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The Dependence of EM Energy Absorption
Upon Human Head Modeling at 900 MHz

Volker Hombach, Member, IEEE, Klaus Meier, Michael Burkhardt, Eberhard Kiihn, Member, IEEE, and Niels Kuster

Abstract— In this paper the dependence of electromagnetic
energy absorption at 900 MHz in the human head on its anatomy
and its modeling are investigated for RF-sources operating in
the very close proximity of the head. Different numerical head
phantoms based on MRI scans of three different adults were used
with voxel sizes down to 1 mm3. Simulations of the absorption
were performed by distinguishing the electrical properties of up
to 13 tissue types. In addition simulations with modified electric
parameters and reduced degrees of complexity were performed,
Thus, the phantoms greatly differ from each other in terms of
shape, size, and internal anatomy. The numerical results are
compared with those of measurements in a multitissue phantom
and two homogeneous phantoms of different shapes and sizes.
The results demonstrate that size and shape are of minor impor-
tance. Although local SAR values depend significantly on local
inhomogeneities and electric properties, the volume-averaged
spatial peak SAR obtained with the homogeneous phantoms only
slightly overestimates that of the worst-case exposure in the
inhomogeneous phantoms.

I. INTRODUCTION

IN THE PAST few years there has been an increase in public
concern about possible health risks from the electromag-

netic (EM) energy emitted by handheld mobile telecommu-

nications equipment (MTE). The first step necessary for an
assessment of the potential risks is to analyze and quantify
the EM field induced in the various tissues of the human head
caused by the use of a handheld cellular phone.

Two kinds of dosimetric assessments are of special interest,
depending on the emphasis placed on the assessment’s end-
point. Detailed information on the distribution of the induced

electric and magnetic field strengths inside the various tissues
of the head is a prerequisite to designing and performing the
most meaningful biological experiments. On the other hand,

an efficient, accurate, and reliable assessment is needed to
implement a standardized compliance test for MTE with the
basic safety limits.

To analyze the possible range of variations of the induced
field strengths in the various tissues requires an extensive
effort, since the local field strengths strongly depend on a large
number of parameters, such as:

1) operational frequency and antenna input power;
2) position of the device with respect to the head;

3) design of the device;
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4) the outer shape of the head;

5) the distribution of the different tissues within the head;

and
6) the electric properties of these tissues.

The last three factors are different for various individuals and
can even change with time. For example, the outer shape
depends on the individual profile and on any movement of the
mouth or the eyes. The electric parameters of a human body
vary with levels of physical and metabolic activity, health, and

age. The variations in all these properties lead to a spread in the
analyzed absorption distribution. A strategy on how to obtain

scientifically valuable information from this large parameter
range has not been worked out yet. However, it is clear that
such an approach would not be suited for a type-approval
procedure, which should be time-efficient, cost-effective, and
of utmost reliability. Simplifications are therefore required.

The current basic safety limits applicable for mobile com-
munications equipment are defined in terms of the specific
absorption rate (SAR). Three different limits are deftned: 1)

a whole-body average SAR; 2) a local peak SAR; and 3)
a specific absorption (SA), which limits the power of short
pulses. 1) and 2) must be averaged over a defined period of
time. In the case of an MTE operating at frequencies above
300 MHz, the absorption affects only those parts of the body
which are close to the device. Hence, the most critical value is
the local peak SAR limit. In Europe the basic limit set for the
general public is 2 mW/g averaged over a volume equivalent
to I () g and a periodof 6 min. [1]. The ANSUIEEE standard

[2] defines a stricter limit for an uncontrolled environment of
1.6 mW/g averaged over a volume of 1 g and a period of 30
min.

The objective of a type-approval procedure is therefore to
assess the maximum spatial peak SAR which the specific
device under test would induce among all users under various
operational positions. The currently most often used system
for testing MTE is the measurement setup using a homo-
geneous anatomically-shaped phantom filled with a liquid
simulating brain tissue [3], [4]. The rationale behind this
approach comes from the energy absorption lmechanism in

the close near field of antennas [5], which concludes that the
most determining parameters for volume-averaged values are
the time-averaged antenna input power, operational frequency,
design of the device, and its position with respect to the head,
and to a much lesser extent, on the physical properties of the
head.

In this paper the effects of head properties, such as size,

shape, and inhomogeneities on the absorption are studied to
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Fig. 1. Experimental setup: Dosimetric Assessment System DASY 2.0
is used during the experimental phase of this investigation. A six axis,
high-precision robot positions the -E-field probe inside the phantom head
models.

evaluate the applicability of homogeneous head phantoms for

compliance tests.

II. NUMERICALAND EXPERIMENTAL TECHNIQUES

Fig. 2. Surface view and two cross-sectional views of the three MRI
ph~ntoms.

A. Simulation Technique

In electrodynamics by far the most flexible way to inves-
tigate effects which depend on multiple parameters is with
computer simulations, since geometry and domain properties
can be easily varied. Many numerical techniques exist for the
analysis of complex near-field scattering problems, whereby
the finite-difference time-domain (FDTD) technique [6] has
proven to be the most efficient method for studying absorption
in strongly inhomogeneous bodies. FDTD is currently used
by various groups to study the absorption in the human head
from mobile phones (e.g., [7]–[ 10]) and to test novel antenna
designs (e.g., [11], [12]).

The applied, commercially available code MAFIA [13]
is based on the finite integration technique (FIT), which
is well described in [14]. This technique is conceptually
slightly different than FDTD but leads to the same numer-
ical scheme. The open domain is bounded by second-order
Mur absorbing boundary conditions. Excitation is done by a
smoothly-increasing harmonic function and the computation
is terminated after steady state is reached (usually after 10 to
20 periods). Computational time for 2.5 million voxels was
typically three hours on an IBM RS6000/560 computer.

B. Experimental Technique

The setup shown in Fig. 1 was used to perform the ex-
perimental studies. The SAR distribution is determined by
measuring the electric field with miniaturized E-Field probes
inside shell phantoms filled with tissue simulating liquids. The
probes are positioned by a six-axis precision robot (Staubli
RX90) with a position repeatability of better than +0.02

TABLE I
THREE DIFFERENTHEAD MODELSFOR COMPUTER SIMULATIONS

Ml M2 M3

ref. [17] ref. [18] ref. [8]

Head Volume 4.44dm3 3.35dm3 4.26 dm3

Tissues 13 120 12

Computational 175x230 159x208 159x206

Space x226mm x201mm x 249 mm

Voxel Size (1 mm)3 (1.075 rnrn)3 (1.875 rnrn)2

x3mm

mm (at constant temperature). An optical surface-detecting

system is integrated into the probes, which enables the accurate
positioning of the probe with respect to the phantom’s inner
surface. The SAR distribution can be measured for basically
any volume. For dosimetric assessments of RF-sources close

to the head, the following measurement strategy has been
implemented: The E-field probe first scans over a large area
inside the head to roughly localize the maximal SAR value.

In a subsequent step SAR-measurements are done along a

fine grid within a 35 g volume cubically shaped around this
maximal value. This cube is large enough to provide enough

data to evaluate the spatial peak SAR. The whole procedure is

completely automated and takes less then 15 min. A detailed
description of the system is given in [4]. An error analysis has
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TABLE II
TISSUE PARAMETERS FOR THE FIT SIMULATIONS

Tissue

bone (Ml, M2, M3, M4)

cartilage (Ml, M2, M3)

skin (Ml, M2, M3, M4)

fat (Ml, M2, M3)

muscle (Ml, M2, M3, M4)

brain, grey matter (Ml, M2

brain, white matter (Ml, M!

brain, average (M3, M4)

CSF (Ml, M2, M3)

eye humour (Ml, M2, M3, h

eye lens nucleus (Ml, M2, h!

eye lens outer (Ml, M2, M3~

eye sclera (Ml, M2, M3)

blood (M3)

parotid gland (M3)

ref. [16] ref. [10]

G u P

[mho/m] [kg/m’]

20.9

41.9

40,7

10.0

57.4

53.8

34.5

41.0

79.1

67.9

36.6

51.6

54,9

55,0

70.0

0.33

0.83

0.65

0.17

0.82

1.17

0,59

0.86

2.14

1.68

0.51

0.90

1.17

1.86

1.90

1850

1000

1100

1100

1040

1030

1030

1030

1000

1010

1050

1050

1020

nla

nja

TABLE 111
TISSUEPARAMETERSFOR THE EXPERIMENTAL SIMULATIONS

Tissue I ref. [16] ref. [10]

bone (El, M4)

% a P

[mho/m] [kg/m’]

14.8 0.15 1850

skin (El, M4) 42.0 0.78 1100

muscle (El, M4) I 51.7 111 1040

brain, average (El, M4, E2, E3) 41.0 0.88 1030

eye I 67.9 1.68 1030

Fig. 3. Photo of the experimental head phantom El. Five tissues are simu-
lated: brain, bone, skull, muscle, and akin.

shown that the uncertainty of the measured spatial peak SAR
values is less than 2070, using the probe calibration technique
as described in [15].

III. HEAD PHANTOMS

A. Exposure

In order to avoid the uncertainties of modeling actual hand-
sets, a dipole O.45A in length was chosen. It was positioned

1867

Fig. 4. Numerical phantom which corresponds to the experimental head
phantom El. Five different tissues nre distinguished: brain, bone, skull,
muscle, and skin.

Fig. 5. Polyester copy E2 of phantom El.

Fig. 6. Fiberglass head-torso phantom E3 which is used for dosimetric tests
of mobile telephones.

at a distance of 15 mm from the head and with an orientation

parallel to the body’s axis (see figures).
In the numerical approach the dipole was simulated as a

filament 0.45A in length. A SPEAG 900 MHz test dipole
of exactly the same length and made of standard 3.6 mm
semirigid coaxial cable was used for the measurements. The
bifilar matching line had a length of exactly A/4 at 900 MHz,
allowing direct measurement of the feedpoint impedance of

the dipole, using a network analyzer with a shorted feeding
gap as reference. Accurate information about the feed point
impedance which changes considerably with distance from
the body is essential, since the absorption is not primarily
proportional to the output power but to the square of the
antenna current [5]. In order to compare the results, all values
were therefore normalized to an antenna current of 100 mA.

B. Numerical Phantoms

Accurate phantoms of heterogeneous human heads can be

generated on the basis of magnetic resonance imaging (MRI).
The translation of the three-dimensional (3-D) data sets of
relaxation times into the tissue distribution is a difficult task
and generally requires a person trained either in medicine
or biology, who is able to distinguish both transitional and
marginal regions. MRI produced in different li~boratories, by
different scientists and from different test subjects inevitably
contain differing discretizations.
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Fig, 8. SAR distribution in the zy plane of head phantom M 1 (left), M2 (middle), and M3 (right).

In this study three phantoms discretized by different groups,

based on MRI data sets of three different adults are used and
their results compared. Fig. 2 shows the outer shapes and two
cross-sectional views of these head phantoms and Table I gives
the data of discretization. The ear closest to the antenna needs

special attention:

During normal use of a hand-held telephone, the ear is

pressed against the head and, therefore, changes its shape. In
order to avoid effects caused by the different ear modeling,

which may mask the effects of the head itself, the outer right

ear of the head phantoms was removed.

The phantoms can be described as follows:

1)

2)

Model Ml was taken with the highest resolution. Its
voxel size is 1 mm in all three cartesian dimensions. M 1
has the largest volume. The brain region was segmented

very carefully. For the entire head 13 tissue types were

simulated. However, the lower part of the head was

assigned to only one tissue type.

The second head phantom M2 has nearly the same

voxel size. It was developed for the training of medical

3)

4)

students and distinguishes among 120 tissue types. For
the EM analysis this large number needed to be reduced

to 13 different tissues for which electric parameters are
available [16].
The third head phantom M3 was taken with a voxel size

of about 12 mm3. The discretization is relatively crude.

In the original MRI model the skin was not identified.

In the computer model the skin was added as an outer
layer with a thickness of one voxel. The brain region

of head phantom M3 is homogeneous and assigned only

one tissue type.
The fourth numerical phantom M4 (see Fig. 4) corre-

sponds to the experimental phantom E 1 described below
(Fig. 3). It was derived from MR and CT cross sections

taken every 2 mm. The voxel size was 2 mm x 2 mm

x 2 mm.

Comparing the data of different publications reveals a spread
in the values given for the electric parameters of different

types of tissue. Table II shows the electric parameters we have

chosen for this study. The permittivity and the conductivity
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with high water content (c. = 43.5, a = 0.9 mho/m)
and one with low water content, using the parameter of
bone tissue, i.e., e. = 21, cr = 0.33 mhohn (referred to
as Mls, M2s, M3s, M4s); and
homogeneous head phantoms with the outer shape of the
MRI phantoms which contain only one tissue type with
ET = 43.5, 0 = 0.9 mho/m (referred to as Mlh, M2h,
M3h, M4h).

and the assignment of the electrical parameters to various

tissues is fraught with considerable uncertainties. Therefore,

the question of whether these parameters significantly alter the
absorption has been studied by relating different parameters to
the various tissues:

1) anatomically correct head phantoms with tissue distri-
butions derived from MRI (referTed to as Ml, M2, M3,
M4);

2) simplified head phantoms, which have the outer shape
of the MRI phantoms, but which contain only one tissue

C. Experimental Phantoms

Three different phantoms were studied.

1) Complex, Five Tissue Model referred to as El: artificial
“in-vivo” phantom head from Microwave Consultants
(Fig. 3). The phantom head simulates four tissue types:
skull, muscle, skin and eyes. The fifth tissue, brain, is
simulated by a sugar-water-salt solution with the electric
parameters of the mean value between gray and white
matter (e. = 41, 0 = 0.88 mho/m). The parameters of
the other tissues are given in Table III. The head size
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Fig. 12. SAR profile on the z axis through the simplified head phantoms.

2)

does not correspond to that of an average person since
the volume of the brain is only about 1 liter instead of
the typical value amounting to about 1.4 to 1.5 liters. In
addition the skin-skull layer in the area above the ear is
wider (15.5 mm) than for an average person.
Homogeneous Shell Copy referred to as E2: exact copy
of the outer shape of the previous complex phantom
(Fig. 5). The shell is made of polyester (E. = 4) and
the thickness varies between 3 mm and 6 mm due to
the manufacturing process. This phantom is again filled
with the same brain tissue simulating liquid. About 2.5
liters can be used. In this case not only the brain area
but the entire human head is modeled homogeneously.
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Fig. 13. SAR profile on the z axis through the homogeneous head phantoms.

-d
o
0

cd
4
G?

Fig. 14. Peak SAR averaged over 1 g of tissue mass,

6

mMlmM2mM3mM4HE2~E3

@ 5- “

g ~

Fig. 15. Peak SAR averaged over 10 g of tissue mass

3) Homogeneous Torso Model referred to as E3: head-
torso phantom of a human being (Fig. 6). The shell
is anatomically correctly shaped and is made of a 3
mm thick fiberglass (ET = 2.8). Shape and size of
this phantom are very different from the shell copy of
the complex phantom. It is considerably larger (4 liters
instead of 2.5). For dosimetric characterizations of MTE
this phantom is currently used in several laboratories in
Europe and the United States.
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TABLEIV
ANTENNACURRENT,ANTENNAlNPUT POWER, AND RATIO OF

ABSORBEDPOWERTO INPUT POWEROF VARIOUS HEAD PHANTOMS

phantom

anafom. corr.

Ml

M2

M3

stmpkjied

Mls

M2s

M3s

homogeneous

Mlh

M2h

M3h

E2

E3

IV

I P,In.! &n PaJP,n

[rnA] [W]

100 0.44 0.72
2)

100 0.48 069 —.

the minimum in the bone in between. The maxima at
the brain surface in Fig. 9 are lower than thc,se in Fig. 7.
This is primarily due to the higher conductivity (O = 0.9
mho/m) which is used for the skin in the simplified
phantoms in comparison to the actual skin conductivity

of 0.65 mho/m.
Since no tissues are distinguished inside the brain region,
the SAR distribution shows a smooth decay.

klg. 10 shows the SAR distributions inside the homoge-
100 0.52 0.69

neous head phantoms M 1h, M2h, and M3h. These differ from

100 0.43 0.74

100 0.46 0.69

100 0.51 0.70

100 0.41 0.72

100 0.41 0.65

100 0.41 0.70

100 0.45 -

100 0.46 -

RESULTS

A. SAR Distribution in Various Head Phantoms

The coordinate system used for analysis and presentation of

the results is oriented so that the z axis is parallel to the head
axis and the dipole axis. The x axis runs from the body axis
toward the dipole feedpoint. The dipole feedpoint is always
located at z = 115 mm, y = O, z = O.

Figs. 7 and 8 show the qualitative SAR distribution of each
of the anatomically correct head phantoms, in both the z,z
plane and the Zy plane, respectively. The dipole is seen as a
line or a point. High SAR values are in red, low SAR values

those of the anatomically correct and simplified phantoms as
follows:

1) Only one SAR maximum is observed at the phantom
surface.

2) Inside the phantom the EM field decays monotonically.

All these differences can be directly explained by the energy
absorption mechanism. According to [5], the induced SAR
is primarily determined by the square of the II-field which
drops inversely proportional to the square of the distance from
the source. In the case of transmitters very close to the head,
this factor is dominant so that even lossy bone tl~ssue can be
approximated by a layer of air of the same thickness in order
to assess the SAR in the brain tissue behind this layer. In other
words, the distance dependence dominates the field attenuation
due to absorption. The often discussed effects (occurring in

far field exposure situations (e.g., refraction effects. etc.)

are negligible in case of the extreme near field exposure.
Quantitative presentations of the SAR values in Figs. 11 to 13
on the z axis in the range 40 mm < z < 100 mm confirm this.
The head surface facing the dipole is located at x ==100 mm.
In addition, in the same figures the simulations are compared
with the measurement data which are normalized to an antenna
feedpoint current of 100 mA. Noticeable is the good agreement
between measured and simulated data.

in blue. The results can be summarized as follows:
B. A~’eraged SAR Values

1) The region with high absorption values in all head

2)

3)

phantoms is small and close to the feedpoint of the

dipole. In most parts of the head the EM field is
relatively low.
Two SAR maxima can be identified in each of the MRI
based phantoms, one on the skin’s surface and one on
the brain’s surface. The SAR induced in bone tissue is
considerably lower. The absolute values of the maxima
differ from model to model.
Examining the details of the SAR distribution in the
brain region, one can identify varying SAR distributions
in phantoms M 1 and M2, which may be attributed to

different conductivities of gray and white matter. Phan-
tom M3 reveals a monotonic decay of the absorption
rate inside the brain tissue.

The volume-averaged spatial peak SAR values (mW/cm3)

were derived by shifting a cube of 10 mm ( 1 g) or 21.5 mm
side length (10 g) over the head region, calculating u Illlz
averaged over each cube and searching for the position where
this value is at a maximum.

The averaged values for the experimental plhantoms are
derived as described earlier. 175 measurements inside a cube
of about 35 g of brain tissue provided sufficient data to
accurately locate the spatial peak SAR values averaged over
1 g and 10 g using interpolation and extrapolation routines.

This is a departure from the definition in the standard
requiring averaging over volume of 1 g or 10 g Itissue, but is
much easier to compute and to compare. It, however, slightly
underestimates the mass-averaged SAR values.

Fig. 9 depicts the simplified head phantoms with only In Figs. 14 and 15 SAR values averaged over 1 cm3 and
two types of tissue. The resulting SAR distribution shows 10 cm3 for the various heads and different modelings are
some agreement and differences with respect to that of the compared.The difference between the various heads and
anatomically correct phantoms. the different modelings are surprisingly small. The smaller

1) The simplified phantoms also exhibit the two SAR values of phantom M3 can be explained by the thickness of
maxima at the skin surface and the brain surface with the bone layer which exceeds that of an average adult. The
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homogeneous head overestimates the absorption compared to
the highest value found among the inhomogeneous phantoms
by 25% for the 1 cm3-average and by only 10% for the 10
cm3,-average.

In Table IV the antenna input power Pin as well as the ratio
of absorbed Pa to the antenna input power are given. The
radiated power is about 450 mW and varies by 2070 depending
on the modeling. Typically, 70% of the antenna input power
is absorbed by the heakl. The variation of <15% indicates that
homogeneous heads are suitable for the purpose of radiation
optimization of MTE.

V. CONCLUSION

The results basically confirm the conclusions of [5] that the
spatial peak SAR is scarcely affected by the size and the shape
of the human head for electromagnetic sources at a defined
distance from the human head. Compared to other factors,
such as distance of the source from the head and design of
the devices, the effects caused by the complex anatomy are
minor especially in the case of volume-averaged values. Due

to the strong radial decay of the H-field in the vicinity of the
source, variations of the bone conductivity have scarcely any
effect on the absorption in the brain tissue.

The comparison of the results obtained from the inhomoge-
neous and homogeneous phantoms suggests that homogeneous
phantoms are highly suited to be used in compliance tests
for handheld MTE operating in the 900 MHz band. The
overestimation of the averaged spatial peak SAR values is
small when compared to the largest value obtained by the
inhomogeneous phantoms. This is especially true if the values

are averaged over a volume equivalent to 10 g. The major
advantage of using simple homogeneous phantoms is that the

number of tests can be reduced since small shifts of the source

parallel to the surface result in almost no changes in the
spatial peak SAR values. In case of inhomogeneous modeling
variations of several dB must be expected for shifts of a few
millimeters. Therefore inhomogeneous phantoms might result
in artificially low SAR values for some positions of the device
with respect to the head, which would not represent the actual
exposure of the various users.

These results were found for sources operating at 900
MHz but can be extended for frequencies down to 300 MHz.

Whether they are valid for the 1.5 to 2 GHz band must be
subject of further study.
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