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Abstract—The requirements for testing compliance of cellular regions are adopting or intend to adopt the International Com-
phones with electromagnetic safety limits demand evaluation of mission on Non-lonizing Radiation Protection (ICNIRP) guide-
the maximum exposure that may occur in the user group under lines (e.g., Europe, Japan, Korea, etc.), which define the basic
normal operational conditions. Under these conditions, the tissues . - ’ ' ! ’ g
of the ear region are most exposed, the tissue composition of which limit for local exposure to _be 2 Wikg averaged over a _VOIL_Jme
is complex and varies considerably from user to user. The objec- Of 10 g and a period of 6 min [2]. The Federal Communications
tive of this paper is to derive head tissue equivalent dielectric pa- Commission (FCC) has adopted the slightly stricter limits of the
rameters that enable the utilization of one generic homogeneous ANSI/IEEE standard [3] for the uncontrolled environment, i.e.,
head for testing compliance for the entire user group, i.e., granting 1.6 W/kg averaged over a volume of 1 g and a period of 30 min.
no underestimation, but also not greatly overestimating the actual o . .
maximum user exposure. As a primary study, a simple analytical Several standardization bodies (i.e., IEEE SCC-34 SCC-2,
model of an infinite half-space layered tissue model exposed to aCENELEC TC-211 WG-2, IEC TC106, ARIB, etc.) are cur-
plane wave was utilized to investigate the impact of impedance- rently drafting recommended practices for experimental verifi-
matching standing waves, etc. on the spatial-peak specific absorp- cation of compliance of mobile telecommunication devices with
tion rate. The tissue layers were varied in composition and thick- these basic limits. They are based on one homogeneous head

ness, representing the anatomical variation of the exposed head re- - . . .
gion covering the user group including adults and children € 10% model since it had previously been demonstrated that this ap-

to >90% percentile). Based on the worst-case tissue layer compo-Proach is valid for the entire user group if the head shape and
sitions with respect to absorption at each frequency, head tissue tissue-equivalent parameters are appropriately chosen [4], [5].

equivalent dielectric parameters for homogeneous modeling were However, the scientific bases for the latter had not yet been pro-
derived, which result in the same spatial-peak absorption. The va- vided.

lidity of this approach for near-field exposures was demonstrated . . . .
by replacing the plane wave by different near-field sources (dipoles The dielectric properties that have been used in the past

and generic phones) and the layered structure with magnetic-res- for compliance testing were predetermined head tissue, such
onance-image-based nonhomogeneous human head models. as averaged gray—white brain, gray brain, muscle tissue, etc.,

assuming worst-case absorption due to high losses. This does
not necessarily hold true since complex absorption patterns in

heterogeneous phantoms caused by impedance matching and
. INTRODUCTION standing waves may lead to a higher spatial-peak average SAR

OBILE telephones are RF transmitting devices that aféen compared to homogeneous modeling [5].

normally operated at the user’s ear. Although the time Absorption patterns in the human head were initially investi-
averaged output power of these devices are below 1 W, comﬂﬁted on the bases of layered structures [6], [7]. The multilay-
ance with the safety limits for human electromagnetic exposufeed spherical model, consisting of a core of brain tissue with
are not intrinsically granted [1]. several additional layers of various tissues, was first investigated

Safety limits for electromagnetic exposures have been pfY Shapiroet al. [8] and later by Weil [9] and Kritikos and

posed by national and international organizations, e.g., [2], [§jchwan [10]. In [9], a seven-multilayered model consisting of
In the frequency range between 100 kHz—10 GHz, the prima®yf: skin, fat, bone, d_ura, cereb.ro spinal fluid (CSF), ar]d.bram
dosimetric parameter for the evaluation of the exposure is tH@S used, whereas in [10], a five-layered model consisting of
specific absorption rate (SAR). SAR is defined as the pow8l" skin, fat, skull, and brain was used to model the tissue struc-

absorbed by the unit of mass of tissue (watts/kilogram). Mot of the head. All of the above studies focused on the absorp-
tion mechanism and resonance effects of electromagnetic (EM)

energy in biological tissues when exposed to an incident plane

Index Terms—Human head modeling, mobile phones, SAR.
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TABLE | the worst-case tissue composition is not kngyen seand a full
OPERATING FREQUENCIES OFMOBILE TELECOMMUNICATION SYSTEMS analysis is necessary. However, the number of combinations
is too large to conduct this analysis by numerical simulations

ggggﬁgﬁgg SYSTEM for the entire frequency range. Other more analytically based
300 MHz MPT132, approaches had to be considered.

450 MHz | TETRA, NMT450, GSM450 The authors of [1] found that the dominant absorption mech-
835 MHz AMPS anism of biological bodies in the close near field of transmitters
i?lgo ﬁgz TACS, NMTP9DOCO' GSMIQ0 is inductive coupling and the absorption at the surface of the
1800 MHZ GSM1800 biological body can be reliably approximated based on the in-
1900 MHgz PCS cident magnetic-field strengths. For the latter, the far-field con-
2000 MHz UMTS sideration had only to be modified by multiplying the free-space
gégg ﬁgi RLANS reflection coefficient by a correction factor. However, this cor-

rection factor is only a function of the distance between the

source and body with respect to the wavelength and of neither
e&be dielectric properties nor the source. In [5], the enhancement
gﬁggs observed in nonhomogeneous phantoms at 1800 MHz
c%u d be explained, verified, and analyzed by a planar layered
odel. In addition, the results of several studies [4], [5], [11]

absorption on human modeling at 900 MHz using four h
erogeneous phantoms based on magnetic resonance im

(MRIs) with voxel sizes down to 1 mfn The excitation source
gmonstrated that the shape of the head has only minor impact

was a half-wave dipole positioned at a distance of 15 mm fro
the head and with an orientation parallel to the body axis. T . ) .
P y Qsthe absorption as long as the source is operated in the closest

numerical results were compared with those of measureme% o . ) o
P rPX|m|ty of the tissue. The combined findings of these pre-

in a multitissue phantom and two homogeneous phantoms\??ous studies suggest that an analytical planar model exposed
different shapes and sizes. Similarly, Meier [5] studied t 99 y b P

e SO i .
dependence of EM energy absorption at 1800 MHz in t é/planewaves is suited as a primary study to derive worst-case

human head using the same heterogeneous phantoms as i Eﬁre compositions with respect to maximum spatial-peak SAR

and a half-wave dipole source. Both studies derived appropri es (maximum enh.ancement effects due to sta.ndl'ng waves
acri1d impedance matching, etc.). Nevertheless, the findings must

ielectri i fh i ivalent li - K ’
dielectric properties of homogeneous tissue equivalent liq Ig carefully verified by near-field sources. The reason is that

for SAR compliance testing, which overestimate the worst-ca ) : . ; :
. ; e field decay in the tissue may be considerably enhanced if
heterogeneous modeling. These studies were later comQ e-

mented by Schonboret al.[11] investigating the difference of]c € s.palual gr?r(]jlentthof tE_e I(;]CICiﬁlﬁfl-fldd normal to the sur-
the absorption in children and by Burkhagdtal.[12] studying ace s larger than the skin depth [1].
the appropriate modeling of the ear.

The limitations of these studies were that they only focused
on the two frequency bands of 900 and 1800 MHz. In addition, lll. PRIMARY ANALYSES
they only addressed alimited variation in the layered structure of . _ . . .
the human head and not the worst-case variation since they werlﬁfI Fig. 1, the Iqteral vView Of. facial Expression muscles_ IS pre-
based on eight randomly selected phantoms derived from M?_ﬁnted. Four regions with major anatomical differences in tissue

scans. According to Meier [5], in the frequency bands of th%omposition can be identified. The region of the auricularis su-
new generation of cellular systems, i.e., 1.5-2.5 GHz, anato rior muscle, the region of the occipitalis muscle, the region
ically layered structure models of the human head can lead othe temporal bone, which is located posterior and superior

increased absorption in the layers due to impedance matchm he human pinna and is free of muscle, and finally the re-

and standing waves, which occur in thicknesses of periphegé n behind the cpmpresgeg. ;?(inna. Hefre, aderz]qL:caLe mofdels of
tissue layers in the range af4-/2. the tissue composition and thicknesses for each of these four re-

More comprehensive data are needed to provide a solid scigH’—ns have/ b(;aeln C;%ated for Xgunt cf;jldren (5;10 years oldr)]_?nd
tific basis for the entire user group and for a broader frequen nagers/adults-{10 years old). By the age of ten years, chil-

range covering the most important bands of mobile commu fen have an almost fully developed brain with a mean weight

cations between 300-3000 MHz (Table I). The objective of thPsI: 1|36b0 9 [1_3].1,:\880rding to [13], the mean weight for an adult
paper is to derive head tissue equivalent dielectric paramet Te rain 1S 9 . :
which enable the evaluation of the compliance of mobile phones able Il shows the variations of thicknesses that are believed

with the dosimetric safety limits for the entire user group whelg COVer at least the 10%-90% percentile of the user population.
used under normal operational conditions, i.e., next to the ear. 1€ brain was homogeneously modeled as the average be-
tween gray and white matter since pronounced enhancement

effects do not occur due to the brain folding. The human pinna
has been rudimentarily modeled as a homogeneous layer of car-
The tissue composition above and in the vicinity of thélage tissue. Notice that the thickness does not represent the
ear can be approximated by a layered structure consistingastual thickness of a compressed pinna, but the minimum and
cartilage, skin, fat, muscle, skull, dura, CSF, and gray amdaximum thickness of a homogeneous cartilage tissue that can
white brain matter. Since effects from impedance matching be contained in a compressed pinna. Since the absorption in the
standing waves may result in enhanced spatial-peak absorptignna must be treated differently, the energy loss in the pinna

Il. METHODOLOGY
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TABLE I
VARIATIONS OF HUMAN HEAD TISSUE THICKNESSES

Tissue Compressed Temporal bone Auricularis Occipitalis
pina region region sup. region region
5-10y >10y 5-10y >10y 5-10y >10y 5-10y >10y
mm mm mm mm mm mm mm mm
cartil. 2-4 4-8 -—- -—- -—- --- -—- -—-
skin 0.5-1.5 1-2 0.5-1.5 1-2 0.5-1.5 1-2 0.5-1.5 1-2
fat 0-1 1-2 0-1 1-2 0-1 1-2 0-1 1-2
muscle -—- -—- -—— -—- 0.5-3 1-4 0.5-3 1-4
skull 1-7 1.5-7 2-7 3-7 1-7 1.5-7 2-8 3-10
dura 0.5 1 0.5 1 0.5 1 0.5 1
CSF 0-1.7 0-2 0-1.7 0-2 0-1.7 0-2 0-1.7 0-2
brain inf. inf. inf. inf. inf. inf. inf. inf.
. . TABLE Il
Auricularis DIELECTRIC PROPERTIES ANDTISSUE DENSITIES AT900 MHz
muscle Parietal
bone TISSUE &g’ g’ o P
COMPOSITION
Sim | kg im?
T ! cartilage 42.6115.610.78 1000
empora skin 43.8(17.20.86| 1100
bone (dry/wet)
fat 11.3(2.18]0.11 1100
(mean)
muscle 55.9119.3(0.97 1040
(average)
skull 20.8]6.79(0.34 1850
Occipitalis dura 44.4[119.2]0.96 1030
muscle CSF 68.6[148.2]2.41 1030
brain 45.8115.3(10.77 1030
(average)
Compressed oor ' ' ' '
. ' —— 300 MHz
pinna 90 | 900 MHz | T
o 1800 MHz
§ 8ol 3000 MHz |
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Fig. 2. Infinite half-space layered tissue models.

Fig. 3. Local SAR distribution for selected frequencies. Tissue combinations:
300 MHz: skin 2 mm, fat 1 mm, muscle 4 mm, skull 10 mm, dura 1 mm, CSF

: : : : m, and thick brain. 900 MHz: skin 2 mm, fat 1 mm, muscle 4 mm, skull
is not evaluated in the analysis of spatial-peak 1- and 10-g  mm, dura 1 mm, CSF 2 mm, and thick brain. 1800 MHz: skin 2 mm, fat

erage SAR. Skin tissue consisting of epidermis and dermis hagm, muscle 4 mm, skull 8 mm, dura 1 mm, CSF 2 mm, and thick brain.
been varied here from 0.5 to 1.5 mm for children and from 1 #8900 MHz: skin 2 mm, fat 1 mm, muscle 4 mm, skull 6 mm, dura 1 mm, CSF

2 mm for adults. This follows a reference value for the thicknegg™™ and thick brain.

of scalp skin of 1.3 mm reported in [13]. For children between

5-10years old, the fat layer has been varied here from 0 to 1 ntissue, consisting of the dura, subdura, and arachnoid layers,
and from 1 to 2 mm for ages older that ten years. The auriculahias been modeled here as 0.5- and 1-mm thick for children and
and occipitalis muscles have been varied here from 0.5 to 3 nieenagers/adults, respectively. In [13], the range of CSF tissue
for children and from 1to 4 mm for teenagers/adults. Durwas reported between 90-150 mL under normal physiological
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30

E1TBc: skin 0.5mm, fat Omm, skull 2mm, dura 0.5mm, CSF 1.7mm, brain

3 CPc: cart 2mm, skin 0.5mm, fat Omm, skull 1mm, dura 0.5mm, CSF 1.7mm, brain

O AMec: skin 0.5mm, fat 0Omm, muscle 1mm, skull 1mm, dura 0.5mm, CSF 1.7mm, brain

@ AMta: skin 1Tmm, fat 1mm, muscle 1Tmm, skull 1.5mm, dura 1Tmm, CSF 2mm, brain

SAR [mW/kg normalized to 1W/m2]

B OMta: skin 2mm, fat 1Tmm, muscle 4mm, skull 8mm, dura 1mm, CSF 2mm, brain

H homogeneous: perm=40, cond=1.40 S/m, dens=1000 Kg/m3

19

Fig. 4. Homogeneous versus nonhomogeneous modeling with respect to the spatial-peak 1-g average SAR at 1800 MHz.

TABLE IV thickness of the human skull varies the most compared with
DIELECTRIC PROPERTIES OFHEAD EQUIVALENT TISSUESREPRESENTING that of any other tissue in the human head. This variation is
WORST-CASE TISSUE COMPOSITIONS FOR1- AND 10-g AVERAGED . . .. .. ’
SPATIAL -PEAK SAR accounted for by inter-individual variation, as well as for lo-
cation variability (temporal and parietal bones). Temporal bone
FREQ. € o c tends to be narrower in the region that is located 2 cm superior
MHz S/m S/m from the external auditory meatus (ear canal) [15]. The com-
1g 10g pressed pinna and auricularis muscle cover this thinnest part
300 45.3 0.87 0.70 f th b H h b hick
50 [ 43 5 087 075 of the temporal bone. Here, the temporal bone thickness was
835 41.5 0.90 0.80 modeled with a minimum of 1 mm and a maximum of 7 mm
900 | 41.5 0.97 0.85 for children and with a minimum of 1.5 mm and a maximum
1450 | 40.5 1.20 1.10 of 7 mm for teenagers/adults for both of the regions of com-
1288 28'8 1'28 1'18 pressed pinna and auricularis muscle. According to [15], this
5500 | 40 0 T 40 T 40 represents 3:15%—_>85% percentile of the sample meas_ured
2450 | 39.2 1.70 1.80 (5—-20-year-old subjects). The temporal bone mean estimated
3000 | 38.5 2.10 2.40 thickness in [15] is doubled when moving superior and pos-

terior from the external auditory meatus for both children and

teenagers/adults. Thus, in the region of temporal bone identi-
conditions. The reference value for the CSF volume in an adfi#d earlier, the skull thickness was modeled with a minimum
male head was reported to be 120 mL, 20% more than thatadf2 mm and a maximum of 7 mm for children and with a min-
an adult female head. Assuming a spherical model for a langeum of 3 mm and a maximum of 7 mm for teenagers/adults.
male adult brain with a radius of 75 mm (voluree1767 mL), The thickness of the parietal bone was measured in [16] for a
the maximum CSF layer that can surround the brain is 2 msample of 96 subjects (newborn to 21 years old) at a point that
corresponding to a volume of approximately 145 mL. The braia defined to be two-thirds of the way between the external au-
volume for five-year-old children (1300 mL [13]) is 25% lesdlitory meatus and sagittal suture on both sides of the skull. The
than the volume of a large adult male; consequently, the makickness of the parietal bone was reported for children to be be-
imum thickness of the CSF layer will be 1.7 mm correspondirtgeeen 2—8 mm and for teenagers/adults between 3—-10 mm with
to a volume of approximately 105 mL. This certainly reprea <5%—95% percentile.
sents and overestimation from the realistic thickness of the CSFThe layered structures described above are irradiated by a
layer contained in the subarachnoid space since a consideralgamally incident plane wave, as shown in Fig. 2.
amount of CSF liquid is located in the brain lateral ventricles The generalized reflection coefficient at the section interfaces
where it is formed [14]. It is apparent from Table Il that th¢17] was used to compute the electric fields in the medium re-
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OTBc: skin 0.5mm, fat 0Omm, skult 2mm, dura 0.5mm, CSF 1.7mm, brain

[ CPc: cart 2mm, skin 0.5mm, fat Omm, skull 1mm, dura 0.5mm, CSF 1.7mm, brain

£ AMc: skin 0.5mm, fat 0mm, muscle 1Tmm, skull 1mm, dura 0.5mm, CSF 1.7mm, brain

£ AMta: skin 1mm, fat 1mm, muscle 1mm, skull 1.5mm, dura 1mm, CSF 2mm, brain

SAR [mW/kg normalized to 1W/m2]

E OMta: skin 2mm, fat 1mm, muscle 4mm, skull 8mm, dura 1mm, CSF 2mm, brain

H homogeneous: perm=40, cond=1.40 $/m, dens=1000 Kg/m3

Fig. 5. Homogeneous versus nonhomogeneous modeling with respect to the spatial-peak 10-g average SAR at 1800 MHz.

»

cursively starting from brain tissue of infinite depth since reflec 2.5 mm |
tions from the backside of the brain—CSF interface are neg|

gibly small for the entire frequency range considered. The ele
tric field values were normalized for an incident power densit
of P, = 1 W/m?.

The local SAR was computed with a 0.2-mm step. The spi
tial-peak 1- and 10-g average SARs were computed as cut
volumes with+5% tolerance in the corresponding mass. Thi
mass-averaged spatial-peak SAR values (watts/kilograms) we
derived by shifting a cube that satisfies the mass constraints o\
the entire region. The 1-g cubes were shifted every 0.2 mrE
whereas the 10-g cubes were shifted every 0.4 mm.

The dielectric properties of the tissues used here to mod
the human head were computed from the 4-Cole—Cole formu
[18]. In Table 1lI, the dielectric properties and tissue densitie
[19] are presented for 900 MHz.

75 mm {900 MHz) 80 mm (900 MHz)
38 mm {1800 MHz) 40 mm (1800 M)

O mm .

Rt X

130 mm

v

RN 4 A
40 mm 16 mm

IV. RESULTS AND DISCUSSIONS 40 mm

A. Local SAR Distribution Fig. 6. Dimensions of the generic phones (quarter-wave monopoles mounted

Local SAR distributions for teenager/adult tissue combing- 2 perfectly conducting cases).
tions are shown in Fig. 3. These particular tissue combinations
generated high spatial-peak 1-g average SAR due to a pfar this combination is low due to the thick skull, which was
nounced matching effect that occurs in the presence of a thiokorporated in the 10-g averaging.
skull. The presence of the skull enhances the local SAR ab-As can be seen from Fig. 2, the absorption pattern deviates
sorption in the peripheral skin—fat—-muscle layer. Furthermoregnsiderably as a function of frequency. As the frequency in-
in this particular combination, a minimum skull is incorporatedreases and the wavelength becomes shorter, standing waves
in the 1-g averaging due to the maximum thickness of tleecur (1800 and 3000 MHz) in the peripheral tissue layers,
peripheral layers, thus enhancing the spatial-peak 1-g averagech have a thickness in the range %f4-\/2. The 1-mm
SAR. On the contrary, the spatial-peak 10-g average SA&er of fat, which follows the skin layer, causes an impedance-
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B Hom Flat Dip-15mm
@ Inho1 Flat Dip-15mm
_ 7.5 £Inho2 Flat Dip-15mm
E B Hom Flat Phone1-15mm
2 5 @ Inho3 Flat Phone1-15mm
Ea B Hom Adult1 Dip-15mm
= B Inho Adult1 Dip-15mm
2 45 B Hom Adult2 Dip-15mm
o @ Inho Adult2 Dip-15mm
< @ Inho 7years Dip-15mm
» . B Inho 3years Dip-15mm
E:—kam AAé:iuIltt11 PP*t:one11 -verr;t_icall pos,'itt.ion
it nho Adu one1-vertical position
Realistic shaped B Hom Adult2 Phone2-tilt posit?on
1.5 1 phantoms @ Inho Adult2 Phone2-tilt position
0 u

]
109 average

Fig. 7. Homogeneous (= 41.5, ¢ = 0.97 S/m,p = 1000 kg/m*) versus nonhomogeneous modeling in the near field with respect to the spatial-peak 10-g
average SAR at 900 MHz. Inhol: skin 1 mm, fat 1 mm, muscle 1 mm, skull 2 mm, dura 1 mm, CSF 2 mm, and thick brain. Inho2: skin 2 mm, fat 1 mm, muscle 4
mm, skull 2 mm, dura 1 mm, CSF 2 mm, and thick brain.

matching effect and the local SAR in the skin at 3000 MHgkull, generates very similar spatial-peak 1-g average SAR due

quadruples compared to 1800 MHz. to the impedance-matching effects and standing waves in high
frequencies. This is in line with the findings of Anne [20] that
B. Spatial-Peak Araged SAR the presence of the relatively low impedance of fat and bone

The spatial-peak 1- and 10-g averaged SAR were compu@&ers may effectively transfom_] the wave impedance of free
for all the tissue combinations specified in Table Il and fre3Pace to that of the high lossy tissues. N
quencies specified in Table I. A total number of 68 400 simy- AS ¢an be seen from Table IV, the conductivity for 1 g are
lations were performed. For each frequency, the tissue compjgher than those for 10 g at the low and vice versa for the
nations and thicknesses that result in the highest spatial-p&igher frequencies (2450 and 3000 MHz). This is explained by
SAR values averaged over 1 and 10 g were evaluated. The dBf impedance-matching effects in the peripheral tissues and
responding homogeneous dielectric properties were derived!§ reduced wavelength. At frequencies at which all the power
selecting the permittivity as the average of all tissues consfg-aPsorbed within the depth of the cube, i.e., above 3 GHz, it
ered, whereby the conductivity was determined to result in tRECOMES impossible to compensate the matching effects by in-
same (or slightly higher) spatial-peak SAR value. These equ€asing the conductivity of the homogeneous medium.
alent tissue properties are summarized in Table IV. ) ] ]

The highest spatial-peak 1- and 10-g average SAR from ndn- Comparison with Near-Field Sources
homogeneous modeling is compared to averages from homobnder the premise that the worst-case tissue composition for
geneous modeling at 1800 MHz in Figs. 4 and 5. The first twaane-wave excitation is also appropriate for near-field sources,
capital letters in the legend of Figs. 4 and 5 are abbreviation feomogeneous modeling of planar- and MRI-based human head
the regions in the human head [compressed pinna: (CP), temadels with the properties in Table IV should result in higher
poral bone (TB), auricularis muscle (AM), occipitalis musclepatial-peak SAR values than the corresponding nonhomoge-
(OM)] and the following small letter stands for either childremeous modeling when exposed to near-field sources. This was
(c) or teenagers/adults (ta). tested at 900 and 1800 MHz by comparing the spatial-peak SAR

As can be seen from Figs. 4 and 5, minor differenced nonhomogeneous phantoms with the spatial peak when all
exist in the absorption between children (5-10 years olt¥sue properties were replaced by the generic tissue of Table V.
and teenagers/adults>10 years old) as far as anatomicallhe layered structures were first exposed to dipole sources that
differences in tissue composition and thickness is concemmere orientated parallel to the layer at different distances. At the
In general, the tissue composition that incorporated the maame structures, the generic phones shown in Fig. 6 were eval-
imum CSF tissue and minimum skull generated the highasited as well.
spatial-peak 1- and 10-g average SAR at all frequencies undef he final tests were then conducted on the bases of different
investigation. Nevertheless, the tissue composition that canM®&I-based human head phantoms exposed either to a dipole
found in the occipitalis muscle region, which includes thickource or one of the generic phones shown in Fig. 6, whereby
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HWHom Flat Dip-10mm
@Inho1 Flat Dip-10mm
BInho2 Flat Dip-10mm

M Hom Flat Phone1-15mm
@ 1Inho3 Flat Phone1-15mm

B Hom Aduit1 Dip-15mm
O Inho Adult1 Dip-15mm
W Hom Adult2 Dip-15mm
@ Inho Adult2 Dip-15mm
HInho 7years Dip-15mm
OInho 3years Dip-15mm

SAR [W/kg/158mA]

M Hom Adult1 Phone1-vertical position
Flat shaped Realistic shaped @ :_r;ho f&%ullﬁ ;Parr\‘one1 -v¢|ertica| position
B Hom Adult2 Phone2-tilt position
phantoms [Phantoms Oinho Adult2 Phone2-tilt position

1g average

Fig. 8. Homogeneous (= 40,5 = 1.4 S/m,p = 1000 kg/m?) versus nonhomogeneous modeling in the near field with respect to the spatial-peak 1-g average
SAR at 1800 MHz (for composition of Inhol and Inho2, see Fig. 7).

the distances as well as the orientations were varied. The héael sense that it will ensure that the exposure is not underes-
phantom Adultl corresponded to the phantom head availatilated for a considerable cross section of the user population
from the Remcom Corporation, State College, PA. The othéx10%—>90% percentile). Hence, this paper closes an impor-
head phantoms are described in [4], [5] and [11], [12]. The cortant scientific gap for finalizing reliable and sound compliance
putations were conducted with finite-difference time-domain alesting procedures.
gorithms (XFDTD by Recom Corporation, State College, PA

and SEMCAD by Schmid & Partner Engineering AG, Zurich,

Switzerland).

The spatial-peak SAR values obtained with the homogeneous he authors gratefully acknowledge the advice of T. Schmid,
modeling were always larger than those from nonhomogenedashmid & Partner Engineering AG, Zurich, Switzerland, and A.
modeling. In Figs. 7 and 8, a selection of these results aferopainen, Nokia Research Center, Helsinki, Finland, as well
summarized, which demonstrated the validity of the approaah the help of A. Brehonnet, Nokia Research Center, Helsinki,
chosen in this paper. However, slight underestimation of tfénland.
10-g averaged values may theoretically occur at 3 GHz under
worst-case conditions, e.g., with the worst-case layer composi-
tion and when the source is within less than a few millimeters . _ o
flom the tssue. The reason s that, under these conditonst! | kst 21612 Barene, Enery bscroion neciari by booia
all the power is absorbed within the averaging cube such that  ven. Technolvol. 41, pp. 17-23, Feb. 1992.

the larger conductivity does not compensate for the matching2] International Commission on Non-lonizing Radiation Protection,

effects “Health issues related to the use of hand-held radiotelephones and base
) transmitters,’Health Phys.vol. 70, pp. 587-593, 1996.

[3] IEEE Standard for Safety Levels with Respect to Human Exposure

V. CONCLUSIONS to Radio Frequency Electromagnetic Fields, 3 kHz to 300 GHz

ANSI/IEEE Standard C95.1-1992, 1992.

The effects of the head tissue variability in the ear area on thg4] V. Hombach, K. Meier, M. Burkhardt, E. Kuhn, and N. Kuster, “The
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