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Abstract—This study provides recommendations for scientifi-
cally sound methods of evaluating compliance of wireless power
transfer systems with respect to human electromagnetic exposure
limits. Methods for both numerical analysis and measurements
are discussed. An exposure assessment of a representative wireless
power transfer system, under a limited set of operating conditions,
is provided in order to estimate the maximum SAR levels. The sys-
tem operates at low MHz frequencies and it achieves power transfer
via near field coupling between two resonant coils located within a
few meters of each other. Numerical modeling of the system next
to each of four high-resolution anatomical models shows that the
local and whole-body SAR limits are generally reached when the
transmit coil currents are 0.5 Agns — 1.2 Agvms at 8 MHz for
the maximal-exposure orientation of the coil and 10-mm distance
to the body. For the same coil configurations, the exposure can
vary by more than 3 dB for different human models. A simplified
experimental setup for the exposure evaluation of wireless power
transfer systems is also described.

Index Terms—Computer aided analysis, FDTD methods, human
exposure, numerical simulation, resonant energy transfer, SAR,
wireless power.

I. INTRODUCTION

ECENTLY, efficient wireless high power transfer over rel-
R atively long distances between the transmitter and receiver
has been achieved with coupled magnetic resonators [1], [2].
Resonant wireless power transfer systems typically operate in
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the low MHz range (approximately 1-20 MHz). At frequen-
cies below this range, it is difficult to realize high-Q resonant
coils with dimensions appropriate for mobile devices, whereas
at higher frequencies, the shorter wavelengths limit the spatial
extent of the near-field coupling.

The strong reactive near-fields of wireless power systems
may induce high fields in the body tissue of persons in their
closest vicinity. Therefore, it is important to identify the condi-
tions under which potential product embodiments may demon-
strate compliance with international safety guidelines. Insuffi-
cient data on exposure to wireless power systems are available
in the current literature. Yuan et al. [3] evaluated the influence
of nearby persons on the transmission efficiency of a wireless
power system using simplified models; however, human expo-
sure was not evaluated.

Appropriate metrics for electromagnetic exposure evaluation
have not been widely applied in the literature. Some attempted to
assess compliance based on incident fields [4], [5]. However, for
near-field exposure scenarios, incident field assessment signifi-
cantly overestimates human exposure [6] and is not suitable for
the compliance evaluation of medium and high power systems.

Safety guidelines for EM exposure of workers and of the gen-
eral public have been issued by the International Commission
on Non-Ionizing Radiation Protection (ICNIRP 1998 [7] and
2010 [8]) and the Institute of Electrical and Electronics Engi-
neers (IEEE C95.1-2005 [9]). Above 100 kHz, these guidelines
provide basic restrictions for electromagnetic fields in terms of
the specific absorption rate (SAR) in the body to prevent whole-
body heat stress and excessive localized tissue heating. For the
general public, a whole-body averaged SAR limit of 0.08 W/kg
and a localized SAR limit of 2 W/kg averaged over 10 g of
tissue are provided. The frequency range of interest for wireless
power transmission is in a transition region where a second ba-
sic restriction is provided to prevent electrostimulation of nerve
tissues. SAR limits were applied in this study as they were more
relevant for the system investigated.

In this paper, we assess the SAR of a representative wireless
power transfer system based on coupled magnetic resonance.
Novel numerical and experimental approaches which provide
a scientifically sound estimate of the human exposure to such
systems are developed.

It should be noted that the potential for tissue heating caused
by induced currents in passive or active medical implants are
not considered by the current guidelines. A recent study [10]

0018-9375/$31.00 © 2012 IEEE
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Fig. 1. Schematic block diagram of a magnetically coupled resonant wireless
power system. A two element transmitter comprising a loop and high-Q coil
wirelessly powers a similar two element receiver. Reprinted from [12], copyright
IEEE.

has shown that localized tissue heating much greater than 1 K
may be induced at the tip of an implant lead by RF transmitters
in the low MHz frequency range under operating conditions
where the basic restrictions for localized induced fields would
otherwise be met. The potential for localized tissue heating near
implants is a general concern for RF systems, not limited to
wireless power. Since the number of factors which can influence
potential heating is large, their thorough investigation is beyond
the scope of this study.

II. EXPOSURE ASSESSMENT

A. Wireless Power System and Lumped
Element Model Thereof

In this paper, we consider human exposure to an example
wireless power transfer system based on near-field magnetic
coupling [11], [12], where power is transferred between two
high-quality resonant coils. This model system has dimensions
of the same order of magnitude as human length scale and is
generally representative of wireless power systems proposed for
installation in home, office, or public environments. It is used
to illustrate appropriate evaluation methods that are well suited
to the independent evaluation of systems of various topologies,
geometries, length scales, operating conditions, and exposure
configurations.

In the studied configuration, shown schematically in Fig. 1,
the drive amplifier is inductively coupled to the transmit coil
through a single-turn loop and the load is similarly coupled to
the receive coil via an inductive loop, which prevents the source
and load from directly loading the resonant coils. The transmit
loop has an outer diameter of 305 mm. The transmit coil (TX) is
a spiral with 6.1 turns, an outer diameter of 580 mm and a pitch
of 10 mm. The loop to coil distance is 135 mm. The diameter
of the copper wire is 2.54 mm for the coil and loop. The receive
coil and loop (RX) are identical to the transmit coil and loop.

The coupled resonator system can be represented as a lumped-
element model shown in Fig. 2 and used to simulate system
performance. Lumped circuit component values were extracted
from 57, data of the TX loop and coil according to the methods
described in Sample et al. [12] and are summarized in Table 1.
On the transmit side, the loop is fed with a voltage source with
an inner resistance of 50 €2 and a series capacitance of 450 pF
for matching. On the receive side, a 50-(2 load resistance is used.

Tx Loop Tx Coll Rx Coil Rx Loop

Cq l Rp1 Rps l

Rp4

Cs4

R Source

RLoad
VSoume

Fig. 2. Equivalent circuit model of the wireless power system. Each of the
four antenna elements is modeled as a series resonator. These resonators are
linked by their mutual inductances. Reprinted from [12], copyright IEEE.

TABLE I
LUMPED ELEMENT PARAMETERS OF THE SYSTEM

Rp1, Rpa 0.6 2
L1, Ly 1.0 uH
Ci1,Cy 450 pF
Rp2, Rps 60

Lo, L3 39 uH
Co, Cs3 11 pF

Again, a series capacitance of 450 pF matches the loop to the
load.

B. Electromagnetic Modeling of the Wireless Power System

For all simulations, the in-house simulation platform SEM-
CAD X (jointly developed by the IT’IS Foundation and Schmid
& Partner Engineering AG, Ziirich, Switzerland) is used. The
solver is based on the finite-difference time-domain (FDTD)
method [13]. The FDTD method is well suited for the simula-
tion of anatomical models because complex tissue distributions
can be directly rendered on the computational grid. The local
dielectric properties can directly be assigned to the finite dif-
ference equation which operates on the respective grid edge.
Correctly rendering the wireless power transfer system and the
human body models requires mesh step sizes in the order of
magnitude of 1-2 mm. Fig. 3 shows the numerical model of the
full system as described in Section II-A. Since the coil and the
loop are electrically small, the electric losses in the conductors
can conveniently be modeled by distributing them to a set of
lumped resistances. In the loops, the electric losses in the con-
ductor were not included in the model because they are small
with respect to the 50-2 resistances of the source and the load.
SAR averaging is performed according to [14]. All simulations
are carried out on highly parallelized graphics processing units
which permit the processing of more than 2.5 billion mesh cells
per second. For efficiency reasons the Huygens-box approach is
used for most dosimetric simulations (see Section II-C).

C. Huygens Box

For the simulation of scattering problems using the FDTD
method, the total-field scattered-field (TFSF) method has been
proposed [15]. The TFSF method permits one to excite only a
limited region of the computational mesh with an incident field
which is known a priori. The incident field is subtracted on
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Fig. 3. Numerical model of the wireless power transfer system in the simula-
tion software SEMCAD X. Lumped elements are represented as spheres in the
figure.

the boundaries of the TFSF region. Reflections from a scatterer
pass through the boundaries of the TFSF region without any dis-
tortion, such that the computational domain outside the TFSF
region only contains the scattered field. The Huygens box is a
generalization of this technique. Complex incident field patterns
can be calculated in a single free-space simulation. In a second
simulation, the incident field is then applied to the TFSF re-
gion (Huygens box) which contains the anatomical body model
as the scatterer. This technique is applicable if the impact of
the backscattering on the current distributions on the source is
negligible or small (see Section III).

D. Anatomical Models

Four detailed anatomical human models were used for the nu-
merical simulations of this study: a male and a female adult, an
eight year old girl and a six year old boy, as shown in Fig. 4. Ta-
ble Il summarizes their anatomical characteristics. These models
and others were developed within the framework of the Virtual
Family Project [16] and several follow up studies. The models
are based on high resolution MRI scans (0.5 mm x 0.5 mm x
1.0 mm in the head, 0.9 mm x 0.9 mm X 2 mm in the trunk
and the limbs). They distinguish approximately 80 tissues and
organs. The dielectric tissue parameters were taken from the
IT’IS tissue database [17] which is largely based on measure-
ments from Gabriel [18].

For the assessment of the exposure with respect to the basic
restrictions [7], [9], the four anatomical models were exposed
to the single-sided (TX only) wireless power transfer system
operating at resonance (8 MHz). For each model, coronal, axial,
and sagittal orientations of the coil were analyzed. All models

Fig.4. Anatomical whole body models (from left to right): Duke, Ella, Eartha,
Thelonious (see Table II).
TABLE II
CHARACTERISTICS OF THE FOUR ANATOMICAL MODELS
Name Age Sex Height ~ Weight BMI
(years) (m) (kg)  (kg/m?)
Duke 34 male 1.74 70 23
Ella 26 female 1.60 58 23
Eartha 8 female 1.34 29 16
Thelonious 6 male 1.07 17 15

Fig. 5. Orientations of the coil at 10 mm distance to the body (from left to
right): coronal, axial, sagittal.

were exposed on their back (see Fig. 5). The nearest distance
between the coil and the tissue was 10 mm for all cases.

III. VALIDATION
A. Experimental Validation of the Wireless Power System

For the validation of the numerical model of the wireless
power system, H- and E-fields were measured for single sided
operation (without the receiver side or any other load present)
and compared to the numerical results. For the normalization
of the results the coil current was measured with a Tektronix
AM 503B Current Probe at the mid-point of the coil length.
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Fig. 6. Measured and simulated magnetic field along a radial line at 100 mm

distance in front of the single sided system for a coil current of 1 Agyg at
resonance.

The magnetic fields were measured with a Holaday HI-2200
equipped with a H210 Magnetic Field probe. The isotropy error
of this probe is reported by the manufacturer as +0.7 dB at
27 MHz, its frequency response is +0.8 dB over a frequency
range from 300 kHz to 30 MHz. For the measurement of the
E-fields, a E100 probe was used with a frequency response of
+1 dB over a frequency range from 1 MHz to 4 GHz and an
isotropy error of £0.7 dB at 400 MHz (manufacturer’s speci-
fication). During measurements, the probes were kept in fixed
orientation. The dimensions of the sensor cover of the H-field
probe are 60 mm x 71 mm, the diameter of the cover of the
E-field probe is 60 mm. The center points of the sensors are
used as reference for the positioning of the probe.

At 100-mm distance, the maximum deviation between mea-
sured and simulated H-field at the resonant frequency of 8 MHz
is less than 0.7 dB when comparing the respective local maxima
(see Fig. 6). This is well within the combined uncertainty. The
deviation for the E-field is larger (<4 dB at the field maxima,
Fig. 7). This was expected because a simplified model of the in-
ductive source was used. However, this deviation is not relevant
within the context of this paper since the dominant coupling
with the human body is due to the magnetic field [6]. Further-
more, the E-field strongly depends on the actual design of the
coil.

B. Huygens Box

For the simulations with the Huygens box, the incident field
was calculated using a broadband simulation of the unloaded
(free-space) single-sided wireless power transfer system. The
fields were evaluated using a discrete Fourier transformation
(DFT) of the time-domain field components at resonance. These
fields were used as incident field for the Huygens Box.

For validation purposes, the spurious scattered field compo-
nents of an empty Huygens box simulation were evaluated. For
this simulation as well as for all following simulations using the
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Fig. 7. Measured and simulated electric field along a radial line at 100 mm
distance in front of the single sided system for a coil current of 1 Agrys at
resonance.
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Fig. 8. H-field normalized to 1-A coil current through the center of the un-

loaded wireless power transfer system (broadband simulation of the entire do-
main) and of the Huygens-box simulation loaded with the Duke model (har-
monic simulation).

anatomical models, a constant mesh resolution of 2.0 mm was
used. As mentioned earlier, the fields outside an empty Huygens
box should theoretically be zero. Due to numerical uncertain-
ties arising from interpolation and numerical dispersion, certain
spurious fields remain in the computational domain. For the
configuration and mesh resolution used here, these spurious
fields were found to be less than —50 dB of the maximum field
amplitude.

The impact of the loading of the transmit coil was evaluated
by comparing the H-field distribution of the free space simula-
tion with the H-fields in the Huygens box with the anatomical
model of the male adult along the center axis of the system (see
Fig. 8). The differences in the H-field distribution are small.
Fig. 9 shows the H-field distribution of a full simulation of
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Normalized H-field in dB

Fig. 9. H-field distribution of a preliminary model of the wireless power
transfer system inside and around the anatomical model Duke. It can clearly be
seen that the H-field is not distorted by the presence of the body.
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Fig. 10. Distribution of the magnetic and the electric field around a single
sided system at resonance.

a preliminary numerical model of the transmit system loaded
with the male adult model (no Huygens Box). Although the
load represented by the body caused the resonance to decrease
by 5%, from 8 to 7.6 MHz, no significant distortion of the H-
field can be observed.! This confirms the assumptions that the
impact of the presence of the model on the current distribution
on the coil and—in consequence—on the incident fields is suffi-
ciently small, i.e., the use of the Huygens Box for the dosimetric
evaluations is well suited. As the exposure results in this paper
are normalized to the coil current, they are not affected by the
change in resonant frequency.

IV. SIMULATION RESULTS

The distribution of the E- and H-fields around the transmit coil
at resonance frequency (8.0 MHz) is shown in Fig. 10 without
the presence of an anatomical model. The field maxima, which
occur near the coil windings, decay faster than exponentially.
The decay of H-field is approximately 1-2 dB per 10 mm. The

A similar reduction in resonant frequency in the presence of the body was
reported by Yuan et al. [3].
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Fig. 11. Local SAR in the models Duke and Thelonious in two sagittal planes
(centered and 75 mm off center) for coronal exposure.
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Fig. 12.  Current in the transmit coil at which the 1-g SAR limit of 1.6 W/kg
is reached [19].

field distributions are asymmetric about the plane of the transmit
coil due to the currents on the driving loop.

The peak spatial average SAR and the whole body SAR
are evaluated for the configurations described in Section II-D.
Fig. 11 shows the distribution of the local SAR in the bodies
of the male adult model and the boy model. Whereas the peak
spatial average SAR always occurs closest to the coil, the dis-
tribution in the body is strongly inhomogeneous and regions of
high SAR can occur at larger distances from the coil.

The currents at which the SAR limits for local and whole
body exposure are reached for the evaluated configurations are
given in Figs. 12-14. Comparing the different loop orientations,
the limits are most restrictive for the coronal case because the
coil exposes the largest area of the body in this orientation.
For the coronal orientation, the exposure limits are generally
reached at currents of 0.5 Arnms—1.2 Arms, depending on the
body model and SAR limit used. The 1-g average SAR limit
from IEEE C95.1-1999 is the most restrictive limit for the coro-
nal orientation of the coil, followed by the whole-body average
SAR limit and then the 10-g average SAR limit of ICNIRP
and [EEE C95.1-2005. Variations among different models can
exceed 3 dB for the same configurations.

To provide context for the current values at which SAR lim-
its were reached, the transmit coil current was calculated as a
function of input power using the model described in Sample
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Fig. 13.  Current in the transmit coil at which the 10-g SAR limit of 2.0 W/kg
in [7] and [9] is reached.
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Fig. 14. Current in the transmit coil at which the whole body SAR limit of
0.08 W/kg of [7], [9], and [19] is reached.

etal.[12]. System performance was calculated for the two-sided
system (TX and RX) in absence of exposed body. This lumped
circuit model only considers the coupling of the adjacent coil
or loop elements. Based on the measurement data, we used a
loop to coil coupling coefficient of k1 = 0.1375 and a coil to
coil coupling coefficient of ky = 0.13. 0.5 Agys corresponds
to a transmitted power of approximately 45 W and 1.2 Agus
corresponds to a transmitted power of approximately 280 W.?
This provides a preliminary estimate of the transmitted power
at which SAR limits are reached for this example system. If the
reference levels are applied instead of the basic restrictions, the
allowable transmitted power is much lower.

The maximum magnetic field level at 10-mm distance to the
transmit coil is approximately 5.7 A/m when the coil current
is 1 Arms (see Fig. 8). Applying the ICNIRP 1998 reference
levels for the general public, the allowable transmit power to
meet the reference level for the magnetic field is less than 0.1 W.
Applying the reference levels of the Federal Communications
Commission (FCC) for the general public [20], the allowable
transmit power is less than 0.5 W. Similarly, estimates of the
maximum transmit power of a wireless power transfer system

2The power scales as the square of the current.

developed by Kurs et al. [2] have been made in [4]. At a resonant
frequency of 10 MHz and a distance of 200 mm from the transmit
coil, the incident electric and magnetic fields were measured,
and the maximum transmit power was estimated to be more
than two orders of magnitude below the power levels calculated
in this paper. These results confirm that compliance of wireless
power transfer systems with electromagnetic exposure levels
can be achieved at significantly higher transmit power than has
been estimated based on incident field levels.

V. DOSIMETRIC MEASUREMENTS
A. Experimental SAR Assessment

The numerical simulation approach described in the previous
sections represents a scalable evaluation framework that can be
generalized to various transmission devices and receive devices,
as well as to various exposure scenarios. Such an approach is
particularly useful to evaluate various exposure conditions and
to determine where peak exposure is expected.

Dosimetric measurement techniques are commonly used to
evaluate SAR compliance to near-field RF sources. Since the
actual physical device under test is measured, uncertainties due
to device modeling are not an issue. Measurement systems can
be designed for low measurement uncertainty, leading to good
reproducibility among laboratories. The measurement system
can also be designed to provide a conservative estimate of
the exposure, so as to cover a known percentile of the user
population.

The measurement approach uses a liquid-filled phantom rep-
resenting the human body. An electric field probe is scanned
through the liquid volume and SAR is calculated based on the
measured electric field strength. For near-field interaction, the
field distribution and the energy absorption in the tissue strongly
depend on the orientation of the device and proximity of the
user’s body. For this reason, application-specific test configura-
tions, positions, and apparatuses are developed to cover expo-
sure scenarios possibly encountered during use.

Such methods have been standardized for compliance mea-
surement of near-field RF sources in the frequency range of
30 MHz-6 GHz such as mobile phones [21], [22] and base
stations [23]. In some cases, a mixture of experimental and
numerical techniques is applied, such as the exposure assess-
ment of wearers of active implantable medical devices during
magnetic resonance imaging [24].

The dielectric properties of the tissue simulating material are
designed to represent human tissue while also resulting in a
conservative exposure assessment. Different formulations are
typically required for different frequency ranges [18]. Tissue
simulating liquid recipes are available in the literature above
30 MHz [22]; below 30 MHz, some have used 30 MHz recipes,
noting the low rate of change of tissue dielectric properties with
frequency at these frequencies [25].

The SAR distribution in a homogeneous phantom will in gen-
eral be different from that in a human body model, which has
many tissues of different dielectric properties. It is therefore im-
portant to choose the homogeneous dielectric parameters that
provide a conservative estimate of SAR with respect to real
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Fig. 15.

Cylindrical experimental phantom 10 mm above the coil.

anatomical models. Correction factors may also be introduced
to ensure a conservative exposure assessment, as has been pro-
posed in [22] and [23].

B. Phantom Design and Evaluation

To provide a conservative estimate of SAR, the phantom
should be designed to correspond to the maximum coupling
scenario typically encountered. For example, mobile phones are
typically tested at the side of a generic head phantom in or-
der to mimic being held at the head in a talking position or at
a flat phantom approximating the exposure for body-mounted
use [21], [22]. For the example system described in this paper,
we found that the coronal exposure exceeded SAR limits at the
most limiting coil currents, so we chose a large cylindrical phan-
tom, which simulates a coronal-type exposure scenario. Such a
scenario corresponds, e.g., to a transmitter embedded in a wall
and a person standing with his back next to it. Applications with
horizontal transmitter deployment, such as mat-type chargers
or transmitters embedded in tables are less likely to encounter
this exposure scenario. A larger phantom size (e.g., 95th per-
centile of the body dimensions of the user population) with a flat
surface corresponds to a more conservative exposure scenario.
Based on population body size data [26]-[30], a diameter of
650 mm and a depth of 250 mm were chosen. The diameter and
depth of the phantom are in the range of sitting shoulder height
(top of the shoulders to the bottom of the gluteal muscle) and
chest depth (chest to shoulder blades), respectively, reported for
the 95th percentile of adult German men in the 18-25 year age
group [27].

The proposed cylindrical phantom for experimental SAR as-
sessment was simulated with the single-sided coil system at a
distance of 10 mm from the coil (using the same setup as for
the human body models above), as shown in Fig. 15. Dielec-
tric parameters of ¢, = 200 and o0 = 0.61 S/m were chosen for
this simulation. These parameters closely match the dielectric
parameters of muscle tissue at this frequency. Note that appro-
priate tissue simulating materials would need to be developed
and validated for the frequencies of interest.

D

=

Normalized SAR in dB

-25

Fig. 16. Distribution of the 10 g spatial average SAR in the phantom.

Due to the presence of the phantom, the resonance frequency
of the system shifted from 8.0 MHz to 6.7 MHz, compared to
the 0.4 MHz shift observed in the numerical simulation of expo-
sure to a human body model (see Section III-B). Field strength
and SAR were evaluated at the modified resonant frequency of
6.7 MHz.

Fig. 16 shows the distribution of the peak spatial average SAR
in the phantom. The current in the transmit coil is normalized
to the peak 10-g average SAR found in the phantom. For an
SAR of 2 W/kg, a current of 0.44 AR\ is obtained. This is on
the same order of magnitude as the lowest value of 0.85 Arwmg
found with the anatomical models for the same coil distance
and orientation. The lower coil current with the experimental
phantom represents a conservative assessment of the exposure,
as required. The E-field vector was found to be mainly oriented
in the -direction.

The application of such a dosimetric measurement system
requires the development and validation of appropriate tissue
simulating liquids, of correction factors to correlate measure-
ments made in the homogeneous phantom to expected SAR in a
heterogeneous body and of correlation factors between the mea-
surement setup and conservative exposure evaluation covering
the entire population.’> Additionally, specific product embodi-
ments and system geometries may require the development of
custom measurement setups.

VI. CONCLUSION

The exposure of a person in the reactive near-field of a wire-
less power transfer system has been investigated in this study
with the objective to provide recommendations for the scientif-
ically sound evaluation of wireless power transfer systems with
respect to human exposure limits. A generic wireless power
transfer system was modeled numerically with the transmit coil
located 10 mm from each of four anatomical models. For the
coronal orientation of the loop, exposure limits are most restric-
tive. The exposure is strongly dependent on distance and coil de-
sign. A dosimetric measurement setup has also been discussed.
It was found that the coil current achieving a 10-g average SAR
in the phantom at the exposure limit was lower and of the same
order of magnitude as the coil current for the anatomical models
under similar exposure conditions.

30ften the 95th percentile of the population is used as criterium.
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There are several key issues that should be addressed before

com

pliance with safety guidelines can be thoroughly demon-

strated for any particular product embodiment:

1y

2)

3)

4)

evaluation of exposure as function of the coil distance, po-
sition relative to the body, and inner anatomy, orientation
relative to the body, and body posture in order to ensure
that the exposure can be conservatively assessed with the
experimental method;

evaluation of exposure to the full system including the
receiving coil and simulation of system performance ac-
counting for human presence;

development of a methodology for exposure assessment
(measurement techniques or simulations) that evaluates
the exposure with known uncertainty;

risk analysis for induced heating near medical implants.

The dosimetric methods described in this paper are gener-

ally

applicable to wireless power transfer systems of various

geometries. For near-field exposure scenarios encountered with
these systems, compliance with the safety limits is more accu-
rately evaluated by the direct comparison of the SAR values
with the basic restrictions than indirectly in terms of incident
field reference levels.
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