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Abstract—The authors of a previously published paper on be extended to frequencies as low as 300 MHz. However,
the dependence of electromagnetic (EM) energy absorption con- an extension to higher frequencies was not possible without
cluded that homogeneous modeling of the human head is suited ¢, ther studies, since peripheral tissue layers are expected to

for assessing the spatial-peak absorption for transmitters operat- | . t role th tl f . In th
ing at 900 MHz or below. Additional studies became necessary play a more prominént role than at fower irequencies. In the

for the frequency bands utilized by new mobile communications frequency bands of the new-generation cellular-phone systems,
systems (i.e., 1.5 and 2.5 GHz) since some peripheral tissue layers.e., between 1.5-2.5 GHz, the thickness of some tissue layers

have a thickness of the range oi\/4—>\/2._The results of the sim-  gre in the range of\/4-)\/2, whereby the attenuation in
ulations combined with worst-case considerations confirmed the these layers is not significant enough to exclude possible

anticipated and more complex relationship between absorption h t effects due t flecti t the b dari d
and anatomical details at these higher frequencies. Nevertheless, aénhancement elfects due 1o refiection at the boundaries or due

homogeneous representation of the head is suited for assessing thd0 matching effects.
maximum specific absorption rate (SAR) in the head of the user ~ The objective of this paper is to assess these effects with

of mobile telecommunication equipment (MTE) if the appropriate  respect to the suitability of using homogeneous phantoms for
dielectric parameters are chosen. testing compliance of mobile telecommunication equipment
(MTE) at these frequencies. The methods and the approaches
|. INTRODUCTION adopted are basically analogous to those for the study at 900

NCE the beginning of 1997, the U.S. Federal Commd¥HZ in [7], but performed at 1800 MHz.
ications Commission (FCC) requires the routine specific _ _ _
absorption rate (SAR) evaluation of mobile telecommunic#&. Numerical and Experimental Techniques

tions devices prior to equipment authorization or use [1]. The numerical analysis of the complex head phantoms were
Similar recommendations have been made by other standajérformed with the commercial software package MAFIA.
ization bodies [2]. These exposure limits are defined in tergis code based on the finite-integration technique (FIT) [8]
of the SAR(SAR = 0 E?/p) averaged either over 1 or 10 gjs slightly conceptually different to the finite-difference time-
of tissue mass. domain (FDTD) technique, but nevertheless results in the
Two dosimetricE-field scanning systems have been devekame numerical scheme. The open domains were bounded by
oped for such compliance tests [3], [4], both of which argecond-order Mur absorbing-boundary conditions. Excitation
restricted to measurements in shell phantoms filled with véas accompiished using a Smoothiy increasing harmonic func-
tissue-simulating liquid, the recipes for which are given ifon and the computation was terminated after steady state was
[5]. The suitability of such homogeneous head phantoms hasiched (usually after 10-20 periods).
been investigated for the 900-MHz frequency band [5]. The For the spherical phantoms, the three-dimensional (3-D)
results of this study, which was conducted using several headitiple multipole (MMP) software package was used. This
phantoms of varying complexity, showed that the assessggquency-domain boundary technique enables reliable error
spatial-peak SAR is always higher in homogeneous heggtimations and is especially efficient and accurate for layer
phantoms than in nonhomogeneous phantoms. Most importgpheres [9].
is the finding that the overestimation for the region above theThe dosimetric assessment system (DASY2) was used to
ear is quite moderate, i.e., less than 10% for an averagiggperimentally evaluate the absorbed electromagnetic (EM)
mass of 10 g and less than 25% for 1 g. On the basigwer inside the different shell phantoms [4]. The uncertainty
of the energy absorption mechanism [6], these findings ¢t compliance testing was assessed to be with#5% [10].
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TABLE |
TissuE PARAMETERS OF THE NUMERICAL MODELS AT 1800 MHz M 1

ref. [11] ref. [12]

Tissue e 4 p A =

[mho/m] [kg/m®] [mm] —
bone (M1, M2, M3, M4) 197 055 1850 37 o
cartilage (M1, M2, M3) 38.3 1.23 1000 27 & |
skin (M1, M2, M3, M4) 38.4 0.99 1100 27 =
fat (M1, M2, M3) 9.4 0.25 1100 54
muscle (M1, M2, M3, M4) 55.2 1.30 1040 22
brain, grey matter (M1, M2) 51.5 1.57 1030 23
brain, white matter (M1, M2) 33.1 0.84 1030 29
brain, experiments (M3, M4) 41.0 1.65 1030 26
CSF (M1, M2, M3) 77.8 2.83 1000 19
aqueous humour (M1 — M4) 67.2 2.08 1010 20 ]
eye lens nucleus (M1, M2, M3) | 34.7 0.87 1050 28 I_Ei:l J H!I.l ! -:-III j III I -—'III ! I"!'::l
eye lens outer (M1, M2, M3) 49.5 1.33 1050 24 x[mm]
eye sclera (M1, M2, M3) 52.7 1.67 1020 23
blood (M3) 54.0 297 1060 22 Eig._ 1. SAR distribu_tion in thexz-plane of head phantom/1 (for quan-

titative values see Fig. 2).
parotid gland (M3) 70.0 1.90 1000 20
TABLE 1

TiSSUE PARAMETERS OF THE EXPERIMENTAL MODELS AT 1800 MHz

distinguished for which the electrical parameters given

in Table | were assigned. The voxel size varied between Tissue ref. [11] ref. (12)

1 mm® to 12 mn?¥, depending on the source of the data. er o 4 A
The fourth phantomA{4 corresponds to the most complex [mho/m] _[kg/m?] _[mm]
experimental phantonE1 (five-tissue phantom), which was ~ °"¢ &V 134 0.30 1850 45
discretized based on MRI and CT scans. In addition to the ®kir (E1) 328 198 oo 28
nonhomogeneous modeling, the internal tissue distribution ™uscle (E1) 506 1.56 1040 2z
was simplified. In the first step, the parameters of average brein, experiments (E1 - E3) | 41.0  1.65 1030 26
brain tissue were assigned to all tissues except the boneeye (E1) 67.6 2.26 1030 20

structure. These phantoms are referred to in the following
as simplified phantoms. Finally, the bone tissue was also

replaced by brain-average tissue (referred thh@®ogeneous o _ _
phantoms). of the feedpoint impedance. All results shown in the following

The three experimental phantoms are also described Y€ normalized to an antenna feedpoint current of 100 mA,
detail in [7]. The experimental phantodl is commercially which approximately corresponded to antenna input power of

available and simulates five tissue types: skin, muscle, boQe38—0-48 W, depending on the modeling of the head.

eyes, and brain. The electrical parameters of which are given in

Table II. Brain was simulated by a sugar-water solution having Il. RESULTS AND DISCUSSION

the electrical parameters. = 41+5% ando = 1.69 £+ 6% Fig. 1 shows the SAR distribution in the cross section of the

mho/m. The second model2 is a polyester shell copy of 13-tissue phantond/1 (voxel size 1 mm). The qualitative

E1, and the third modelE3 is a fiberglass-shell phantomSAR distributions in the other phantoms were very similar.

currently used in various laboratories in the USA and Europgore information can be derived from Figs. 2 to 4, in which

for compliance tests. Botl2 and E3 were filled with the the SAR values on thec-axis of the different phantoms

same tissue simulating liquid &s1. are compared. The-axis intersects the body’s axis and the
In order to avoid the uncertainties inherent in modelinfpedpoint of the dipole which is oriented iadirection and is

actual handsets, a dipole of 0450 length was chosen. It located atr = 115 mm. The distance between dipole and skin

was positioned at a distance of 15 mm from the head ai15 mm, i.e., surface of the skin is at= 100 mm.

oriented parallel to the body’s axis, as shown in Fig. 1. In the At 1800 MHz, most of the induced fields are already

numerical approach, the dipole was simulated as a filamettisorbed in the peripheral skin-muscle layer compared to

0.45\ in length. An 1800-MHz dipole of exactly the samed00 MHz because the penetration depth is reduced by about

length and made of standard 2.2-mm semirigid coaxial calB8%. Hence, the second maximum at the brain layer is much

was used for the measurements. The dipole is constructed lgss pronounced than at lower frequencies. The values at the

same way as described in [7], enabling accurate measurenmnface are nearly twice as large as those at 900 MHz, which
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Fig. 2. SAR profile in the complex head models/{~)/4) at 1.8 GHz Fig. 4. SAR profile in the homogeneous head modelg1{Ai4), the
above the antenna feedpoint. sphere and the experimental modelsl ¢£3) at 1.8 GHz above the antenna
feedpoint. The tissue parameters were= 41, ¢ = 1.65 mho/m.

! N I Y I
]

of layered bodies exposed to an incident plane wave [13]. The

» —{-o-MIs-D—MZs-o-M3s—X-M4s-0-EI L LB .
most pronounced effects occur inside the extraordinarily thick

20 skin layer of phantoml/4, which is nearly\/2 (see Fig. 2).

8 Any differences in the SAR distribution disappear as ex-

pected in the case of homogeneous modeling of the various

about 5% higher than those from the heterogeneous phantoms.
In the case of the 1-ctnaveraging volume, the homogeneous
numerical results as well as the experimental results are 20%
higher. The main reason for these rather large differences
lies in the significant differences in conductivity between skin
(o = 0.99 mho/m) and the material used in the simplified and
homogeneous phantonis = 1.65 mho/m).
; Regarding compliance testing, it is important to note that
so 45 40 specific tissue layers in the head may not only increase the
local SAR values but also the spatial-peak SAR values (see
Fig. 3. SAR profile in the simplified head models/(—1/4) at 1.8 GHz Figs. 5 and 6). In order to verify these findings and to assess
above the antenna feedpoint. All tissues except the bone tissue were substitthe greatest possible enhancements due to standing-wave and
with e = 41, ¢ = 1.65 mho/m. matching effects, additional studies were performed.

First the phenomena observed were verified in spherical
tallies well with the approximation formula given in [6]. Themodels using equivalent layer configurations as found on
determining factors are the greater conductivity and, motiee z-axis in the complex models. The computations were
importantly, the decreased coupling due to the larger distangerformed with 3-D MMP; the uncertainties of the result
of the dipole in terms of wavelength (i.e., larger value of th@ere assessed by result validation procedures to be less than
correction factor in [6]). +1%. Some results are shown in Fig. 7. The comparison

The pattern of the SAR distribution within the single layershows the same qualitative and quantitative distributions in
greatly deviates from the strongly monotonous decay obsentbe homogeneous sphere with all homogeneous numerical and
at lower frequencies (i.e., is not approximately proportional #xperimental phantoms. Also, the distribution of the sphere
oH?2 ). The reason is that the thickness of some tissue layevith 10-mm skin layer and 5-mm bone layer hardly differs
is in the order ofA\/4—\/2 (see Table I), which causes effectdrom that of A4 (see Fig. 2). An even more pronounced
similar to standing waves and the impedance-matching effeatatching effect is found with just a 10-mm-thick bone layer.

% s A phantoms. The value at the surface also tallies well with the
8 17 mW/g estimated by the approximation formula in [6].

5 B The volume-averageSARY values(SAR" = ¢E?) are

% 2 \ compared in Figs. 5 and 6. The 10 &mveraged values are
5 10
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Fig. 7. Influence of a peripheral bone and skin layers on the absorption.
Computed with layered spherical models at 1.8 GHz. Dipole distance is
15 mm. Quter diameter of the sphere is 200 mm.
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TABLE 11l
‘ Maximum EF's
I Structure SAR ¢ qug SAR10g—qvg
. |_Bomugenious layer  bulk | EF  dyer | BF  diayer
’ ' skin muscle | 0.87 7mm | 098 7mm
(FBIaz 6 Spatial-peakAR " values averaged over 10 érbrain tissue at 1.8 skin bone 0.85 14mm | none®
muscle bone 0.87 11mm | none®
bone brain 1.1 7mm | 141  9mm

Since these effects are greatest for a planar layered structure
exposed to normally oriented plane waves, the plane model @No enhancement occurs due to the lower reflection of bone
was used to evaluate the worst-case enhancement with respect  tissue and the larger averaging volume.
to the spatial-peak SAR values. The thickness of the front

layers were varied in order to find the greatest enhancemen : . . .
y 9 . ﬁa} users and under all operational conditions, i.e., it would

compared to the homogeneous half-s = 4l,0 = . o A
P 9 ! pace 7 atisfy the worst-case criteria of [14]. The overestimation is

1.65 mho/m). The maximum enhancement factors (EF’ .

. . ess than 5% for the 10-g averaged spatial-peak SAR and
f | hick h Table Il f -
ound at layer thicknessdiay.,) are shown in Table Il for nificantly less than 20% for the 1-g averaged value. In

the different structures: skin—muscle, skin—bone, muscle—boﬁg . .
otHer words, homogeneous modeling of the human head is well

and bone-brain. The parameters of Table | were used. . . . .
The enhancement er;fects observed in the case of the strﬁ%'—ted for testing compliance of hand-held MTE with safety

ture bone-brain vanish if the bone layer is covered by a sk[its from 300 MHz to 2.5 GHz. The fact that these findings

layer that is thicker than 1 mm. Hence, it can be conclud&?n also be extended to children has been demonstrated in a

that a homogeneous phantom consisting of material with theecently completed study [15].
parametersle, = 41,6 = 1.65 mho/m) overestimates the
exposure of nonhomogeneous modeling. REFERENCES
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