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SUMMARY  This paper aims to achieve a high-quality exposure level
quantification of whole-body average-specific absorption rates (WBA-
SARs) for small animals in a medium-size reverberation chamber (RC).
A two-step method, which incorporates the finite-difference time-domain
(FDTD) numerical solutions with electric field measurements in an RC-
type exposure system, has been used as an evaluation method to determine
the whole-body exposure level in small animals. However, there is lit-
tle data that quantitatively demonstrate the validity and accuracy of this
method in an RC up to now. In order to clarify the validity of the two-
step method, we compare the physical quantities in terms of electric field
strength and WBA-SARs by using a direct numerical assessment method
known as the method of moments (MoM) with ten homogenous gel phan-
toms placed in an RC with 2 GHz exposure. The comparison results show
that the relative errors between the two-step method and the MoM approach
are approximately below 10%, which reveals the validity and usefulness of
the two-step technique. Finally, we perform a dosimetric analysis of the
WBA-SARs for anatomical mouse models with the two-step method and
determine the input power related to our developed RC-exposure system to
achieve a target exposure level in small animals.

key words: specific absorption rate (SAR), reverberation-chamber (RC),
exposure system, finite-difference time-domain (FDTD) method, method of
moments (MoM)

1. Introduction

Biological effects of electromagnetic fields (EMF) expo-
sure have been raising public concerns with the rapid in-
crease of wireless base stations and cellphone utilization.
The safety standards for human exposure to radio frequency
EMF have been promulgated in various national or inter-
national guidelines worldwide to ensure the protection of
humans against any effect of EMF exposure [1]. A whole-
body-average-specific absorption rate (WBA-SAR), or a
temporally and spatially averaged power deposited over the
whole body mass, is used as the physical quantity of ex-
posure assessment in view of the long-term base station
EMF exposure. According to the International Commis-
sion on Non-Ionizing Radiation Protection guidelines (IC-
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NIRP), the WBA-SAR is restricted to 0.4 W/kg for occu-
pational people, 0.08 W/kg for general public with a reduc-
tion rate of 5 [2]. Meanwhile, the World Health Organiza-
tion (WHO) made strong recommendations on promoting
the animal experiments and expert dosimetric supports for
experimental studies in this domain [3]. Studies using hu-
man volunteers provide valuable insight into the short term
physiological effects of EMF exposure on humans, however,
animal studies give opportunities to investigate the possible
effects of long term EMF exposure, which cannot be con-
ducted with human volunteers. As a result, in order to in-
vestigate the potential adverse biological effects, an animal
experiment with high-quality exposure level quantification
is indispensable in order to link a biological effect to the ex-
posure level. This requires that the WBA-SAR is kept at the
designed level with a variability as small as possible in the
small animal experiment.

A reverberation chamber (RC) has been widely used
for immunity testing measurements in electromagnetic com-
patibility (EMC) field. To simulate the electromagnetic
(EM) environment inside an RC, different numerical ap-
proaches such as the finite-difference time-domain (FDTD)
method, finite element method (FEM), method of mo-
ment (MoM), have been used [4]-[6]. In the last several
years, RC-type exposure systems were developed for non-
restrained small animal exposure experiments and have been
adopted worldwide [7]-[9].

Due to the difficulty in WBA-SAR measurements, the
SAR values are mainly calculated using numerical tech-
niques. The most popular one is the FDTD method, which
solves the Maxwell equations in a differential form. By link-
ing the FDTD-calculated average SAR values to the electric
field strength measured in an RC, an incident power related
to the RC can be determined and regulated to achieve a req-
uisite exposure level as done in [9]. We define the above
method as “two-step method”, in which the electric field
measurement and FDTD simulation are combined together
to determine the WBA-SAR for small animals in the RC.
The two-step method consists of the following steps,

Step 1: measure the average electric field strength inside the

RC with small animals,
Step 2: calculate the SAR with numerical anatomical mod-

els by the FDTD simulation.
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This two-step method avoids direct modeling of the RC in
the FDTD simulation in which the convergence of the cal-
culated fields is difficult. In the second step of the two-step
method, the FDTD simulation for SAR calculation is on the
basis of plane wave superposition from various incident di-
rections with random phases, which simulates an ideal EM
environment with uniform field distribution in the RC [10].

In reality, however, the EM fields inside an RC strongly
depend on the RC size, stirrers and antenna, so that the fields
distributed in the RC may not be perfectly uniform. As a
direct assessment method of the WBA-SAR in a non-ideal
medium-size RC, we have proposed employing the MoM,
and its validity has been clarified experimentally [6]. A
major disadvantage in the direct MoM approach is that the
MoM is difficult to give the SARs for inhomogeneous bio-
logical bodies such as anatomical mouse models in the RC,
especially local SARs in a specific region such as brain,
heart, etc.. A biological study usually requires not only the
WBA-SAR data but also the SAR in a specific region to
clarify possible biological effects of EMF exposure. The
two-step method can provide a solution to satisfy these re-
quirements. On account of this point, the two-step method
should be more appropriate in the exposure level quantifica-
tion of animal experiments with RCs. A problem with re-
gard to the two-step method is that the validity and accuracy
of this technique have not been well investigated so far.

Thus, in this study, we first dedicate ourselves to ver-
ify the two-step method in our developed RC-type expo-
sure system by comparing physical quantities (electric field
strength and WBA-SAR) derived from the two-step method
and the direct MoM approach. Then, we perform a dosi-
metric analysis with the two-step method and determine the
input power required in order to achieve a target exposure
level in small animals. This paper is organized as follows.
In Sect. 2, we describe our developed RC-type exposure sys-
tem, and the measurement of average electric field strength
and the FDTD numerical solutions of the WBA-SAR in the
two-step method. The direct MoM approach for compari-
son is also described. In Sect. 3, we show our measured and
simulated results in the two-step method for homogeneous
biological-equivalent phantoms in comparison with those of
the direct MoM approach to clarify the validity of the two-
step method. After the validation of the two-step method,
Sect. 4 gives the WBA-SAR quantification for inhomoge-
neous anatomical mouse models in the RC to link the an-
tenna input power and electric field strength in our RC-type
exposure system to the actual exposure level. Section 5 con-
cludes this paper.

2. RC-Type Exposure System and Two-Step Method
for SAR Quantification

On account of the good spatial uniformity of field distri-
bution in an RC, the International Electrotechnical Com-
mission employed it as a testing method in IEC 61000 —
4 — 21 for EM immunity, radiated emission and shielding-
effectiveness measurements [11]. After that, worldwide re-
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search institutes began using this technique for exposure ex-
periments to investigate biological effects of EM fields. Our
developed medium-size RC consists of a rectangular enclo-
sure and two stirrers, which are made of aluminum. There
is a SMA connector on the RC roof, so that different an-
tennas can be fixed through it easily. The dimensions of the
RCare 1.2m X 1.0 m x 0.8 m. Both two stirrers are installed
almost vertically close to lateral wall and side wall respec-
tively, and each of the stirrers has a size of 64 cm X 24 cm.
The two stirrers can be rotated with different degrees by a
connected controller to make the electric field distribution
inside the RC statistically uniform. An air filter is also in-
stalled to supply fresh air for animals to relieve their stress
caused by EM exposure.

As introduced in the previous section, the two-step
method we employed in this study is composed of two steps.
The first step is to measure the average electric field strength
inside the RC, and the second step is to calculate the SARs
with anatomically based numerical mouse models by FDTD
simulation. In this section, we first describe the electric field
measurement condition in the first step, and then the FDTD
simulation for SAR calculation in the second step. Finally
we verify the validity of the two-step method for WBA-SAR
by comparison with the direct MoM approach result.

2.1 Step 1: Measurement of Electric Field Distribution

As the first step of the two step method to evaluate the WBA-
SAR of biological bodies inside the RC, the average electric
field strength should be measured in an actual RC exposure
system with exposed biological bodies. The required elec-
tric field strength to produce a target SAR can be regulated
by an antenna input power of the RC. Figure 1 shows a mea-
surement system of the electric field distribution with ho-
mogeneous dielectric gel phantoms inside the RC. A helical
antenna at 2 GHz was used to produce the EM fields inside
the RC, and it was connected to a signal generator through
a power meter with a 50Q coaxial cable. The antenna in-
put power of the RC was obtained by the power meter and a
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Fig.1  Block diagram of electric field measurement system in RC.
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Fig.2 Homogeneous gel phantom at 2 GHz.
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Fig.3  Top view of the placement and measurement points inside the RC.

three-axis electric field probe was used to record the tempo-
ral electric field strength of |E,], |E,|, |E;| and |E]| in the RC.
Stirrers “A” and “B” were controlled by a controller through
a computer. We made both stirrers rotate counterclockwise
from the same initial position at 0° by 5° angle step for stir-
rer “A” and, by 7.5° angle step for stirrer “B”. If stirrer “A”
rotates for 360°, then stirrer “B” should rotate for 540°. Dur-
ing one round rotation, the measurements took three min-
utes approximately. Figure 2 shows a homogeneous gel
phantom, which had a rectangular shape with dimensions
of 2cm X 2 cm X 7 cm approximately. The relative permit-
tivity &,, conductivity o and density p of the phantom were
51.13, 2.03S/m, and 1000 kg/m3, respectively, at 2 GHz.
In the measurements, the same ten gel phantoms were used.
A styrene foam with dimensions of 60 cm X 60 cm X 25 cm
was placed in the RC as a working stand, on which the ten
gel phantoms, each one was placed in a plastic cage, were
arranged with an equal spacing. The detailed specifications,
placements, phantom labels, as well as the measurement lo-
cations of electric field strength are shown in Fig. 3.

2.2 Step 2: WBA-SAR Calculation with FDTD Method

In the second step of the two-step method, in order to sim-
ulate the same situation as in the RC, it assumes EM plane-
waves irradiating from all directions with a constant electric
field strength, since the exposure to the experimental ani-
mals in the RC could be considered as a far-field spherical
irradiation under an ideal RC condition. Figure 4 shows EM
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Fig.4 EM plane-wave incidence in spherical form for simulating an
ideal RC-type exposure with (a) E-polarization and (b) H-polarization.

plane-wave irradiations for ten dielectric phantom models
with (a) E-polarization and (b) H-polarization. The incident
direction of the EM plane-wave is defined by angles ¢ and
6. E-polarization irradiation is defined so as to have an elec-
tric field along the tangential direction of the longitude of
the sphere, and a magnetic field along the tangential direc-
tion of the latitude of the sphere. H-polarization irradiation
is defined so as to have a magnetic field along the tangential
direction of the longitude of the sphere, and an electric field
along the tangential direction of the latitude of the sphere.
For complete simulation for an ideal RC, of course, all of
the incident angle pairs should be taken into account to ob-
tain the SAR values. According to [12], however, nine in-
cident directions in each of the polarization irradiations are
sufficient to obtain a convergent value for the WBA-SAR
values. In fact, we investigated the WBA-SARs with three
to nine incident directions for our mouse models. Based on
the investigated results, the WBA-SAR of the mouse mod-
els may reach a steady state as long as the incident number
is over than 5, since the relative error with five, six, seven
or eight incident directions was below 3% compared to that
with nine incident directions. As a result, we chose nine in-
cident directions of EM plane-wave irradiation in order to
obtain a more accurate WBA-SAR. In this study, we there-
fore employed a 40° interval of the angles of ¢ and 6 at both
the longitude and latitude directions, which results in 81
EM plane-wave irradiations with E-polarization and 81 EM
plane-wave irradiations with H-polarization, respectively,
and 162 EM plane-wave irradiations in total to calculate the
WBA-SARs of the ten gel phantom models inside the RC.
In the FDTD calculations, we used perfectly matched layers
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(PML) as an absorbing boundary condition to avoid spuri-
ous reflections. The cell size was 1 mm X 1 mm X 1 mm,
and the calculation lasts up to 8 periods of the sinusoidal
waveform at 2 GHz until it reaches a steady state. As the
exposure targets, ten lossy rectangular models had the same
dielectric properties and arrangements as the gel phantoms
in the experiment shown in Fig. 3. Each model also had a di-
mension of 2cm X 2cm X 7 cm and a weight of 30 g, which
were approximately identical to those of the phantom in the
measurement.

2.3  MoM Approach for Comparison

The MoM approach based on Poggio-Miller, Chang-
Harrington, and Wu-Tsai (PMCHWT) formulation, pro-
vides a direct assessment for obtaining the WBA-SAR of
lossy dielectric bodies placed inside the RC [6]. Different
from the two-step method, this approach does not need the
electric field measurement in an actual RC system. It simu-
lates a real situation inside the RC by considering the cou-
pling among the chamber, antenna, and exposed biological
bodies, but suffers from the difficulty in analyzing inhomo-
geneous objects like anatomical numerical models. Here
we used the MoM approach for comparison to verify the
accuracy of the two-step method because the gel phantoms
used in the electric field strength measurement were homo-
geneous.

In the MoM approach, the RC and the stirrers had the
same dimensions as those of the real RC-type exposure sys-
tem in Sect. 2. The helical antenna at 2 GHz was also used
to produce the EM fields inside the RC. The parameters
and placements of the rectangular homogeneous gel models
were the same as those in measurement and FDTD simula-
tion. Similar to the FDTD analysis in the two-step method,
the cages were also neglected in the MoM approach due to
their very low dielectric constants. In order to produce the
EMF inside the RC, both stirrers “A” and “B” were set to ele-
vate 5° with respect to z-axis and then rotate 15° in x-y plane
as the initial state. The rotation steps were 15° and 22.5°, re-
spectively for stirrers “A” and “B”, and the total steps were
24, which results in one round rotation of 360° for stirrer
“A” and 540° rotation for stirrer “B”. The validation of this
approach and the corresponding analysis parameters setting
for the RC has been confirmed experimentally in [6].

3. Results and Discussion
3.1 Electric Field Verification

As shown in Fig. 1 and Fig. 3, the electric field strength was
measured with a three-axis electric field probe at ten loca-
tions which surrounded the ten dielectric phantoms when the
stirrers were rotating. The antenna input power was mea-
sured with a power meter to be from 1.7mW to 2.89 mW
when the stirrers were rotating, and the average input power
was calculated as 2.45mW. The average electric field
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Fig.5 Measured average electric field strength and standard deviations
at the measurement points in the RC.

strength was obtained during one round of the stirrers ro-
tating at each measurement point.

Figure 5 shows the temporally averaged electric field
strength and standard deviation at each measurement point.
The standard deviation was indicated as bars. It can be seen
that the temporally averaged electric field strength for all
the measurement points ranges from 3.74 V/m to 4.89 V/m,
with the standard deviation from 1.13V/m to 1.6 V/m. By
using the temporally averaged electric field strength at each
measurement point, we furthermore obtained the spatially
averaged one for all the measurement points. The mean val-
ues of the electric field strength and standard deviation were
4.39V/m and 1.34 V/m, respectively. This result indicates
to what extent the electric field in our RC is uniformly dis-
tributed, and the obtained mean electric field strength will
be used in the second step for SAR quantification.

Moreover, in Fig. 6, the statistical distributions of the
normalized temporally measured electric field strength in x,
y, and z directions were found to follow Rayleigh distribu-
tion, since they fit the theoretical characteristics inside the
RC. The normalized electric field distribution derived from
the MoM approach was also plotted for comparison. It can
be observed that both the measured and MoM-calculated
electric field strength data are in accordance with the the-
oretical Rayleigh distribution. As a result, it is concluded
that the average electric field strength of 4.39 V/m can be
produced inside the RC when the average input power of
the helical antenna is 2.45 mW. Based on this finding, we
can take the temporally and spatially averaged electric field
strength as the plane-wave incident electric field strength
in the second step of the two-step method for determining
the WBA-SAR with the FDTD method. On the other hand,
with the MoM approach, an average electric field strength
of 5.2 V/m was obtained when the average input power was
2. 75 mW.

The relationship between the spatial-average of the
squared value of the electric field strength (|E|*) and the an-
tenna input power P;, can be expressed as
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(EI*) = KnP;, (1)

where K and 7 indicate a radiation coefficient and intrinsic
impedance in the RC, respectively. It should be noted that
in our RC (|E|?) is found equal to (|E|)*> within a difference
of 1%. We therefore use the expression (|E|) for +/{|E[?)
hereafter. When the stirrers in the reverberation chamber
are well stirred, the EM field in the reverberation cham-
ber can be represented by using a superposition of finite
uniform plane-waves [10]. Since the wave impedance of a
plane-wave in free space is 377 €, the intrinsic impedance in
the reverberation chamber of 377 Q2 should be a reasonable
approximation. Under this assumption, we calculated the
radiation coefficient Kjs.4, in the measurement as 20.9 m~2
and Ky, in the MoM analysis as 26.1 m~2. If we normal-
ize the average input power P;, to 1 W, the average electric
field strength produced inside the RC should be (|E|peqs) =
88.8 V/m for the measurement and {|E|yon) = 99.2V/m
for the MoM, respectively. The relative error of electric
field strength (|E|pseqs) tO |Elprop Was approximately 10.5%.
It should be noted that the cages existed in the experiment
were not considered in the MoM analysis. So the corre-
sponding losses in the cages may result in somewhat smaller
electric field in the RC in comparison with the MoM analy-
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Fig.7 WBA-SAR of each phantom placed in the RC with the two-step
method and MoM approach.

Sis.
3.2 WBA-SAR Verification

The mean WBA-SAR in this study is defined as the aver-
age value of the individual WBA-SAR in each dielectric gel
phantom. Generally, SAR is given by

2
0-|E|imernal (2)
0

SAR =

where |Eliernqa 18 the root mean square value of the internal
electric field strength in the phantom, o is the conductivity
and p is the density. A target exposure level of WBA-SAR
is determined by the squared value of average electric field
strength (|E|?), and (|E|*) is proportional to the antenna in-
put power P;,. In the two-step method, after measuring the
averge electric field strength (|E|y.qs) inside the RC in the
first step, the FDTD method was used to calculate the WBA-
SAR and SAR distribution in the phantoms. By contrast, in
the MoM approach, the electric field strength {|E|y,p) and
SAR distribution are calculated directly with the MoM.
Figure 7 shows the obtained average and standard de-
viation of WBA-SAR of each phantom with the two-step
method and the MoM approach. The WBA-SAR vari-
ation was due to the rotation of the two stirrers. The
mean WBA-SAR was the statistical mean of the WBA-
SARs of the ten phantoms. For comparison, the av-
erage electric field strength in both the two approaches
was normalized to 1V/m. As a result, the mean
WBA-SARs were WBA-SAR7yo—gp = 0.18 mW /kg and
WBA-SAR ;. = 0.20 mW /kg, and the standard deviations
were found to be 0.07 mW/kg in the two-step method and
0.09 mW /kg in the MoM approach, respectively. The rel-
ative error of the mean WBA-SAR between these two ap-
proaches was 10%. It should be noted that a higher WBA-
SAR value was observed at phantom “e” in the MoM ap-
proach. This is because that phantom ‘“e” was placed just
beneath the antenna so that a direct path of the EM wave
existed between this phantom and the antenna, which pro-
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Table 1  Verification of two-step method with MoM approach.

(a) Average electric field strength (V/m) for Pj, = 1 W
(|ElMeas? {|Elmom? Relative error
88.8 99.2 10.5 %

(b) WBA-SAR (mW/kg) for (|E]) = 1 V/m
WBA-SARTwo siep | WBA-SARMmoMm | Relative error
0.18 0.20 10 %

(c) Required average electric field strength (V/m)
for WBA-SAR = 4 W/kg
(lElTwo—step> {|[Elmom) Relative error
149.5 143.0 4.5 %

duced a stronger exposure level. For the phantom “f”, how-
ever, it was not placed just beneath the antenna. If exclud-
ing the special case of phantom “e”, we can find that the
WBA-SAR varies in a very narrow range from 0.15 mW /kg
to 0.20 mW/kg. Consequently, the mean WBA-SAR would
reduce to 0.18 mW/kg, which perfectly matched the two-
step result. In the two-step method, the mean WBA-SAR
of each phantom was found to be almost flat at 0.18 mW /kg
due to the assumption of ideal RC.

Besides the comparison of WBA-SARs for a normal-
ized average electric field strength, we also derived the re-
quired electric field strength (|E|,.,) with the two approaches
for obtaining a target exposure level WBA-SAR;q e
(4 W/kg) in the following way. Since WBA-SAR is pro-
portional to (|E|*) = {|E|)?, {|E |req) 1s simply obtained from

(El )—\/ o @
req - *
WBA-SAR| (ED=1V/m

It was found from Eq.(3) that the required electric field
strengths are 149.5V/m in the two-step method and
143.0 V/m in the MoM approach. The relative error was
derived as 4.5%. The above investigated results are sum-
marized and tabulated in Table 1 to make the comparisons
clear.

On the basis of our above investigations, the WBA-
SARs derived from the two-step method agree well with the
direct MoM approach results, which demonstrate the valid-
ity and usefulness of the two-step method for determining
the WBA-SAR inside our developed RC.

4. Exposure Level Quantification for Anatomical
Mouse Models

In the previous section, the two-step method which com-
bines the FDTD numerical solution with the measured elec-
tric field strength to determine the exposure level of bio-
logical bodies in our developed RC, has been verified by
means of a direct MoM approach, and its validity has been
clarified with high accuracy in comparison with the MoM
numerical results. In view of the difficulty in analyzing an
anatomical mouse model by the MoM, in this section we
employed the two-step method to perform a dosimetric anal-
ysis in the RC-type exposure system for actual small ani-
mals. Instead of the homogeneous dielectric lossy phantom

2189

9cm
Z(L—» '
X
>

2.5cm

Fig.8  Anatomical mouse model.

Table 2  Dielectric constants of anatomical mouse model.
Tissue type | Relative permittivity | Conductivity
&r o (S/m)

Skin 41.1 1.3

Fat 5.3 0.086
Muscle 53.3 1.5
Liver 43.8 1.4
Lung 35 1.1
Eyeball 53.3 1.7
Brain 432 1.3
Skull 15.4 0.5
Bowel 55.1 2.3
Stomach 62.9 1.8

model in the previous section, we employed an anatomical
mouse model developed from magnetic resonance imaging
data to derive the WBA-SAR in the RC. As can be seen in
Fig. 8, our employed mouse model was developed by Na-
tional Institute of Information and Communications Tech-
nology, Japan. It was composed of ten tissue types includ-
ing skin, fat, muscle, liver, lung, eyeball, brain, skull, bowel,
stomach with 1 mm resolution. Its maximum dimensions
were 2.5cm X 2.5cm X 9 cm, and its weight was 25 g. The
dielectric constants at 2 GHz for the biological tissues of
the mouse model are tabulated in Table 2. With the same
arrangements as that in previous sections, we obtained the
WBA-SARs for the ten mouse models with the two-step
method.

As can be seen in Fig. 9, the WBA-SAR was found to
be 0.24 mW /kg with a variation in a narrow range between
0.22 mW/kg and 0.25 mW/kg. These results were derived
with the average electric field strength (|E|) = 1 V/m. More-
over, the standard deviation of the WBA-SARs was found to
be 0.06 mW /kg. Since the weight of the mouse modelis 5 g
lighter than that of the lossy phantom model in Sect.2.2,
the WBA-SAR values were somewhat higher than those in
Fig.7.

As a result, under the assumption that the ratio of the
power deposited in the gel phantoms to the loss in the metal
walls of the RC does not change with the antenna input
power, when a target exposure level is given for the mice,
a required input power P, ., or a required spatial-average
electric field strength {|E|.,) related to our RC-type expo-
sure system can be derived as
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Fig.9 WBA-SAR of each mouse model placed in the RC.

E2,
Pin,req = % (4)
2
_ §|E|,eq> s
(R,
_ WBA—SARWW, )

(E g(_,q>|Pm=1 w X WBA-SAR

(ED=1V/m

which is based on the proportional relationship in Egs. (1)
and (3). Here, (|E |feq)| p,,=1w indicates the spatial-average
of the squared value of electric field strength produced
in the RC when giving 1 W antenna input power, and
WBA-SAR|(gy=1v/m indicates the WBA-SAR value de-
rived from FDTD calculations with 1 V/m plane-wave in-
cident electric field strength. By using the measured elec-
tric field strength in Sect. 3, we derived the relationship of
required antenna input power, as well as required spatial-
average electric field strength to achieve a WBA-SAR 4,4
with our develop RC-type exposure system, which is shown
in Fig. 10. As can be seen in the figure, in order to achieve
a WBA-SAR,; 4, of 4W/kg, an antenna input power of
2.1 W should be required, and the corresponding required
power density (= (|E[%,)/377Q) is 44.6W/m*. If the
WBA-SAR;44.: decreases to 0.4 W/kg, the required input
power and required power density will be proportionally re-
duced to 0.21 W and 4.46 W/m?, respectively.

5. Conclusions

In this study, the validity of a two-step method, which com-
bines electric field measurement with the FDTD solution to
determine the WBA-SAR of small animals in an RC-type
exposure system, has been verified with the direct MoM
approach. Its accuracy in terms of relative errors in per-
centage to the MoM approach has been clarified to be ap-
proximately below 10% for the electric field strength and
WBA-SAR in our developed medium-size RC. This result
represents the first quantitative confirmation of the validity
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Fig.10  Required input power and spatial-average power density versus
WBA-SAR4yge; for mice.

of the two-step method, although it has been used as a dosi-
metric tool in many RC-type exposure systems. On account
of the good accuracy of the two-step method, we have ap-
plied it to the exposure level quantification in an exposure
experiment for mice with our developed RC-type exposure
system. As aresult, in order to realize a mean WBA-SAR in
the mice of 4 W/kg (or 0.4 W/kg) in the RC-type exposure
system at 2 GHz, the antenna input power should be 2.1 W
(or 0.21 W).

A future subject of this study is to apply this approach
to higher frequencies.
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