
VOL. E97-B NO.
OCTOBER 2014

The usage of this PDF file must comply with the IEICE Provisions
on Copyright.
The author(s) can distribute this PDF file for research and
educational (nonprofit) purposes only.
Distribution by anyone other than the author(s) is prohibited.



IEICE TRANS. COMMUN., VOL.E97–B, NO.10 OCTOBER 2014
2175

PAPER

Specific Absorption Rates and Temperature Elevations due to
Wireless Radio Terminals in Proximity to a Fetus at
Gestational Ages of 13, 18, and 26 Weeks
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Soichi WATANABE†††, Members, Masaharu TAKAHASHI††††, Senior Member, and Koichi ITO††††, Fellow

SUMMARY As the electromagnetic (EM) environment is becoming
increasingly diverse, it is essential to estimate specific absorption rates
(SARs) and temperature elevations of pregnant females and their fetuses
under various exposure situations. This study presents calculated SARs
and temperature elevations in a fetus exposed to EM waves. The calcula-
tions involved numerical models for the anatomical structures of a preg-
nant Japanese woman at gestational stages of 13, 18, and 26 weeks; the
EM source was a wireless portable terminal placed close to the abdomen of
the pregnant female model. The results indicate that fetal SARs and tem-
perature elevations are closely related to the position of the fetus relative
to the EM source. We also found that, although the fetal SAR caused by
a half-wavelength dipole antenna is sometimes comparable to or slightly
more than the International Commission Non-Ionizing Radiation Protec-
tion guidelines, it is lower than the guideline level in more realistic situa-
tions, such as when a planar inverted-F antenna is used. Furthermore, tem-
perature elevations were significantly below the threshold set to prevent the
child from being born with developmental disabilities.
key words: fetus, specific absorption rate (SAR), temperature elevation,
wireless radio terminals, finite-difference time-domain (FDTD) method

1. Introduction

Recently, there has been rapid expansion in the use of
portable telecommunications technology based on electro-
magnetic (EM) waves. Consequently, there has been grow-
ing interest in evaluating interactions between EM fields
(EMFs) and the human body. When EM energy with fre-
quencies above 100 kHz is absorbed by the body, the pri-
mary effect is thermal heating. The specific absorption rate
(SAR) continues to be used as the standard dosimetric pa-
rameter for setting international safety guidelines for human
exposure to RF energy [1], [2]. However, because of the
difficulties in obtaining actual measurements, value of SAR
in a human body is usually estimated by numerical simu-
lations. Nowadays, anatomically correct computational hu-
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man models [3]–[5] allow us to numerically estimate human
body SARs with high accuracy.

Recently, the effects of EM waves radiated from anten-
nas held by pregnant females have become a major concern
for EM safety, especially as these waves can impact the fe-
tus [6]. Togashi et al. [7] have calculated SARs for a fetus
exposed to a half-wavelength dipole antenna and a planar
inverted-F antenna (PIFA) with a metallic case at 900 MHz
and 2 GHz; these are typical frequency bands of third gen-
eration communication systems. In their study, they used a
model of a 26th-gestational week pregnant female. Akimoto
et al. [8] have calculated the local SAR and temperature el-
evation for a fetus when a normal-mode helical antenna on
a metallic box was placed at the sides of the abdomen of a
female who was in the 26th gestational week of pregnancy.
Body types and anatomical structures of the mother and fe-
tus differ depending on the stage of fetal growth. Therefore,
evaluations for various gestation ages are important, but they
have not been reported for near-field exposure, although Na-
gaoka et al. [9], Dimbylow [10], and Dimbylow et al. [11]
have reported results for far-field exposure.

In this study, we present calculated SARs and temper-
ature elevations for fetuses of pregnant female models [12]
in the 13th, 18th, and 26th gestational week. The sources of
EM radiation were a half-wavelength dipole antenna and a
PIFA with a metallic case. Based on guideline set by the In-
ternational Commission for Non-ionizing Radiation Protec-
tion (ICNIRP), the values of the averaged SAR and peak 10-
g-averaged SAR for general public exposure should be less
than 0.08 W/kg and 2 W/kg, respectively [1]. However, the
guidelines do not set any limiting values for fetuses. There-
fore, we evaluated fetal temperature elevations caused by the
absorption of EM radiation; temperature elevations serve as
the basis for setting SAR guidelines and the index of the
threshold for thermal effects on fetuses.

2. Calculation Method

2.1 Numerical Model of a Pregnant Female

Figure 1 illustrates the pregnant female models and the fe-
tuses in the 13th, 18th, and 26th gestational weeks [12].
Table 1 lists the biological dielectric properties of intrin-
sic parts of the pregnant female model. The body weight

Copyright c© 2014 The Institute of Electronics, Information and Communication Engineers
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Fig. 1 Illustrate of numerical models of a (a) 13th, (b) 18th, and (c) 26th
gestational week pregnant Japanese female.

Table 1 Biological dielectric properties of intrinsic parts of a pregnant
female.

Table 2 Densities of fetal tissues. [kg/m3]

of the fetus and the scale of the maternal abdomen in each
model correspond to the standard body weight and scale at
each gestational age, respectively. The relative permittivity
and conductivity of the fetal body were defined on the ba-
sis of values obtained for a rabbit [13]. Values for the fetal
brain were adjusted to account for the higher water content
in adult brains [14]. A value for the fetal eyes was based on
that for the eyes of an adult reported by [15]. Values for the
amniotic fluid and placenta were taken from [16]. Values for
the other 51 organs were taken from [15], while densities of
fetal tissues were taken from [12]. As listed in Table 2, dif-
ferent densities were used for the fetal body, eyes, and brain
in each of the three models to match the body weights of the
fetuses to reference values [17]. The remaining densities
were taken from [18].

Table 3 Thermal properties of intrinsic parts of a pregnant female.

2.2 Calculation Method

In the numerical calculations, we used the finite-difference
time-domain (FDTD) method, which is a commonly-used
and efficient method for evaluating the amount of EM wave
exposure. To calculate SAR, we used the following equa-
tion:

SAR =
σ

ρ
E2 (1)

where σ is the tissue conductivity (S/m), ρ is the tissue
density (kg/m3), and E is the internal electric field strength
(V/m). SAR is related to the heating created by the elec-
tric field in the tissue, which causes the temperature in the
tissue to increase. The temperature elevation in the fetus is
then calculated. To determine this temperature elevation, we
used a bioheat transfer equation [19],

ρc
∂T
∂t
= κ∇2T + A − B(T − Tb) + ρ · SAR (2)

where T is the temperature (K), t is time (s), ρ is the den-
sity (kg/m3), c is the specific heat of the tissue (J/kg ·K),
κ is the thermal conductivity of the tissue (W/m ·K), A is
the metabolic heat generation (W/m3), B is a term associ-
ated with blood flow (W/m3 ·K), and Tb is the blood tem-
perature (K). Values for these parameters of intrinsic tissues
in a pregnant female are listed in Table 3 [15], [18], [20]–
[27]. Values for the other parameters were taken from [18],
[26] and [27]. In the simulations, EM waves from the an-
tenna were continually radiated until the temperature eleva-
tion reached a steady state. As the boundary condition of air
and the human body, we used Newton’s law of cooling as
the following.

−κ∂T
∂n
= h(Ts − Ta) (3)

where h is the heat transfer coefficient (W/m2 ·K), Ts is the
surface temperature of the tissue (K), Ta is the temperature
of the air (K), and n is the normal unit vector of the surface
on the human body. A detailed explanation of this simula-
tion is given in [28].

Assuming that the EM radiator was a mobile phone,
we first used a half-wavelength dipole antenna as the sim-
plest EM radiator. Then, to evaluate the model under more
practical conditions, we used a PIFA with a metallic case.
Endo et al. [29] compared results from SAR calculations us-
ing the FDTD method with measured values obtained when
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Fig. 2 Positions of dipole antennas in the sagittal plane including the
feeding gap. Model at (a) 13th, (b) 18th, and (c) 26th gestational weeks.

a PIFA with a metallic case was placed in the vicinity of a
tissue-equivalent phantom. Endo et al. [29] observed good
the agreement between the measured and calculation results.
We confirmed that our SAR calculations correspond to the
results of Endo et al. [29] under the same conditions.

Togashi et al. [7] estimated the fetal SARs when a
dipole antenna was placed at various points around the ab-
domen of a pregnant female model. Those results showed
that the fetal SARs are the highest when the dipole an-
tenna was placed in front of the abdomen. Therefore, the
half-wavelength dipole antenna was placed in front of the
abdomen of the pregnant female model for the worst-case
study of the fetus, as shown in Fig. 2. Furthermore, in [7],
the dipole antenna was placed vertically and the distance be-
tween the dipole antenna and the model surface was 40 mm,
because otherwise, the top of the antenna would penetrate
the abdomen. However, that distance was too large for us
to evaluate the worst-case scenario. Therefore, to avoid
the penetration through the abdomen, the dipole antenna
was aligned horizontally. The distance between the feed-
ing point of dipole antenna and model surface was 10 mm
and the height of the feeding gap was set at the center of
the fetal head to evaluate the worst-case scenario for the
fetal head. The operating frequencies were 900 MHz and
2 GHz, because these are typical frequencies used in W-
CDMA mobile phone systems. In this study, for the worst-
case evaluation, the radiated powers were 0.25 W, which
is the maximum output for a W-CDMA system. The cell
size for the entire calculation region was 2 × 2 × 2 mm.
The boundaries of the calculation region were formed using
perfectly matched layer boundary conditions (eight layers).
Figures 2(a), 2(b), and 2(c) illustrate the antenna positions in

Fig. 3 Dimensions of the wireless mobile terminal model used in the
calculations. (a) For 900 MHz. (b) For 2 GHz.

Fig. 4 Positions of PIFAs in the sagittal plane including the feeding gap.
Model at (a) 13th, (b) 18th, and (c) 26th gestational weeks.

the sagittal plane including the feeding gap for each model.
Figures 3(a) and 3(b) illustrate the wireless mobile ter-

minal model with the PIFA. The operating frequencies were
900 MHz and 2 GHz. For both models, the size of the termi-
nal was 20 × 50 × 100 mm. The calculation conditions, the
height of the feeding gap and the distance between the radi-
ated plate at the feeding and model surface were the same as
those used in the analysis with the half-wavelength dipole
antenna as like in Fig. 4. The radiated plate of the PIFA
faced to the maternal abdomen.

3. SAR Calculation Results

3.1 Half-Wavelength Dipole Antenna

Figure 5(a) shows the peak maternal and fetal 10-g-averaged
SAR; the calculation method was the same as that used in
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Fig. 5 Computed values for SARs from the dipole antenna, (a) Peak
maternal and fetal 10-g-averaged SAR, (b) Fetal-averaged SAR.

[30]. In all models, peaks in maternal SARs appeared on
the skin nearest to the feeding point. The highest maternal
SAR was approximately 4.70 W/kg in the 26th gestational
week model at 2 GHz.

The peak in fetal SARs for both 900 MHz and 2 GHz
in all three models also appeared on the fetal shoulder. The
peak SAR in the 26th week model was the highest of the
three models. The highest fetal value was approximately
two-fifths of the highest maternal SAR value. Moreover,
values of the 26th week model at 900 MHz and 2 GHz were
approximately 2.8 times and 4.8 times higher than those of
the 13th week model, respectively.

Figure 5(b) shows SARs averaged over whole fetal tis-
sues (a body, a brain, and eyes) at 900 MHz and 2 GHz. In
Fig. 5(b), the fetal-averaged SAR for the 13th week model
was the highest of the three models. The fetal-averaged
SARs for the three models at 900 MHz were 2.0–2.4 times
higher than those at 2 GHz.

3.2 Planar Inverted-F Antenna

Figure 6(a) shows the peak maternal and fetal 10-g-averaged
SARs from the PIFA. In all models, peak maternal SARs
appeared on the skin nearest to the feeding point, just as

Fig. 6 Computed values for SARs from the PIFA, (a) Peak maternal and
fetal 10-g-averaged SAR, (b) Fetal-averaged SAR.

for the dipole antenna. The highest maternal SAR was ap-
proximately 1.66 W/kg in the 26th gestational week model
at 2 GHz.

In all three models, the peak fetal SAR at 2 GHz
was found to be around the fetal shoulder. In contrast, at
900 MHz, the peak SAR in the 13th and 26th gestational
week models appeared at the fetal head, while the peak
SAR in the 18th gestational week model appeared on the
fetal shoulder (Fig. 8(a)). The value of the peak fetal 10-g-
averaged SAR in the 26th gestational week model at 2 GHz
was the highest among the three models. In contrast, at
900 MHz, the peak fetal 10-g-averaged SAR in the 26th ges-
tational week model was lower than that in the 18th ges-
tational week model; this differs tendency from the results
obtained for the dipole antenna. The highest values in the
18th gestational week model at 900 MHz and the 26th ges-
tational week model at 2 GHz were one-half and two-fifths
of the highest maternal SAR value, respectively. Comparing
results at both frequencies, values at 2 GHz were higher than
those at 900 MHz.

Figure 6(b) shows the fetal-averaged SARs. Just as in
Fig. 5(b) for the dipole antenna, the fetal-averaged SAR in
the 13th gestational week model was higher than those in
the other models. The fetal-averaged SARs for the PIFA at
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900 MHz were 1.6–2.8 times higher than those at 2 GHz.

4. Temperature Elevations

As previously mentioned, radio-frequency safety guidelines
[1] for fetuses have not yet been established. To evaluate the
safety of a fetus when a pregnant female is exposed to EM
waves, it is necessary to determine temperature elevations
in the fetus. A temperature elevation of 1◦C–2◦C that is due
to the absorption of EM waves is known to be a root cause
of adverse health effects such as heat exhaustion and heat
stroke [1]. Furthermore, excessive maternal hyperthermia
(such as thermal therapy for a tumor), including RF-induced
hyperthermia, directly affects the growth of the embryo and
the fetus [31]. According to [32], most animal data indi-
cate that the implantation and development of the embryo
and fetus are unlikely to be affected by exposures that in-
crease maternal body temperature by less than 1◦C. How-
ever, above this temperature increase, adverse effects such
as growth retardation may occur. On the basis of this data,
we set 1◦C as the upper limit of the maximum temperature
elevation allowed in the fetus.

Figure 7 presents the peak temperature elevations in the
fetus. In this study, because we did not consider convec-
tion in the amniotic fluid, the temperature of the amniotic
fluid continues to increase. Therefore, this temperature ele-
vation is higher than would occur in the practical case; how-
ever, we can consider our calculation to serve as a simpli-
fied worst case. The peak temperature elevation increased
with increasing gestational age; this trend corresponds to
the trend in the peak fetal 10-g-averaged SAR (Fig. 5(a)).
The highest peak temperature elevation was approximately
0.16◦C for the 26th gestational week model at 2 GHz for
dipole antenna. At both frequencies, the peak points of the
fetal temperature elevations in the 13th and 18th gestational
models appeared on the fetal head, and in the 26th gesta-
tional model appeared fetal shoulder.

The highest temperature elevation was in the 26th ges-
tational week model at 2 GHz (0.09◦C) for the PIFA. This
value is approximately one-half of the highest temperature

Fig. 7 Computed peak fetal temperature elevations for the dipole
antenna and PIFA.

elevation for the dipole antenna. The tendency with pro-
cessing gestational age is similar to the results for the dipole
antenna. The peak points in the 13th and 18th gestational
models appeared on the fetal head at both frequencies. On
the other hands, the peak point in the 26th gestational model
at 2 GHz appeared at the fetal shoulder, and that at 900 MHz
appeared at the fetal head.

5. Discussion

5.1 Maternal SARs

Comparing the results for the dipole antenna and PIFA, the
peak maternal 10-g-averaged SARs for the PIFA were 0.4–
0.5 times lower than those for the dipole antenna. Mater-
nal SARs from the dipole antenna and PIFA in each model
are not in agreement because of difference in shapes of the
maternal abdomen as gestation progresses. For dipole an-
tenna, maternal SARs at 900 MHz (26th gestational week
model) and at 2 GHz (13th, 18th, and 26th gestational week
model) were above the RF guidelines (2 W/kg) for general
public exposure. In this study, the output power was main-
tained constant at 0.25 W; however, the input impedance of
the antenna changed in the vicinity of a human body. There-
fore, the output power actually becomes lower than the in-
put power. In contrast, all calculated maternal SARs from
the PIFA were lower than the ICNIRP safety guideline.

5.2 Fetal SARs

As gestational age increases, the peak fetal 10-g-averaged
SARs for both the dipole antenna and the PIFA increased.
This is because the distance between the peak point on the
fetus and the EM source becomes shorter. However, this
tendency did not occur in the SARs at 900 MHz for the
PIFA. To explain this, note the angle of the fetus shown
in Fig. 2(b); the fetal head in the 18th gestational week
model was positioned deep in the maternal body and the
fetal shoulder was positioned closer to the antenna in com-
parison with the other models. Therefore, the peak point of
the fetal 10-g-averaged SAR in the 18th gestational week
model at 900 MHz for the PIFA appeared at the fetal shoul-
der; in contrast, the peak points on the fetuses in 13th and
26th gestational weeks appeared at the head. Thus, the dis-
tance between the antenna and peak point at the fetal shoul-
der in the 18th gestational week model (32 mm) was shorter
than the distance between the antenna and the peak point at
the fetal head in the 26th gestational week model (36 mm).
The peak fetal 10-g-averaged SAR in the 26th gestational
week model for the dipole antenna was nearly equal to the
RF guideline values for general public exposure because no
consideration was given to the mismatch loss when the an-
tenna was placed close to the human body, just as none was
given to the maternal SARs.

For fetal whole-body averaged SARs, we found that
differences between the fetal-averaged SARs for the dipole
antenna and for PIFA have an approximately equal scaling
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factor. As gestation progressed, the fetal-averaged SARs be-
came lower from both EM sources. The main reason for this
is that the fetal volume of the 13th week model is the small-
est; therefore, the fetal-averaged SAR must be higher when
the SAR is averaged over the whole fetal body. Comparing
effects of frequencies, the fetal averaged SAR at 900 MHz
was higher than that at 2 GHz in all cases in contrast to fe-
tal 10-g-averaged SAR (Figs. 5(a) and 6(a)). This is because
the wavelength at 900 MHz was longer than that at 2 GHz.
Therefore, EM waves at 900 MHz more deeply penetrate the
maternal body. Therefore, the area of high SAR at 900 MHz
was larger than that at 2 GHz. The calculated fetal-averaged
SARs in the 26th gestational week model were higher than
the results in [7], because the SAR in the fetus strongly de-
pends on the distance between the fetus and EM source.
Also, [7] used the 26th gestational week model that was
used in [9]; that model places the fetus more deeply in the
maternal body. However, we confirmed that all averaged
SARs in the fetuses were below the ICNIRP guideline limit
(0.08 W/kg).

As described above, both fetal whole-body SAR and
maximum 10-g-averaged SAR were lower for the PIFA than
for the half-wavelength dipole antenna. Also, note that SAR
values for the PIFA were lower than ICNIRP guideline lim-
its.

5.3 Fetal Temperature Elevations

The peak point of the 10-g-averaged SARs in the 13th and
18th gestational week models appeared at the fetal shoulder,
while the peak point of the temperature elevation in these
models appeared at the fetal head. This is because the shoul-
ders of fetuses in the 13th and 18th gestational week mod-
els are covered by the placenta, which provides cooling due
to blood flow. However, the peak temperature elevation in
the 26th gestational week model appeared at the fetal shoul-
der just as dose the peak point in the 10-g-averaged SAR of
the 26th gestational week model, except for the peak in the
26th gestational week model for the PIFA at 900 MHz. As
shown in Fig. 2, this is because the area of the fetal shoulder
covered by the placenta in the 26th gestational week model
was smaller than those in the 13th and 18th gestational week
models. Therefore, the peak point in the 26th gestational
week model appeared at the fetal shoulder, which is not cov-
ered with the placenta.

At 2 GHz, the peak temperature elevation in the fetus
of the 26th gestational week model for the PIFA was higher
than that of other models, because it reflects the trend of
the peak fetal 10-g-averaged SAR (Fig. 6(a)), while the peak
temperature elevation at 900 MHz did not follow this trend.
The peak fetal 10-g-averaged SAR in the 18th gestational
week model was higher than that in the 26th gestational
week model; however, for the peak temperature, the value
in the 18th gestational week model was lower than that in
the 26th gestational week model. As shown in Fig. 8, which
shows the surface SAR and temperature elevation distribu-
tions on the fetus of the 18th gestational week model, the

Fig. 8 (a) Surface SAR and (b) surface temperature elevation distribu-
tions on the fetus at the 18th gestation week for the PIFA at 900 MHz.

peak SAR appeared on the fetal shoulder, but the peak tem-
perature elevation did not appear on the fetal shoulder be-
cause of the cooling provided by the placenta. Therefore,
the peak temperature elevation at 900 MHz did not corre-
spond to the trend in the peak fetal 10-g-averaged SAR.

The maximum temperature elevation (0.16◦C) was
lower than our upper limit of 1◦C. On comparing the fe-
tal peak temperature elevation in the 26th gestational week
model with the results in [8], our results are found to be
lower than those in [8]. This is because the power radiated
by the EM source, a professional VHF transceiver, in [8]
was 20 times higher than ours.

6. Conclusions

In this study, we estimated SARs and temperature elevations
in pregnant females and fetuses at three different gestation
ages under exposure to EM waves from a wireless mobile
terminal placed close to the abdomen of the pregnant fe-
male. The calculations were performed using the FDTD
method. For these calculations, models of a Japanese preg-
nant female at 13th, 18th, and 26th week of gestation were
used. As the radiator, we used a half-wavelength dipole an-
tenna and PIFA with a constant radiated power of 0.25 W at
both 900 MHz and 2 GHz. Local exposures in the fetus were
sufficiently lower than those in the mother. When compar-
ing the differences between the three gestational ages, the
fetal-averaged SAR was higher in early pregnancy; however,
the peak fetal 10-g-averaged SAR and the temperature ele-
vation in the fetus were higher in late pregnancy. We also
confirmed that exposures in the fetus using the dipole an-
tenna were greater than those using the PIFA, because the
gap feed of the PIFA was further away from the maternal
body than the dipole antenna.

We found that the exposure of the fetus to EM waves
was affected by the distance between the fetus and EM
source. The fetal 10-g-averaged SAR in the 26th gestational
week for the dipole antenna at 2 GHz was nearly equal to
the recommended ICNIRP values for general public expo-
sure. However, the peak temperature elevations were under
the threshold (1◦C), which could cause the birth of a child
with developmental disabilities. In contrast, the PIFA did
not create fetal SARs that approached the guidelines, and
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temperature elevations from the PIFA were less than those
created by the dipole antenna. We also note that, because
of its advanced power control, the actual radiated power
of a W-CDMA mobile phone was significantly lower than
0.25 W at both 900 MHz and 2 GHz. In future studies, we
intend to investigate the effect of changing the position of
the fetus and placenta. We will also evaluate the SAR in a
fetus using an actual wireless mobile terminal because there
may be differences between an actual mobile terminal and a
PIFA.
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