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Specific Absorption Rate (SAR) Calculations in the Abdomen of the
Human Body Caused by Smartphone at Various Tilt Angles:
A Consideration of the 1950MHz Band

Chiaki TAKASAKA†, Student Member, Kazuyuki SAITO†a), Member, Masaharu TAKAHASHI†, Fellow,
Tomoaki NAGAOKA††, and Kanako WAKE††, Members

SUMMARY Various electromagnetic (EM) wave applications have be-
come commonplace, and humans are frequently exposed to EM waves.
Therefore, the effect of EM waves on the human body should be evaluated.
In this study, we focused on the specific absorption rate (SAR) due to the
EMwaves emitted from smartphones, developed high-resolution numerical
smartphone models, and studied the SAR variation by changing the position
and tilt angle (the angle between the display of the smartphone model and
horizontal plane) of the smartphone models vis-à-vis the human abdomen,
assuming the use of the smartphone at various tilt angles in front of the
abdomen. The calculations showed that the surface shape of the human
model influenced the SAR variation.
key words: numerical smartphone model, finite-difference time-domain
(FDTD) method, specific absorption rate (SAR), dosimetry

1. Introduction

Various electromagnetic (EM) wave applications are cur-
rently being used and have the effect of enriching our lives.
The cellular phone is a typical example. In particular, smart-
phone use has rapidly become widespread and indispensable
to our daily lives. As a result, we are frequently exposed to
the EM waves emitted from these radio communication de-
vices.

In order to evaluate the influence of EM exposure to the
human body, it is important to estimate the specific absorp-
tion rate (SAR), which is the amount of power absorption
per unit mass of tissue. This is expressed in the following
equation:

SAR =
σ

ρ
E2 (1)

where σ is the conductivity of the tissue (S/m), ρ is the den-
sity of the tissue (kg/m3), and E is the root mean square of
the internal electric field (V/m). In the International Com-
mission on Non-Ionizing Radiation Protection (ICNRP) and
the Institute of Electrical and Electronics Engineers (IEEE),
a spatial SAR averaged over any 10 grams of tissue (SAR10 g)
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is used as an evaluation index of near field exposure [1], [2].
SARs in the human body are principally estimated by nu-
merical simulation because ethical concerns make it difficult
to measure the SAR in a living person’s body. Heretofore,
a number of studies have calculated the SAR in the human
head because of the tendency to hold the phone near the head
while on a call [3]–[7].

In recent years, smartphones have come to be frequently
used for data communication, such as E-mail, social media,
gaming, etc. As such, we hold the smartphone in front
of our bodies rather than near the head. In the context
of these circumstances, several studies have calculated the
SAR in the human abdomen [8], [9]. Tateno et al. calculated
the SAR10 g in the human body due to exposure from flip
phones and tablet computers [8]. Takei et al. developed a
high-resolution numerical smartphone model [9]. They then
calculated the SAR when the smartphone model was placed
in front of the torso of the human model, changing the tilt
angles and height of the smartphone. Here, the tilt angle is
defined as the angle between the display of the smartphone
model and the horizontal plane. Takei et al. found that the
peak SAR10 g varied depending on the positional relationship
between the smartphone and the humanmodel [9]. However,
few studies have focused on the SAR variation caused by tilt
changes to the smartphone angles or differences in the types
of smartphone. It is necessary to conduct simulations using
multiple smartphone models because the location of the an-
tenna in smartphones differs based on types of smartphone.

In this study, we developed new high-resolution numer-
ical smartphone models for highly accurate SAR evaluations
and calculated the SARs under the assumption that an adult
male would be holding the smartphone at various tilt angles
in front of the abdomen. These analyses are of a specific
model. However, by statistically analyzing the results, we
considered that they could be regarded in a somewhat gen-
eral sense. In addition, we investigated SAR variations by
changing the tilt angles of the smartphone in three pattern
surfaces on the human body.

2. Smartphone Model

2.1 Development of the Numerical Smartphone Models

The numerical smartphone model was developed on the ba-
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Table 1 Electrical constants of the smartphone model.

sis of a commercially available smartphone. First, an ac-
tual smartphone was disassembled to determine its internal
structure and measure the size of its internal parts. Second,
on the basis on these data, a smartphone model was devel-
oped using computer aided design (CAD) software. Finally,
the CAD model was divided into small cells, and electrical
properties were allocated to each cell. It is difficult to de-
velop a smartphone model as an EM source that acts like
an actual smartphone using only a high-resolution “shape.”
Therefore, the electrical properties were adjusted so that the
antenna would work at the operating frequency and would
not be based on measuring the electrical properties of the
actual internal parts. These adjustments were performed
based on experience from our previous study, not at random.
Table 1 summarizes the electrical constants of the parts in
the smartphone models.

We developed three types of smartphone models: mod-
els A–C, respectively (Fig. 1). We investigated not only the
three types of smartphones shown in this paper but also sev-
eral additional models. We found that the antennas in many
types of smartphones were installed in the lower part housing
the smartphone. This has the effect of decreasing the SAR
in the head during phone calls.

Therefore, in this study, we selected three antenna sizes
and positions as typical models: “long to the left and right,
lower center (model A),” “relatively small, lower left (model
B),” and “relatively small, lower right (model C).” While
these three models do not cover all cases, they do include
almost all cases. Furthermore, they are relatively popular
models with users.

2.2 Validation of Developed Models

Three smartphone models were employed in this study based
on 4th generation (4G) technology. The communication
bands for the 4G system include some frequency bands. Each
of the models used (smartphones A–C) covered different
frequency bands. Among them, the 1950MHz band was
covered by all the models, which is also widely used in
Japan. For these reasons, we investigated the characteristics
of this frequency band.

The numerical smartphone model needs to satisfy sev-
eral requirements: the antenna must work at the operating
frequency (1950MHz), and the model must reproduce an

Fig. 1 Developed smartphonemodels and enlarged view of each antenna.

Table 2 Reflection coefficients.

EM distribution in the near field of the actual smartphone.
Table 2 shows the results of each reflection coefficient at the
feeding point of the antenna in models A–C. The software
used for the calculation was XFdtd, version 7.3 (Remcom
Inc., Stage College, PA, USA) [10]. In these calculations, the
minimum and maximum cell sizes were 0.2× 0.2× 0.2mm3

and 1.0×1.0×1.0mm3, respectively. The SAR calculations
were performed after the EM wave in the calculation space
became a steady state. We confirmed that, in all the models,
the antenna worked at the operating frequency (1950MHz),
with the result that the reflection coefficient was lower than
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−10 dB. Incidentally, when the abdomen of the human body
model was close to the smartphone models (with the antenna
models), the S11 values did not change significantly, because
the hands and/or the head of the human body model did not
adhere to the antenna.

In order to validate the EM radiation pattern and the
local SAR of the smartphone model in the vicinity of the
human body, we also compared the SARmeasurements with
the calculated values of the models. Figure 2 shows the mea-
sured and calculated results of the SAR distribution in the
flat phantom when the display of the smartphone faced the
phantom. The relative permittivity and conductivity of the
phantom were 40 and 1.4 S/m, respectively. The electrical
properties and positional relationship between the phantom
and the smartphone were the same in the measurements and
calculations. In the measurement, radiation power was con-
trolled to the maximum power of an actual smartphone by a
base station simulator (Anritsu, Kanagawa, Japan [12]), and
the SARswere obtained by a cSAR3D (Schmid&Partner En-

Fig. 2 Measured and calculated SAR distributions.

gineering AG, Zurich, Switzerland [13]) in accordance with
the International Electrotechnical Commission (IEC) 62209-
3 [14]. The separation distance between the flat phantom and
the smartphones was set to 0mm. Such measurements are
usually performed by setting the separation distance speci-
fied by the terminal manufacturer [1], [2]. However, since
these measurements were only meant for model validation,
the separation distance was set to 0mm. Therefore, the SAR
values shown in Fig. 2 exceeded the safety limits. In the cal-
culation, radiation power was fixed at 0.2W. In other word,
the calculated SAR values were normalized by 0.2W. In ad-
dition, 0.2W is the maximum radiation power defined by the
4G standard [11].

In all the models, near the front of the antenna on the
bottom right of the smartphone, the SAR values reached a
maximum in both the measurement and calculation. As a
result, the SAR distributions roughly matched in each calcu-
lation. The peak SAR10 g calculations were 75–136% of the
measurement results.

3. SAR Calculations Using the Human Model

We calculated the SAR10 g using the developed smart-
phonemodels and a high-resolution numerical humanmodel
(TARO) [15]. Figure 3 shows the calculation model. The
minimum and maximum cell sizes in this calculation model
were 0.2 × 0.2 × 0.2mm3 (for the smartphone model) and
2 × 2 × 2mm3 (for the human model and the surrounding),
respectively. It is generally considered that 2mm cells can be
employed for a SAR calculation up to around 3GHz. There-
fore, these cell sizes were considered small enough for the
study. The SAR calculations were performed after the EM
wave in the calculation space became a steady state.

TARO is based on the realistic anatomical structure
of a Japanese male and is composed of 51 types of tissue.

Fig. 3 Calculation model.
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Fig. 4 Sectional view of positions 1 and 2.

The smartphone model was placed at the front of TARO’s
abdomen. It has been assumed that the smartphone was
under the browsing position at the front of the abdomen,
not the phone call. At this time, the hands for holding the
smartphone were not considered. The SAR values in the
body were considered to be higher under this condition. The
distance between the surface of TARO and the surface of the
smartphonewas fixed at 15mm. The distancemay have been
slightly small. However, these conditions were set in order
to make worst-case evaluations while taking into account the
actual usage styles. The operating frequencywas 1950MHz,
and radiation power was fixed at 0.2W, as in the previous
descriptions. The tilt angle of the smartphone was changed
in 5◦ increments. In calculation 1, the smartphone model
was placed at the navel of the human model (position 1), a
typical position for smartphones when held in front of the
body. In calculation 2, the smartphone model was placed to
the front but at a higher level than the navel (position 2). In
position 1, there was concavity in the human body surface
(Fig. 4). It was determined that position 2 did not have this
level of concavity.

Figure 5 shows the peak SAR10 g when the tilt angles of
the smartphone changed in 5◦ increments. The tendencies
of the SARs when the tilt angles were changed differed for
each model. It was thought that this was caused by the
difference in the antenna position of the smartphone. In
models A and B, the SAR values increased as the tilt angle
rose. This appeared to be because the distance between the
antenna and the body surface decreased as the tilt angle rose.
However, in model C, the SAR variations were smaller than
those of the other two models. In order to analyze the fact,
we considered the details of the model C structure, where the
antenna was located a few mm inside from the bottom edge
of the terminal case. As a result, the distance between the

Fig. 5 The peak SAR10 g in the human model.

antenna and the human body surface was larger than in the
other two models. Therefore, the variation in the distance
did not increase, even if the tilt angle changed. As a result,
the SAR variations were not very large in model C.

These results were summarized as a box plot in order
to show the SAR variation due to angle fluctuation (Fig. 6).
In the box plot, the central rectangles show quartiles, and
the x mark in the rectangle represents the average. The
lines under and above the rectangle represent minimum and
maximum values, respectively. In the graphs, CV means
coefficient of variation, which was calculated in order to
evaluate the degrees of variation when the tilt angles of the
smartphone were changed in each simulation. Based on the
graph and each CV, there were larger SAR variations in po-
sition 1 than in position 2 in all the smartphone models. This
might have been because the navel, the concavity on the sur-
face of the human body, affects SAR variations. In other
words, the closer to the flat surface, the smaller the SAR
variation. Considering these results, we investigated the re-
lationship between the SAR variation when the tilt angles of
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the smartphone were changed and the surface of the human
body affected variations in the SAR. In these calculations,
we used a human model with uniform electrical properties
in the whole body. Smartphone models were located at po-
sitions 1 and 2. In addition, at position 3, the SARs in the
rectangular parallelepiped phantom (flat phantom) were cal-
culated (Fig. 7). The relative permittivity and conductivity
of the human model and flat phantom were 40 and 1.4 S/m,
respectively. Figure 8 shows the SAR when the tilt angles of

Fig. 6 SAR variation due to angle fluctuation.

Fig. 7 Simulation model in position 3.

Fig. 8 The peak SAR10 g in the human model, which has uniform elec-
trical properties in the whole body (positions 1 and 2) and the flat phantom
(position 3).

Fig. 9 SAR variation due to angle fluctuation in the human model, which has uniform electrical
constants in the whole body (positions 1 and 2) and the flat phantom (position 3).
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the smartphone models (A–C) were changed. In models A
and B, when the tilt angles were increased, so did the peak
SAR10 g. However, in model C, there were no significant
changes in the peak SAR10 g due to changes in the tilt angles
of the smartphone. These were the same tendencies as those
in the aforementioned simulations using TARO. Figure 9
shows SAR variations due to angle fluctuation. In all the
smartphone models, the CV reached a maximum in position
1, followed by positions 2 and 3. These results show that if
the surface is flat and smooth, the SAR variation tends to be
smaller. Therefore, in the human body, the SAR variation
due to changes in the tilt angle of the smartphone is consid-
ered to be larger than in the flat phantom because the human
body surface has a curved surface and is uneven. Further-
more, the heterogeneity of the electrical properties in the
human model was not as important to the SAR variations.

4. Conclusion

In this study, we developed high-resolution numerical smart-
phone models based on actual smartphones and calculated
SARs in the human body using a smartphone at various tilt
angles. The tendencies of the SARs when the tilt angles
changed differed for each smartphone model. In addition,
from the CV results, the SAR variations appeared to be re-
lated to the surface shape of the human body rather than
the electrical properties of the human model. Therefore, the
SAR variations in real human bodies are larger than those
of the flat phantom. However, these results depend on the
frequency and would benefit from further study.
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