effect of the cell phone antenna on human beings. The
specific absorption rate (SAR) is a useful parameter for measuring
these exposures. Some researchers use a specific device (thermal
imaging camera) to measure the body temperature changes from
which the SAR value is calculated as a result of the cell phone usage
[1]. On the other hand, most studies first computed the SAR result,
from which the temperature rise is consequently derived [2-9].

Some researches use a complex-structured human body model
from well-known associations, such as the National Institute of
Information and Communications Technology (NICT), and the radi-
ation effects are analyzed using special commercial software such
as COMSOL™ [2,3]. Magnetic resonance imaging (MRI) based
human body models are popular in the numerical analysis area
of electromagnetic wave radiation research [2,4,5]. Some other
researches use a simple design of the human model, such as a
cylindrical or spherical shape, for the numerical analysis [6-10].
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In a study by Siriwitpreecha et al., a two-dimensional human
body model was examined in both transverse electric (TE) and
transverse magnetic (TM) waves using the finite element method
(FEM) [2]. MRI based 2D slices of a human body model were used
to compute the SAR and temperature increase due to leakage elec-
tromagnetic waves of 300MHz, 915MHz, 1300 MHz, and
2450 MHz. Using an MRI image, the nine layers of the human
model were analyzed, and the results were validated with a simple
three-layered elliptical human body model. The three-dimensional
approach takes considerable time and consumes much memory
space. Thus, the two-dimensional approach is used to measure
the absorption rate for faster computation times and lower hard-
ware cost. There are some earlier researches on the two-
dimensional approach. Vaquer et al. [6] studied the electromag-
netic radiation effects on the dielectric cylinder model in two
dimensional TM and TE polarized cases. They used the fast-
Fourier-transform conjugate gradient method (FFT-CGM), and the
maximum SAR value as a result of scattering the wave at a 3 cm
distance from the ear was measured at 1.89 GHz. Takafumi Ohishi
et al. [7] studied the biological effect of plane wave propagation in
TM and TE waves on a two-dimensional three-layered elliptical
human model using numerical analysis. The FDTD method and
the perfectly matched layer (PML) absorbing boundary were
applied to compute the electric field. Furthermore, the SAR value
for different angle-of-incidence to the human body was investi-
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gated at frequencies ranging from 300 MHz to 1.8 GHz, and the
maximum SAR was determined from the frontal incidence. They
concluded that the average SAR value for TE wave incidence is
higher than that for TM waves at all frequencies except 300 MHz.
Nishizawa et al. [8] used the method of moment (MoM) to deter-
mine the SAR value in a three-layered elliptical human body model
radiated by a plane-wave source. Alisoy et al. [9] used the two-
dimensional FDTD method with the TM wave to investigate the
SAR value in rectangular-shaped three-layered human tissue with
an air interface. They simulated the biomedical device as a point
source kept not only near the body but also inside human skin
and fat. The propagation characteristics were presented using the
reflection properties of the electromagnetic wave in human tissue
layers. Kamalaveni et al. [18] studied SAR measurements and tem-
perature rise in the human head using FEM and the bio-heat equa-
tion, and also presented a way to reduce these unwanted effects.

In this study, a simple circular-shaped of a two-dimensional
human head was designed to compute the SAR. It is generally
known that different people have different head size and that the
thickness of each tissue layer would rarely be the same length.
The motivation for using the simple numerical model is to obtain
general information on the specific tissues affected by radiation.
One of the well-known numerical methods, FDTD, was used in this
study. For two-dimensional FDTD, most other researchers apply
only the TM wave approach. In contrast, we calculated and com-
pared the results for the TM wave and TE wave. For the tempera-
ture calculation, we applied the two-dimensional based bio-heat
equation with FDTD discretization, while other studies use three-
dimensional and one-dimensional approaches [3,14]. The compar-
ison of the SAR results dependent on the FDTD parameters was also
analyzed. The temperature rise under long-term exposure was also
studied and is discussed in the results. The line source radiation of
the two-dimensional approach in near-field studies has two differ-
ent polarizations: E polarization (TM wave) and H polarization (TE
wave). Using the FDTD method, Mur absorbing boundary was
applied to derive the electric field intensity value. The human head
was structured in a six-layered circular cylindrical model. The fre-
quencies investigated were 3.35GHz and 4.5 GHz, which are
assuming of the 5G frequencies.

2. Methods

FDTD is the Maxwell equation based numerical approach [11].
The two-dimensional calculation of FDTD has two polarizations
corresponding to the TM wave and TE wave. The computation
domain of the FDTD is bordered with Mur’s first absorption bound-
ary method. The SAR calculation procedure for each method is also
presented in this section. In both cases, the analysis is done using
the sinusoidal incident wave. The amplitude of the incident electric
field changes depending on the transmission power of the antenna.

2.1. TM wave

To derive the updated equation for the TM wave, we much con-
sider its three components one electric field and two magnetic
fields (Ez, Hx, Hy). The TM wave sets up the electric field transverse
to the z-axis, and it is referred to as E polarization of the wave. The
electric field is primarily determined using the Maxwell equation
[12], as in Egs. (1)-(3) based on permeability [, permittivity &
and conductivity ¢ of the specific material.
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These equations can be simplified in terms of finite difference
notation and also substituted with the time and space of lattice,

with n for time and (i,j) for the two-dimensional lattice point in
Egs. (4)-(6) [11].
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where Ax, Ay and At are fundamental FDTD parameters. Ax and Ay
are the horizontal and vertical direction of the grid or cell size of the
FDTD cells. In this study, we used the square grid (Ax = Ay). At is
the time step for the propagation of the wave.

SAR is a function of conductivity, electric field, and tissue den-
sity p [12]. SAR can be calculated using the following equation:

SAR = ﬂ W/kg] ()

The peal( of the electric field (Ez) of the TM wave resulting from
the FDTD iteration is applied to the SAR calculation.

2.2. TE wave

To derive the updated equation for the TE wave, we must con-
sider its components. It also has three components, but opposite in
composition to the TM wave: two electric fields and one magnetic
field (Hz, Ex, Ey). Maxwell’s curl equation is applied as in Egs. (8)-
(10) [12]. The TE wave sets up the magnetic field transverse to the
long (z-axis) of the structure and it is referred to as H polarization.
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Similar to the TM wave, the simplified version of the TE wave
Maxwell‘s equation is derived as the following using finite differ-
ence terms and grid index [11]:
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having two electric components give the SAR equation as Eq. (14).
The intensity of the two electric fields of the TE wave is calculated

as Erg = \/E + E; for the SAR equation.

 0(En)?
SAR = T [W/kg] (14)

2.3. Temperature calculation

When the human head is exposed to the region of electromag-
netic wave propagation, the thermal effects of EM wave radiation
occur. The bio-heat equation computes the thermal effects using
heat conduction, blood flow, and blood temperature to calculate
the temperature rise in the human body [4]. The bio-heat equation
is as follows [4]:

Cppaa—Z:KVZT—&-pSAR—b(T—Tb) (15)
and its boundary condition is

aT
K%_ —h(T -T,) (16)

where T = T(x,y, t) in two-dimensional case is temperature (°C) at
time t, C, is the specific heat (J/kg°C), K is the thermal conductivity
(W/meC), b is the constant (W/m>°C) related to blood flow, T, is
blood temperature, T, is the ambient temperature, n is the unit vec-
tor normal to the surface of the head, and h is the heat transfer coef-
ficient (W/m?2°C). SAR is calculated from the FDTD. The bio-heat
equation of the finite-difference approximation in 2D format is as

follows:
Azﬁfﬁim [T’ZF+1J>+TI’F4.J~>+T?ZM>+TZ’H - 4T’(’}J)] (17)
T Clmin.J) = KT*1(<inilh+A1 J 1<Tih1?A (18)

In Eq. (17), A%is the cell size of the square grid in the space of
heat transfer (A% = Ax = Ay), while Ax and Ay are the same as the
cell size of the FDTD grid. Eq. (18) is for the x-direction of heat
transfer (A = Ax). Eq. (17) is used to calculate the temperature
changes inside of the human head and Eq. (18) is for temperature
calculations for the skin surface. Similar approximations can be
done for the y-direction. Time step At in the heat equation is not
the same as the time step At in the FDTD [4]. For numerical stabil-
ity, At in the heat equation is calculated as follows [4]:

2pC,A*
~ 12K + bA?

where Cp, K, and b are assumed as constants because the heating
effect on human tissue is small.

Air temperature (T,) and blood temperature are assumed as
25°C and 37 °C respectively. The heat transfer coefficient (h) is
set as 10.5 (W/m2°C) [3]. The constants of the bio-heat equation
are presented in Table 1.

(19)

3. Modeling

The human head was modeled as six different layers: skin, fat,
bone, dura, CSF (cerebrospinal fluid), and brain. Each layer has dif-
ferent dielectric properties, and these values depend on the fre-
quency. The dielectric permittivity and conductivity of human

Table 1
Thermal parameters of tissues [4].
Tissue Cy(J/kg°C) K (W/m°C) B (W/m3°C) p(Kg/m?)
Skin 3600 0.42 9100 1010
Fat 3000 0.25 1700 920
Bone 3100 0.39 3300 1810
Dura 3600 0.5 9100 1010
CSF 4000 0.62 0 1010
Brain 3650 0.535 40,000 1040
Table 2
Dielectric properties of tissues.
3.35GHz 4.5 GHz Thickness
Layer G (S/m) e G (S/m) e (mm)
Skin 1.9363 37.14 2.6861 36.18 1
Fat 0.1477 5.189 0.2119 5.0766 14
Bone 0.5815 10.87 0.8438 10.28 4.1
Dura 2.2569 40.9 3.1523 39.477 0.5
CSF 43952 64.83 5.8729 62.854 2
Brain 2.1121 41.34 3.0332 39.91 162

tissues at the frequencies of 3.35 GHz and 4.5 GHz, and the thick-
ness of the tissues are presented in Table 2. The dielectric proper-
ties of the tissues are sourced from an online database [13].

The geometrical presentation of the head model and transmis-
sion source are shown as a color map and diagram in Fig. 1(a)
and (b), respectively. Calculation area for the FDTD is 30 cm square.
In Fig. 1(a), the wide blue area is free space and the yellow mark
represents the source. The circle with colorful layers represents
each tissue layer. The outermost cyan color layer represents skin,
blue represents fat, light blue represents bone, green represents
dura, yellow represents CSF and the innermost green layer repre-
sents the brain. The line L is the cross-sectional line of the head
and the SAR in that line is discussed in subsequent sections. The
radius of the human head is assumed as 9 cm in Fig. 1(b) which
is the diagram of the coaxial cylindrical head model and a cell
phone.

4. Comparison of absorption rate with the grid point of the
wavelength

For numerical computation using the FDTD method, the grid
resolution is one of the important factors because it can influence
the computational SAR results. The grid resolution is related to the
cell size Ax and Ay. The cell size in x and y direction is defined by
AX = ’,(,"—'” where Ax = Ay. The grid resolution or the grid point N; is
the number of points per minimum wavelength /. Amin iS cOm-
puted from Zmin =;—%— where npe is the maximum refractive
index, f ..« is the maximum frequency, and ¢, is the speed of light
in free space. The npq is computed from the highest relative per-
mittivity & of the tissue layers using nyme = /& Among the six
types of tissues, CSF has the highest relative permittivity. N, is cho-
sen according to the material which the electromagnetic wave
passes through. The temporal time steps At of the FDTD depend
on the cell size of the FDTD and can be derived from

At=0.9/ <co X /A]7+Aiy2>. Computation of At has to follow the

Courant stability condition. Fig. 2 shows the comparison of SAR
on line L for the different N,. It may be inferred that the small num-
ber of points leads to the higher SAR results, and choosing the
appropriate number of grid points is also important for computing
with the FDTD method. Fig. 2 presents the results of the TM wave
propagation to the head at 3.35 GHz from an 0.125 W transmitting
source located 1 cm away from the head.
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Fig. 1. Geometry of the calculation model: (a) color map and (b) diagram. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 2. Comparison of SAR at different grid resolution points.

The grid resolution points N; per minimum wavelength are cho-
sen as 15, 20, 25, 50, 75 and 100 points that give 0.7, 0.56, 0.44,
0.22, 0.15, and 0.11 mm cell sizes, respectively. The wider the cell
size it uses, the lower the number of cells it gets in the FDTD two
dimensional array. At that point, although the execution time is
fast because of the large FDTD cell size, it is difficult to get a
smooth result. For example, for grid point 15 and 20, with FDTD
cell size 0.7 mm and 0.56 mm, the cell size is greater than the thin-
nest dura tissue layer with 0.5 mm thickness. Thus, it is impossible
to obtain information on that layer. The grid points greater than 50
points have very small cell size and a large cell array. Conse-
quently, it has much longer processing time in computation. In this
study, 25 points grid resolution is chosen to analyze the SAR results
because it has the appropriate cell size of 0.44 mm and its results
are not much different from the results for 50 points. The valida-
tion for choosing 25 points is presented in the following section.

5. Distribution of the electric field and SAR

The propagation of the electric field from a 1 cm distant source
to the human head by an incident transmission antenna with a
power of 1 W is presented in Fig. 3. It uses a grid resolution of 25
points over the minimum wavelength on the 3.35 GHz frequency.
The FDTD cell size of 0.44 mm and the temporal time-step of

50

100

y [mm
2

200

250

300
50 100 150 200 250 300

X [mm]

Fig. 3. Distribution of the electric field at 3.35 GHz.

0.94 ps are simulated for a maximum of 8527 FDTD iterations.
These results are for the 8 ns exposure. The small electric field
can be transmitted to the inside of the human head. To prevent
reflection from the boundary and thus obtain accurate results,
Mur absorption boundary is used and is presented in Fig. 3.

SAR distribution inside the human head can be seen clearly via
the logarithmic values of the SAR presented in a color map in Fig. 4.
The SAR value in yellow color is the highest rate which is found in
the part of the head near the electric field transmission source. The
cross-sectional view in Fig. 5 highlights the location of the tissue
layers in the SAR distribution. The SAR reaches its peak at Skin
and CSF layers, which have a high permittivity rate, and these
results are in good agreement with previous studies [9,14,15]. In
the fat and bone layer, the SAR suddenly and significantly
decreases. The SAR reaches almost zero inside the brain at points
farthest from the source.

6. Local SAR of different polarizations at 3.35 GHz and 4.5 GHz

Although the behavior of the SAR distribution in each tissues
layer is similar, the rate of the induced SAR in the TE wave in Fig. 7
is much higher than that in the TM wave in Fig. 6. This is due to
the different propagation characteristics of the wave in parallel



Z.M. Lwin, M. Yokota/Int. J. Electron. Commun. (AEU) 104 (2019) 91-98 95

50

100

y [mm)
g

200

250

300 =
50 100 150 200 250 300

X [mm)]

Fig. 4. Distribution of SAR in logarithmic view.
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Fig. 7. SAR distribution in the TE wave.

and perpendicular polarization. In the TM wave, the electric field
line is parallel to the propagation of the wave while the electric fields
in the TE wave are perpendicular to the wave direction. As explained
in section 3, the TE wave has two electric fields and a magnetic field
transverse to the propagation of the waves. Thus, the two electric
fields propagate around the human head and this creates a large
absorption area on the head. In this way, the absorption rate is
higher than with the TM wave. This is called the diffraction phe-
nomenon of wave propagation. Figs. 6 and 7 present the SAR results
at 1 Wincident power, 1 cm distance between the human head and
the cell phone, with 25 points of grid resolution. From the frequency
based information on the TM wave in Fig. 6, the absorption rate at
3.35 GHz frequency is higher than at 4.5 GHz, in the skin, CSF layer,
and brain. However, the difference between the SAR at the two fre-
quencies is slight in Fat and Bone layers. For the frequency based
information on the TE wave in Fig. 7, although the absorption rate
atthe 4.5 GHz frequency is higher than that at 3.35 GHz in the outer-
most three layers, the penetration rate of the 3.35 GHz is stronger
and it can reach farther into the brain region. For both frequencies,
the SAR rate in TE wave is higher than in the TM wave, and this is
in good agreement with the results of a previous study [6].

L L L s L n I I —

0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
distance between the human head and the cell phone [cm]

Fig. 8. Comparison of SAR with the distance of the antenna from the skin layer.
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7. Comparison of the absorption rate with the position and
incident power of the antenna

The results from Fig. 8 shows that the maximum SAR value in
the skin layer depends on the distance between the human head
and the cell phone at a 2 W transmission power on 3.35 GHz. That
result has a good agreement with previous research [15]. The
longer distance leads to the reduction of SAR inside the tissue. If
we use the cell phone at a distance less than 1.5 cm from the
human body, the SAR is greater than the minimum limiting thresh-
old for SAR (2 W/Kg) according to the guidelines [16,17].

The transmission power of the cell phone antenna is between
0.1 W and 2 W. The antenna from the cell phone emits electromag-
netic waves to connect with a communication tower. When the
communication between the cell phone antenna and the tower is
good, the transmission power of the cell phone antenna is approx-
imately 0.1 W. When the communication between the cell phone
and the tower is poor, such as when the cell phone is inside an ele-
vator or beneath a thick concrete building, or in a rural area, more
transmission power is needed and this is emitted from the cell
phone. The radiation rate at different antenna transmission power
level is computed and presented in Fig. 9. It can be inferred that
higher transmission power will be accompanied by higher rates
of radiation.

8. Results on the thermal effects

In this section, the temperature rise from short-term and long-
term exposures are discussed. Body temperature before being
exposed to the electromagnetic wave is assumed as 37 °C. The
heating effect on the human body is related to the thermal param-
eters of the tissue layers and the SAR.

8.1. Short-term exposure results

For the short-term temperature rise, SAR results from Section 6
are used as input for the bio-heat equation. As mentioned in Sec-
tion 6, the 8 ns exposure time is very short, and the temperature rise
during short-term exposure is directly related to the SAR results, and
the distribution of the temperature rise and SAR are almost the same
shape. For the 8 ns exposure time, the temperature rise for the TM
wave is approximately 4.7 x 107> °C as shown in Fig. 10. For the
8 ns exposure time, the temperature rise for the TE wave is approx-
imately 7.8 x 103 °C, as shownin Fig. 11. Thus, the temperature rise
for the TM wave is much less than that for the TE wave.

1.2 T T T T T T T
1 Incident power of 3.35 GHz TM Wave 1
2W
L8 1w 1
0.6 W

S
X

= o6t ]
4

& ssiiassn 0125W

o
~
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Fig. 9. Comparison of SAR with the incident source of the antenna.
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Fig. 10. Short-term heat transfer in the TM wave.
37.008 T T T T T T T
37.007 TE Wave 1
3.35 GHz
37.006 1
® 4.5 GHz
2
3 37.005 1
(8]
£
3
2 37.004 1
©
g
£ 37.003 1
D
=
37.002 1
37.001 1
37
0 5 10 15 20 25 30 35 40

Tissue Thickness [mm]

Fig. 11. Short-term heat transfer in the TE wave.

8.2. Long-term exposure result

Most people use the cell phone more for internet browsing than
for conversation on a daily basis. Thus, for cases of long-term expo-
sure, the effects of an incident power of 0.125W was studied.
According to the temperature rise results for long-term exposure,
the transfer of heat depends not only on the SAR but also on the
thermal parameters of the tissue layers, such as the blood flow.
As shown in Fig. 12, the outer layers of tissue up to 10 mm, expe-
rienced a gradual temperature rise which then gradually decreases
inside the head. It is noticeable that the SAR in the fat and bone lay-
ers is not much, but the temperature rise in those layers are more
than in the skin layer, as shown in Fig. 13. Therefore, the SAR value
is not directly affected by the computation of the thermal effects.
The reasons for this situation are the heat transfer behavior and
the blood flow constants of tissues presented in Table 2.

Even though the SAR in the skin layer is the highest, the temper-
ature rise is less than in subsequent layers, such as fat and bone.
The skin’s blood flow parameter (b) is quite high, as shown in
Table 1, and it means that there is blood flow in the skin layer.
Increased blood flow would reduce the heat and also the skin is
the outermost layer that can have its outside surface cooled by
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Fig. 12. Long-term heat transfer inside the human head.
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Fig. 13. Long-term heat transfer in each tissue layer.

the air and thus lower the heating rate. For the bone layer, the
blood flow rate is lower than in any other tissue layer and there
is no chance to reduce the heating. The CSF does not have any
blood flow but is itself a type of fluid. Thus, the heating gradually
declines from the dura to the inside of the brain. In comparison,
the thermal effect of 8 ns exposure to 3.35 GHz TE wave of 1W
incident power, 1 cm distance from the source and 0.44 mm cell
size (results in Fig. 11) is much less than the temperature rise from
3.35 GHz TE wave for 4 ms exposure with 0.125 W incident power,
0.5 cm distance from the source and 1 mm cell size (Fig. 12).

According to the information in Fig. 13, the maximum temper-
ature in each tissue layer significantly increases until one millisec-
ond. After that, it reaches a steady state. It is clear that the
temperature in the skin is the lowest among the six tissue layers.
The temperature reaches its peak at the Dura. The part of the brain
region nearest to the source has a high temperature and farther
from the source the temperature drops almost to the baseline tem-
perature. However, the highest temperature in the brain region
remains higher than that in the fat layer.

The simulation was done using MATLAB Software on a desktop
computer with Intel (R) Xeon (R) CPU 3.33 GHz processor, and
48 GB RAM. The execution time for 8 ns exposure for 3.35 GHz
and 4.5 GHz frequencies were approximately 1.5 min and 3 min
respectively.

9. Conclusion

Using numerical calculation, we examined radiation effects
such as SAR and temperature rise inside the human head. The
FDTD method, SAR equation, and the bio-heat equation were used
to calculate these effects. The electric field absorbed by the human
body was determined using the calculations of the FDTD method,
from which SAR was computed using the SAR equation. Tempera-
ture rise was computed from the SAR using the bio-heat equation.
The simplest structure of the head model was used to obtain gen-
eral information on the human tissue numerically. In the numeri-
cal computation technique, some fundamental parameters are
important, and these can change the main output of the system.
Thus, different types of FDTD parameters and possible situations
of the radiation source related properties were also studied and
highlighted.

According to the results for short-term exposure, SAR and the
temperature distribution are closely related. When we use the cell
phone for a long time, the SAR distribution is different from the
temperature distribution because of the nature of the heat transfer.
The distribution of temperature rise for longer exposures depends
on the thermal parameters of the tissue. The effects of long-term
exposure are emphasized in this study because of the cell phone
usage habit in the modern world. The simulation was implemented
using MATLAB code. To get the long exposure results, a great num-
ber of FDTD iterations were needed because the spatial time step
(picoseconds) is too small. To get a faster processing time, the
MATLAB MEX function was used. To calculate for long exposures,
a high-performance computer is needed. The two-dimensional
approach was used for the simulations to be cost-effective con-
cerning hardware cost and execution time. However, it is necessary
to prove the reliability of the two-dimensional results by compar-
ing with the results of a three-dimensional calculation. The three-
dimensional based calculation and other types of transmission
source have been earmarked for future study.
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