2676 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

A Study of Uncertainties in Modeling Antenna
Performance and Power Absorption in the
Head of a Cellular Phone User

Konstantina S. NikitaSenior Member, IEEEMarta Cavagnaro, Paolo Bernaréellow, IEEE
Nikolaos K. Uzunoglu Senior Member, IEEEStefano PisaMember, IEEE Emanuele Piuzzi,
John N. SahalqsSenior Member, IEEEGeorge |. Krikelas, John A. Vaul, Peter S. Exc8lénior Member, IEEE
Graziano Cerri, Simona Chiarandini, Roberto De Leo, and Paola RMssuaber, IEEE

Abstract—A set of finite-difference time-domain (FDTD) with the corresponding uncertainty value, in numerical studies,
numerical experiments modeling canonical representations of considerations relating to numerical error have only appeared
the human head/cellular phone interaction has been performed sporadically.

in order to investigate the effect of specific simulation details | ical dosimetrv studies f bil icati
(e.g., antenna numerical representation and absorbing boundary N AUMericatl aosimetry studies 1ornoulie communIcatons,

conditions) on computed results. Furthermore, hybrid techniques s Well as for mobile phone design, the use of the finite-dif-
based on the dyadic Green’s function and the method of auxiliary ference time-domain (FDTD) method has dominated over the
sources, and on a hybrid method-of-moments-FDTD technique other numerical methods in recent years, due to its simplicity
have been used to compute parameters of interest for comparison and its ability to treat highly nonhomogeneous structures. How-
with the FDTD evaluated parameters. It was found that small, ifint . h Kk with the EDTD thod h
but potentially significant, differences in computed results could ever, e\{enl n gnswe r_esearc W_Or wi € method has
occur, even between groups that were nomina”y using a very led to h|gh confidence in the obtained results, the exact error es-
similar method. However, these differences could be made to timation of FDTD simulations still remains a difficult task.
become very small when precise details of the simulation were |n particular, since the field interaction is highly dependent
harmonized, particularly in the regions close to the source point. on the shape of the scatterer, which usually does not conform
Index Terms—Biological effects of electromagnetic radiation, to the FDTD orthogonal lattice, unless some locally conformal
dosimetry, error analysis, FDTD methods, hybrid numerical grid is used, this can lead to substantial error in the calcula-

techniques, land mobile radio cellular systems. tions [5]. Thus, factors such as the details for building the head
or the handset in the Yee grid, and the source numerical repre-
l. INTRODUCTION sentation, may be responsible for uncertainties in the evaluated

N RECENT th has b ina d E@rameters. Moreover, even if several approaches for accurate
years, there has been a growing dema sorbing boundary conditions (ABCs) at the boundary of the
for accurate dosimetric calculations inside lossy bod|%

exposed to the near field of handheld transceivers to evalug%mrzl:(%;?;: g??::g]_ sr::)aa:/ceebeen?/ri]rc?r:(r?r?:nste\?vi{ﬁ]AITn[i)r:%Il:g tgfe
possible health hazards or to perform compliance testing. space around the scatterer, the type of ABCs used and the
particular, cellular phone compliance tests consist in CheCkiH%tance between the scattere,rs and absorbing boundaries can
that the power absorption due to mobile telecommunicati%r% another source of substantial error in the FDTD results.
equipment is below the limits recommended by internationa The aim of this paper is to examine the main uncertainty

safety guidelines [1]-{4]. This analysis can be performed boEIZSmponents of the FDTD method in evaluating the exposure of

exper!mgntally and numerlcqlly. L human head models to mobile communication devices. To this
While in experimental studies errorevaluauon is usually pe nd, numerical results obtained for 12 canonical cases, mod-
formed so that the power absorbed is always reported toget ﬁﬁg the exposure of well-defined head models to simple an-
tennas similar to those of mobile transceivers, have been com-
. . . ) H{ared in detail. Special emphasis is given to the estimation of un-
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Greece [7], [8] and a recently developed hybrid method of mo-
ments/finite-difference time-domain (MoM-FDTD) technique
from the University of Ancona, Ancona, Italy [9], [10] are used
for comparison purposes.

Il. DESCRIPTION OF THETEST CANONICAL PROBLEMS

Numerical canonical problems pertaining to the interaction of
spherical or cubical head models with a dipole and a monopole
on a metal box have been defined in detail. Simulations have
been performed at 900 and 1710 MHz.

Two spherical models of the head were used, each 20 cm in di-
ameter, namely, homogeneous brain and three-layer sphere con-
sisting of skin, skull, and brain. One box model of the head was
also used, consisting of a 19-cm cube made of homogeneous
brain enclosed in a 0.5-cm-thick dielectric shell. Mass density
and complex dielectric permittivity values have been defined ac-
cording to literature data [11], while the dielectric properties of
the dielectric shell correspond to those of Plexiglass 2.7,
e’ = 0.032), which is usually used in experimental dosimetry.

Two types of sources were defined, namely, a half-wave-
length dipole, and a quarter-wavelength monopole, both with
conductor diameter of 2.5 mm. The monopole antenna was
centered on the upper side of a conducting box of 120 mm <
(length) x 55 mm (width) x 20 mm (depth), as shown in
Fig. 1(a). The front face of the metal box was covered with a
Plexiglass dielectric insulator of 5-mm thickness. The size of
the feeding gap was set equal to 2.5 mm.

In order to define the source positioning with respect to the (b)
head phantom, a Cartesian coordinate system attached to the
phantom center was considered [see Fig. 1(b)]. In all the Casﬁ&! 1. (a) Monopole on a metal box with front dielectric cover (dimensions
the axis of the transceiver model was aligned parallel to themillimeters). Point E corresponds to the ear piece. (b) Homogeneous sphere
z-axis. For the dipole source, the center of the feeding gap gyposed to the near-field radiation of a finite length dipole.
the source was located on theaxis, at the point (10.625, 0.0,
0.0) (in centimeters). When the monopole on a metal box was
used, the center of the feeding gap was located at the point (12.0,
0.0, 3.125) (in centimeters) so that theaxis intersects the front

TABLE |
CODES FOR THEDIFFERENT CANONICAL CASES

face of the metal box at the center of the ear piece [see Fig. 1(i(CASE¥° PHANTOM TISSUE FREQUENCY SOURCE
Twelve different combinations of phantom, source, and fr__! sphere homogeneous 900 MHz dipole

guency were defined. Eight of them refer to a spherical geor 2 sphere homogeneous 900 MHz monopole
etry of the head (phantom), whereas the rest of them refertt 3 sphere homogeneous 1710 MHz dipole

cubical geometry. They are illustrated in Table I. 4 sphere homogeneous 1710 MHz monopole
5 sphere three-layered 900 MHz dipole

. METHODS 6 sphere three-layered 900 MHz monopole
7 sphere three-layered 1710 MHz dipole

A. Description of FDTD Numerical Experiments 3 sphere {hree-layered 1710 Mz monopole
The FDTD method has been used successfully to obtair ° cube homogeneous 900 MHz dipole

specific absorption rate (SAR) for whole- or partial-body ex 10 cube homogeneous 900 MHz monopole
posures to spatially uniform or nonuniform (far or near field 1 cube homogeneous 1710 MHz dipole

electromagnetic fields from extremely low frequencies (ELF 12 cube homogeneous 1710 MHz monopole

to microwave frequencies [12].

In analyzing the canonical cases defined in Section I, the
Avristotle University of Thessaloniki, the University of RomeABCs have been used. A cell size of 2.5 mm was used. Compu-
“La Sapienza”, and the University of Bradford have employeigtions were terminated after steady state was reached (usually
self-developed FDTD codes, based on the use of the Yee cefter 10-20 periods).
a rectangular computational grid [13] and the total-field for- Regarding the antenna modeling, the dipole and wire of the
mulation [5]. For the calculations of canonical problems, thmonopole (on the metal box) can be modeled either by a vertical
second-order Mur [14] or the perfectly matched layer (PML) [&tack of cells with a high-conductivity value, or by setting the
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(tangential)E’. component equal to zero along the wire or, fitn fact, since the source is generally a regular object, whose
nally, by the thin wire algorithm. The half-wavelength dipole ajeometry is often described by simple equations, the radiation
both studied frequencies extended over an odd number of c@lteblem can be efficiently analyzed by the MoM. This approach
to produce symmetrical arms around a central gap. The sourequires only the discretization of the domain where the current
excitation was modeled by imposing a harmonic voltage at tHews, without analyzing the space surrounding the source, be-
feeding gap of the antenna. cause of the use of the suitable Green’s function. On the other
Computations were performed on different platforms rangirttand, the electromagnetic characterization of a physically and
from PCs to powerful parallel computing platforms, with typicafjeometrically complex object can be very difficult orimpossible

CPU time in the range of 3—15 h. and time consuming, when approached with the same method.
o _ _ Conversely, the FDTD technigue is more powerful dealing with
B. Description of the Semianalytical Method a complex penetrable object such as the human head, but it

In order to provide an accurate solution to the canonicil not particularly efficient in handling the sources, especially
problem of the sphere exposed to a half-wavelength dipoMen it is necessary to describe small dimensions. Based on
[see Fig. 1(b)], the Green/MAS technique was employed [#}e above considerations, in the hybrid technique, the original
[8]. The method is based on the use of the Green’s function €mplex problemis split into two simpler problems by applying
the sphere, which is determined as the response of this objé& equivalence principle. The radiation of the antenna is ana-
to the excitation generated by an elementary dipole of uhyzed by the MoM, using the equivalent sources provided by the
dipo]e moment, external to the Sphere_ Then, the COﬂtribUtiElDTD method, and the field scattered from the dielectric ObjeCt
of the radiating antenna is taken into account by applying tiestudied by the FDTD method, using the equivalent sources
MAS [15]. To this end, a set of auxiliary current sources igrovided by the MoM.
distributed on a virtual surface, which lies inside and usually
conforms to the physical surface of the antenna. In the problem
treated in this paper, since the dipole antenna has a diameter
substantially less than the radiation wavelength, the auxiliaryThe results obtained for each case included the position and
sources (elementary dipoles) are distributed along the axisvafue of the peak SAR within the head phantom, the SAR pro-
the dipole, with corresponding position vecters= o2 +z;2, files alongz-axis, the SAR distributions at the = 0 cm and

IV. NUMERICAL RESULTS AND DISCUSSION

where—D/2 < z; < D/2andj =1, ..., J [see Fig. 1(b)]. = = 9 cm planes, the total absorbed power, the antenna input
The electric field at any point lying inside (outside) the impedance and the antenna radiation patterns at two pléres (
sphere can be expressed as 90° and¢ = 0°).

For all the graphs presenting the results of the computations,
N T AN, the steady-state power radiated from the antenna (i.e., the power
Einour) (1) = jwio 221 Gin(out) (7_, Lj)Lj (lj) @ radiated in the far field plus the power dissipated in the head) is
= 1W.
Since the safety standards are defined in terms of SAR values
o . . averaged over a cube having a mass of 1 g [1], [2] or 10 g [3],
(outside) the sphere ari@ (iﬂ/') - Zpﬂ/' is the dipole moment of [4], the corresponding averaged SAR values have also been cal-
the jth elementary dipole, With§ being its constant momentcy|ated. In order to improve comparability between the results
magnitude. obtained by different participating groups, the calculation of the
By enforcing the boundary conditions for the tangential e|eﬁveraged SAR values over 1 and 10 g has been based on stan-
tric-field component at a finite number of (collocation) pointgjardized procedures.
lying along a line on the surface of the dipole [see Fig. 1(b)], As an example of the results obtained, the peak SAR values

with corresponding position vectors = (zo — w)# + 2,2,  as averaged over 1 g and calculated for the 12 cases of Table |,
Where—D/2 < Zq < D/2 and(] =1,..., JyaJ x J System are reported in F|g 2.

of linear equations is obtained, which is solved for the unknown grom this figure, it is evident that, although the canonical
dipole moment coefﬁciengsg. Once these coefficients are comcases were carefully described, significant discrepancies can
puted, then the electric field can be calculated at any pointinsige observed in the results. Similar discrepancies were also evi-
and outside the spherical head model and thus the quantitiegi@fced in a study performed within the framework of the COST
praCtical interest, such as the SAR and the Scattering amplltlgim project [17] These differences can be exp|ained by consid-
in the radiation zone, can be predicted. ering the specific implementation details of the FDTD method

From the above description of the MAS technique, it can Rfjopted. To better investigate this point, and to identify the error
observed that the application of MAS for the particular case gburces, the worst case, in terms of observed differences, has
the thin dipole is similar with the treatment of thin wires by th@een analyzed in further detail. This worst case has been iden-
traditional MoM [16]. tified with case 3 of Table I, and is depicted in Fig. 1(b).

o Inreconsidering case 3, an identical numerical representation

C. Description of the MoM-FDTD Method of the head was used by all the groups, namely, an even sphere

A new hybrid technique has been developed by the Univexith a diameter of 80 cells. The simulation time was fixed to
sity of Ancona to solve typical scattering problems, combining20 periods. Moreover, specific numerical experiments were de-
marching in time version of the MoM—FDTD method [9], [10].signed and performed in order to investigate the effect of the

Whereﬁin(out)(z, @]/) is the dyadic Green’s function inside
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Fig. 2. Peak SAR value averaged over 1 g of tissue for the canonical cases. The antenna input power is 1 W.

ABCs and the dipole modeling on the simulated parameterstafd been observed in the prediction of th&R,,... (10 g)
interest, referring to the power absorbed by the head and the positions. The above discrepancies are related to slight dif-
tenna performance. In particular, numerical experiments wdegences in building the head or the source in the Yee grid,
performed using either second-order Mur's ABCs placed attlae use of different absorbing boundaries placed at various
distance of 20 cells from the nearest scatterer, or PML AB@sstances from the scatterers and differences in the simulation
(PML with six layers, grading factor 4, and reflection coeffitime. Furthermore, other simulation details, such as the use (or
cient of 10%) placed 16 cells away from the nearest scatterarot) of averaged parameters, as well as slight differences in the
In order to investigate the effect of antenna modeling, two diSAR averaging procedure, could also be responsible, to some
ferent numerical models of the dipole were used. The first modeitent, for the observed discrepancies.

was the infinitely “thin” wire approximation, obtained by setting Comparison among the results of the numerical experiments
equal to zero the tangential electric-field component along tbbtained when the same phantom numerical model was used
dipole’s axis, with the exception of the feeding gap. The secostiows that the maximum SAR values, either local (Fig. 3) or av-
was the “thick” wire approximation, obtained by assigning teraged over 1 g (Fig. 4) or 10 g of tissue are strongly dependent
each cell belonging to the dipole, with the exception of the anpon source modeling. In fact, the local SAR values obtained
tenna feed-point, the copper conductivity value (6.80” S/m).  using the thin wire model are 18%—20% higher that those pre-
In both models, the dipole length was equal to 35 cells, with thiécted using the thick wire model, while the difference between
central cell corresponding to the feeding gap where a hard simveraged SAR values is of the order of 12%—15%. Finally, the

soidal source was placed. maximum local SAR value is not sensitive to the ABCs used.
When the same numerical model of the head and the same nu-
A. Evaluation of Peak SAR Magnitude and Position merical representation of the dipole (thin or thick wire model)

were used, the discrepancy among local SAR values computed
In FDTD numerical experiments and simulations using thgy the different groups was reduced to 5%—8%, while the dis-
Green/MAS technique or the MoM-FDTD technique, the maxrepancy among averaged SAR values was lower than 5%.
imum values of local 1-cell SAR, SAR averaged over 1 and 10 Furthermore, the position of the local maximum SAR value
g of tissue, were computed. Furthermore, the locations whegeindependent of both source modeling and ABCs. However,
maximum SAR occurred, were determined. the position of the maximum averaged SAR values depends on
As an example of the obtained results, peak SAR and SARfie source model used, which can lead to a 0.25-0.75 cm uncer-
g) are shown in Figs. 3 and 4, respectively, for 1 W of radiatedinty along thez-axis.
power and the case of Fig. 1(b). Some error estimations can be obtained, by comparing the
In the first simulations of the sphere—dipole combinatioresults of numerical experiments performed by different par-
at 1710 MHz (case 3 in Table 1), a difference of the order dicipating groups with those predicted by the Green/MAS and
40%—-60% had been observed for the 1-¢lR,.,,. value, MoM-FDTD technique.
as predicted by the different participating groups. In terms of The averaged SAR values obtained using the Green/MAS
SAR,..x averaged over 10 g of tissue, the observed differendeshnique are in closer agreement with those obtained by FDTD
were of the order of 25%-33%, due to the smoothing effetthick wire” modeling with an error on locabAR,, .« values
of the averaging procedure, while a generally good agreemdmt ranges from 2% to 6%. Instead, the error associated with
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Fig. 4. SAR averaged over 1 g of tissue for the canonical case of Fig. 1(b). The antenna input power is 1 W.

the “thin wire” model is of the order of 7%-14%. Furthermoretenna at 1710 MHz. In the simulations reported in Fig. 5, where
it is important to note that the effect of the different ABCs is nahe same spherical head numerical model has been used by all
of particular significance in the error figures that were obtainefarticipating groups, a discrepancy of the order of 1%—2% is ob-
served between results when the same ABC and source model
B. Absorbed Power are use_d. Slight differences of thg order.of 1% are observed
when different ABCs are used, while the discrepancy related to
Fig. 5 depicts the power absorbed by the spherical head motted use of different source models is of the order of 2.5%.
for 1-W radiated power. A good agreement is observed amongn comparing the absorbed power, as computed in FDTD nu-
the different groups. In the first simulations, when the sphengerical experiments, with the absorbed power obtained by the
representations were slightly different, a difference of the ord@reen/MAS technique, the associated error ranges from 1% to
of 10%—-15% had been observed for the case of the dipole &5%.
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Fig. 5. Power absorbed by the head for the canonical case of Fig. 1(b). The radiated power is 1 W.

C. Input Impedance dicted by the Green/MAS technique. A significant difference, of

The input impedance was calculated either by using the gfbe order of 70%-85%, is observed in the prediction of the input

crete Fourier transforms (DFTs) of the feed voltage and cdfpedance real part, when the thick wire model of the dipole is
rent (University of Thessaloniki) or by evaluating the maximuriS€%: ) . . . . .
value and the phase of both current and voltage at the feeding’®"c€"ning the prediction of the input impedance imaginary

gap (University of Rome “La Sapienza,” University of BradP@ t, errors of the order of 100% are observed for the thin wire
ford, MOM—FDTD) ' modeling, while the associated error for the thick wire modeling

Concerning the prediction of the input impedance, a diffefan 'f?e as high as 600%. Fi_nally, f_;\differ_ence .Of approximately
ence of the order of 10%-15% in the real part had been obser\ggg/" IS observe.d, In comparison with the input |mpgdance 'mag-
in the first series of experiments, for the examined canonidgp"y part predlcte'd in MoM-FDTD and that predicted by the
case of Fig. 1(b). However, differences of the order of 300 oreen/MAS technique.
had been observed in the prediction of the imaginary part. In(t]Be
second series of numerical experiments, different source models
and ABCs were used, resulting in variations of the simulatedA detailed comparison between the results obtained by dif-
input impedance. ferent participating groups for the canonical cases presented can

In Figs. 6 and 7, the real and imaginary parts, respectivelgad to important observations concerning the estimation of un-
of the antenna input impedance for the canonical case Giftainty components in evaluating specific parameters of in-
Fig. 1(b) are presented. Due to the small source—head distafff@st in mobile communications dosimetry studies. These ob-
and the resulting strong electromagnetic coupling effe@ervations are related to the study of canonical cases and can be
the input impedance shifts far from resonance, exhibitirigmmarized as follows.

a significant imaginary part. The feed-point impedance is 1) Uncertainties related to some simulation details, such as
strongly dependent on the model used for the dipole. Thus, the use or not of dielectric constant and field averaging in

when the thick wire model is used, the real and imaginary parts  evaluating the SAR inside the head model, are not signifi-

of the impedance are multiplied by factors of two and four, cant. Furthermore, if a sufficient distance is used between
respectively, compared with their values when the thin wire  scatterers and the FDTD boundary, the results are not sen-
model is used. Furthermore, it can easily be observed that the sitive to the choice of ABCs used.

feed-point impedance is almost independent of the ABCs used.2) In evaluating the peak SAR averaged over 10 g of tissue,

The error in computing the real part of the inputimpedance as  the related uncertainty can be of the order of 30%, while
compared with that predicted using the Green/MAS technique the corresponding uncertainty in assessing the 1-cell
is of the order of 2%—-3% for thin wire modeling. A difference SAR,..x value can be of the order of 40%—-60%, even
of the order of 6% is observed between the inputimpedance real for well-defined canonical cases. These uncertainties are
part, as predicted in the MOoM—FDTD experiment and that pre-  mainly related to the phantom and the source modeling.

Comparison and Discussion
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In particular, the uncertainty related to the source mod-  was observed, related to the source model used. The av-
eling in predicting the averaged SAR values is of the eraged SAR values obtained using the Green/MAS tech-
order of 12%-15%, while the corresponding uncertainty nique were found to be in closer agreement with those
for local SAR values can be as high as 18%—20%. obtained in FDTD simulations for “thin wire” modeling.

3) Itis important to note that the position of maximum local 4) The total uncertainty in computing the power absorbed by
SAR value was found to be independent of both source  the head for well-defined canonical cases, can be of the
modeling and ABCs. However, in evaluating the posi- order of 10%—15%, which is mainly related to phantom
tion of maximum averaged SAR values, an uncertainty modeling. The uncertainty related to the ABCs was found
of the order of 1-3 cells (0.25-0.75 cm) along thaxis to be lower than 1%, while an uncertainty of the order of
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2.5% was related to the source modeling. The discrepet correspond to an integer number of cells, has a significant
ancy among absorbed powers predicted by different paffect on the obtained results. Special care should also be taken
ticipating groups using the same head model and differemtaccurately evaluate the antenna output power since its setting
sources and ABCs can be of the order of 5%. can constitute a large uncertainty component.

5) Concerning the prediction of the inputimpedance, sourceThe way in which the modeling techniques used affect the
modeling can result in large uncertainties of the order @fmulated parameters depends strongly on the design of the spe-
100% and 600% in the simulated real and imaginary padfiic device. Thus, itis not possible to define a general procedure
of the input impedance, respectively. Furthermore, it Wagat can be applied for all devices to provideaapriori known
observed that the simulated feed-point impedance, in ticertainty in simulated parameters of interest (SAR, antenna
presence of the head, is almost independent of the AB(%) ¢ impedance, etc.) related to the details of the modeling
used. o _ techniques used. Therefore, every device model should be vali-

6) With regard tq radla_tlon patterns, which have not_ beefﬂated by near-field measurements in the presence of a phantom.
shown for prewty, a Q|ﬁgrence of the qrder of 1-2 (.jB' was Concerning average SAR values, the details of the procedure
observed in the main field polarization in the directio . .

r SAR averaging over 1 or 10 g may also produce some dif-

where the head is located, associated with the use of |? ; . .
. erences. The most crucial problem is the evaluation of average
ferent source models. However, it was observed that t

radiation patterns are not dependent on the ABCs us ,R at points on the surface, which are of great importance,

when a sufficient distance between the boundary and figce high 1-cell SAR values are observed at these points. The

near-to-far field transformation surface is used sub-volumes to consider for evaluating the average SARs at
' . . such points have not been clearly defined in the safety guidelines
As a final comment, it must be noted that the above giv

uncertainty figures refer to well-defined canonical head modj s]_[4]' This fact may lead to different treatments and resulting
y1g 0 Variabilities that could be hard to resolve. Thus, an important

and simple sources. Even more simulation difficulties and error . o .

. pgjnt that has to be always clarified when presenting SAR aver-
components are encountered when heterogeneous anatomics Ié/d values is the exact averaging orocedure used and whether
correct head models and complex device structures are to ) : ging p
treated. averaging over a tissue mass lower than the reference mass has

been performed for points lying close to the head boundary.
In conclusion, dosimetric studies related to the use of mobile
phones are sensitive to a multitude of parameters that should

be accurately described. These parameters include: modeling of

In FDTD dosimetric studies, it is very difficult to performthe device and device parameters, position of the device, shape
general reliable uncertainty assessments. Despite its simplicapd internal anatomy of the head and constituting tissue param-
FDTD studies may lead to some differences in simulated paters, detailed procedures for SAR averaging, and external fac-
rameters of interest, depending on specific simulation detail@rs such as the presence of a hand.
Thus, mobile phone compliance testing with the FDTD method
involves many different uncertainty components associated with
the discretization in space and time, the necessary numerical
representation of the source and phantom, etc. [1] IEEE Standard for Safety Levels with Respect to Human Exposure to

In this paper, a set of EDTD numerical experiments has been Radio Frequency Electromagnetic Fields, 3 kHz to 300 GBHEE Stan-

NN . : o dard C95.1-1991, 1992,
performgd n order. to investigate the effect of SpeC.IfIC S|mu_|a' [2] “Evaluating compliance with FCC guidelines for human exposure to ra-
tion details on obtained results. Furthermore, a hybrid technique  diofrequency electromagnetic fields,” Federal Commun. Commission,
based on the dyadic Green’s function and the MAS and a hybrid3] LVashlnggon, DC, ?EETI BltJ”Et'“ 65rt_AUF9- &1993_ e (1okHz

. uman eXxposure to electromagnetic Flelas. Rig requency Z10
M(_)M_FDTD technque hav_e been used to compute parameteré 300 GHz) European Communities Prestandard ENV 50166-2, 1995.
of interest for comparison with the FDTD evaluated parameters 4] ICNIRP Guidelines, “Guidelines for limiting exposure to time-varying

The obtained results show that large differences in SAR can electric, magnetic, and electromagnetic fields (up to 300 GHigAlth
: : Phys, vol. 74, no. 4, pp. 494-522, 1998.

be produced dependlng (,)n the numencal phantom used, as w A. Taflove, Computational Electrodynamics: The Finite Difference Time
as on the source modeling. With reference to the source, the * pomain Method Norwood, MA: Artech House, 1995.
crucial parameters to model are the accurate locations, magnis] J. P. Berenger, ‘A perfectly matched layer for the absorption of electro-
tudes, and distributions of the surface currents on the device and magnetic waves,J. Comput. Physvol. 4, pp. 185-200, 1994.

h he device is pl d . h h = 7] K. S. Nikita, G. S. Stamatakos, N. K. Uzunoglu, and D. Economou,
antenna, wnen the eV|Ce. |$.p aced against the p '?'ntom' .u " “A hybrid Green's function/method of auxiliary sources technique
thermore, the accurate definition of the antenna position relative  (Green/MAS) applied to the calculation of the electromagnetic field
to the phantom in the discretized space is of major importance %eneratEd bs; 28h3f;g-held transceiver, Piroc. ICT'98 Thessaloniki,

. . . . . reece, pp. —272.
since the_SAR 1S p_redomlnantly cause_dHyﬁeld coupllng of K. S. Nikita, G. S. Stamatakos, N. K. Uzunoglu, and A. Karafotias,
the reactive near-field components with the head. Even when ~ «analysis of the interaction between a layered spherical human head
the same cell size is used, the details for building the source in  model and afinite length dipolelEEE Trans. Microwave Theory Tech.

; ; [P ; _vol. 48, pp. 2003-2013, Nov. 2000.

the Yee _gnd can pmduce dlscrepanC|es in the simulated parant P. Bielli, G. Cerri, V. Mariani Primiani, P. Russo, A. Schiavoni, and G.
eters qf mterGISt- For ?Xample’ the exaclt number Of Ce”S. used fo Tribellini, “A hybrid MoM-FDTD technique for the solution of EMC
modeling a simple dipole, if the associated electrical size does problems,” inProc. EMC'98 vol. 1, Rome, Italy, pp. 317-321.

V. CONCLUSION
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