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Appropriate Modeling of the Ear for Compliance
Testing of Handheld MTE with SAR Safety
Limits at 900/1800 MHz

Michael BurkhardtMember, IEEEand Niels KusterMember, IEEE

Abstract—A variety of phantoms simulating the human head homogeneous head phantoms, since the entire volume must be
have been used to test compliance of mobile telecommunicationsaccessible by the probe. In most cases, the ear has been re-
equipment with safety standards. Whereas numerical compliance placed by a lossless spacer [4], [6], [7]. The suitability of homo-

procedures have mostly been performed using complex anatomical hant f luat had b d
phantoms based on magnetic resonance imaging (MRI) data, ex- geneous phantoms for exposure evaluations had been demon-

perimental procedures have mainly relied on homogeneous phan- Strated based on the results of a series of studies [8]-[11] sys-
toms, the ears of which have often been modeled as lossless spacertematically investigating the dependence of the absorption on
Previous studies had indeed demonstrated that the absorption in the internal anatomy. The objective of another study [7] was to

the head tissue, except the outer ear, can be well represented byg, arimentally evaluate the head shape in the vicinity of the ear
a homogeneous head of appropriate shape and material. The ob- .

jectives of this paper were to fill the gap of the remaining open &S well as the thickness of the collapsed ear. The study was per-
issues, namely: to evaluate the exposure in the ear region with re- formed with 52 male and female volunteers. Based on this data,
spect to the spatial-peak specific absorption rate and to evaluate a phantom was proposed for compliance testing, the shape of
the most appropriate modeling of the ear for experimental evalu- which corresponds to the 90% percentile of greatest absorption

ations such that it represents the maximum exposure of a reason- for the evaluated group. Following the same approach, it was
able cross section of cellular phone users. This paper is based on a ted that th : hould b deled b loss| '
detailed numerical phantom produced using high-resolution MRI suggeste at the ear shou € modeled by a lossless spacer

scans. During scanning, the ear was naturally collapsed as it occurs Of 4 mm, corresponding to the 10% percentile. Although it was
when using a cellular phone. The results of this study lead to the noted that there is absorption in the pinna, it was argued that the
conclusion that the spatial-peak absorption occurring in the inner  |osses in the outer ear would be compensated by the replace-
and outer ear can be reliably modeled either by a lossless spacer of yant of the low-loss structure of the inner ear (bony structure
not thicker than 3—4 mm or by patrtially filling the simulated pinna . . " . . . .
with head tissue simulating media, whereas the minimum distance with air caV|-t|es) through the lossy tlssue.5|mulat|ng matenal.
between the device and liquid should not be larger than 3 mm. ~ However, this argument was bas?d_ on fat{ona| reasoning rather
Index Terms—Compliance testing, dosimetry, ear modeling, than on hard scientific facts. Providing S|m|!ar arguments, some
handheld mobile telecommunications equipment. groups have used the same phantom, but increased the distance
to 6 mm, which approximately represents the average thickness
of the collapsed ear.
The lossless spacer has always been criticized since it does
. INTRODUCTION not account for the losses in the pinna, which might be quite

EGULATORY bodies in the U.S. [1], Europe [2], andlarge due to the close proximity of this tissue to parts of the

Japan [3] require compliance testing of handheld mobikhone, potentially conducting significant RF currents. This crit-
communications equipment prior to market introduction. FdgiSm was supported by data obtained from numerical studies
example, [2] requires that demonstration of compliance mdaased on mhomogeneous hegd phantoms derived from magnetic
be shown for a reasonable cross-section of mobile telecomnfigsonance images (MRI), which showed greatly enhanced spe-
nications equipment (MTE) users in four different operation&ific absorption rate (SAR) values in the external ear [12]-{14].
conditions and for all device configurations, whereby the uftowever, all these studies were performed based on phantoms
certainty must be added to the results. Devices with antenih noncollapsed ears, which obviously overestimates the ratio
input powers of less than 20 mW are excluded. Many compR€tween energy absorbed in the ear and the rest of the head.
ance tests of handheld devices have been performed experini@rddition, the maximum voxel sizes were rather large (up to
tally using measurement systems similar to the one descri&Imn?), which may result in significant overestimation of the
in [4]. Although multitissue phantoms have been developed [$Posure due to numerical artifacts [15].

demonstration of compliance can only be performed based Or{\le\_/ertheless,_there Wasacle_ar need to_thoroughly address the
question regarding the appropriate modeling of the ear for com-
. . tE)_,iance testing. The objective of this study was to evaluate the
Manuscript received June 22, 1999. The work was supported by T-Mobi in th . b d high Iuti h
GmbH, by Swisscom, by the Swiss Priority Research Program MINAST, tiyXPOSUre in the ear region based on a hig -reso utlon_ phantom
the EUREKA Project SARSYS, and by Schmid & Partner Engineering AG. With an accurate model of a collapsed ear and to investigate pos-
M. Burkhardt is with the Regulatory Group, diAx, Zurich, Switzerland. sibilities for appropriate modeling of the ear in experimental
N. Kuster is with the Swiss Federal Institute of Technology (ETH), CH-8092 . . . .
Zurich. Switzerland. Setups, which neither greatly overestimate nor underestimate the
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Fig. 1. MRI slices at three different locations in the ear region. The ears had been gently pressed toward the head as it would occur in a real-werld MTE us

situation.

Fig. 2. Voxel model of the head (left-hand side) and a close-up view of the high-resolution ear region (right-hand side).

Il. HEAD MODELING AND TRANSMITTER REPRESENTATION  voxels and 1.2 Gbytes of memory, and took approximately 60 h

The MRI data sets from which our previous phantoms Wefgr ten periods on a Sun Ultra 2 (300 MHz) computer.

derived were taken without collapsing the ear, nor did they pr _Additionally, a homogeneous phantom was created by cutting

vide the necessary resolution for accurate modeling of the &3 earaway in all MR slices and smoothing the head surface in

region. For the purpose of this study, a high-resolution MRI daﬁ'ée Ssrﬁlgltlg)sr;uzzev?;j(;?rﬁzg?g daxigi?eczgﬂ:’g; fggﬂzvgg
set of the complete head of a healthy female volunteer (age ) . :
P y (ag fneter sets of HTSL1 and HTSL2, as given in Table |. HTSL1

was obtained from the University Hospital of Zurich, ZuriChéZéresponds to the values used in our previous studies [9]—[11]
Switerland. The ears were gently pressed to the head surf . B
gty p d HTSL2 was initially proposed by the Federal Communica-

in order to obtain the appropriate ear shape for a realistic M . .
user situation (Fig. 1). The MRI slices were separated by 1 m ns Commission (FCC) and approximately corresponds to the
gthmetic average of grey and white matter.

in the ear region and 3 mm in the upper and lower head regioﬁ I der t hensively studv th f th
From this data, a computer-aided design (CAD) model was con-" Order 1o comprenensively study the exposure ot the ear

structed consisting of 121 slices, which were separated into £2'0N: two different generic transm_ltters were useq: 1)a0.45-
different tissue types. Two different numerical phantoms we ole and 2). a generic phone (Fig. 3). 'The basic study was
created: 1) a high-resolution model with 0.125-fwvoxels in perfqrmed using the dipole. ".1 order to \_/glldate _the ge.nerallty of
the ear region and expanding mesh steps in the upper and IOW&ﬂndmgs fpr oiher ”?‘”S”"“er?' add_ltlonal S|_rr_1ulat|ons were
head regions and 2) a model with 1-rhwoxels in the ear region performed with a generic phone in various positions.

and 9-mnt voxels in the upper and lower head regions for fast
parametric studies. A detailed view of the high-resolution ear
region is given in Fig. 2. The model with the highest resolution The study was performed by employing the finite-difference
required a computational domain of approximately 14 milliotime-domain (FDTD) technique, applying a three-dimensional

I1l. M ETHODS



BURKHARDT AND KUSTER: APPROPRIATE MODELING OF THE EAR FOR COMPLIANCE TESTING OF HANDHELD MTE 1929

TABLE |
DIELECTRIC PARAMETER SETS OF THEHEAD TISSUE SIMULATING LIQUIDS (HTSL) USED FOR THEHOMOGENEOUSHEAD MODELING

Spec. gravity 900 MHz 1800 MHz
tissue plg/em®] & | olmho/m] || € | oc[mho/m]
HTSL1: Head Tissue Simulating Media 1.00 43.5 0.90 41.0 1.69
HTSL2: Average Brain (FCC) 1.00 45.8 0.77 43.5 1.15

2.5 mm

S

175 mm (900 MHz)
: 38 mm (1800 MHz)

8 mm
sk =

y

10 mm

a

T 8 mm
8 mm

140 mm

.
40mm ** 16 mm Position B1 Position B2

Fig. 3. Dimensions of the metal case of the generic phone (left-hand side) and vé?tigalr(d horizontal 2) phone positions (right-hand side). The metallic
box is at a distance of 2 mm from the outermost voxel of the pinna, corresponding to a 2-mm plastic layer covering the metal case. The dot corresponds to th
location of the opening of the auditory canal.

(3-D) in-house kernel developed within the framework of which is directly proportional to the feedpoint current [8]. SAR
Swiss priority research program. For the numerical model, aalues were calculated in the center of the voxels by interpo-
inhomogeneous grid with expanding mesh steps was usedatting all 12 electric-field values of the surrounding edges.
minimize memory costs and computation time. The time stepThe 1-g/10-g spatial-peak SAR values were calculated by ex-
was chosen according to the Courant limit [16]. Second-ordeanding a cube at each grid point until the desired mass was
Mur absorbing boundary conditions (ABCs) were used faeached. The cube was always aligned parallel to the grid coor-
these calculations to truncate the computational domain despiteates and each outermost layer of the cube consisted of at least
the availability of other ABCs in the current implementationone voxel of tissue, i.e., the cube not only contained tissue, but
including a Higdon operator up to fourth order and perfectlgiso air voxels. This evaluation approach is in good agreement
matched layer (PML). This enables some computationaith the latest definition for the “cube” described in the various
expenses to be saved since scattering at nonperfectly absoristagdards.

boundaries is of negligible significance for close near-field The experimental data used for validation purposes was
studies due to the strong dependence of the absorption ondbéined using DASY3 (Schmid & Partner Engineering AG),
distance [8]. The head models for validation purposes hawhich is the successor of the dosimetric assessment scanner
been simulated with the FDTD-similar finite-integration (Fl@escribed in [4] and provides enhanced precision and flexibility.
implementation applying the commercially available software
package MAFIA [17]. Details on the FDTD technique can be
found in [16] and in [18] for FI.

A computer-aided design (CAD) tool (SEMCAD, Schmid & In the first step, the performance of the new phantom was
Partner Engineering AG, Zurich, Switzerland) was used for tlrempared with those of the previous phantoms (Fig. 4). A com-
import of CAD data derived from the MRI images, for the rotaprehensive data set is available for the excitation of a 0.45-
tion of the CAD data and the subsequent automatic discretizhpole source at 900 MHz. The orientation of the dipole is ver-
tion. The rotation of the CAD data prior to discretization is nedical and the position of the feedpoint is 5 mm above the pinna
essary to obtain reliable tilted head models, as used in this papéd at a distance of 15 mm between the feedpoint and surface

The excitation of the dipole and generic phone exposure wafsthe head. The same dielectric parameter set as in the pre-
chosen to be an added source [19] in order to directly normalizeus studies was chosen, which corresponds to the Dielectric
all values to the feedpoint current. This approach is advant@atabase from Microwave Consultants, London, U.K. [20]. The
geous since the SAR is predominantly induced byAhéeld, SAR distribution and spatial-peak SAR values were computed

IV. V ALIDATION OF THE NEW HEAD MODEL
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Fig. 4. Head phantom database used in previous studies. Numerical head phantoms based on MRI data: male head phantoms evaluatet/ih, [®]2[11] (
M3, M5), Asian male head\{{ 7), which has not yet been studied, seveni7] and three-year-old{3) children evaluated in [11], new female head with collapsed
ears (\/6). Experimental head phantoms: shell phantom for compliance testing described i3[9lshell phantom £2) with the same head shape &3, a
five-tissue phantom described in [5}/4 is the numerical model aE'1, based on CT scans.
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Fig. 6. Comparison of the SAR distribution for the same excitation
nd phantoms N/1,...,M6) than in the previous figure, but for which
dielectric parameters of all tissues were replacedehy = 43.5,

o1 = 0.9 mho/m, andp = 1 g/cn?. In addition, the experimental values for

three experimental head phantonl( £2, and £3) are given.

Fig. 5. SAR distribution along a line perpendicular to the axis of a 0.45-
(900-MHz) dipole directly behind the feedpoint for five inhomogeneou
MRI-based head phantoms. The dipole is located with its feedpoint 5
above the pinna, at a distance of 15 mm to the surface of the head.

for the inhomogeneous phantom, as well as for the homoge-

neous phantom in which the dielectric parameters of all tissues 5

were replaced by the parameters of the head tissue simulatin =~ *’ vt

liquid (HTSL1). - aM2
The SAR distributions along a line perpendicular to the dipole § '3 | aM3

axis directly behind the feedpoint are compared in Figs. 5 ands aMs

6. In Fig. 6, the experimental data for the three different head 5§ , ,

phantomsE1/E2/E3 (see Fig. 4) have been added. In Fig. 7, = .5 mehild 3y

the 1- and 10-g spatial-peak SAR values are compared. 3 ochild 7y.
The obtained SAR data for the new head model is well - os §E aM6

within the given range of the other head models (Figs. 5 and  ©
6), verifying the previous conclusions that local absorption

is strongly depeqdent on differences of the interr:'al_ anaton?“y . 7. Comparison of the spatial-peak SAR values averaged over 1- and 10-g
whereas the spatial-peak SAR values vary only within a smalfthe five phantoma71, . .., A6 and the two children phantond&7 andC'3.

inhomog. homog. inhomog. homog.
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TABLE 1l . ® inhomogeneous with ear @ homogeneous without ear
DIELECTRIC PARAMETERS AT 900 AND 1800 MHz [21]AND TISSUE : ) : — :
DENSITIES[14] : LR g ’
5 | PO O
Spec. gravity 900 MHz 1800 MHz z s
tissue plg/cm®] ¢ | olmho/m] || & | o[mho/m] ;!; 5
bone 1.81 20.8 0.34 193 0.59 z ¢
skin 1.01 43.7 0.86 414 1.21 5 3
fat 0.92 11.3 0.11 11.0 0.19 & 2
muscle 1.04 56.0 0.97 54.4 1.39 1
brain 1.04 45.8 0.77 43.5 1.15 o
CSF 1.01 68.6 2.41 67.2 2.92 ,
blood 1.06 61.4 1.54 59.4 2.04 I
cartilage 1.10 42.7 0.78 40.2 1.29 61
eye: s
vitreous humour 1.01 68.9 1.64 68.6 2.03 g
lens 1.10 46.6 0.79 45.4 1.15 g 4
sclera 1.17 55.3 1.17 53.6 1.60 g 3
air 0.00 1.0 0.00 1.0 0.00 %
5 2
v
range (Fig. 7). In other words, the spatial-peak SAR—at least o

. 20 40
for the area above the ear—can be well assessed using a hom

geneous phantom having the appropriate dielectric parameters.
Fig. 8. SAR distribution along a line perpendicular to the Q&00-MHz)

x-axis {mm]

dipole axis. a) 5 mm above the pinna (top. b) Directly behind the feedpoint
V. RESULTS AT900 MHz (bottom). The dipole was positioned with its feedpoint directly behind the
A. Dipole Configurations opening of the auditory canal at three distances (2/5/10 mm) to the outermost

B ] ) ) _voxel of the pinna. The dot in a) and b) corresponds to the position of the axis
The position of the dipole in the above-mentioned absorptieere the SAR was evaluated. In &) and b), anatomically correct modeling

studies [9]-[11] was chosen because it results in the largest #pluding the complicated shaped ear region is compared to homogeneous
. . . modeling (HTSL1:e,, = 43.5, 01 = 0.9 mho/m) without an ear and a
sorption. The brain was also considered to be the most relevapijified ear region.
tissue with respect to health-risk considerations. Another reason
for choosing the position was its rather simple and well-define W inhomogencous with car @ homogeneous without ear
tissue distribution, i.e., small shifts parallel to the surface c - T o —
the skin do not result in significant changes of the absorptic_
pattern. Much larger variation must be expected for the ear rE
gion, which is composed of a complex 3-D tissue distributiors _ |
including air cavities and low-loss bone structures, as well &
various wet tissues.
The basic investigation on the absorption in the ear region w:z
also performed using the dipole since it has a well-defined cu
rent distribution, which does not strongly depend on the loa
i.e., on the scattered field. The effect on the impedance, whi
would significantly distort the evaluation of the absorption in

the ear as a function of the modeling, can be avoided by néfg. 9. Spatial-peak SAR values averaged over 1 and 10 g and the maximum

s : ne-voxel SAR for the 0.45-dipole (900 MHz) located with its feedpoint at
malizing all values to a constant feedpoint current of 100 mﬁie opening of the auditory canal for the inhomogeneous phantom including

The vertical d|p0|e was shifted on a matrix para"6| to the healda ear as well as for the homogeneous phantom (HT8L1= 43.5,0, =
surface, with a distance to the closest tissue voxel of 2 mm f&# mho/m) without ear but with a 4 mm spacer.
the inhomogeneous phantom. The separation of the33ma-
trix was 20 mm in thez- and 15 mm in they-direction. The volume containing the spatial-peak SAR value shifts away from
values were compared to those of the homogeneous phantbefeedpoint to areas of greater wet tissue content. This is rep-
(HTSL1: ¢,; = 43.5, o1 = 0.9 mho/m) with a 4-mm loss- resented in Fig. 10, showing a shift in position of the averaging
less spacing. The dielectric parameters were chosen from [2dJume to outside the complex-shaped air-containing ear region
(Table I1), which are more recent than the dielectric parametdos inhomogeneous modeling. Since the homogeneous phantom
used in the previous studies. shall be designed to well represent the spatial-peak SAR values,
The results of a representative position directly behind thlee homogeneous head without the ear will not well represent
opening of the auditory canal is shown in Fig. 8, in which ththe local-peak SAR, which occurs in the pinna (Fig. 8). It must
two additional distances of 5 and 10 mm were also evaluataldo be noted that these local values strongly depend on the
in order to verify whether the findings have a strong distanshape of the ear. On the other hand such single-voxel based
dependence. values incorporate large uncertainties due to numerical artifacts,
At this particular position, the earlier assumption holds thathich can easily exceed 100% [15].
filling the low-loss structure of the inner ear with lossy liquid Based on these results, considerably larger spatial-peak SAR
compensates for the losses in the pinna (Fig. 9). However, tridues had to be expected when the feedpoint of the dipole is

8 4

R [mW

distance ear-dipole: d [mm]
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Fig. 11. Spatial-peak SAR values (right) averaged over 1 g for the .45
dipole (900 MHz) located with its feedpoint at nine different locations on a plane
parallel to the ear (left-hand side). The middle position (black dot) corresponds
to the position described in Figs. 8 and 7.

inhomogeneous homogeneous .. .
with ear without ear position B1 position B2

35

Fig. 10. Locations of the 1- and 10-g averaging volumes in the huma 900 Mz 900 Mtiz

head model are shown for inhomogeneous modeling (left-hand side) ar
homogeneous modeling (right-hand side) for a OMé&ipole. The feedpoint is
located directly behind the auditory canal; the distance between the dipole a
the closest voxel is 2 mm. For homogeneous modeling, the 1-g cube is locat
inside the 10-g cube.

17100 mA

W/g

shifted to locations where the tissue volume of the pinnain th £
proximity of the feedpoint is considerably larger. To study this
dependence, the dipole’s position was shifted on a plane paral ¥
to the ear on a 3 3 matrix, the results of which are plotted

in (Fig. 11). The largest spatial-peak SAR (1-g averaged) we

approximately 3 dB above the value found at the center positiol lg 10g g 10g
The reason is the larger volume of the pinna and that the boi _
structure of the inner ear does not entirely extend to this e:_ B inhomo. £ homo. 4 mm spacer O homo. 6 mm spacer

region. However, this dipole simulates a concentrated source
.g . P . . . . I-glg. 12. Spatial-peak SAR values averaged over 1- and 10-g for veRital
within only 2 mm from the tissue, which is unlikely to 0CCUfeft-hand side) and horizonta$? (right-hand side) phone positions for the

in daily situations. inhomogeneous phantom including the ear, as well as for the homogeneous
phantom (HTSL1e,.; = 43.5, o1 = 0.9 mho/m) without the ear, but with

. . L . - " a 4/6-mm spacer at 900 MHz.
B. Generic Phone Configuration in Simplified Positions P

In order to better represent the actual exposure with a more . .
distributed source in the area of the ear, a generic phone cer of 3-4 mm represents the maximum exposure of the in-
dimensions as represented in Fig. 3 has been used in the Iﬂﬂ[nogeneous pha_ntom much better than a spacer of 6 mm. As
lowing studies. It consists of a simple box with a monopole aﬁg(pected, the spatlal-peal_<_SAR values ayeraged over a cube of
tenna of realistic dimensions. In order to compare our resuillg g are much less sensitive to the location of the phone and
with the findings of previous studies, the phone was first p(g@odellng of the ear.
sitioned vertically (positiorB1) and horizontally (positiod32) .
next to the ear (0with respect to the line connecting both audi®: Ntended Use Position
tory canals). The reason that this rather uncommon position wago verify these findings for more realistic positions with re-
favored by most studies was the shortcoming of most numerisglect to the head, the dipole and phone were evaluated in a po-
tools in the support of tilting head models without significantlgition that corresponds to the intended use position defined by
impairing modeling accuracy. [2]. In the first step, the CAD data of the head was rotated by

The distance to the closest voxel of the pinna was, in boR¥ around itse-axis and—7° around itsz-axis (Fig. 2), which
positions, 2 mm in order to account for the thickness of threpresents the intended use position (positit8). The CAD
synthetic material around the device body. The location of tineodel of the dipole or phone was added and a new graded mesh
imaginary loudspeaker was directly behind the opening of tladigned to the coordinate system of the source was then gen-
auditory canal, as represented in Fig. 3. For the homogeneeuated (Fig. 13). This procedure results in a discretization that
phantom (HTSL1le,.; = 43.5, o1 = 0.9 mho/m) a lossless neither adds uncertainties to the phone modeling, nor changes
spacer of 4 mm (i.e., 6 mm between the surface of the phantortiie accuracy of the head modeling compared to the previous po-
skin and the metallic box) and 6 mm (8 mm, respectively) wastions.
chosen. The results for the 1- and 10-g values for posit®hs  The spatial-peak SAR values averaged over 1 and 10 g are
and B2 are summarized in Fig. 12. It becomes obvious thatrapresented in Fig. 14 for the dipole and in Fig. 13 for the generic
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| ® inhomog. B inhomog
6 |8 homog./en, 1 | 12 {8 homog./€1, O1
| O homog./ern2, 02| O homog./er, G2

| e

900 MHz 1800 MHz

SAR [mW/g|/100 mAeff
SAR [mW/g)/100 mAeff

1g 10g & ) g 10g

Fig. 13. Rotated head (left-hand side) and spatial-peak SAR values averagied 15. Rotated head (left-hand side) and spatial-peak SAR values averaged
over 1 and 10 g for an intended use position of the generic phone (positiover 1 and 10 g for an intended use position of the generic phone (position
B3) for homogeneous (HTSL%,.; = 43.5, 01 = 0.9 mho/m and HTSL2: B3) for homogeneous (HTSL%,.; = 41, 0, = 1.69 mho/m and HTSL2:

€2 = 45.8, 02 = 0.77 mho/m) and inhomogeneous modeling at 900 MHz. ¢,, = 43.5, . = 1.15 mho/m) and inhomogeneous modeling at 1800 MHz.

i tric parameter set of HTSL1. Employing the dielectric param-
eter set of HTSL2, the underestimation is quite significant, sug-
gesting that the thickness of the spacer must either be reduced
or the ear must be modeled by a lossy cartilage-like material.

900 MHz | 1800 MHz

VIl. DIScUsSION ANDCONCLUSIONS

This paper on the exposure of the ear was based on one par-
ticular phantom only, i.e., it does not provide information about
the variations of different ears. In addition, the exposure was
only investigated for two generic transmitters. Nevertheless, the
study enables conclusions to be made that are generally valid

P within reasonable limits.
| . The basic requirement for a sound procedure shall enable
lg 10g lg 10g demonstration of compliance for a reasonable cross section of

B inhomo. B homo.éer, 01 O homo. £r, 62 users. This ultimately requires simplifications, since the absorp-
tion significantly depends on the internal and external anatomy
Fig. 14. Dipole configuration with a rotated head in positi@ and Of the user. The simplification is driven by the requirement to
spatial-peak SAR values averaged over 1 and 10 g for aDdipole at 900 define a single phantom that satisfies the following criteria: the
(left-hand side) and 1800 MHz (right-hand side). The closest distance between d with this phant f . MTE and .
the dipole and head is 4 mm. The dielectric parameters for the homogene@_ﬁf?osure assesse W'_ IS phantom for a glven and posi-
phantoms are HTSLE,, = 43.5,0, = 0.9 mho/mand HTSL2¢,, = 45.8, tion shall not underestimate the actual maximum exposure oc-
o2 = 0.77 mho/m at 900 MHz, HTSL1¢,, = 41,0, = 1.69 mho/m and  cyrring in a reasonable cross section of users. Based on the pre-
HTSL2:¢,5 = 43.5, 02 = 1.15 mho/m at 1800 MHz . o . . )
vious studies, it was shown that this is possible with a homoge-
hone for a 4-mm lossless spacer. As for the previous Oneous head of appropriate shape and dielectric parameters de-
P ) Spacer. P 1S P gbite the considerable anatomical variations. This had been val-
tion, the maximum underestimation exposure for the inves

: ) . H:Tated with the exception of the ear region. The ear region is
gated source with homogeneous modeling without an ear, us

a spacing of 4 mm and dielectric parameter set of HTSL1 wg pecial complexity with respect to absorption because of the
. i . mplex structure of the inner ear and the considerable anatom-
20% for the 1-g spatially averaged SAR. Using the d|electr|8 piex struciu ! !

i t of HTSL2. th d timati al variations in shape, size, and thickness of the external ear.
parameter Set o » e underestimation was more prIﬂ'addition, the external ear is always in direct contact with the
nounced (30%).

device. On the other hand, the external ear has proven to be quite
resistant to all kinds of chemical and physical agents, as well as
VI. RESULTS AT 1500 MHz environmental stress. However, current safety guidelines do not
Additional studies were necessary at 1800 MHz since it is naefine different safety limits for the external ear.
per se obvious that the findings are also valid at higher frequen- The results of this paper suggest that, for this particular
cies due to the significantly reduced skin depth. It is expectperson, the spatial-peak exposure in the ear region can be ap-
that alarger amount of the total energy loss is absorbed in the prapriately modeled by simulating the head homogeneously by
ternal ear and skin. For comparison, the homogeneous phansetecting the dielectric parameter set of HTSL1 and simulating
was simulated with both dielectric parameter sets HTSL1 atite ear pinna by a lossless spacer of 3—4-mm thickness. Using
HTSL2. a 4-mm spacer, the maximum underestimation of the spatially
The results are summarized in Figs. 14 and 15, from whidhg averaged peak SAR using a generic phone as a source was
similar conclusions at 900 MHz can be drawn under the condielow 20%. The 10-g averaged spatial-peak SAR, however,
tion that the homogeneous phantom is modeled with the dielezas never underestimated. In case of a worst-case exposure

SAR [mW/g])/100 mAeff

wn
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source, the underestimation of the 1-g averaged value could bg@] V. Hombach, K. Meier, M. Burkhardt, E. Kithn, and N. Kuster, “The
as high as 3 dB. dependence of EM energy absorption upon human head modeling at 900

. . . MHz,” IEEE Trans. Microwave Theory Teclvol. 44, pp. 1855-1863,
To obtain a more comprehensive database valid for a reason- ot 1996 y e PP

able cross section of the user group, a larger number of humaro] K. Meier, V. Hombach, R. Kastle, R. Y-S. Tay, and N. Kuster, “The de-

head models, including realistically modeled ears, would have ~ Pendence of electromagnetic energy absorption upon human-head mod-
b | di imilarly d iled h d eling at 1800 MHz,"IEEE Trans. Microwave Theory Tec¢hol. 45, pp.
to be analyzed in a similarly detailed approach as presented 5055 2062, Nov. 1997.

herein. This would clearly exceed the resources of our laborgi1] F. Schoenborn, M. Burkhardt, and N. Kuster, “Differences in energy
tory NevertheIeSS, since the head phantom used has no obvious absorption between heads of adults and children in the near field of

LT .. L . . sources,'Health Phys.vol. 74, no. 2, pp. 160-168, 1998.
significant deviation from a normal head, itis unlikely that USiNG[12] p. 3. Dimbylow and S. M. Mann, “SAR calculations in an anatomically

other head phantoms will significantly change the basic findings ~ realistic model of the head for mobile communication transceivers at 900
of this paper. Consequently, this paper permits the general cop-_ MHz and 1.8 GHz,Phys. Med. Bio| vol. 39, pp. 15371553, 1994.

lusi h | | ol d Itin sianif 13] T.Hamada, S. Watanabe, and M. Taki, “Effect of pinna on the local ears
clusion that a lossless spacer. mm would result in signif- in a human head exposed to microwave,2Bth Annu. Bioelectromag.

icant underestimation of some exposures. On the other hand, a Soc. MeetingSaint Petersburg, FL, June 1998, p. 99.
very thin spacer would overestimate the exposure in the arda4 O. P. Gandhi, G. Lazzi, and C. M. Furse, “Electromagnetic absorption

b h c | . h full in the human head and neck for mobile telephones at 835 and 1900
above the ear. Consequently, a rigorous approach fully com- MHz,” IEEE Trans. Microwave Theory Teclvol. 44, pp. 1884-1897,

plying with the results of this paper would be to model the ex-  Oct. 1996.

tension of the outer ear sufficiently large (e.g., 90% percentile§15] M. Burkhardt and N. Kuster, “Artifacts at material boundaries of lossy
d the thick fth d ’ dinalv thi dielectric bodies in FDTD simulations,” iEEE Antennas Propagat.
and the thickness of the compressed ear correspondingly thin gy atianta, GA, June 1998, p. 72.

(e.g., 10% percentile), whereby the ear should be partially filledi6] A. Taflove, Computational Electromagnetics: The Finite-Difference

with tissue simulating liquid by providing a minimum distance __Time-Domain Methad Norwood, MA: Artech House, 1995.
[17] The MAFIA Collaboration, Mafia Version 3.x, User's Guide CST

between the device and liquid of not larger than 3 mm. GmbH CST, Darmstadt, Germany, 1994.
[18] T. Weiland, “Maxwell’'s grid equations,Frequenz vol. 44, no. 1, pp.
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