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Abstract ─ In this paper the interaction between a
human head exposed to a bluetooth-based cellular
headset in different positions is studied. The
exposure to the electromagnetic fields is a concern
when people use these devices. The interaction of
human head and bluetooth mobile headsets has not
been considered in related standards. In this
research three installed positions for the headset
and two scenarios for the user are defined. In the
first scenario the user is in free space and in the
second scenario the user is in a car. For both
scenarios path loss, antenna gain, total isotropic
sensitivity, and specific absorption rate values for
three positions of the headset on the head are
obtained. SEMCAD X software is used as an
FDTD-based simulation platform for our
numerical studies. The result of our study can help
manufacturers to consider the compatibility of
these devices with safety guidelines of
electromagnetic exposure specified by relevant
institutes. Designers of wireless devices can use
results of this study to design new headsets that
can be used in an appropriate position while the
performance of the device is less affected by the
human head and the environment.
Index Terms - Bluetooth, electromagnetic field,
FDTD, headset, human head, and SEMCAD.

I. INTRODUCTION
Telecommunication technologies attract more
users each day and spread all over the world.
Cellular phones are a part of this technology that
attract users from all different age groups. The
continuous growth of high-end devices forces
companies to ensure their new products to be
compatible with safety guidelines specified by
related standards like IEEE Standard-1528 [1] and
International Electrotechnical Commission, IEC
62209-1 [2]. Bluetooth headsets are one of
applications that communicate to the cellular
phone via bluetooth protocol [3] at 2400 MHz2450 MHz frequency range. The question is that:
Is user head exposure to bluetooth headsets safe?
To answer this question we aim to evaluate the
interaction between a human head exposed to a
bluetooth-based cellular headset. Several headset
models are produced with different specifications.
Each product has a different effect on the user
head based on its antenna type, operation
frequency, housing, case material, and installed
position.
SAR measurement of a human head exposed
to a bluetooth headset has not been considered in
related standards [1, 2, 4-9]. This is while the
interaction between human body and wireless
devices has been an interesting subject of studies
over the past sixteen years [10-15]. The effect of
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human hand on antenna characteristics of cellular
handsets such as total radiated power and far field
behavior was studied in [10]. The effect of human
body on implantable antennas was inspected in
[11-13]. In [14] SAR computation and temperature
distribution in human body has been investigated.
In [15] numerical analysis of the interaction
between human head and cellular phones has been
performed by modeling the phone as a metal box
with an antenna inside or outside the box. In [16]
authors have studied the effect of different case
materials on induced SAR in a human head.
In this paper the finite-difference time-domain
(FDTD) method is used because it is simpler and
easier to implement, compared with the finite
element method (FEM). Despite computational
implementation, FDTD is used for easy
comparison of our results with SAR measurement
standards, which have been developed based on
FDTD method (cf. [1, 2]). SEMCAD X software
[17], an FDTD-based platform, is chosen due to its
user friendly interface and capability of 3D-model
analysis.
This paper is organized as follows: section II
is a description of designed headset model; human
head, car, and antenna models. Section III includes
explanation of settings and configurations as well
as grid generation. Section IV, presents the
simulation results for path loss, antenna gain, total
isotropic sensitivity, and specific absorption rate
and a comparison of proposed scenarios and
finally section V concludes the paper.

mannequin) phantom is used for a conservative
estimate of SAR in compliance with international
exposure standards. SAM is a simplified and
homogeneous model of human head that contains
SAM shell and liquid. SAM shell is a lossless
plastic shell filled with a homogeneous liquid that
has electrical properties of head tissue and has an
ear spacer. Parameters of this phantom are different
from the model introduced by IEEE standard
committee (SCC34/SC2/WG1) [19]. The dielectric
properties (relative permittivity and electrical
conductivity) of SAM phantom [1] and acetal [18]
at 2400 MHz − 2450 MHz are extracted and listed
in Table 1. As SAM is a homogeneous model
relative permittivity and conductivity values are
considered. Headset is installed on the left ear at
30°, 52°, and 60°, which are three most common
positions. SAM phantom with the headset at the
angle of 30° is called model 1. Model 2 is referred
to the position of headset at the angle of 52° and
model 3 is the chosen name for headset, which is
rotated by 60°. Two scenarios are considered for
these three models; the first scenario is the situation
where each model is simulated in free space. In the
second scenario to study the effect of metal and
dielectric parts, i.e., complex environments, each
model is simulated while the user is in a car.

II. MODELING
A. Mobile headset
To study the interaction between mobile
headsets and human head, a mobile headset model
is designed based on real ones usually found at the
market. To obtain more accurate results the effect of
case material is also considered. In this paper acetal
is considered as the case material for the mobile
headset, it is used for the case material in mobile
phone accessories [18]. Figure 1 shows the headset
model. In the rest of the paper the term headset is
used instead of mobile headset.

Table 1: Dielectric properties of SAM phantom and
acetal at 2400 MHz − 2450 MHz.

B. Human head
Because of the dependency of electrical
properties of human head on frequency a dispersive
model,
SAM
(specific
anthropomorphic

Figure 2 shows SAM phantom and the headset
installed at the angle of 60° (model 3); blue lines
indicate the position of the headset in models 1 and
2.

Fig. 1. Designed headset model.

Material
SAM shell
SAM liquid
acetal

δ (s/m)
0.0016
1.8
0.002

εr
5
39.2
2.8
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C. Car model
A Ferrari, which is available in SEMCAD X
software is chosen as the car model. Car seats,
dashboard, glass, tires, and lights are assumed as
dielectric parts. Other parts like body, chassis,
wheels, door, hood, and brakes are considered as
perfect electric conductor (PEC) parts. Figure 3
depicts the user inside the car model.
D. Antenna model
For bluetooth communications a planar
inverted F-antenna (PIFA) is used in SEMCAD X.
It operates at the range of 2400 MHz − 2450 MHz.
A sinusoidal voltage source with a resistance of 50
ohm is used as the excitation source at the antenna
feed point. This antenna has a coaxial feed point
with the length of 1.8 mm and diameter of 0.2
mm. Figure 4 shows antenna configurations for the
frequency range of 2400 MHz to 2450 MHz.
Antenna parameters are also described in Table 2.

Fig. 2. SAM phantom and the installed headset at
three positions.

The baseline resolution should be selected small
enough to prevent ignoring certain baselines. It
should also be noticed that selecting too small
baseline resolution will results in smaller
simulation time step and longer simulation time.
As the wavelength is 124.91 mm so the minimum
baseline resolution is set to 0.002 λ (0.24982 mm).
The maximum step is usually set to approximately
λ/10 as a rule-of-thumb [17]. But here to reduce
dispersion errors produced automatically by using
a non-uniform grid we choose the maximum step
as λ/14 (0.07λ), which is equal to 8.7437 mm. The
amount of generated FDTD-grid cells for model 1,
2, and 3 are 5.969 M cells (185×135×239) for the
first scenario (free space) and 57.027 M cells
(590×319×303) for the second scenario (car). In
order to achieve a steady state condition,
simulation time is set to 15 sinusoidal periods and
total number of 2000 time steps with ∆t = 3.33 ps
is considered. To prevent over-refinement in
neighboring cells the maximum ratio of the length
of neighboring cells (grading ratio) is set as 1.2
and grading ratio relaxation of 10% is selected to
increase the dynamics of the gridder. Refining
factor is 10 for all solid regions. The absorbing
boundary conditions (ABC) is set as uniaxial
perfectly matched layer (U-PML) with 10 layers
thickness where the minimum level of absorption
at the outer boundary is greater than 99.9 %. A
bounding box with a refinement in both upper and
lower boundary of 0.06 for z-axis is also made for
the antenna. The total simulation time was 14
minutes and 85 minutes for free space and the car,
respectively (using a computer with core 2 quad
CPU and 4 gigabytes of memory).

Fig. 3. Car model and the user inside.

III. FDTD CONFIGURATION
A minimum spatial resolution of 2.0 × 2.0 ×
2.0 mm3 and a maximum spatial resolution of 5.0
× 5.0 × 5.0 mm3 is set in the x, y, and z directions.

Fig. 4. Antenna configuration for the operation
frequency of 2400 MHz − 2450 MHz.
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Table 2: Antenna parameters.
Parameter

L1
L2
L3
L4
D

Length
(mm)

50
41.95
5.9
11.9
3.05

Parameter

L5
L6
L7
L8
H1

Length(mm)

21
10
1.95
3
0.1

antenna gain decreases more than free space
because of radiated wave’s reflection by metal
parts in the car. Maximum gain value is obtained
for model 1 (2.25 dBi) in free space and for model
2 (-5.42 dBi) inside the car. The antenna gain for
models 1 and 2 are better than model 3 in free
space. It can also be stated that the antenna gain is
affected by the glass inside the car that absorbs
more power than other dielectric parts as it is
closer to the headset.

IV. RESULTS AND DISCUSSION

B. Antenna gain
Simulated antenna gain for three models
inside the car and free space were obtained and
listed in Table 4. In free space by changing the
headset position from model 1 to 3, gain value
decreases. As the headset position changes from
30° to 60°, antenna radiation power decreases due
to the reflection of some parts of radiated waves
by the head. When the user is inside the car,
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Fig. 5. Path loss simulations in free space;
installation degrees are 30°, 52°, and 60°.
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A. Path loss
We extract the simulation results for E-field
and plot them in MATLABTM software. The
results are depicted in Figs. 5 and 6 for three
models in both environments. The horizontal axis
shows the distance that the E-field passes through
the head from the left ear and the vertical axis
shows the E-field strength in dB. These values are
listed in Table 3. From the results it can be seen
that the obtained path loss values for human head
inside the car are lower than the free space due to
the metal parts (frame) of the car that might serve
as a shield and minimize the radiated energy,
which results in an increase of E-field. As the
headset angle increases, the path loss values for
three models decreases in both scenarios. In other
words by changing the position of the headset
from 30° to 60°, the electric field drops to zero at a
longer length. In model 2 the E-field has two lobes
and is different from models 1 and 3. The reason is
that at the angle of 52° the antenna is closer to the
tissues that have high amount of water such as
mouth and nose that attenuates the electric field
for a short distance in the middle of the field path
in the head because of their shape. The minimum
path loss values (maximum E-field) are obtained
for model 3 inside the car and free space.
Computed maximum values of path loss are for
model 1 in both scenarios.
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Fig. 6. Path loss simulations in car; installation
degrees are 30°, 52°, and 60°.
Table 3: Simulated path loss values in dB.
Model
Position
Free Space
Car

Model 1
30°
24.2
20.8

Model 2
52°
21.8
19.3

Model 3
60°
20.1
9.6
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Table 4: Simulated gain values in dBi.
Model
Position
Free Space
Car

Model 1
30°
2.25
-5.81

Model 2
52°
-2.40
-5.42

Model 3
60°
-3.08
-10.45

C. Total isotropic sensitivity
Total isotropic sensitivity (TIS) is a parameter
used to determine the receiving performance and
the efficiency of a wireless device. For a
bluetooth-based headset TIS can be related to the
maximum distance from the cellular phone at
which the headset can operate well. Antenna gain,
antenna mismatch, and noise can affect TIS. Table
5 describes simulated TIS values for three models
inside the car and free space. As it can be seen in
Table 5 the value of TIS in model 3 decreases
compared with 1 and 2 while the user is in free
space. When the headset position changes from
model 1 to 3 in free space, the headset (antenna)
interacts with more parts of the head and the
impedance increases. In the car, the head
impedance in model 2 is smaller than 1 and 3 and
the best TIS value is obtained for model 2. On the
other hand, for model 1 in the car the headset
antenna is closer to the roof's foam and in model 3
the antenna is closer to the seats so a part of the
transmitted energy is absorbed by these dielectrics
in the car and results in fewer TIS.
D. SAR
In SAR computation by FDTD, the electric
field components at the voxel edges are computed
in the x, y, and z directions. SAR is defined as
follows,
(1)
where σE and ρ are the electric conductivity and
mass density of the tissue, respectively, and E is
the electric field. SEMCAD X software supports
spatial peak SAR measurement defined by IEEE
standard-1529 [9].
Antenna input power is set to 0.0025 W as the
maximum radiation power for the second class
bluetooth devices (headsets) in 2.4 GHz frequency
range. Table 6 describes the results of SAR
numerical measurements for three models in free
space and inside the car. Based on the results the
maximum value of SAR1g is for model 1 in free

space (0.1228 W/Kg) and is for model 2, inside
the car (0.1153 W/Kg). The maximum value of
SAR10g in free space and inside the car belongs to
model 2, 0.0458 W/Kg and 0.0486 W/Kg,
respectively. It can be seen that SAR values inside
the car are higher than SAR values in free space.
As mentioned in section IV A, this is due to the
metal frame of the car that might serve as a shield
and minimize the radiated energy, which results in
an increase of SAR. The results show that the
SAR1g and SAR10g reach their minimum values for
model 3 in free space and inside the car. As
mentioned before, model 3 is closer to the seats
and more energy is absorbed by the seats, so the
SAR value decreases for model 3 compared with
1. All the results are lower than 0.123 W/Kg while
due to IEEE C95.1-2005 standard the spatial peak
SAR limit in USA is 1.6 W/Kg per 1g tissue and
for Japan and European countries it is 2 W/Kg per
10 g tissue [20].
Table 5: Simulated TIS values in dBm.
Model
Position
Free Space
Car

Model 1
30°
-56.32
-30.90

Model 2
52°
-45.05
-33.31

Model 3
60°
-38.26
-26.71

Table 6: Averaged SAR1g and SAR10gvalues in
human head for three models in free space and the
car.
Free Space
Model
Model 1 Model 2 Model 3
Position
30°
52°
60°
SAR1g in head
0.1228
0.1075
0.0535
SAR10g in head 0.0455
0.0458
0.0203
Car
Position
30°
52°
60°
SAR1g in head
0.0967
0.1153
0.0818
SAR10g in head 0.0358
0.0486
0.0287
It is concluded that the safer model is model 3
that has the least SAR values both in free space
and inside the car. Figures 7 and 8 show the slice
field distribution of SAR 1g and 10g values for
three models inside the car and free space,
respectively. It can be seen that in model 1 the
peak spatial SAR occurs at a higher region and
closer to the ear compared with model 3.
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Fig. 7. Slice distribution of spatial peak SAR
averaged over 1g for model 1, 2, and 3 (from top
to bottom) in free space (left column) and inside
the car (right column).

Fig. 8. Slice distribution of spatial peak SAR
averaged over 10g for model 1, 2, and 3 (from top
to bottom) in free space (left column) and inside
the car (right column).

V. CONCLUSION

of the electric field was absorbed by dielectric
parts or was reflected by metal parts in the car.
This was while model 3 had the worst antenna
gain in the car. The result of our study can help
manufacturers to consider the compatibility of
these devices with safety guidelines of
electromagnetic exposure specified by relevant
institutes. Designers of wireless devices can also
use these results to design new headsets that can
be used in an appropriate position while the
performance of the device is less affected by the
human head and the environment.

In this paper the interaction between a mobile
headset and the human head was modeled and
simulated. A mobile headset was designed and
SAM phantom was used as a homogeneous head
model. Three positions were defined for the
mobile headset. A PIFA was used as a suitable
antenna for bluetooth communications. Two
scenarios where the user is in free space and inside
the car were described. SEMCADX software was
used as an FDTD-based simulation platform for
our numerical studies. Finally, we discussed and
obtained results for path loss, antenna gain, TIS,
and SAR. Based on our results the best model in
the proposed research was model 3, which had the
minimum SAR values for both scenarios where
the user was inside the car and in free space. Due
to low radiation power of the antenna, a large part
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