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Estimation of Whole-Body Average SAR in
Human Models Due to Plane-Wave Exposure at
Resonance Frequency
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Abstract—The present study proposes an equation for
estimating whole-body average specific absorption rate (WBSAR)
in human body models for plane-wave exposure at whole-body
resonance frequency. The present study is important because the
WBSAR takes maximal at this frequency and approaches the
basic restrictions in the international guidelines/standards for
human protection. Therefore, the variability of the WBSAR at
this frequency has attracted a great deal of attention. First, the
dominant factors influencing the resonance frequency of the
human body models are investigated for plane-wave exposures.
An equation for estimating the WBSAR at the resonance
frequency is then proposed based on an analogy to an antenna.
This equation can estimate the WBSAR with the body mass index
of the human body only for a given incident power density. The
uncertainty of the WBSAR estimated with the proposed equation
is approximately 10%, which is mainly attributed to the electrical
constants of tissue, including the inhomogeneity of the human
body model. The variability of the WBSAR due to the body shape
was found to be 30% for humans of the same age.

Index Terms—peak value estimation, resonance frequency,
whole-body average SAR, whole-body exposures

. INTRODUCTION

T HERE has been increasing public concern about the
adverse health effects of human exposure to

electromagnetic (EM) waves. Based on the international
guidelines/standards [1, 2], whole-body average specific
absorption rate (WBSAR) is used as a metric of basic
restriction for radio frequency (RF) whole-body exposure. The
limit is 0.4 W/kg for occupational exposure or 0.08 W/kg for
public exposure. An incident electric/magnetic field or power
density, which does not produce EM absorption exceeding the
above basic limit, is referred to as the reference level [1] or
maximum permissible exposure (MPE) [2].

It is well known that the WBSAR is largely dependent on the
frequency of the incident wave despite the same incident power
density, and its peaks appear at several dozen megahertz for
adults [3-10] and at one hundred and a few tens megahertz for
children [4, 7, 9-10]. This peak is attributed to a standing wave
over the entire body. In this research field, the frequency at
which the WBSAR becomes maximal is called the “resonance
frequency”.

The WBSAR at the resonance frequency is comparable to the
basic restriction for exposure at the reference level or MPE [7,
9-10]. To investigate the variability of the WBSAR in different
human models, especially in models of children, new numeric

human models with different heights and weights would be
required. However, it is difficult to develop different numeric
human models due to significant time and cost requirements. In
order to overcome this difficulty, we clarified the main
contributor influencing the WBSAR in this frequency region as
the electrical constant of tissue [11].

Human height at the resonance frequency is approximately
0.4 wavelengths of RF waves in free space [4, 7, 8]. The
relationship between human height and the wavelength at the
resonance frequency was originally derived as a highly
simplified prolate spheroid or a homogeneous block model
[3-4]. Even in recent studies using anatomically based models
[7, 10], this relationship was maintained. However, the
rationale for the relationship has not been sufficiently clarified,
while it is often explained by an analogy to a half-wave dipole
[12-13].

In the present study, we first investigated the dominant factors
influencing the resonance frequency of the Japanese models
and their corresponding spheroids for plane-wave exposure.
Next, at this frequency, we proposed an equation for estimating
the WBSAR based on an analogy to a half-wave dipole. The
effectiveness and uncertainty of the WBSAR estimated with
the proposed equation was discussed by comparing the
FDTD-calculated and estimated WBSARs in different models.

I11.COMPUTATIONAL MODELS AND METHODS

A.Models

Whole-body voxel models for a Japanese adult male and a
Japanese adult female were developed by Nagaoka et al. [14].
The resolution of these models was 2 mm segmented into 51
anatomical regions. Models for children of three, five and
seven years of age were developed by applying a free form
deformation algorithm to the male model. In this modeling, a
total of 66 body dimensions was taken into account, and then
reduced with different scaling factors [15]. Manual editing was
applied in order to maintain their anatomical validity. The
resolution of these models was kept to 2 mm. These models are
illustrated in Fig. 1. The heights and weights of these models
are listed in Table I.

One of the main purposes of the present study is to investigate
the relationship between human height and the wavelength at
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Fig. 1. Realistic body models for the Japanese model.

TABLE 1: Height and Weight of Japanese Models

22 years 7 years 5years 3years

Height H[m] 173 121 104 088
Weight W [kg] 65 23 17 13

\

Fig. 2. Spheroids corresponding to an adult male and a
three-year-old child.

the resonance frequency. Spheroids having heights coincident
with those of an adult male and a three-year-old child were used
in the present study (see Fig. 2). The reason for choosing
spheroids is that the ratios of human body heights to the
wavelengths at the resonance frequency were approximately
0.4, which is between that of a (metallic) half-wave dipole
(0.48) [16] and a metallic sphere (0.33) [17].

In order to discuss the morphological difference of the human
body, we also consider NORMAN, the European model, and

the 10-year-old and 5-year-old child models developed from
NORMAN by linear reduction [5]. The height and weight of
NORMAN, 10-year-old and 5-year-old children were 1.76 m
and 74 kg, 1.38 m and 33 kg, and 1.10 m and 22 kg [11],
respectively. The main difference between Japanese and
European child models could be anatomical reliability.

The Japanese female model HANAKO, European female
model NAOMI, and the adult male model developed at Brooks
Air Force Base (BAFB) are also considered. The height and
weight of HANAKO were 1.61 m and 53 kg [14], those of
NAOMI, and the BAFB were 1.63 m and 60 kg [8], and 1.88 m
and 105 kg [18], respectively. The reason for using these
models is to discuss the effect of anatomical configuration. The
body mass index (BMI) for the BAFB model is 29.8, which is
classified as overweight. Note that BMI is a statistical measure
of the weight of a person scaled according to height [19], and
its strong correlation with the percentage of body fat has been
reported for a given gender and age (see adults [20] and
children [21]). Other anatomically based models are generally
classified as being normal with respect to weight [5, 8, 14-15].

B. Computational Methods and Conditions

The finite-difference time-domain (FDTD) method [22] was
used to calculate the electromagnetic power absorbed in the
human models. For geometries in which the wave-object
interaction has to be considered in open regions, the
computational space has to be truncated by absorbing
boundaries. We adopt perfectly matched layers [22] as the
absorbing boundary, because this offers the advantages of very
low reflections and relatively low computational costs. We
chose the thickness of the perfectly matched layer as 12 cells.
The maximum conductivity of the layers was determined so
that, theoretically, it has an attenuation of 40 dB for the normal
incident to the layers.

Either of the models is located in free space. The separation
between the human model and the 12-layered perfectly
matched layers was maintained at 100 mm (50 cells). For this
scenario, the effect of the absorbing boundary on the WBSAR
can be neglected. The computational uncertainty in the
WBSAR computation due to the absorbing boundary condition
is found in [7, 23]. Our computational code has been validated
through intercomparison with other studies [24].

As an incident wave, a plane wave with a vertical polarization
is considered. The reason for choosing this polarization is that
the WBSAR becomes maximal due to a standing wave over the
human body [4]. Therefore, the WBSAR under this condition is
essential [4-10] from the aspect of the relationship between
basic restriction and the reference level/MPE in the safety
guidelines/standards [1-2]. Note the multipath exposure has
been investigated and reported to be worse for some realistic
conditions in the GHz regions [24, 25]. Field/power density are
intended to be spatially averaged over the body of the exposed
individual. [1, 2]. Since the primary goal of the present study is
to clarify the relationship between the basic restriction and the
reference level/MPE, compliance assessment for such realistic
exposure is beyond the scope of the present paper.

The electrical constants of tissues are taken from [26]. When
considering homogeneous human/spheroid models, the
electrical constants of 2/3 that of muscle were used. Note that
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the human body is comprised of high and low water content
tissues with the ratio of 2:1. The electrical constants of
low-water-content tissues, such as fat and bone, are much
smaller than those of high-water-content tissues, such as
muscle. Therefore, the electrical constant of 2/3 that of muscle,
which is a representative of high water content tissue, is often
considered for fundamental discussion.

I11. COMPUTATIONAL RESULTS

A. Dominant Factors Influencing the Resonance Frequency

This subsection discusses dominant factors influencing the
resonance frequency of human bodies. Two main factors can be
considered: the shape of the model and the electrical constants
of the tissue.

Figure 3 shows the relationship between the spheroid height
normalized by the wavelength at the resonance frequency H/A
and the radius normalized by the spheroid height r/H. In this
figure, the range of the spheroid radius, corresponding to a
human body, is also shown. The boundary of this range was
determined such that the weight or the surface area of the
spheroid coincides with those of an adult male and a
three-year-old child. Note that the surface area of the human
body was derived from an empirical formula for Japanese
subjects [27]. In order to discuss the effect of electrical
constants, spheroids comprised of perfect conductor were also
considered. The resonance frequency for the metallic models
has been determined such that induced current at the
mid-horizontal plane becomes maximal for plane wave
incidence.

As shown in Fig. 3, H/A decreases with increasing r/H
because the longitudinal dimension becomes longer with
increasing circumference of the spheroids, thereby lowering the
resonance frequency. For the metallic spheroid corresponding
to the adult male, H/4 was 0.41-0.45, and H/A was 0.43-0.44
for the child. Similarly, H/A4 was 0.38-0.45 for the dielectric
spheroid of the adult, while H/A was 0.41-0.43 for that of the
child. These comparisons reveal that the circumference of the
spheroid changes the resonance frequency by 7-15%. In
addition, the effect of the electrical constant of the tissue was
0-7%, which is smaller than that due to the circumference. The
resonance frequency of the dielectric spheroid coincides
reasonably with an H/A of 0.4, as reported in previous studies
[3-4].

Next, we discussed the resonance frequency in
realistic-shaped human body models, as shown in Fig. 1. The
effect of the shape of the human body and the tissue
inhomogeneity on the resonance frequency is then investigated.
The WBSARSs in the Japanese models were calculated at
intervals of 5 MHz, and their resonance frequencies were
estimated using a first-order linear interpolation. As shown in
Table 2, H/A was in the range of 0.38 and 0.40 in the
anatomically based models. This range is in excellent
agreement with those for the anatomic models developed at
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Fig. 3. Relationship between the height of the spheroid at which
WBSAR takes its maximal value and the radius of the spheroid.
The resonance frequency for the metallic models has been
determined such that induced current at the mid-horizontal
plane becomes maximal for plane wave incidence.

Table 2: Resonance Frequency in Different Human Models

22 years 7 years 5years 3years

65 95 115 136
040 0.40 0.38 0.38

fres [M HZ]
H/A

University of Florida, 0.38-0.41 [10] and NORMAN and its
child models, 0.38-0.40 [11]. For HANAKO, NAOMI, and the
BAFB model, H/A were 0.40 (74 MHz), 0.40 (74 MHz), and
0.39 (65 MHz), respectively, suggesting that the effect of
anatomy on this relationship is sufficiently small.

Values of H/A of 0.38-0.40 for the realistic-shaped
homogenized models were in reasonable agreement with those
of the dielectric spheroids of 0.38-0.45. However, some
difference was observed between these two values. As
mentioned above, there are two main reasons for this difference,
namely, tissue inhomogeneity and body shape. In order to
investigate the effect of tissue inhomogeniety, these Japanese
models were homogenized with an electrical constant of 2/3
that of muscle. From our computation, the differences in the
resonance  frequencies  between  heterogeneous and
homogeneous models were less than 1%. From Fig. 3, the
definition of the circumference of the human model is also
thought to affect these differences, because the corresponding
radius of circumference differs greatly, even among adults and
children.

B. Formula of Whole-Body Average SAR at the Resonance
Frequency

The main purpose of this subsection is to propose an equation
to estimate the WBSAR in order to discuss the variability of the
WBSAR in different human models. As shown in Section I11A,
as well as in previous studies [12-13], it is reasonable to
consider the human body approximately as a half-wave dipole.
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Fig. 4. Vertical conduction current in different Japanese body
models at respective resonance frequencies.

The resonance frequency can be reasonably estimated from
the height of the human subjects.

In order to further confirm the analogy of a half-wave dipole
and human body models at their respective resonance
frequency, the conduction currents along the vertical axis were
calculated for the Japanese models. As shown in Fig. 4, the
vertical conduction current in the human body is similar to that
for the half-wave dipole [16]. The vertical conduction current
was obtained by integrating FDTD-derived conduction current
density along the vertical axis over each horizontal plane. As
seen from Fig. 4, a number of ripples, however, were observed
in the conduction current distribution. These ripples appear
because the effect of the displacement current is not neglected
at or above approximately 10 MHz [29]. For human exposures
to frequencies below approximately 10 MHz, at which the
human body becomes a good conductor, no ripples were
observed [29]. The current distribution is then closer to that of
the half-wave dipole. Based on this discussion, the power
absorbed in the human body is expected to be smaller than that
of a half-wave dipole with a matched load, because the human
body does not act as a good conductor in this frequency region.
Keeping this point in mind, we attempted to estimate the
WBSAR in the human body models using an analogy to the
half-wave dipole, despite some limitations.

Let us summarize the fundamental characteristics of the
half-wave dipole antenna. For the current distribution on the
antenna I(z) and the maximum current I, [A], the effective
height of the antenna L [m] is given by the following equation
[17]:

1 L
L, :ELI(z)dz, (1)

where L [m] is the physical height of the antenna. The effective
height of the half-wave dipole is given by the following
equation [17]:
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Fig. 5. Relationship between human height and effective height

for different human models at respective resonance
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Fig. 6. Relationship between induced voltage and absorbed
power in Japanese body models at respective resonance
frequencies.
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For an antenna of known effective height, the induced voltage
V, [V] is given by multiplying the effective height by the
incident electric field or incident power density Sinc [W/m?]:

V, = /12075, . L,. 3)

inc
where 120 [Q] is an impedance of space.
From (2) and (3), we can estimate the induced voltage in the
antenna.

Fig. 5 shows the relationship between the effective antenna
height and the effective human height. The antenna effective
height was calculated with (1) for the current distribution
shown in Fig. 4. As shown in this figure, strong correlation was
observed between the human height H [m] and the human
effective height as an antenna H, [m]. In the results for the
Japanese models, the regression line obtained using the least
squares method was represented as:
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Table 3: Comparison of FDTD-Calculated and Estimated

WBSARs (x1072 W/kg) in (a) Japanese Male Models and (b)
NORMAN (NOR) and Its Child Models (10 Years and 5
Years), BAFB Model, HANAKO (HAN), and NAOMI (NAO)
at Respective Resonance Frequencies (Power Density of 2
W/m?)

(a)
22 years 7years 5years 3years
FDTD 7.03 9.38 9.34 9.11
Estimated 6.94 9.52 9.56 8.98
Diff. [%] 15 2.2 15 1.2
(b)
NOR 10 years 5 years BAFB HAN NAO
FDTD 6.20 831 845 487 6.89 6.06
Estimated 623 854 875 503 733 6.65

Diff. [%] 0.4 2.7 3.4 3.2 6.3 9.8

H, =0.657H, 4
where the coefficient of determination was 0.999. From (2) and
(3), the current distribution on the human body can be
confirmed to be similar to a half-wave dipole.

Next, the relationship between induced voltage V, [V] and the
power absorbed in the human body was investigated in order to
examine the radiation resistance [17] considering the human
body as an equivalent antenna. As seen from Fig. 6, strong
correlation was observed between the induced voltage and the
total power P [W]. Their relationship is characterized by the
least squares method using the following equation:

P =4.62x10°[SNV2. (5)
The coefficient of determination was 0.998. From the
reciprocal of the coefficient in (5), the radiation resistance for
the human body was approximately constant at 216 Q, even
though the resonance frequency and body shape differ for
different models. From (3), (4), and (5), we can obtain an
equation to estimate the WBSAR in a human body model by
the following equation:
WBSAR = 0.752S, H? /W ©)

= 0.752S,./B,

where W is the weight of the human, and B (=W/H?) [kg/m?] is
the BMI. Note that Conil et al. used BMI for discussing the
variability in the WBSAR [9]. From Eg. (6), we can simply
estimate the WBSAR in terms of BMI of the human body only.

C.Validity of Formula for Estimating Whole-Body Average
SAR at the Resonance Frequency

In order to discuss the formula developed in the previous
subsection, the WBSARs in the anatomically based model
calculated by the FDTD method and estimated from (6) are
listed in Table 3. In this analysis, NORMAN and its child
models, the Japanese female adult model, and the BAFB model
are also used for comparison. As shown in the table, the

Table 4: Comparison of FDTD-Calculated and Estimated

WBSARs (x1072 W/kg) in Homogenized (a) Japanese Male
Models and (b) NORMAN (NOR) and Its Child Models (10
Years and 5 Years), BAFB Model, HANAKO (HAN), and
NAOMI (NAO) at Respective Resonance Frequencies (Power
Density of 2 W/m?). Estimated WBSARs with (6) Are Listed in
Table 3.

(@)
22 years 7 years 5 years3 years
FDTD 703 938 935 0911
Diff. [%] 1.3 1.4 2.1 15
(b)
NOR 10 years 5 years BAFB HAN NAO
FDTD 6.20 841 897 511 745 651

Diff. [%] 0.4 1.6 2.5 1.6 1.7 2.3

differences between these values are within a few percent for
Japanese model, whereas the difference becomes up to 9.8% in
other models. Except for Japanese male adult and child models
and NORMAN, the WBSARs estimated from (6) are larger
than those of FDTD-calculated values. One reason for the
differences would be model inhomogeneity, because the
electrical constants of tissues are the dominant factor
influencing the WBSAR in this frequency region [11].
Particularly, the subcutaneous fat in HANAKO, NAOMI, and
BAFB models is thicker than that in the four Japanese models
that were used to derive (6). For the child models developed
from NORMAN, anatomically accuracy may not be maintained
since they are developed by linear scaling without manual
editing, unlike the Japanese child models. In order to evaluate
the effect of the model inhomogeneity, we calculated the
WBSAR in the homogenized models for all the models
considered. In comparing the WBSARs between the
inhomogeneous and homogeneous models, we assumed that
the weights of the homogenized models are the same as those of
inhomogeneous models, excluding the effect of weight. As
shown in Table 4, better agreement was obtained for the
homogenized models than in the original inhomogeneous
model. The differences between the FDTD-calculated and
estimated WBSAR in the homogenized model were less than
2.5%, suggesting that the uncertainty of the WBSAR estimated
from (6) due to body shape is acceptable. The dominant factor
influencing the effectiveness of (6) would be tissue
inhomogeneity.

D.Uncertainty of Formula Due to Tissue Inhomogeneity and
Body Fat Percentage

As shown in Section 111 C, the effect of tissue inhomogeneity
on the WBSAR estimated from (6) may not be neglected. Thus,
a question arises as to if (6) is applicable to human models with
different anatomies, since (6) provides a comparable WBSAR
even for obese and muscular human models with similar BMIs.
However, such human models with similar BMIs are not
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Fig. 7. Effect of body fat percentage on the WBSAR
normalized by that for a homogeneous model with an electrical
constant equal to 2/3 that of muscle. The curve for a-% muscle
was calculated for a homogenized Japanese male adult model.
The circles corresponds to the FDTD calculated WBSAR. The
upper curve is derived by fitting FDTD-calculated WBSARSs.
The lower curve corresponds to Eq. (7).

available. This section discusses the effect of tissue
inhomogeneity on the WBSAR at the resonance frequency. The
body fat percentage (BFP) [32] of the model was introduced in

order to facilitate the discussion for anatomically-based models.

Based on recent studies, the body fat percentage for Japanese
(2.5 percentile — 97.5 percentile values) has been estimated as
11-28% for 3-5-year-old child [21], 11-38% for adult males,
and 17-45% for adult females [30]. We considered a Japanese
adult male model in which fat was substituted into the muscle
male model for empirical discussion because a muscular model
of an adult male was not available.

Figure 7 shows the effect of BFP on the WBSAR of different
models, together with the results for a homogeneous Japanese
adult male model comprised of o-% muscle. All WBSARs in
anatomically based model were normalized by those of the
corresponding homogenized models with 2/3 that of muscle. In
addition, o-% muscle is defined to have the electrical constants
of muscle multiplied by a-%, which is similar to 2/3 muscle. In
other words, o is a factor to scale the dielectric property of the
homogeneous model. As shown in Fig. 7, the WBSARs in the
model comprised of a-% muscle and the anatomically based
models become smaller with the increase in BFP. The WBSAR
in the muscular model was 3.1% larger than that in the original
model and coincided well with the results for the 100-% muscle
model. In particular, this figure suggests that the model
homogenized as muscle could provide a conservative
estimation.

For the model with the larger BFP, the WBSAR becomes
smaller than that estimated with (6). The estimated WBSAR is
7-8% larger than FDTD-computed values for the models with a
larger BFP (33% in HANAKO and 40% in NAOMI). Other
differences may be expected for models with larger BFP.
However, a discussion of such differences is not possible
because no model having a larger BFP is available. In order to
extrapolate the available data, regression lines approximated as
a second-order polynomial are derived under the assumption
that the intercept coincides with the normalized WBSAR for

adult male mode, which is comprised of muscle (see Fig. 7).
The coefficient of the normalized WBSAR F is given by the
following equation:

F(p) =—-4x10"°p?-0.0017 p +1.044 (7

where p is the BFP. From (7), the uncertainty due to the body
fat percentage can be roughly estimated. The limitation of this
equation is the number of models considered, and so the
uncertainty is estimated based on extrapolation, because
muscular and obese models are not available.

E. Variability of Whole-Body Average SAR at the Resonance
Frequency

The variability of the WBSAR in different humans is
discussed based on Sections I11 C and 11l D. The variability of
the WBSAR due to body shape can be estimated with (6). As is
evident from (6), the WBSAR depends on the BMI only for the
same incident power density. From (7), the uncertainty due to
the BFP can be roughly estimated. From (6) and (7), the
WBSAR in different humans can be estimated by the following
equation:

WBSAR = 0.752F (p)S, . H* /W. (8)

Note that strong correlation with the BFP and BMI has been
reported for a given gender and age. (For adults and children,
see [20] and [21], respectively.) The lowest WBSAR
corresponds to the largest BFP and BMI, and the largest
WBSAR corresponds to the smallest BFP and BMI.

Let us present the statistical body data for Japanese. The BMI
roughly follows the normal distribution [19]. The mean value
and standard deviation o for Japanese can be found in [19]. The
BMI changes with the age of a human during childhood. It
becomes minimal at five years of age. The mean value of BMI
is 15.6 for a three-year-old child, 15.2 for a five-year-old child
and 16.0 for a seven-year-old child. Their standard deviation is
1.3 for three-year-old and five-year-old children and 2.0 for a
seven-year-old child. For the adult male, the mean value and
standard deviation are 22.7 and 3.2, respectively. For the adult
female, they are 21.3 and 3.1, respectively. Let us consider the
WBSAR for the range of 2 o, in order to cover over 95% of the
Japanese population. These parameters are listed in Table 5 (a).
For these values, the variability of WBSAR due to the body
shape is £20-30% even for humans of the same age.

As mentioned above, the BFP for Japanese (2.5 percentile —
97.5 percentile values) was as 11-28% for 3-5-year-old
children [21], 11-38% for adult males, and 17-45% for adult
females [30]. Due to the lack of the data, we used the values of
3-5-year-old children for that of 7-year-old children. The
coefficient F in (7) is calculated for these parameters as listed in
Table 5 (b). The variability of WBSAR due to the model
anatomy is 4% for the children, 8% for the adult male and 12%
for the adult female.

Figure 8 illustrates the WBSAR for Japanese adults and
children. In this figure, error bars are given to present the
variability due to the body shape and model inhomogeneity
with (8) for the parameters listed in Table 5. As seen from Fig.
8, the maximum WBSAR was observed in the five-year-old
child because its BMI is the smallest. The variability of the
Table 5: (a) Mean BMI [kg/m?] and Two Standard Deviation
Below and Above Mean BMI for Adult and Child. (b)
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Coefficient in (7) for Mean BFP [%] and Two Standard
Deviations Below and Above Mean BFP.

(a)
3years 5years 7 years male female
Low BMI 130 126 120 163 151
Mean BMI 156 152 16.0 227 213
High BMI 182 178 200 291 275
(b)
3years 5years 7years male female
Low BFP 0.965 0.965 0.965 0.921 0.887
Mean BFP 0.994 0.994 0.994 0.977 0.973
High BFP 1.020 1.020 1.020 1.020 1.000
0.14
E‘00.12 T
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Fig. 8. Variability of WBSAR estimated with the proposed
equation (2 W/m?). Error bars represent the variability due to
(8) with the uncertainty in Fig. 7 taken into account.

WBSAR due to body shape and electrical constants was found
to be 30%, even for humans of the same age.

IV. SUMMARY

The present study proposed an equation for estimating the
WBSAR in human body models for plane-wave exposure at the
whole-body resonance frequency. The necessity of the present
study was that the WBSAR becomes maximal at that frequency
and is close to the basic restriction in international
guidelines/standards for human protection. Therefore, our
attention was focused on the variability of the WBSAR in
different human body models.

First, dominant factors influencing the resonance frequency of
the human body models were investigated for plane-wave
exposure. The dominant factors influencing the resonance
frequency were specified as the circumference of the model and
the electrical constants of tissue. Based on the discussion, H/A
was in the range between 0.38 and 0.40 in the anatomically
based models.

Next, an equation for estimating the WBSAR at the resonance
frequency was proposed on the basis of an analogy to an
antenna. The feature of this equation was that the WBSAR can
be estimated with the BMI of the human body for a given
incident power density. The uncertainty of the WBSAR with
the equation due to the electrical constants or model

inhomogeneity was approximately 10%, as estimated from the
limited number of the models. (Reply to Comment (5)) The
variability of the WBSAR with the equation due to the bodily
shape was found to be 30%, even for humans of the same age.
In our estimation, two parameters, BMI and BFP are required.
These two parameters have been reported to be close related to
each other [21, 32]. Further discussion on anthropomorphic
parameters is, however, beyond the scope of the present study.

From the standpoint of the safety guidelines/standards, it is
essential to relate the reference level/MPE and the basic
restriction, especially in developing a method to yield
conservative estimate. From Fig. 7, the model with the
electrical constant of muscle provided a conservative estimate.
For conservative estimation, we simply replace the coefficient
in (6) with 0.785, which was derived for the model comprised
of muscle. When applying this value to a seven-year-old child
with a BMI of 12 (2.5 percentile value), the power density
required to produce the WBSAR equal to the basic restriction
of 0.08 W/kg is 1.2 W/m?. This value is smaller than the
reference level /MPE in the international guidelines/standards.

When the human is grounded on a perfect conductor, the
human behaves as a monopole antenna, shifting the resonance
frequency [3, 4]. For such a case, the formula presented in the
present study is applicable after some modification. However,
the electrical constants of soil are much smaller than those of
humans, and so the results do not differ greatly from the case in
free space [31]. Some discussion on the WBA-SAR in the
human on the perfect conductor can be found in [32].

The effectiveness of this equation for children younger than
three years of age as well as other adults with different
morphologies remains as future work.
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