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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 ARM S 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 × 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

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 ARM S at
resonance.

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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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.

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.1 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

1A similar reduction in resonant frequency in the presence of the body was
reported by Yuan et al. [3].

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 ARMS–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 IEEE 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.

et al. [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 k2 = 0.13. 0.5 ARMS corresponds
to a transmitted power of approximately 45 W and 1.2 ARMS
corresponds to a transmitted power of approximately 280 W.2

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 εr = 200 and σ = 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.

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 ARMS is obtained. This is on
the same order of magnitude as the lowest value of 0.85 ARMS
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 ϕ-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.3 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.

3Often the 95th percentile of the population is used as criterium.
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There are several key issues that should be addressed before
compliance with safety guidelines can be thoroughly demon-
strated for any particular product embodiment:

1) 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;

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

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

4) 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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(ETH), Zürich, Switzerland, in 2003.

He currently continuing his research work in the
Numerical Dosimetry Group of the Foundation for
Research on Information Technologies in Society.
He is involved in the assessment of interaction

mechanisms of electromagnetic fields and biological tissue. His further research
interests include computational electrodynamics with the finite-difference
time-domain method, the development of anatomical models for dosimetric
simulations and the numerical modeling of medical devices and in the
development of numerical and experimental techniques to evaluate the safety
of magnetic resonance imaging for patients with medical implants. He has
authored and co-authored more than 20 publications in peer-reviewed journals
and presented is work than more than 30 international conferences.

Dr. Christ is a member of IEEE-SA where he chairs the Working Group 1 of
Technical Committee 34: Wireless Handset SAR Certification, Subcommittee
2: Computational Techniques.

Mark G. Douglas (S’86–M’98–SM’05) received the
B.Eng. degree from the University of Victoria, Victo-
ria, BC, Canada, in 1990, the M.Sc. degree from the
University of Calgary, Calgary, AB, Canada, in 1993,
and the Ph.D. degree from the University of Victoria
in 1998, all in electrical engineering.

His research work in electromagnetic dosimetry
has resulted in five patents and more than 70 papers
for scientific conferences and peer reviewed journals.
Since 2009, he has been a Project Leader at the Foun-
dation for Research on Information Technologies in

Society in Zurich Switzerland, where his work includes the development of in-
strumentation and procedures to assess exposure from electromagnetic sources.
These sources include mobile phones, wireless power transmitters, induction
cooking stoves, electric motors and industrial induction heaters.

Dr. Douglas serves as the Co-chair of IEEE International Committee for
Electromagnetic Safety Technical Committee 34 and the Co-chair of ICES
Technical Committee 95 Subcommittee 1. From 2002 to 2009, he was an Engi-
neering Manager in the Corporate Electromagnetic Energy Research Laboratory
at Motorola in Ft. Lauderdale, FL, where he led advancements in radiofrequency
dosimetry research and testing. Before joining Motorola, he was a Senior Tech-
nical Leader with the Antenna Development Group at Ericsson in Raleigh, NC,
and a member of the Ericsson EMF Research Group in Stockholm, Sweden.

John M. Roman (M’00) received the M.S. degree in
electrical engineering from Florida Atlantic Univer-
sity in 1988.

He has been working for more than 25 years on var-
ious spectrum, Broadband, and regulatory policy mat-
ters. He is currently the Director of Broadband and
regulatory Policy, Intel Corporation, Hillsboro, Ore-
gon. Over that time, he has authored several refereed
papers on antennas and electromagnetic compatibil-
ity, as well as lead dozens of discussions with global
policy regulators on their regulatory and broadband

policy strategies. He has also chaired several industry technology working
groups, including the Wi Fi Alliance RF Health and Science task group, and the
CEA R6.3 WG2 on Wireless Power. In his most current role, he is the Director
of Broadband and regulatory policy in Intel’s Global Public Policy organization,
focusing on broadband, universal service, and technology regulatory matters.
He works with global policy regulators and stakeholders to share the latest best
regulatory and policy methods to help capitalize on all the benefits that Infor-
mation Communications Technologies and broadband have to offer to national
economies and global citizens.

Emily B. Cooper (M’11) received the S.B. degree
in 2000, the M.Eng. degree in 2000, and the Ph.D.
degree in 2003 all from the Massachusetts Institute
of Technology, Cambridge, where her research fo-
cused on the development of MEMS biosensors, ap-
plications of novel nanofabrication processes, and
computational textiles.

Since 2009, she has been with Intel, Seattle, WA,
as a Research Scientist to investigate wireless power.
Her current work addresses power reduction for nat-
ural user interfaces. Before joining Intel, she was a

Technical and Strategic Consultant, applying her sensing and materials back-
ground to devices and applications in physiological monitoring, portable power,
data storage, environmental sensing, and navigation.

Alanson P. Sample (S’03–M’11) received the B.S.
degree in 2005 and the M.S. degree in 2008 and the
Ph.D. degree in June of 2011 in electrical engineering
all from the University of Washington (UW), Seattle.

He is currently a Postdoctoral Research Associate
in the Department of Computer Science and Engi-
neering, UW. Throughout his graduate studies, he
was with at Intel Labs, Seattle, WA, as both a Full
Time Employee and as an Intern. During his time
at Intel, he published several articles on the use of
magnetically coupled resonators for wireless power

delivery, as well as papers on RFID and ambient RF energy harvesting. He was
one of the key contributors to the wireless identification and sensing platform,
which was open-sourced in 2009 as part of Intels WISP Challenge. His research
interests lie broadly in the area of wireless power including: antenna theory and
design, energy harvesting from ambient and deliberate sources, novel sensing
and computing elements, and the application of these systems.

Benjamin H. Waters (M’10) received the the B.A.
degree in 2010 in physics from Occidental College,
Los Angeles, CA, and the B.S. degree in 2010 in elec-
trical engineering from Columbia University, New
York, NY, and is currently working toward the M.S.
degree in electrical engineering with the University
of Washington, Seattle.

As an undergraduate, he was in the Columbia In-
tegrated Systems Laboratory (CISL), Columbia Uni-
versity where he completed research on wireless
power transfer. He has several internship experiences

with Network Appliance, Arup, and most recently with Intel Labs, Seattle, WA,
in 2010, where he continued his research in wireless power transfer. His research
interests lie mostly in the field of wireless power, including near-field antenna
design, adaptive maximum power point tracking systems, and applications for
these systems including biomedical, military, and consumer electronics includ-
ing WREL and FREE-D projects.

Mr. Waters is a member of Tau Beta Pi and Pi Mu Epsilon.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

10 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY

Joshua R. Smith (M’99) received the B.A. degree in
computer science and philosophy from Williams Col-
lege, Williamstown, MA, in 1991, the M.A. degree
in physics from Cambridge University, Cambridge,
U.K., in 1997, and the S.M. and Ph.D. degrees from
the Massachusetts Institute of Technology (M.I.T.)
Media Lab, in 1995 and 1999, respectively.

As part of his thesis work at M.I.T., he co-invented
an automotive occupant sensor for airbag suppression
that that has been standard equipment in all Honda
cars since 2000. He is currently an Associate Profes-

sor of computer science and electrical engineering, University of Washington
(UW), Seattle, where he leads the Sensor Systems Laboratory. His research
there focuses on inventing new sensor systems, devising new ways to power
them, and developing algorithms for using them. The research has applica-
tions in the domains of ubiquitous computing, robotics, medical devices, and
Human-Computer Interaction. His group develops novel sensors for robotic
manipulation, resonant (nonradiative) wireless power transfer, and (radiative)
wirelessly powered sensing platforms. Prior to joining UW, he was a Principal
Engineer at Intel Labs, Seattle, WA.

Niels Kuster (F’11) received the M.S. and Ph.D. de-
grees in electrical engineering from the Swiss Federal
Institute of Technology, Zurich (ETHZ), Switzerland,
in 1984 and 1992, respectively.

He joined the academic staff of the Department
of Electrical Engineering at ETHZ as an Assistant
Professor in 1993 and was appointed as a Professor
in the Department of Information Technology and
Electrical Engineering, ETHZ in 2001. He has been
serving as the founding Director of the Foundation
for Research on Information Technologies in Soci-

ety (ITIS), Switzerland, since 2001, and as the President of ITIS USA since
its inception in 2010. During his career, he has held invited professorships at
the Electromagnetics Laboratory of Motorola, Inc, FL, and at the Metropoli-
tan University, Tokyo, Japan, in 1998. He founded several spin-off companies
such as SPEAG, MaxWave, ZurichMedTech, etc. In 2011, he launched a new
research initiative, ITIS for Health. His primary research interests include EM
technologies, computational life sciences and personalized medicine. His re-
search focuses on the development of: 1) measurement technologies; 2) compu-
tational physics; 3) in silico tissue models; 4) physiological human models, 5)
medical diagnostic and therapeutic applications, particularly novel cancer treat-
ment modalities; 6) electrodynamics for the optimization of devices operating
in highly complex environments, 7) safe and reliable wireless communication
links within the body or between implanted devices and external equipment for
biometric applications, and 8) exposure setups and quality control procedures
for bioexperiments to evaluate interaction mechanisms, therapeutic effects and
potential health risks. He has published more than 700 publications (books,
journals, and proceedings). He is a member of several standardization bodies
and serves as a consultant on the safety of mobile communications for govern-
ment agencies around the globe.

Dr. Kuster is a Fellow of the IEEE Society, a delegate of the Swiss Academy
of Science, and an Associate Editor of IEEE TRANSACTIONS ON ELECTROMAG-
NETIC COMPATIBILITY. He served as the President of the Biolectromagnetics
Society from 2008 to 2009 and as a member of various editorial boards. In 2012,
he received the prestigious d’Arsonval Award, the highest scientific honor of
the Bioelectromagnetics Society.


