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Specific Absorption Rate and Temperature Increases
In the Head of a Cellular-Phone User

Paolo BernardiFellow, IEEE Marta Cavagnaro, Stefano Pjddember, IEEEand Emanuele Piuzzi

Abstract—in this paper, a complete electromagnetic and averaged over tissue masses of 1 or 10 g have been introduced in
thermal analysis has been performed considering the head of a the standards. These local limits have been chosen, increasing
subject exposed to various kinds of cellular phones available on the the basic limit orSARyw s of a factor from 20 to 25, giving rise

market, and focusing the attention on important organs like the
eye lens and brain. Attention has first been posed on a particular to the well-known values of 1.6 W/kg over 1 g [1], [2] or 2 W/kg

phone model, and a comparison between the absorbed poweroVer 10 g [3], [4].
distribution and steady-state temperature increases has been However, to consider local or average SAR as the basic pa-

carried out. The influence of different antennas (dipole, monopole, rameter in assessing possible thermal biological effects does

whip, and planar inverted F antenna) on the power absorption 4t seem completely satisfactory. In fact, the tissue heating is
and on the consequent tissue heating has then been analyzed.

The obtained results show, for a radiated power of 600 mW, strongly influenced not only by the power dissipated in the local

maximum SAR Va|ues7 averaged over 1 g, from 2.2 to 3.7 W/kg tissue V0|ume, but also by the Way in which absorption is dis-

depending on the considered phone. The maximum temperature tributed in the surrounding area, by the thermal characteristics
increases are obtained in the ear and vary from 0.22C 10 0.43°C,  of the considered and neighboring tissues, and finally, by the
while the maximum temperature increases in the br_aln lie from heat exchanges with the external environment [5], [6]. Conse-
0.08°C to 0.19°C. These steady-state temperature increases are .

obtained after about 50 min of exposure, with a time constant of quentl_y, the correlation between local SAR values _a”d te_mper_-

approximate|y 6 min. Fina”y’ the results evidence a maximum ature Increases and betWeen SAR and thermal d|Str|bUt|OnS IS
temperature increase in the external part of the brain from 0.10 not straightforward. Therefore, a thermal analysis seems to be
°C 0 0.16°C for every 1 W/kg of SAR, averaged over 1 g of brain necessary, in addition to SAR analysis, to assess the safety of an
tissue. exposure.

Index Terms—Biological effects of electromagnetic radiation, Many studies have been performed in the past for calculating
dosimetry, electromagnetic heating, FDTD methods, land mobile the power absorbed in a human body exposed to the electro-
radio cellular systems, temperature. magnetic (EM) field emitted by radio-communication equip-

ment (see [7] and [8]), but only a few papers [9]-[13] have dealt
l. INTRODUCTION with the evaluation of the corresponding temperature increases.
In particular, in [12], starting from SAR values measured in a

has determined . d ¢ ol hantom head exposed to handheld mobile phones, steady-state
as getermined an increased concern 1or possibie us é?nperature rises were calculated, using a simplified thermal

health effects due to the field emit'Fed by .the handheld tgr.n]‘h_odel for the brain, while in [13], the attention was focused on
nals. In fact, when a cellular phone is working, the transmitting, .- head under plane-wave exposure

antennais placed very close to the user’s head where a SUbSta@tudying the bioelectromagnetic interaction from a thermal

tial part of the radiated power is absorbed. point-of-view, it is interesting to compare the obtained temper-

Up to now, the most recognized RF exposure standards_ang}re increases with the thresholds for the induction of thermal
the SAR, averaged over the whole bo@ARwg), as the basic Hamag es

parameter to establish the safety of an exposure [1}-{4]. Thery o™, eqholg temperature increase for neuron damage
value of 4 W/kg is accepted worldwide as the threshold for th about 4.5°C (for more than 30 min) [14]. Experiments

mdugtlog of b'0|?glc?l therm?g(a)fffects. In thel set;:_ng up of R erformed on the eye have evidenced a threshold increase
standards, a safety factor o or general public (or unco 3 °C-5 °C in the lens for the induction of the cataract

trolled) exposure has been introduced, giving risetoabasiclirmts], [16]. The temperature increase necessary to induce

onSARws equal to 0.08 Wikg. thermal damage in the skin is at least®ID[17], [18]. Finally,

When the power absorption takes place in a confined body re(:i('periments performed on animals have evidenced various

gion, as in the case of the head exposed to a cellular phone, & fif)siological effects when the body core temperature rises
if the SARwg is well below the basic limit, the local SAR can'g 9 g y P

ther hiah val For thi imit local S ore than °C-2°C [4].
assume rather high values. For this reason, imits on foca n this work, we have evaluated the power absorption and

the corresponding temperature increases induced in an anatom-
ical heterogeneous model of the human head exposed to the
Manuscript received January 20, 1999. . ~ field emitted by a portable phone operating around 900 MHz.
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Il. METHODS AND MODELS TABLE |
MASs DENSITY AND DIELECTRIC PARAMETERS OF THEHEAD TISSUES

The SAR spatial distribution in a human-head model has been AT 900 MHz
compu_ted by uging the finite-difference time-domain (FDTI_D) p [ke/m’] ¢, & [S/m]
numerical technique. The FDTD has been applied inits classical giiq 1010 114 0.87
formulation [19], [20] with second-order absorbing boundary  Muscle 1040 55.0 0.94
conditions [21]. Starting from the evaluated SAR distribution, Bone 1810 21.0 0.32
the thermal response as a function of time, until the steady state Blood 1060 61.4 1.54
is reached, has been calculated through an explicit finite-differ- gztnilage 1912(% 411(1)'3 8‘%}
ence formulation _of the_ bioheat equation. _ Grey matter 1040 547 119

The power radiated in free space from the various types of White matter 1040 35.7 0.61
telephones has been computed both on the basis of the feed point Humor 1010 74.1 1.97
impedance and Poynting’s vector flow obtaining a good agree- Lens 1100 51.3 0.89
ment between the two. The generator impedance has been as-S¢lera/Comnea 1170 52.1 1.22
sumed matched to the antenna free-space radiation impedance,ﬁere(l)’ellllus?s igj(o) jg'g i'gg
with a voltage amplitude suitable to obtain a radiated power ng Y 1010 74.0 212
of 600 mW in free space. It should be noted that when ana- Parotid 1040 49.6 1.03
lyzing the coupling between a phone and human head, the radi- Tongue 1040 57.0 0.80

ated power decreases due to the change of the antenna radiation
impedance [22].

The SAR values averaged over 1 $AR;) and over 10 g
(SARy() have been computed considering tissue masses in
shape of a cube with a volume of approximately 1 and 1®’Cn1he
respectively. Only cubes weighting at least 0.8 g¥aRk; and
8 g for SAR ;o have been examined.

realistic models, one equipped with the whip antenna, and the
ﬂ%her with the side-mounted PIFA.
he monopole and dipole antennas have been modeled within
FDTD code as infinitely thin conductors by zeroing the field
component along the wire axis.

The whip antenna is constituted of a five-eighths wavelength
monopole with a coil (electrical length/8) at its basis fed by
A. Head and Hand Model the inner conductor of a coaxial cable protruding outside the

The head model considered in this study has been obtaik¥ [31]. In the practical manufacture of the whip antenna, the
from the one realized at the Radiology Department, Yale Urffonopole is realized by using a wire wound to form a thin
netic resonance imaging (MRI) scans of a human head, haB'&@9ram, the monopole has been modeled by using a stack of
spatial resolution of 1. 1.1 x 1.4 mm from the top of the lumped inductances, the basis coil has been realized with a stair-

head to the ear-lobe level and a resolution of 4 x 4 mmin Ccase approximation [22], [32], and the feeding conductor has
the remaining part of the head. been modeled with a stack of conductor cells [see Fig. 1(a)].
For obtaining a good accuracy of the EM solution with the Both the monopole and whip antennas are mounted on the top
FDTD method at the frequencies of interest, a cell dimensiéh& conducting box (1.4 4.8 x 12 cm), which is covered with
of 2 mm is sufficient. Therefore, the original model has beéh dielectric insulator (4-mm thick;, = 2). In particular, the
resampled to obtain a final resolution 0k22 x 2 mm. Sixteen antennais located on the top surface, 1 cm far from the posterior
different types of tissues and organs have been evidenced, 8f@rt side, and centered with respect to it [see Fig. 1(a) for the
particular attention has been devoted to the modeling of the ¥4HP]- _ _ _
that has been compressed to a thickness of 6 mm in order td he side-mounted PIFA [33] is a planar antenna constituted
simulate its morphology during a phone call. of a microstrip patch (electrical lengtky4) short circuited at
The tissue parameters used in the FDTD simulations are iV} €nd. Two PIFA's are mounted on the lateral sides of a con-
in Table I. The reported values are the results of recent measiffcting box (1.4x 5.2 15 cm) [see Fig. 1(b)] in order to ob-
ments performed on freshly excised animals [24] and refer tdain spatial diversity and to gain an improvement in the received
frequency of 900 MHz. signal when the phone operates in a multipath environment.
In some simulations, the hand grasping the phone has bé&igyvever, only one antenna is used for the transmission mode.
considered. The hand tissue has been assigned electric propf Whole structure is enclosed in a plastic case (4-mm thick,
ties equal to two-thirds of those used for the muscle. The hafd = 2)- The radiation impedance of this antenna is matched

is wrapped around the case on three sides, leaving free the SR generator internal impedance by properly positioning the
facing the head. feed point along the microstrip patch (for the considered geom-

etry, 8 mm from the short). The patch has been modeled in the
FDTD code as a flat conductor by zeroing the tangential elec-
tric-field components over its surface.

Four cellular-phone models have been considered. The firstA vertical and a tilted position have been considered for each
two are the half-wavelength dipole and the quarter-wavelengihone. The tilting has been chosen to bring the bottom part of
monopole on a conducting box, which are canonical photige phone case in front of the mouth to simulate the realistic
models usually found in literature [25]-[30]. The last two arase position. In the FDTD code this has been obtained leaving

B. Phone Models
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Fig. 1. Geometries and dimensions of the metallic parts of the phones. (a) Phone equipped with the whip antenna. (b) Phone equipped with thedside-mount
PIFA.

the phone in the vertical position and rotating the head in the
forward direction by 60. The rotated head model has been ob-
tained assigning to each cell of the final dom&in(<, j, k), the
tissue filling the cell of the initial domaid’; (¥', 5/, '), where

the center of the cell'r (¢, j, k) falls after a backward 6Qrota-

tion is applied to it. This procedure altered the number of cells
for each tissue less than 1%. Fig. 2 shows the obtained phone
positioning with respect to the head for the handset equipped
with the monopole antenna.

C. Thermal Model

The temperature distributiof = T'(r, ¢) inside the head
model has been obtained by using the bioheat equation

K-V2T + Ao+ Q,— B - (T i Tb) =C-p- ‘?9_7; [W/m?’} Fig. 2. Three-dimensional visualization of the tilted phone positioning with

respect to the head model.
1)

have been neglected because of the slight temperature rises in-
where K is the thermal conductivityJ/(s- m -° C)], Ao and duced.
Q. are volumetric heat sourcéd/(s - m*)] due to metabolic ~ The bioheat equation and the convective boundary conditions
processes and microwave power deposition, respecti®alya have been solved by using the explicit finite-difference formu-
parameter proportional to the blood perfusjdf(s- m? -° C)], lation presented in [5]. In particular, the temperature distribu-
T, is the blood temperature, and, finallyjJZ(kg -° C)] andp tion has been evaluated with a spatial step equal to that used
[kg/m?] are the tissue specific heat and density, respectively.in FDTD calculations (2 mm). Considerations on the stability

At the skin—air interface, the continuity of the perpendiculasf the explicit finite-difference algorithm impose a limit on the

heat flow has been imposed (convective boundary conditiom)aximum allowed time step [5], which, in this case, is about 2 s.
The heat exchanged through the neck with the remaining parfThe thermal parameters used in (1) have been extrap-
of the body has been approximated by means of a further cafated from existing literature [14], [34]-[39] and are
vective boundary condition. The thermoregulation mechanismeported in Table Il. In particular, specific heat and thermal
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TABLE 1l TABLE 1l
THERMAL PARAMETERS OF THEHEAD TISSUES ToTtAL POWER ABSORBED IN THEHEAD (P.1,5), MAXIMUM SAR As
AVERAGED OVER 19 (SAR1nmax) AND 10g AR 10 ax) OF TISSUE IN
C K Ap B THE HEAD, AND MAXIMUM SAR AS AVERAGED OVER 19 OF BRAIN
Wikg°O)] | HsmeO)]| [TAsm™] |[M(sm’°C)] (SAR 1314 %brain) OR EYE(SAR 1A xeye). PHONE POSITIONS VERTICAL (V)
- AND TILTED (T). POWER RADIATED IN FREE SPACE 600 mW.
Skin 3500 0.42 1000 9100 FREQUENCY. 900 MHz
Muscle 3600 0.50 690 2700
Bone 1300 0.40 0 1000
Blood 3900 0.00 0 0
Fat 2500 0.25 180 520 Phone Pahs SARIMAX SAR]QMAX SARIMAXbrain SAR]MAXeye
Cartilage 3400 0.45 1000 9100 model [mw]| [W/kgl | [W/kg] [W/kg] [W/kg]
Grey matter 3700 0.57 10000 35000
White matter 3600 0.50 10000 35000 V| 313 | 2.30 1.14 0.93 0.033
Humor 4000 0.60 0 0 WHIP
Lens 3000 0.40 0 0 T| 272 | 231 1.25 0.66 0.059
Sclera/Cornea 4200 0.58 0 0
Iéléq;ophyms iggg 82(7) 10800 36800 MONOPOLE
Parotid 3700 | 057 | 7000 | 25000 T| 323 240 1 129 1 073 ) 0077
Tongue 3300 042 3700 13000
V| 388 | 274 1.93 1.85 0.022
DIPOLE
conductivity values were directly available for almost all T|323| 283 1.08 0.81 0.015
the considered tissues [34]-[36]. The missing values hav  pira
been calculated starting from the percentage water contel(sisemounea|¥ | 428 | 3.72 1.88 1.22 0.071
(W) of the tissue and by using the following equations frontalpatch 1| 402 | 3.40 1.99 128 0.165
reported in [34]:C = 1670 + 25.1'W [J/(kg -° C)], feeded) | . . :

K =0.0502+0.00577-W [J/(s-m-° C)]. All blood perfusion

values were obtained from [14], [34], [37]-[39]. Only a few TABLE IV

da_‘ta_eXISt on metabolic heat generation and’ therefore, theSrEADY-STATE TEMPERATURE RISE. MAXIMUM IN THE WHOLE HEAD

missing values have been assumed proportional to the bloQAT,;.x), IN THE BRAIN (AT xtbrain), AND IN THE LENS (AT & x1one)-

perfusion, as suggested in [38]. PHONE PosITIONS VERTICAL (V) AND TILTED (T). POWER RADIATED IN FREE
The most interesting feature to be noted in Table Il is that the SPACE 600 mW. FREQUENCY. 900 MHz

normal blood perfusion in the brain tissues is about ten times

higher than in the other head tissues. This large blood perfu- Phone ATwax | ATviaxbrain | ATwaxiens

sion compensates for the heat production caused by the high model [°Cl [°C] [°Cl

basal metabolic rate, maintaining a physiological temperature v

of about 37.5°C in the inner brain region. WHIP 0.23 0.12 0.005
T| 025 0.08 0.008

I1l. RESULTS AND DISCUSSION

This section is divided in two subsections. In the first, the Vi 022 0.13 0.003
. . . MONOPOLE
results obtained for a particular phone model are presented in

order to analyze and compare the SAR values and distribu- T 023 0.09 0.010
tion with the corresponding temperature increageg). In the
. - . Vi 033 0.19 0.003
second, a comparison among the results obtained when consid- DIPOLE
ering different phone models is made. | 029 0.13 0.002
A. Comparison Between SAR Distribution and Temperature . PIFA V| 043 0.14 0.011
lncreases (Side mounted-
frontal patch
The exposure of the head to a phone equipped with a whip feeded) 0.39 0.16 0.022

antenna has been chosen as a reference situation. The phone
is placed in the vertical position and its case is kept in direct
contact with the ear. This gives rise to a distance of about 1.2 81 Ry (SARiomax) values are 2.30 and 1.14 W/kg, respec-
between the antenna feed point and the external part of the égely. The maximum SAR in the brain, as averaged over
The free space radiated power is 600 mW. 1 g SAR1MAXbrain)s 1S 0.93 W/kg, and finally, a maximum
The results obtained are shown in the first row of Table Il g averaged SAR of 0.033 W/kg is obtained in the eye
(as concerns SAR values) and of Table WX values). When (SARinaxeye)-
the head is present, the radiated power decreases to 567 m\Wor the considered phone, tBA Ry ax andSAR 1 MAXbrain
and more than 50% of this power (313 mW) is absorbeglues are very close to those obtained in [26], [40] in similar
in the head B.1s). The maximumSAR; (SARimax) and exposure conditions. Lower values were found in [22] with a
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Fig. 3. Frontal section of the head in which the maximum local SAR occurs for a whip phone in the vertical position. (a) SAR distribution. (b) Temperatur
increase distribution. Power radiated in free space: 600 mW. Frequency: 900 MHz.

different head model and with the antenna placed at a higlibe external part and not in the inner one. Consequently, since
distance from the head. Higher values can also be found in the external brain region is partly bounded by low blood per-
literature [27], [41]. The observed variability is essentially dutision and low thermal conductivity tissues (bone and fat), the
to differences in phone geometry and position and in the useabling mechanism is less effective.

head model. The previous considerations clearly indicate that the pres-
Fig. 3(a) shows the SAR distribution evaluated on the verticahce of heterogeneous tissues greatly influences the tempera-

section of the head in which the maximum SAR occurs. It caQre increases in the brain region, and that temperature increases

be noted that the hlghest SAR values are obtained in the Ceng@ not direcuy proportiona| to the local SAR values, thus con-

region of the ear that is in direct contact with the upper part @fming the importance of using a complete thermal model.

the phone case. From the figure, it appears that a certain amourgig_ 3(b) shows the heating distribution in the same section

of power absorption also takes place in the head region plac%dFig. 3(a). From Fig. 3(b), it appears that the region where
e

n front of the whip af‘te””a- and in the lower part of the hea[ maximum temperature increase takes place is located in the
(jaw, neck, and parotid gland) close to the radio case, Wh'Cth@ver part of the ear

part of the radiating structure. . .
With reference to the thermal problem, first of all, the ini- The comparison between Fig. 3(a) and (b) shows that SAR

tial temperature distribution has been evaluated solving the bﬂﬁd AT_d|str|but|0n_s are rather d'ﬁere”P Due to the thermal
heat equation in the nonirradiated head by using &hed, conduction mechanism, the thermal profile penetrates to a great

and B values given in Table Il. The obtained distribution com?xtent in the ear region, while the high blood periusion present

pares well with the physiological one [14]. After that, the tem? the brain, b_rmglng away a great amount of heat, limits the
perature evolution has been evaluated taking into account fRIperature rise in the upper part of the head.
power absorption due to the field radiated by the phone. WhenThe above reported thermal results refer to steady-state con-
the steady state is reached, the temperature 248 s com- ditions, reached after about 50 min of exposure (however, 90%
puted. Following this procedure, the maximum temperature rigéthe final AT is reached after about 15 min). It should be
(ATmax) is obtained in the ear region and is equal to 23 hoted that a phone call usually lasts a few minutes, hence, the
A temperature rise of 0.12C is present in the external part ofsteady-state temperature rise is rarely reached. It is, therefore,
the brain close to the phonA L a xbrain). Finally, a negligible interesting to consider the time evolution of the temperature
temperature variation is observed in the eye leXEi( s xiens = 1N SOMe significant points. Fig. 4(a) shows, for different call
0.005 °C). durations, the temperature increase in the point inside the ear
Considering the results f&AR1 viaxbrain ANdATvaxbain  WhEreATMax Occurs. InFig. 4(b), the corresponding evolution
we note that a temperature rise of 0@ was induced by a IS reported for theA7y;axprain POINt. In particular, exposures
local dissipation of 0.93 W/kg. This corresponds to a normdgsting 1, 3, 6, and 15 min are shown in the figures.
ized heating factor47°/SAR; ) of about 0.13 C/(W/kg). In the The rising part of the curves in Fig. 4(a) and (b) can be ap-
same exposure condition, the normalized heating factor in theoximated with a single exponential expression of the kind
inner brain is 0.03C/(W/kg), which is more than four times ATysx [l —exp(—t/7)]. The evaluation of the time constant is
lower. This different behavior is due to the fact that the mastraightforward and a value of about 6 min has been obtained
imum SAR and temperature increase in the brain are inducedan both curves.
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conditions, the heating of the ear seems to be mainly due to the
phone contact and phone self-heating, while the SAR due to
the field radiated by the phone plays an important role in the

external brain heating.

B. Comparison Between Various Phone Models

Four different phone models have been analyzed (see
Section 1I-B). All the phones radiate a power of 600 mW in
free space. During the simulated phone exposure, the whip,
monopole, and PIFA cases are maintained in contact with the
ear. As concerns the dipole, its feed point has been placed at
the same location as for the monopole and whip. For each of
the considered phones, two positions [vertical (V) and tilted
(T)] have been considered.

The obtained results in terms of total absorbed power and
SAR values are shown in Table Ill.

For all the considered phones, the radiated power when the
head is present is close to the available one, and half or more
of this power is absorbed inside the head (see Table I, first
column). As already evidenced in [22] and [42], SAR values
in a given point inside the head are mainly influenced by the
amplitude of the current along the antenna at the same height,
and by the distance between the antenna and the point under
examination.

The results for the whip phone in the vertical position have
been presented and analyzed in the previous paragraph. For this
phone, the tilting determines a reduction of about 13% in the ab-
sorbed power. This is due to the increase of the distance between
the upper part of the antenna and head. This shift in the antenna
position is also responsible for the reductiorSafR | pa Xbrain-

On the contrarySAR1nvax andSAR;omax Values are almost
the same or slightly increased and &R yaxeye value is

Fig. 4. Time evolution of the temperature increase for exposures lasting 188most doubled due to the radio case approaching the eye. Pre-
6, and 15 min at the points where the maximum lagdl occurs. (a) Inside the vjous works by different authors [27], [33] showed a decrease in

ear. (b) In the brain.

theSAR v ax andSARgmax Values for the tilted model. Our
results are justified by the fact that, for the particular positioning

It must be observed that the above-described temperataféhe phone (in close contact with the ear), the peak SAR values
rises are due to the power deposition induced by the fiedde obtained in correspondence of the upper part of the phone
radiated by the cellular phone. Anyhow, in practical situationsase whose distance from the head is almost unaffected by the
two more causes for temperature increase could be present. phene tilting.
first is the contact between the phone case and the ear that altefhe monopole on the box gives results similar to those ob-
thermal exchange between the skin layers and the air, caugi@miged with the phone equipped with the whip antenna with dif-
temperature rises in the tissues around the ear. The second idehences within 15%. Onl$AR 1 aXbrain ShOWS & 30% in-
heating up of the phone itself, due to the power dissipated in tbiease for the vertical monopole with respect to the whip phone
circuitry and, in particular, in the power amplifier; this heatingn the same position. This result is explained by looking at the
is transmitted to the head tissues via thermal conductiarurrent distribution along the two antennas. In fact, at the level
The influence of these two causes has been investigatedviyereSARnaxbrain OCCUrS, higher current values are present
using the explicit finite-difference formulation of the bioheatn the monopole with respect to the whip antenna. The results
equation. In particular, the investigation has been performebtained for the monopole on the box suggest that this sim-
neglecting the SAR induced inside the head and consideriplified phone model can be used for simulating real phones
both the contact between the phone and ear and the dissipaéquipped with pull-out antennas only if an high accuracy is not
in the power amplifier (simulated adding a power depositiarequired; otherwise, more precise antenna models are necessary.
of 600 mW inside the upper part of the phone, correspondingThe vertical dipole gives rise t8AR;yax andSAR gnmax
to a 50% efficiency). Under these conditions, and after 15 mivalues 21% and 33% higher with respect to the monopole, with
a temperature increase of aboufQ is obtained in the ear, only a 6% increase in the total absorbed power. In fact, with
while the temperature increase in the brain region closest to this phone model, the power absorption is more confined with
ear remains below 0.024C. In conclusion, in the realistic userespect to the other phone models and, hence, higher local
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SAR values are obtained. This is evidenced also by the 45% IV. CONCLUSIONS
increase IMAR:vaxbrain With respect to the monopole. The
tilting determines variations similar to those observed for the Local SAR distributions and temperature increases have been
other phones. OnI§AR ovax has a different behavior due toevaluated and analyzed in an anatomical heterogeneous model
the increased distance between the upper antenna branch@{ri#¢ human head exposed to the field radiated by different
the part of the head whel®AR;ovax is found. As already models of cellular phones.
evidenced by other authors [26], [27], the dipole generally With reference to SAR values, the IEEE limit (1.6 W/kg over
gives rise to an overestimation of actual SAR levels induced Byg) is exceeded in all the considered situations, while the CEN-
phones equipped with pull-out antennas. ELEC limit (2 W/kg over 10 g) is always respected. It must be
The phone equipped with the PIFA gives rise to the highe@,@ted that these results refer to a portable phone radiating 600
P..s and SAR values. These values have been obtained IBYV in free space, which is typical of analog cellular phones.
feeding the frontal patch antenna, which is very close fBhe new digital generation is characterized by a lower mean ra-
the ear and, therefore, strongly coupled with the head. THli&ted power (250 mW). This means that the reported results
results in a strong and focalized exposure in the ear and ch&8Ruld be decreased by a factor of 2.4, giving riseAd®1vax
regions where higt8AR yvax (3.72 W/kg) andSAR onax values below the IEEE limit for all the considered phones.
(1.88 WI/kg) values are found. Lower values were found in The temperature increases calculated in this study with a radi-
[33], but with the telephone kept further away from the heaéted power of 600 mW are at least 20 times lower than those in-
For this phoneSAR vaxurain IS relatively low with respect dicated inthe literature as thresholds for the induction of thermal
to the SAR;max Value, and the tilting poorly influences thedamage.
coupling between the antenna and head. SAR values about is interesting to note that, for all the considered phone
one order of magnitude lower than those reported in Table Mmodels, amaximurBAR; value of 1.6 W/kg gives rise to atem-
are found feeding the back patch antenna. It must be noteerature increase in the brain of about 0°@) which is about
that, today, manufacturers tend to mount patch antennas on%Retimes lower than the threshold for thermal damage, while
back of the telephone: this configuration has been studieddansidering the CENELEC limit of 2 W/kg averaged over 10 g,
literature obtaining SAR values about three times lower thdle brain heating is of about 0°Z.
those produced by a monopole antenna [41]. The obtained results show that temperature increases induced
The exposure conditions have been replicated by considerlygthe exposure cannot simply be related to SAR values at the
the presence of the hand grasping the phone. In all the sitsame location due to the highly inhomogeneous structure of the
tions, the hand determines a reduction of the power absorbedi@ad with respect to dielectric and thermal parameters.
the head and of SAR values. This reduction is of the order of
20%—30% for the monopole and the whip, but it reaches 40%
for the PIFA, which, due to the antenna position, couples more REFERENCES
strongly with the hand.
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