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Abstract

This study discusses a computational method for calculating the specific absorption rate (SAR)
due to a wireless power transmission system in the 10 MHz frequency band. A two-step
quasi-static method comprised of the method of moments and the scalar potential finite
difference method is proposed. The applicability of the quasi-static approximation for localized
exposure in this frequency band is discussed by comparing the SAR in a lossy dielectric
cylinder computed with a full-wave electromagnetic analysis and the quasi-static approximation.
From the computational results, the input impedance of the resonant coils was affected by the
existence of the cylinder. On the other hand, the magnetic field distribution in free space and
that considering the cylinder and an impedance matching circuit were in a good agreement; the
maximum difference in the amplitude of magnetic field was 4.8%. For a cylinder-coil distance
of 10 mm, the difference between the peak 10 g averaged SAR in the cylinder computed with
the full-wave electromagnetic method and our quasi-static method was 7.8%. These results
suggest that the quasi-static approach is applicable for conducting the dosimetry of wireless
power transmission in the 10 MHz band. With our two-step quasi-static method, the SAR in the
anatomically based model was computed for different exposure scenarios. From those
computations, the allowable input power satisfying the limit of a peak 10 g averaged SAR of 2.0
W/kg was 830 W in the worst case exposure scenario with a coil positioned at a distance of 30

mm from the chest.



1. Introduction

A pilot study realizing a wireless power transmission system with magnetically coupled coils
was conducted by Kurs et al. (2007). Attention is needed on the human safety of radio waves
used in such systems because the expected power transmission is much larger than that used in
wireless communications. In particular, the maximum allowable input power that satisfies
human exposure limits prescribed in international safety guidelines/standards (ICNIRP 1998,
IEEE 2005) must be determined. One of the frequency bands considered for wireless power
transmission is the range of a few dozen megahertz. Particularly, a frequency of 13.56 MHz
would be promising for this application, since it has been assigned for industrial, scientific and
medical use.

For frequencies above 10 MHz, the human exposure limits are defined in terms of the specific
absorption rate (SAR). For localized exposure, the SAR averaged over 10 g of tissue is used,
while the whole-body averaged SAR is used for whole-body exposure. Kurs et al. (2007) briefly
discussed the compliance of wireless power transmission by calculating the amplitudes of the
magnetic and electric fields between the coupled coils when transferring a power of 60 W across
2 m. However, the calculated electric/magnetic field strengths did not satisfy the reference level
in the ICNIRP guidelines (1998). In that case, the local and whole-body SARs (basic
restrictions) should be evaluated for assessing the compliance with the guidelines.

Kurs et al. (2007) suggested that two magnetic resonance modes exist while no information is
given on which of the two modes was considered in that study. Hirayama et al. (2009)
conducted a detailed analysis of the two transmitting modes and then referred to these two
modes as odd and even, corresponding to the lower and higher frequency modes, respectively.
This naming scheme originates from the similarity of the generated magnetic field distribution

with the electric field distribution of a small dipole. Hirayama et al. (2009) also suggested that



the even mode resonance could be useful for reducing undesirable emissions and giving a
higher efficiency. It would be worth investigating the induced field in the human body for these
two modes from the standpoint of human protection from electromagnetic fields.

Christ et al. (2011) conducted dosimetry for wireless power transmission at 8 MHz with the
finite-difference time-domain (FDTD) method. However, a detailed explanation was not given,
especially for which mode was considered. Although the FDTD method is a very powerful
method for solving for the EM interaction with biological tissue, a high-resolution analysis is
time consuming especially at lower frequencies and for curved structures. Note that the
above-mentioned two resonance frequencies are close to each other, and thus some discrepancy
in the computational modelling may result in an error in the resonance frequencies.

Park et al. (2011) conducted dosimetry with a two-step approach based on a quasi-static
approximation. First, the finite-element method (FEM) was used to compute the magnetic field
generated by the magnetically coupled coils (Jin 2002). Then, dosimetry was conducted with the
impedance method (Orcutt and Gandhi 1988) by considering the current distribution as a source.
However, the transfer efficiency of the system considered was at most 30% or not
strongly-coupled. In addition, the validity of the approach was not verified by comparing the
results to a full-wave electromagnetic analysis. Furthermore, the input impedance of the coil or
the resonance frequencies could be altered by the existence of the human body (Kurs et al.
2007), which was not discussed in that study. Feliziani and De Santis (2011) investigated the
effectiveness of the quasi-static approximation for wireless power transmission in implanted
medical devices. A homogeneous sphere was considered as a model for the human body. It was
then concluded that the presence of biological tissue does not significantly alter the magnetic
coupling performances for frequencies at least up to a few megahertz.

In this study, we first investigate the input impedance and resonance frequencies of



magnetically coupled coils with and without a human-sized lossy dielectric cylinder placed in
proximity of the coils using full-wave analysis. The local SAR in the cylinder computed with
full-wave analysis and our two-step method based on the quasi-static approximation are
compared to verify the effectiveness of our proposal. Finally, the SAR in an anatomically based
model is evaluated for different exposure scenarios in order to estimate the maximum allowable

transmission power of the system.

2. Model and methods
2.1. Human body models

In the preliminary investigation of the quasi-static approximation, a simple homogeneous
cylindrical human model was considered. The height and diameter of the cylinder were chosen
as 1.7 m and 0.14 m, respectively, approximately corresponding to the size of an adult human.
The dielectric properties of the cylinder were 2/3 that of muscle, which is representative of the
average electrical properties over the human body. Realistic computation of SAR values
employed the Japanese male whole-body model TARO (Nagaoka et al. 2004). The model
consists of cubical voxels with a side length of 2 mm. The dielectric properties of tissues were

taken from Gabriel et al. (1996).

2.2. Full-wave analysis

The electromagnetic full-wave analysis was carried out using the commercial software FEKO
(2011), which uses the method of moments (MoM) coupled with the FEM. The MoM (Gibson
2007) was used for modelling the resonant coils, while the FEM was used for modelling the
fields inside the human phantom. FEKO is often used for human-RF interactions, and its

effectiveness has been confirmed in several studies (e.g., Bottomley et al 2010, Ikeuchi and



Hirata 2011). The FDTD method is often applied to dosimetry at radio frequencies. However,
that method was not used here, as it is difficult to represent curved resonant coils, which would

result in errors in resonant modes and frequencies (section 2.4).

2.3. Quasi-static analysis

Electromagnetic field exposure can be decoupled into electric and magnetic field exposure
when the quasi-static approximation is valid. In the quasi-static approximation, the displacement
current is ignored and the external magnetic field/source current distribution is considered not to
be perturbed by the existence of the human body. Because the quasi-static approximation
simplifies the computational procedure dramatically, this approximation is often used in
dosimetry at extremely low frequencies (e.g., Dimbylow 1998, Nishizawa et al. 2004, Wu et al.
2007). Note that the upper frequency, where the quasi-static approximation is valid, is shown to
be approximately 10 MHz for the dosimetry of contact currents (Hirata et al. 2011). In this
study, the quasi-static approximation is applied for calculations of the SAR due to wireless
power transmission in the 10 MHz band. The proposed computational method consists of two
main steps: first, the source current/vector potential is determined, and then, the induced electric
field and SAR in the body are calculated. A similar two-step method has been used previously at
lower frequencies (Wu et al. 2007, Park et al. 2011). The SAR computed by the two-step
method will be compared to that computed by full-wave analysis to confirm the applicability of
the quasi-static approximation in the 10 MHz band.

In the proposed two-step method, the surface current distribution on the coupled coils is first
obtained using the MoM (FEKOQ) without considering the human body. Next, assuming that the
human body does not disturb the current distribution of the coils, the magnetic vector potential
is determined for each voxel in the human body model. The induced electric field is then

computed by solving the scalar potential finite difference (SPFD) equation system numerically



(Dawson 1996). Finally, the SAR in each voxel is calculated from the electric field by the
‘mid-ordinate algorithm’ (Laakso et al 2010), i.e., the average electric field at the centre point of
the voxel is calculated from the twelve edges of the voxel. The absolute value of the average is
then squared, multiplied by the conductivity, and divided by the mass density. The
spatially-averaged SAR is determined by averaging the voxel SAR over 10 g cubical volumes
as described in IEEE (2002).

Compared to full-wave analysis (e.g. the FDTD method), in the two-step method, the source
current distribution (and the resulting vector potential) needs to be solved only once for a single
system configuration, while the surrounding air region does not need to be modelled. This leads
to a greatly reduced computational effort, especially when studying a variety of different human

body models/human-coil positions.

2.4. Modelling resonant coils

Figure 1 illustrates the geometry of the wireless power transmission system, consisting of two
resonant coils. In FEKO, the coils were modelled as perfectly conducting wires with a diameter
of 2 mm and the system was excited by a voltage source located at port 1. Coil dimensions
suggested by Hirayama et al. (2009) were used; the radius of the coil was 300 mm, and the
number of turns was five. The separation between the coils was 300 mm. Unlike in Hirayama et
al. (2009), one-loop coils for feeding and receiving power were not considered as they are not
essential for the field distribution (Amano et al. 2011). For these parameters, two resonances
frequencies of 11.36 MHz (odd mode) and 11.92 MHz (even mode) were observed. The

magnetic field distributions of the two transmission modes are shown in figure 2.

3. Computational results



3.1. Input impedance of coils and power transmission efficiency

The effect of the presence of the human body on the input impedance and power transmission
efficiency of the system was investigated by placing the lossy dielectric cylinder in proximity of
the coils at the position defined in figure 1. The reason for choosing this position is that the coils
and the cylinder are located closest to each other, resulting in the largest variation of the input
impedance of the coils. Figure 3 shows the power transmission efficiency of the system with
and without the cylinder computed using FEKO. Without the cylinder, at the odd-mode
(11.36 MHz) and even-mode (11.92 MHz) resonance frequencies, the power transmission
efficiencies were 99.5% and 99.9%, respectively. With the cylinder, the resonance frequencies
shifted to 11.10 MHz and 11.54 MHz, respectively. However, from the standpoint of spectrum
management, instead of using a different transmission frequency, the input impedance of the
coils could be adjusted by an active circuit to keep the transmission frequencies constant. When
the impedance was matched with appropriate capacitances at 11.36 MHz and 11.92 MHz, the

power transmission efficiencies were 95.9% and 94.6%, respectively.

3.2. Quasi-static approximation compared to full-wave analysis

In order to confirm the validity of the two-step computational method based on the quasi-static
approximation, we compared the magnetic and electric field distributions with and without the
dielectric cylinder. With the cylinder, the input impedance was matched as described in
section 3.1. Figure 4 shows the magnetic and electric field distributions on the mid-horizontal
cross section of the lossy cylinder calculated using FEKO for the odd mode. Qualitatively
similar results were also observed for the even mode, although not shown here in order to avoid
repetition. As shown in figures 4(a) and (b), the magnetic field distributions with and without

the cylinder were in good agreement. The maximum difference over the whole cylinder



normalized by the maximum magnetic field was 4.8%. On the contrary, as shown in figures 4
(c) and (d), the electric field distribution was disturbed due to the existence of the cylinder,
because the human body is a conductor at low frequencies. The perturbed electric field is the
primary reason for the change in the input impedance observed in section 3.1. However, the
external electric field does not significantly penetrate into the cylinder; thus, it has a minor
effect on the SAR, as shown below. With the quasi-static approximation, the effect of the
external electric field is ignored, because there is no displacement current.

The SAR computed with the full-wave analysis (FEKO) and the quasi-static approach were
compared for the two transmission modes when the input power was 1 W. At the lower
resonance frequency (odd mode), peak 10 g SARs computed with the full-wave analysis and our
quasi-static approach were 3.34 mW/kg and 3.14 mW/kg, respectively. At the higher resonance
frequency (even mode), peak 10 g SARs computed with full-wave analysis and the quasi-static
approach were 4.37 mW/kg and 4.03 mW/kg, respectively. The difference in the peak SAR
between FEKO and the quasi-static approach decreased from 7.8% to 4.2% as the distance
between the cylinder and the coils was increased from 10 mm to 50 mm.

The decreasing difference between the full-wave analysis and the quasi-static approximation
with distance can be attributed to the effect of the external electric field, which was not
considered in the quasi-static approximation. In addition, some of the difference is caused by the
use of different numerical grids in FEKO and in our SPFD solver. Our SPFD solver used a
uniform 2 mm cubical grid while FEKO employed a variable-sized mesh consisting of
tetrahedral elements. The size of the smallest tetrahedron was no less than 10 mm due to
limitations in computational memory. Nonetheless, the differences between the full-wave
analysis and the quasi-static approximation were smaller than those reported in an

interlaboratory comparison of SAR values calculated by the FDTD method at 5-10% for



whole-body exposure (Dimbylow et al. 2008) and 30% for localized exposure (Beard et al.
2006). These results suggest that the quasi-static approximation is reasonably applicable even in

this frequency band.

3.3. SAR in anatomically based model

The quasi-static approach was used for calculating the SAR values in the anatomically realistic
body model TARO for different coil positions. All SAR values were normalized to an input
power of 1 W. Figures 5, 6, and 7 show the peak 10 g averaged SAR for different coil positions
with respect to the body model. The whole-body averaged SAR is not shown, because it was
less restricting when compared to the basic restriction limits in almost all the studied positions
(see below). The lateral position (figure 5), the height of the coils (figure 6), and the distance
between the body and the coil (figure 7) were varied. Note that the closest horizontal distance
between the nose tip of the model and the coils is 10 mm, or 30 mm between the chest of the
model and the coils.

Similarly to the cylindrical model, the peak SAR values are greater for the even mode in
almost all of the studied positions. This is because the odd-mode magnetic field is less localized
than that of the even mode. The largest peak SAR values occur when the human body is located
directly in front of either of the coils, the height of the coil is in front of the chest, and the
distance to the coil is as close as possible. The distribution of the SAR and the direction of the
induced current in this worst-case exposure condition for the even and odd modes are shown in
figures 8 (a) and (b), respectively. The highest SAR values are located in the muscle tissue in
the chest at a depth of around 10-20 mm.

When compared to the basic restriction limits of a peak 10 g SAR of 2 W/kg and a whole-body

averaged SAR of 0.08 W/kg (IEEE 2005), the limit of the 10 g averaged SAR is more restrictive



than that of the whole-body averaged SAR for human-coil distances shorter than 150 mm
(except in positions G and H in figure 6). In the worst-case exposure condition, the maximal
allowable input power that satisfies the basic restriction limit is 830 W for the even mode and
1100 W for the odd mode. However, as figure 7 shows, the peak 10 g averaged SAR decreases
rapidly when the distance between the coils and the human body increases. For instance, for
human-coil distances of 50 mm, 100 mm, or 150 mm, the allowable input powers would be

2.0 kW, 4.9 kW, or 11 kW, respectively.

4. Summary

The present study proposed a two-step computational method for calculating the induced field
in the human body due to a wireless power transmission system in the 10 MHz band. The
method, comprised of the MoM and the SPFD methods, is based on the quasi-static
approximation. For validation, the proposed method and a full-wave electromagnetic method
were used for determining the SAR in an exposure scenario that consisted of a lossy dielectric
cylinder placed in proximity of the power transmission system. The input impedance of the
resonant coils was altered by the existence of the cylinder, which can be attributed to the
perturbed electric field. However, when the impedance mismatch was adjusted by adding
appropriate capacitances, the magnetic field of the system was only slightly perturbed by the
cylinder, and the SAR values calculated with the quasi-static approach and the full-wave
analysis were in good agreement. These results suggest that the quasi-static approach is
reasonably accurate for the dosimetry of wireless power transmission even in the 10 MHz band.

Compared to full-wave analysis, the two-step quasi-static approach has the advantage of a
greatly reduced computational cost. For example, the computational time required for obtaining

the full-wave solution in the lossy cylinder was 12 h on a workstation using the FEKO software.



On the contrary, the time needed for computing the surface current on the coils and the
resulting magnetic vector potential distribution in free space was 1 hour (first step). Then, the
time for computing the induced electric field from the SPFD equation in the anatomically based
model for each coil position was just a few minutes (second step). Finally, the SAR was
calculated from the electric field.

The SAR in an anatomically based human model was computed for different scenarios using
the quasi-static approach. When compared with the basic restriction limits in the international
guidelines (IEEE 2005), the limit for the local 10 g averaged SAR was more restrictive than that
for the whole-body averaged SAR. In addition, the even mode operation provided a higher local
SAR than the odd mode operation. Since the distance between the coils considered here was
300 mm for realizing high transmission efficiency, the human body model could not be
positioned between the coils. Thus, a different conclusion might be obtained for a longer
transmission distance. In the worst case exposure scenario considered herein, with either of the
resonant coils located directly in front of the chest, the maximum allowable input power that
satisfied the peak 10 g averaged SAR limit of 2.0 W/kg was 830 W. However, the maximum
allowable power rose very steeply when the distance between the coil and the human body
increased. Consequently, for potential applications, where the power transmission could be as
high as 10 kW (Shinohara 2011), compliance with the exposure guidelines could be established

by defining a short safety distance, e.g., 150—200 mm for a power transmission of 10 kW.
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Figure 1. The geometry of the coils and the exposure conditions with the lossy dielectric
cylinder.
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Figure 2. The magnetic field distribution for the odd (a) and even (b) modes for an input power
of 1 W. The transmitting coil is located approximately 3 cm behind the observation plane.
Streamlines show the direction of the magnetic field.
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Figure 5. Peak 10 g averaged SAR in the TARO model when the position of the coils is varied
laterally. The vertical position of the coils is in front of the chest (corresponding to position D in

figure 6), and the horizontal distance between the nose tip of the model and the coils is 10 mm.
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Figure 6. Peak 10 g averaged SAR in the TARO model when the height of the coils is varied.

The lateral position of the coils corresponds to the front of the chest (position C in figure 5).
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Figure 8. The distribution of the SAR for the odd (a) and even (b) modes with the TARO model
located directly in front of the transmitting coil. The SAR of 0 dB corresponds to the maximum

pointwise SAR for the even mode. Streamlines show the direction of the induced current.



