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Abstract

Assessing the whole-body absorption in a human in a realistic environment requires a statistical
approach covering all possible exposure situations. This paper describes the development of a statistical
multi-path exposure method for heterogeneous realistic human body models. The method is applied
for the 6-year-old virtual family boy exposed to the GSM downlink at 950 MHz. It is shown that the
whole-body SAR does not differ significantly over the different environments at an operating frequency
of 950 MHz. Furthermore, the whole-body SAR in the virtual family boy exceeds the worst-case single
incident plane-wave exposure and the ICNIRP basic restrictions for 3.6 % and 0.3 % of the exposure
samples, respectively, for an incident power density equal to the ICNIRP reference level at 950 MHz.
The homogeneous spheroid with the dielectric properties of head suggested by IEC underestimates the
absorption compared to realistic human body models. Moreover, the variation of the whole-body SAR.
for realistic human body models is larger than for homogeneous spheroid models. This is mainly due to
the heterogeneity of the tissues and the irregular shape of the realistic human body model in contrary
to the homogeneous spheroid human body models.

Introduction

The advent of broadcasting and wireless communi-
cation systems increased enormously the exposure
of people to radio-frequency (RF) electromagnetic
fields (EMF). The international committee on non-
ionizing radiation protection (ICNIRP) and the in-
stitute of electric and electronic engineers (IEEE)
issued guidelines [ICNIRP, 1998; IEEE SCC309,
2005] to protect people against adverse health ef-
fects of EMF exposure. The basic quantities for the
limits of RF EMF defined in these guidelines are
the whole-body and localized absorption of electro-
magnetic energy in the human body in terms of
Specific Absorption Rate (SAR). Unfortunately, it
is not possible to measure the absorption in a living
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person. In contrary to absorption, the incident field
levels are easy to measure. Therefore, reference lev-
els (RL) for the incident fields are derived from the
basic restrictions (BR) based on measurements and
numerical computations using a spheroid homoge-
neous phantom exposed to a horizontally incident
plane wave [ICNIRP 1998].

The assessment of the absorption in a real en-
vironment based on the measured field levels is a
very difficult, complex, and time-consuming task
as a huge amount of exposure situations need to
be computed. On the one hand, the RF absorp-
tion in a human body depends on the external and
internal morphology [Conil et al., 2008; Dimbylow
et al., 2008; Vermeeren et al., 2008b; Kiihn et al.,
2009; Habachi et al. 2010] and the posture of the
human body [Findlay and Dimbylow, 2005; Findlay
et al., 2009; Uusitupa et al., 2010]. On the other



hand, the exposure in a real environment is hetero-
geneous due to reflections, refractions, and trans-
missions of propagating waves in the environment
[Saunders and Aragon-Zavala 2007].

The aim of this paper is the fast numerical as-
sessment of the whole-body averaged SAR in a real
environment for realistic human body models. Sev-
eral approaches exist to estimate the whole-body
averaged SAR in a real environment. These ap-
proaches can be classified in two categories accord-
ing to how the exposure is modeled, i.e., determin-
istic or statistical. Examples of deterministic ap-
proaches are the worst-case assessment as in Kiithn
et al. [2009] and Vermeeren et al. [2010] and the
exposure assessment in a particular area or loca-
tion [Joseph et al. 2006]. In the latter the sur-
rounding area of the measurement location is taken
into account by modeling the environment for the
numerical computations [Lazzi and Gandhi, 2000;
Neubauer et al., 2009] or by measuring the incident
fields in the environment [Gandhi and Lam 2003].

The statistical approach is more general as it
aims at quantifying the absorption in a complete
type of environment. In the statistical approach
the incident fields or exposure in an environment
are described by an appropriate statistical model.
Within the statistical approach, different meth-
ods can be distinguished to assess the absorp-
tion. In [Olivier 2007] the whole-body averaged
SAR (SARyp) is determined analytically for the
canonical human body model of a spheroid. De-
spite the fact that calculating SAR.p is analyti-
cally very fast, it cannot be used for realistic human
body models. In a previous study [Vermeeren et
al., 2008a], a fast numerical method has been pre-
sented to determine the whole-body absorption in a
spheroid human body model in a realistic exposure
environment. This method uses field distributions
on a closed surface around a human body model for
a limited set of incident single-plane waves to cal-
culate the whole-body absorption for any single- or
multiple-plane wave exposure. This limited set of
field distributions still needs to be computed using
available 3D electromagnetic solvers. The advan-
tage of this approach is that once the limited set of
basic field distributions is determined, the whole-
body absorption for any realistic exposure can be
determined using the linearity of Maxwell’s equa-
tions. This can be performed within seconds and no
time-consuming 3D electromagnetic computations

are needed. Other methods encountered in litera-
ture are surrogate modeling as in [Kientega, 2011]
and Monte-Carlo analysis [Iskra et al., 2011]. In
contrary to the method of [Vermeeren et al., 2008a]
the surrogate model presented in [Kientega, 2011]
is based on only five simulations with single inci-
dent plane-wave exposure. Although, the surrogate
model predicts very well the distribution of SARp
in a real exposure environment, the relationship be-
tween the incident fields and the absorption is lost.

In the present study, the fast statistical multi-
path exposure (SME) method of Vermeeren et
al. [2008a] for spheroid human body models is
extended to heterogeneous realistic human body
phantoms in realistic environments. Although the
number of 3D full-wave electromagnetic compu-
tations significantly increases for realistic human
body models, still a large reduction of the amount
of 3D electromagnetic computations is obtained
using the SME method. The advantages of this
method are a significant reduction of the overall
simulation time and that the relationship between
the incident fields and the absorption is not lost.

First, the methodology of the fast SME method
for realistic human body models is presented.
Then, the method is validated, the feasibility of this
fast method for realistic human bodies is discussed,
and the time-consumption with respect to a com-
pletely full-wave approach is evaluated. Next, the
method is applied to assess numerically SAR.,, in
the 6-year-old Virtual Family Boy (VFB) [Christ et
al., 2008] for the Global System for Mobile Commu-
nications (GSM) downlink frequency of 950 MHz
in different environments. The compliance of the
ICNIRP reference level to the basic restriction is
evaluated for the heterogeneous realistic VFB and
for heterogeneous exposure at 950 MHz. Finally,
the results in the realistic virtual family boy are
compared to the results obtained for the spheroid
human body models.

Materials and methods

The method to compute quickly the whole-body
SAR in a realistic human body model for hetero-
geneous far-field exposure is an extension of the
method for spheroid human body models developed
by Vermeeren et al. [2008a]. The flowchart of the
method is shown in Figure 1. This flowchart is
similar to the one for spheroid human body mod-
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Figure 1: Flowchart of the fast method.

els. Therefore, we will not discuss into detail all
the different steps, but rather focus on the steps
for which the computations are different for het-
erogeneous realistic human body models.

Statistical multipath exposure (SME)
method

The SME method consists of two major parts.
The first part deals with the 3D full-wave electro-
magnetic simulations needed to compute the so-
called basic field distributions (BFDs) for a par-
ticular human body model (Step A, B, and C of
the flowchart in Figure 1). This part has to be
performed only once for the selected human body
model and the frequency of interest. The second
part of the SME method deals with the fast calcu-
lation of the whole-body absorption for heteroge-
neous exposure using the pre-computed BFDs and
the linearity of Maxwell’s equations (Step 1, 2, 3, 4
of the flowchart).

Computation of the basic field distri-
butions (Step A, B, and C)

The whole-body SAR in a body can be determined
from the total electric (Ei) and total magnetic
field (Hiot) distribution on a closed surface S en-
closing the body (see later). Assuming far-field ex-
posure conditions (i.e., the human body in the far

field of antennas and re-radiators) and no coupling
between the environment and the human body, het-
erogeneous exposure in a realistic environment can
be modeled as multiple-incident plane waves. So, if
we know the total fields for all single plane waves in-
cident on the human body from all directions, then
we can quickly calculate the total fields for any het-
erogeneous exposure, modeled as multiple-incident
plane waves, using the linearity of the Maxwell’s
equations. The BFDs or total fields for the single-
incident plane waves have to be computed using a
3D EM solver. Fortunately, the number of BFDs
to compute can be reduced in two ways. First,
the fields of an incident plane wave have a certain
polarization. Any polarized incident plane wave
can be decomposed in two incident plane waves
with mutual perpendicular polarization. These are
designated as transverse electric (TE) and trans-
verse magnetic (TM) polarized incident fields. Sec-
ondly, a plane wave can be incident upon a human
body from any angle of incidence (@inc,0inc). Obvi-
ously, it is impossible to calculate the total fields
around the human body for every angle of inci-
dence. Hence, the BFDs are computed using a 3D
EM solver for a uniformly distributed set of angles
of incidence (@inc,m,finc,n):

¢inc,k = kA(binc (1)

(2)

Aoinc and Al denote the step size along azimuth
and elevation, respectively. Ad¢iy. and A6b;,. de-
pend on the number of azimuth (K) and elevation
(L) angles for which the BFDs are computed. A,
and Aby,. are given by:

einc,l == ZAginc

2T

Adine (rad) = x (3)

™

71 (4)

The number of angles of incidence for which the
total fields are calculated are reduced by apply-
ing an appropriate interpolation scheme. This is
possible because the total fields around the body
are smooth functions of the angles of incidence.
Thus, from the total set of BFDs only a limited
set has to be calculated using 3D numerical tech-
niques. These are, in what follows, referred to as

Abinc (rad) =




the computed set of BFDs designated as Etot,TE,
Etot’TM, ﬂtot’TE, and I;ItOmTM (the basic fields are
designated with a tilde (7)).

As opposed to a spheroid human body model, a
realistic human body phantom does not have any
symmetry because the shape and organs of a per-
son are not symmetric. This has two consequences.
First, the basic field distributions have to be calcu-
lated for any angle of incidence, i.e., O = 0...7
and ¢ = 0...27. Secondly, the closed observa-
tion surface, where the fields are calculated, does
not need to be symmetric. Hence, we have cho-
sen a box surface around the human body phan-
tom to reduce the size of the simulation domain
in order to have a shorter overall simulation time.
The electric and magnetic fields are computed in
and stored for a discrete set of points on the differ-
ent surfaces of the box. The points are distributed
uniformly in a rectangular grid on each surface of
the box. The distance between two neighboring
points is a tenth of a wavelength in free space ().
A/10 is commonly used in electromagnetic theory
in order to obtain accurate results. In general, the
points where the fields are determined don’t coin-
cide with the grid points of the 3D solver. There-
fore, a 2D interpolation has to be performed to ob-
tain the fields in these points. Mostly the finite-
difference time-domain (FDTD) method will be
used for computing the basic field distributions. In
an FDTD scheme the distance between the points
of the grid is typically a lot smaller than A/10, e.g.,
at 950 MHz, the maximum grid step in the body
is typically 2mm for FDTD. Therefore, a bilinear
interpolation routine is used. The routine is shown
in Figure 3 for the electric field E in an xz-plane of
the box shown in Figure 2. First, a 1D linear inter-
polation has been performed along the z-direction
resulting in E(xy, z;) and E(zg41,2;). Finally, a
1D linear interpolation along the x-direction ren-
ders E(z;, z;).

Generation of the exposure (Step 1
and 2)

The exposure in an environment changes in time
and place. Now, let us define an exposure sample as
the exposure or the incident fields on a certain time
and place. In order to characterize the whole-body
SAR in a human in an environment, the whole-
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Figure 2: Bilinear interpolation in the xz-plane for
the electric field.

body SAR needs to be determined for several thou-
sands of exposure samples, i.e., at least 4000 [Ver-
meeren et al., 2008a], to obtain statistically rele-
vant results. The generation of these exposure sam-
ples depends on the statistics of the environment.
The generation of the exposure samples has been
thoroughly discussed in Olivier [2007]. Assuming
far-field exposure and no coupling between body
and environment, the exposure in a realistic envi-
ronment is modeled as the superposition of single-
incident plane waves. The stochastic distribution
of the number of incident plane waves and the pa-
rameters of the incident plane waves depend on the
environment. These parameters are: amplitude E
and phase « of the incident field, angles of incidence
(in terms of elevation 6, and azimuth ¢;,.), and
polarization 1 of the incident field.

Fast calculation of the total field dis-
tribution around the human body
(Step 3)

For a realistic human body model, BFDs have to
be determined for any azimuth and elevation an-
gle (¢inc,finc). Because the total electric and total
magnetic field vary smoothly with varying angles
of incidence, the BFDs only have to be simulated
for a minimum set of angles of incidence. For inter-
mediate angles of incidence, an appropriate inter-
polation routine is used to determine the remain-
ing BFDs. Using an interpolation scheme reduces
largely the number of computed BFDs and, thus,
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Figure 3: 2D interpolation to obtain the fields for
any angle of incidence ¢;, §; from the basic field
distributions.

the total simulation time. The price we pay is an
additional interpolation error. But, we limit this
error to maximum 1% by an appropriate choice of
the number of computed BFDs and interpolation
scheme (see section on validation).

As opposed to rotation symmetric human body
models [Vermeeren et al., 2008a], a 2D interpola-
tion routine needs to be used for realistic human
body models to find the electromagnetic fields for
any angle of incidence (¢inc,0inc)- The routine is
shown in Figure 3. For clarity, the subscripts inc
and tot are omitted in Figure 3 for angles of in-
cidence and total fields, respectively. The total
electric field E for the arbitrary angles of incidence
(¢1,0;) is obtained by performing, first, a 1D inter-
polation along the elevation or #-direction resulting
in E(¢y,0;) and E(¢g+1,0;), where k and | indicate
the angles of incidence for which the BFDs are com-
puted, and i and j denote arbitrary angles of inci-
dence. Next, a 1D interpolation along the azimuth
or ¢-direction results in E(¢;,6;). In the section on
validation two different interpolation schemes are
compared: linear and cubic-spline interpolation.

Calculation of SAR,,, (Step 4)

According to IEEE (€95.3-2002 [IEEE SCC28,
2002] the whole-body SAR is averaged over the
mass of the human body model and is given by:

SARw — % / SAR (r)dm %)
R

with R the region over which the SAR is averaged
over the mass M of the human body. The mass-
averaged whole-body SAR is equal to the ratio of
the absorbed power in the body (Pabs) and the
mass (M):

Pabs

= (©)
Thus, the absorbed power can be determined from
the nett power flux through a closed surface (S)
around the body by integrating the Poynting vector
(p) over the closed surface and taking the real part
of it:

SARw, =

P =% ?gp-ds (7)

R

The Poynting vector in every point of the closed
surface is determined from the total electric (Etot)
and the total magnetic field vector (Hyot). The to-
tal fields are the superposition of the incident fields
(Eine, Hine) and the scattered fields (Egcat, Hscat)
at the surface of the body. Thus, the fast calcula-
tion of SARy, is based on the linearity of Maxwell’s
equations, on the knowledge of the total fields on
a closed surface around the human body for a lim-
ited set of single-incident plane waves, and on an
appropriate choice of interpolation schemes.

Validation of the method

The presented statistical multipath exposure
method (SME) is a very fast alternative for the
time-consuming computations of a 3D EM solver,
designated as FW (full wave), once the basic field
distributions are available. Because the SME
method serves as a substitute for a 3D EM solver,
one has to validate this method with the results
obtained by the 3D EM solver. The quantities cal-
culated with the SME method and a full-wave 3D
EM solver has as subscript SME and FW, respec-
tively. Therefore, we define the relative error on
SAR,, as follows:

SARb sME — SARwb Fw
SARwb Fw

100 (8)

€TTrel,SARw, —



Validating the method does not only give us an
idea about the uncertainty, but will also give us an
idea about the number of basic field distributions
which need to be computed using a full-wave nu-
merical tool. Or, in other words, the validation will
also determine the optimum settings for the spacing
between the angles of incidence (Aginc, Abiye) for
which the BFDs are computed. Furthermore, we
will also look how the interpolation scheme, linear
or cubic spline, influences the uncertainty, and the
spacing (A¢ine, Abine) when determining the fields
for an arbitrary angle of incidence.

The validation of the fast SME method is per-
formed for multi-path exposure. Therefore, 100
samples of GSM downlink exposure at 950 MHz in
an urban-macrocell environment are generated us-
ing the statistical method of Olivier [2007]. The
6-year-old Virtual Family Boy (VFB) [Christ et
al., 2008] is selected as human body model. The
VFB consists of 81 different tissues. The tissues of
the VFB are mapped to the tissues available in the
Gabriel database [Gabriel et al., 1996] for which
the dielectric properties have been determined ex-
perimentally. The whole-body SAR in VFB for
the generated 100 exposure samples is calculated
using the full-wave 3D FDTD solver SEMCAD-X
(v14.0, SPEAG, Ziirich, Switzerland) and the SME
method.

As mentioned before, simulating the BFDs for
all angles of incidence is impossible. Hence, the
BFDs are only simulated for a limited set of
angles of incidence. The BFDs for intermedi-
ate angles of incidence are determined by inter-
polation because the total fields around the hu-
man body are smooth. The 2D-interpolation in
(Adine, Abine)-plane is achieved by performing two
1D-interpolations. This paragraph discusses the
difference between two well-known interpolation
schemes: linear and cubic spline. The spacing be-
tween the angles of incidence are fixed to 10° for
azimuth angles (A¢i,. = 10°) and 5° for elevation
angles (A6, = 5°). Figure 4 shows the errors on
SARyy, for linear and cubic-spline interpolation of
the BFDs, respectively. An excellent agreement has
been observed between the SME calculations and
the SEMCAD-X calculations for the cubic-spline
interpolation as the mean (u) and the standard de-
viation (o) of the relative error on SARyy, in the
human body is -0.3% and 0.4 %, respectively (see
Figure 4). A linear interpolation scheme underesti-
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Figure 4: Relative error in the SARy, in the Vir-
tual Family boy (VFB) exposed to EMF from GSM
downlink at 950 MHz in an urban-macrocell envi-
ronment for linear and cubic-spline interpolation.

mates SARyp, by -7.5% with a standard deviation
of 2.2 %, respectively (see Figure 4). A cubic-spline
scheme estimates better the total fields around the
human body than the linear scheme for the same
number of angles of incidence. The cost of a cubic-
spline interpolation is approximately a doubling of
the computing time of the BFDs with respect to
a linear interpolation scheme. Nevertheless, the
cubic-spline interpolation is preferred because it re-
duces significantly the number of computed BFDs
which have to be determined by a full-wave 3D
EM solver. The cubic-spline interpolation scheme
is used from this point on unless otherwise stated.

The number of BFDs which have to be calculated
by 3D numerical means is mainly determined by the
performance of the interpolation scheme for the an-
gles of incidence (A@ine, Abinc). The better the in-
terpolation scheme the larger the spacing between
the angles of incidence, and the less BFDs to calcu-
late. In the previous paragraph it is observed that
the cubic-spline interpolation is preferable over a
linear interpolation. Now, the influence of the spac-
ing A¢inc and Abiyc on errrel s AR, is investigated.
The spacing along azimuth is varied between 10°
and 40° in steps of 10°. The spacing along eleva-
tion is varied between 5° and 20° in steps of 5°. The
mean and standard deviation of errye,sar,, are
shown in Figure 5. As expected, the smallest error
is found for the smallest spacing, i.e., A¢inc = 10°
and Afip. = 5°. The mean of erry sar,, varies



between 0.4 % (Agine = 10°, Abin. = 5°) and 23 %
for (Agine = 40°, Ab;,. = 20°). Also the standard
variation increases with increasing spacing between
the azimuth and elevation angles. The variation of
€ITrel, SAR,,, along the elevation angle is larger than
along the azimuth angle.
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Figure 5: (a) Mean and (b) standard deviation of
the relative error on the absorption in the VFB ex-
posed to EMF from GSM downlink at 950 MHz in
an urban-macrocell environment for varying num-
ber of BFDs.

Uncertainty assessment

The previous section validated the SME calcula-
tions with respect to full-wave numerical computa-
tions. The error can be less than 1% depending
on the number of available BFDs and the interpo-
lation routines. To assess the overall uncertainty
[Taylor and Kuyatt, 1994] we also have to take into
account the uncertainties introduced by the 3D EM

solver used for the computations of the BFDs and
the uncertainties on the dielectric properties and
mass densities of the body tissues. In this study
the FDTD method available in SEMCAD-X (v14.0,
Speag, Ziirich, Switzerland) is applied to compute
the BFDs. A comprehensive uncertainty analysis
of the FDTD calculations is outside the scope of
the present study. Hence, we assessed the uncer-
tainty for the BFD calculations based on previous
studies [Findlay and Dimbylow, 2006; Kiihn et al.,
2009; Bakker et al., 2010; Bakker et al., 2011].
The expanded uncertainty U (k=2) on SARy, in
a heterogeneous human body model exposed to an
single-incident plane wave equals 21.2 % using the
FDTD method according to Bakker et al. [2010,
2011]. This large uncertainty is mainly introduced
by the uncertainty on the dielectric properties and
mass density of the tissues. Assuming that the er-
ror of the SME method with respect to the full-
wave FDTD calculations is not correlated with the
FDTD uncertainties and taking into account an
additional error of 1% for the SME calculations,
the expanded uncertainty U (k=2) remains 21.2 %.
The additional error introduced by the fast SME
calculations is negligible with respect to the uncer-
tainty of 21.2% for the FDTD computations. Ta-
ble 1 lists the standard uncertainties involved in the
SME method.

Results

The methodology of the fast method for a realis-
tic human body phantom is applied for the Virtual
Family Boy (VFB) [Christ et al., 2008]. It has been
shown by Vermeeren et al. [2008b], Kiihn et al.
[2009], and Uusitupa et al. [2010] that the whole-
body absorption increases for smaller human body
models. Again, the tissues of the VFB are mapped
to the tissues available in the Gabriel database
[Gabriel et al., 1996]. The 6-year-old VFB has been
exposed to radio-frequency electromagnetic fields
at the GSM downlink frequency of 950 MHz in an
urban-macrocell environment [Olivier, 2007].

Time consumption

The FDTD computations were done on a 2.2 GHz
dual-core workstation (Precision 690, Dell, Round
Rock, Texas, USA) with Graphics Processing Unit



Table 1: The standard combined uncertainty uc
and the expanded uncertainty U on SAR,, for the
SME method applied to realistic human body mod-
els based on FDTD simulations.

SARwpstd unc. (%)

Discretization!-?

(a) spatial resolution 2.5
(b) non-uniform grid 0.5
ABC + 3.5
steady state

deviation'??

Wave homogeneity!-> 1.0
pl? 5.0
e, 002

(a) Age-dependence 5.8
(b) Tissue assignment 54
(c) 4-Cole-Cole 1.5
(d) Post-mortal changes 1.5
SME method 1
(k=1 10.6
Uk =2) 21.2

I Bakker at al. 2010
2 Bakker at al. 2011

(GPU) computing (NVIDIA Quadro Plex 2200
Model D2, NVIDIA, Santa Clara, California, USA)
and 32 GB of RAM. The calculations for the SME
method were performed on a 3 GHz quad-core PC
with 4GB of RAM (Optiplex 760, Dell, Round
Rock, Texas, USA). Computing the BFDs took
9.3days. Once the BFDs are available, assess-
ing SARyp in a single environment (i.e., 5000 ex-
posure samples) took only 8h, whereas assessing
SARyp with only full-wave computations should
take 17.4 days. So, using the SME method is 45 %
faster than using solely full-wave calculations (for
5000 exposure samples). Moreover, the gain in time
increases when more environments are considered
as the BFDs have to be calculated only once!

The whole-body averaged SAR in the
Virtual Family Boy in a realistic en-
vironment for the GSM downlink fre-
quency

The cumulative distribution function (cdf) of the
whole-body averaged SAR in the Virtual Family

Boy for four realistic exposure environments, i.e.,
urban-macrocell, urban-microcell, outdoor-indoor,
and indoor-picocell for the GSM downlink fre-
quency of 950 MHz is shown in Figure 6. The inci-
dent power density (Si,c) for all the exposure sam-
ples equals the ICNIRP reference level (RL). For
general public exposure, RL equals 4.75 VV/rn2 at
950 MHz. In order to verify easily the compliance of
SARw, with basic restrictions, the following ratio
is defined:

SARwb|s;,.=RL
wa - Bwa (9)
with BRy, the basic restriction for the whole-body
SAR and for the corresponding reference level. Fig-
ure 6 shows the cdf for Ry, for the investigated
configurations. In every environment the whole-
body SAR is calculated for 5000 multi-path expo-
sure samples in order to obtain relevant statistics
in every environment. The 50th (psp), 90th (pgo),
95th (pgs), and 99th (pgg) percentile of SARy, and
Ryp, in the VFB in the different environments are
shown in Figure 7. It is observed that the reference
level is not always compliant with the whole-body
basic restriction, but it is unlikely that the basic re-
striction will be exceeded for an incident power den-
sity equal to the reference level as SAR,,;, exceeds
BRyb in only 0.26 % of the exposure samples (aver-
aged over the different investigated environments).
The median of Ryp or pso(SARyp) is about 2.5dB
lower than the BRyp.

The whole-body SAR for single plane-wave ex-
posure is also shown in Figure 6 and it is indicated
by markers. Only frontal incidence in a horizontal
plane is considered as this yields the worst-case sin-
gle plane-wave exposure in heterogeneous human
body models according to Kiihn et al. [2009]. Two
different polarizations are considered, i.e., vertical
or E-polarization, and horizontal or H-polarization.
The worst-case single incident plane wave for the
VFB is E-polarized and induces an SAR., value
which is 1.3dB below the basic restriction. Aver-
aged over the four considered environments, 3.6% of
the multi-path exposure samples (or, heterogeneous
exposure) have a higher SAR,,;, than for worst-case
single-incident plane-wave exposure (or, homoge-
neous exposure).

The cdf of SARy, does not differ significantly
between the considered environments for a constant
incident power density as shown in Figure 6 and
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Figure 6: Cumulative distribution function of (a)
SARypb and (b) Ryp in the VFB in four realistic
environments exposed to EMF from GSM downlink
at 950 MHz. Incident power density equaled the
ICNIRP reference level for general public exposure,
that is, 4.75 VV/m2 at 950 MHz. The results for an
E- and H-polarized frontal incident plane wave are
indicated by markers; SPW = single plane wave.
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Figure 8: (a) The cdf of SARyp and (b) the 50th-,
90th-, 95th-, and 99th-percentile of SAR,1, in VFB
and SF human body models in an urban-macro cell
environment exposed to EMF from GSM downlink
at 950 MHz. The incident power density equaled
the ICNIRP reference level for general public ex-
posure, i.e. 4.75 VV/m2 at 950 MHz.

Figure 7. The maximum of psg, pog, Pos, and pgg
is 0.5%, 2.4%, 1.2%, and 2.2% larger than the
minimum percentiles, respectively.

Comparison of the whole-body SAR
for the heterogeneous VFB and the
spheroid human body model in a
realistic exposure environment at

950 MHz

In Vermeeren et al. [2008b] the whole-body SAR
in spheroid human body models in realistic expo-
sure environments is investigated for frequencies

ranging from 150 MHz to 950 MHz. In this section
the whole-body SAR in the realistic human body
model VFB is compared to the whole-body SAR
obtained in spheroid models. The dimensions of the
spheroids are taken from Durney et al. [1986]. The
homogeneous spheroid has been assigned the dielec-
tric properties of average head as suggested by the
International Electrotechnical Commission (IEC)
in TEC62209 [IEC, 2005]. Because the statistics of
SARyp do not show a significant difference between
different environments, in what follows only the
urban-macro cell environment is considered. Fig-
ure 8 shows the cdf of the whole-body SAR for the
VFB and the spheroid human body models in an
urban-macro cell environment for the GSM down-
link frequency of 950 MHz. It is clearly observed
that the spheroid homogeneous human body mod-
els underestimate the whole-body SAR in the re-
alistic heterogeneous VFB model. The median or
pso of SAR,, for the 5-year-old spheroid model is
2.5dB lower than for the 6-year-old VFB (see Fig-
ure 8). Because the exposure for the various mod-
els is identical, the difference in SARyy, is caused
by a difference in morphology of the human body
models. The increase in SARyy1, in the VFB can-
not be completely attributed to the difference in
weight and size of the models because SARy, in the
VFB is larger than for all the spheroid human body
models. Hence, the tissue properties as well as the
shape of the model play an important role in the
difference of SARy,. To investigate the influence of
the tissue properties and the shape of the models,
the whole-body SAR for single incident plane-wave
exposure is determined in the heterogeneous and
homogeneous VFB, and the homogeneous 1-year-
old spheroid child. For the homogeneous VFB, the
dielectric properties of all the tissues and air cavi-
ties are assigned the same value as for the spheroid
models. Figure 9 shows SARy, for different ele-
vation angles of the incident plane wave and an
incident field strength of 1V/m. Vertical (E) and
horizontal polarization (H) are considered. Assign-
ing a homogeneous tissue to the VFB reduces the
whole-body absorption. The difference between the
homogeneous VFB and the homogeneous 1-year-
old spheroid child is due to the difference in mass
and shape of the body models. So, the hetero-
geneous tissues and the irregular shape of realis-
tic human body models increases the whole-body
averaged SAR compared to homogeneous spheroid
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Table 2: The standard deviation of SAR,,, in VFB
and SF human body models in an urban-macro cell
environment exposed to electromagnetic fields from
GSM downlink at 950 MHz. The incident power
density equaled the ICNIRP reference level for gen-
eral public exposure, i.e. 4.75 VV/m2 at 950 MHz.

9(SARyp) (mW /kg)

Human body model

Spheroid 1-year old 1.6
Spheroid 5-year old 1.8
Spheroid 10-year old 2.7
Spheroid average woman 4.0
Spheroid average man 5.9
VFB 8.2

human body models.

Figure 8 also shows that the variability of the
SARyp around the mean is the largest in the realis-
tic VFB human body model. Table 2 lists the stan-
dard deviation (o) of SARy, in the different human
body models for an urban-macro cell environment.
For the spheroid human body models, ¢ increases
with size of the spheroids. The highest o is ob-
served for the realistic VFB model. The larger vari-
ability of SAR., is caused by the irregular shape
of the VFB. This can be partly explained from Fig-
ure 9. Figure 9 shows the variation of SARyp, along
the elevation direction (E- and H-polarization) for
single incident plane wave exposure. The variation
of SARy, is larger for the irregular-shaped, realistic
human body model of the VFB. The heterogeneity
of the tissues has a minor effect on the variation of
SARwb- Moreover, the spheroid human body mod-
els do not show a variation of SAR. along the
azimuth direction because of the rotation symme-
try. Due to the absence of rotation symmetry in
the VFB, SARy, in the VFB varies also along the

azimuth direction.

Discussion

In this study a fast numerical SME method is pre-
sented for the assessment of the whole-body aver-
aged SAR induced in heterogeneous human body
models in a multi-path environment. Assessing the
whole-body SAR in a real environment requires a
statistical approach [Vermeeren et al., 2008a]. Dif-
ferent approaches exist. In specific cases, determin-
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Figure 9: The whole-body SAR in the heteroge-
neous and homogeneous VFB, and the 1-year-old
spheroid human body model for (a) vertical and
(b) horizontal polarized single incident plane-wave
exposure at 950 MHz with varying elevation angle.

istic methods using, e.g., 3D ray-tracing tools are
applied [Neubauer et al., 2009]. For more generic
environments such as urban and indoor-outdoor en-
vironments, surrogate modeling, Monte-Carlo anal-
ysis, and the proposed statistical multi-path expo-
sure method (SME method) can be applied. With
respect to the surrogate modeling and the Monte-
Carlo method, the SME method keeps the relation
between the incident fields and the induced whole-
body SAR. The price for this relationship is a larger
set of 3D numerical computations. Keeping the re-
lationship between the incident fields and the in-
duced SAR allows us to investigate in the future



which exposures causes high induced SAR.

Despite the increased number of full-wave com-
putations with respect to surrogate modeling and
Monte-Carlo simulations, still a reduction in sim-
ulation time (with a factor 2 or more) is obtained
with the presented approach with respect to a com-
plete full-wave analysis. The SME method re-
duces largely the computational complexity once
the BFDs are known compared to a solely full-
wave approach. The exposure in a multi-path envi-
ronment is modeled as the superposition of several
single-incident plane waves. We applied the FDTD
method to compute the BFDs. In the FDTD
method a total-field scattered-field (TFSF) method
is used to model a single-incident plane wave. In
order to model multi-path exposure in an FDTD
solver, several plane-wave sources are placed in the
simulation domain whereas in the SME method
the total fields on the closed surface around the
body model for multi-path exposure are obtained
by superposition of the total fields of the individ-
ual single-incident plane waves. In addition, also
the data is significantly reduced with respect to a
full-wave approach as only the electric and mag-
netic fields on the closed surface around the human
body model are necessary to calculate the whole-
body SAR. In an FDTD scheme the fields need to
be computed in every cell of the simulation domain
resulting in a large overhead of data.

The Statistical Multipath Exposure (SME)
method for realistic human body models is an ex-
tension of the SME method for rotation and mir-
ror (in a horizontal plane) symmetric human body
models such as a spheroid. Due to the absence of
the rotation and mirror symmetry the number of
computed basic field distributions (BFDs) increases
enormously. Despite this increase in the amount of
full-wave 3D electromagnetic simulations for com-
puting the BFDs, the proposed extension of the
SME method still shows a large reduction in over-
all simulation time with respect to a completely
full-wave numerical approach. The method has
been improved to deal efficiently with the increased
amount of data with respect of the SME method
for rotation symmetric bodies: for every incident
plane wave in the set of incident multiple plane
waves, only the neighboring BFDs are loaded in-
stead of loading all the BFDs in memory at the
beginning of the algorithm. Another difference is
the closed surface around the human body. For re-
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alistic human body models a closed boxed surface
is sufficient. Consequently, only a 2D interpolation
scheme is sufficient instead of the 3D interpolation
for rotation symmetric human body models. A final
significant difference between realistic and rotation
symmetric human body models is that the BFDs
also have to be computed for varying azimuth an-
gle. This is not the case for the rotation symmetric
human body models because the fields for a dif-
ferent azimuth angle can be determined by a rota-
tion of the fields from another azimuth angle. This
also implies that for realistic human body models
a 2D interpolation in the azimuth-elevation plane
instead of the 1D interpolation for rotation sym-
metric human body models.

The uncertainties of the SME method are due
to the full-wave computations for the BFDs, the
large uncertainty on the dielectric properties and
the mass density of the human body tissues, and
the algorithms used to assess SAR., for multi-path
exposure (referred to as SME calculations). As
discussed in the validation, errors of less than 1%
can be obtained with respect to the full-wave com-
putations. Thus, the uncertainty is mainly deter-
mined by the uncertainty of the full-wave tool. Un-
certainty of FDTD computations is studied thor-
oughly in Bakker et al. [2010]. The overall uncer-
tainty is here estimated to be equal to 21 %.

The fast SME method is applied to the VFB in
four realistic environments for the GSM downlink
frequency at 950 MHz. This study confirms the
findings of Vermeeren et al. [2008], Kiihn et al.
[2009], Kientega et al. [2011] that multiple plane-
wave exposure can induce a higher whole-body
SAR than the worst-case single incident plane-wave
exposure. The influence of the morphology was also
investigated. We showed that internal and exter-
nal morphology largely influences the whole-body
SAR. Our findings agree with Conil et al. [2008],
Habachi et al. [2010]. The increase in whole-body
SAR in heterogeneous tissue distribution with re-
spect to a homogeneous tissue distribution can be
attributed to the difference in tissue properties and
standing wave effects in tissues with low water con-
tent [Christ et al., 2006]. The influence of posture
on SAR1, was not investigated, but based on Uusi-
tupa et al. [2010] it is expected that the variation
of SARyp will increase when taking into account
different postures of the human body model. We
also showed that at higher frequencies the influence



of the environment on the statistics of the whole-
body SAR is negligible. Finally, this paper also
clearly confirms that the deduction of the ICNIRP
reference levels based on the worst-case homoge-
neous exposure for homogeneous human body mod-
els does not yield a conservative approach. In ad-
dition, Kiihn et al. [2009], Uusitupa et al. [2010],
and Bakker et al. [2010, 2011] also showed that
for worst-case single incident plane-wave exposure
and multi-path exposure taking one reflection into
account, the basic restrictions might be violated
at other frequencies by larger amounts than at
950 MHz, especially at frequencies around 2 GHz.
This is mainly attributed to the relaxation of the
reference levels at frequencies above 2 GHz.

The current SME method only applies for as-
sessing the whole-body SAR because the absorp-
tion is determined from the electromagnetic fields
on a closed surface around the body. To calcu-
late the organ-specific and localized SAR requires
the knowledge of the fields inside the human body.
Extending the SME method for organ-specific and
localized SAR is currently under investigation.

Conclusions

The statistical multi-path exposure tool is extended
so that it can be used for heterogeneous realistic hu-
man body models. The numerical method is inves-
tigated thoroughly for the Virtual Family Boy ex-
posed to the GSM downlink frequency of 950 MHz
in several realistic environments. The method is
a fast alternative for full-wave 3D electromagnetic
solvers to assess numerically the absorption in a
body. At 950 MHz, the gain in time can be as
high as a factor 2 or more. The exposure sam-
ples can not only be generated by the statistical
method of Olivier [2007], but can also be exported
from a 3D ray tracing tool. The whole-body ab-
sorption in the Virtual Family Boy for the GSM
downlink at 950 MHz has been investigated for sev-
eral realistic environments. It is shown that the
whole-body SAR exceeds the basic restrictions for
an incident power density equal to the ICNIRP ref-
erence level for 0.3 % of the exposure samples. The
whole-body SAR for realistic exposure also exceeds
for 3.6 % of the exposure samples the whole-body
SAR in for worst-case single plane-wave exposure.
Furthermore, it is also shown that the whole-body

SAR in homogeneous spheroid human body mod-
els and for realistic multi-path exposure underesti-
mates the whole-body SAR in heterogeneous real-
istic human body models.
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