2022 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 11, NOVEMBER 2000

Experimental Thermographic Analysis of Thermal
Effects Induced on a Human Head Exposed to
900-MHz Fields of Mobile Phones

Maria Daria Taurisano and André Vander Vois¢llow, IEEE

Abstract—This paper summarizes the results of an experimental
research of thermal effects induced by electromagnetic exposure
to wireless mobile communication equipment. A series of experi-
ments has been performed in order to examine the time evolution
of the temperature of some body-part surfaces exposed to electro-
magnetic radiation emitted by global system for mobile communi-
cation mobile phones (900 MHz). Special attention has been paid
to the analysis of the human head, as this is the human part mainly
exposed in normal conditions of mobile phone use.

Head circumference = 57 e

Index Terms—infrared thermography, mobile communications,
nonionizing radiation, temperature, thermal effects, risk analysis.

. INTRODUCTION

HE extraordinary worldwide growth of wireless commu:
nications and the consequent increase of users’ expos
to microwaves have induced increasing concerns about poss
health effects from the public opinion, media, electronic in-
dustry, health organizations, and scientific community [1], [2Fig. 1. Head main sizes.
Mobile global system for mobile communication (GSM) cel-
lular phones have often been identified as potential sourcestyfes of nonperturbing thermometer, but only a few ones are
health effects. The electromagnetic fields (EMFs) at 900 MRsmmercially available; and 3) thermographic techniques used
are known to penetrate exposed tissues and induce energytalneasure the temperature with particular thermographic cam-
sorption and, although mobile telephone handsets transmit levas. This last technique is probably one of the most attractive
power (2-W maximum), the user’s body absorbs power from tlaad not yet in sufficient use. The originality of the research de-
handset antenna. The head of the user is submitted to the highesibed in this paper is primarily in the use of thermography to
localized RF exposure. measure human thermal effects, and quite a number of experi-
Itis well known that absorbed microwave energy is convertefiental data have been recorded [6], [7].
into heat within biological tissues and that thermal effects de-
pend on the SAR spatial distribution [3], [4], but, in most cases, [I. THERMOGRAPHY
the distribution and relative magnitude of this energy absorption . .
) 4 . Thermographic cameras can be used to observe thermal dis-
and heating are not as well defined. A comprehensive datab?

. ) . : ributions over a surface and obtain quantitative thermometric
is available on effects of thermal nature, but it mainly concern

animal studies anith vitro studies. Considerable effort has beed%ta' The use of thermographic cameras has been pioneered by

spent in modeling microwave absorption, but very little syster%-e defense industry. In the last years, however, IR imaging has

. . e?n developed for nonmilitary purposes, such as testing of ma-
atic experimental work has been done to measure the acttua : . . . .
erlals evaluation of industrial processes and medical diagnoses

temperature within the human body. On the other hand, sey;

: . o 8i. For example, the use of IR emission from the human body
eral methods of biological effects determination are based : :
. . . as been developed for medical use and more effective method-
thermal measurements [5], which arexcijorimetric methods

. : L . ; - ologies are now being developed using the thermal behavior as

particularly suited foiin vitro measurements, in which heatin - ; )
. . clinical tool [9]. However, while advanced computerized IR

and cooling data can be analyzed to estimate the energy

sorbed by an irradiated sample;tBgrmometric methogsised %Chnology is evolving, thermography often remains only an oc-

. : . casional tool, not sufficiently used by the scientific community.
to measure the temperature due to microwaves with pamcu%r . : ; ;
oncerning bioelectromagnetics, IR thermography techniques

_ _ _ for determining temperature and specific absorption rate (SAR)
Manuscript received November 4, 1999; revised May 3, 2000. __in models of biological bodies and animal cadavers exposed to
The authors are with the Microwaves Department, Université catholique d? EME first d | dbv G 10 dh ined

Louvain, B-1348 Louvain-la-Neuve, Belgium. S .rong s were first developed by UV[ ] an ave gaine
Publisher Item Identifier S 0018-9480(00)09692-7. wide acceptance [11].

0018-9480/00$10.00 © 2000 IEEE



TAURISANO AND VANDER VORST: EXPERIMENTAL THERMOGRAPHIC ANALYSIS OF THERMAL EFFECTS INDUCED ON A HUMAN HEAD 2023

TABLE |
HEAD AREAS DEFINITION AND SIZES

Area nr. Subject Area shape Definition Dimensions Surface 2D
(projection)
ARO1 Ear Round Diameter along ear length 3 cmradius 28 cm’
ARO02 Cheek Quadrilateral | Eye-nose base-chin base-ear base 10.5 lower base 435 cm’
6 cm height

4 cm upper base

ARO3 (Frontal-temporal| Quadrilateral | Frontal hair limit-frontal eyebrow 18 lower base 99 cm’
area Limit-occipital-parietal
6 cm height

15 cm upper base

ARO04 Neck Quadrilateral | Ear base-chin base-nape-ear back | 8.5 cm lower base 65 cm”

9 cm height

6 cm upper base

In the research reported here, a series of experiments h  Object Atmosphere Infrared Camera
been performed, in view of measuring the surface temperati
of the human body during various phases of common GSM u:
The focus has been put on how the temperature changes du Radiation
the electromagnetic exposure. These changes are recorded f}’fe“g;fefty
sequence of temperature distribution images. The temperat
evolution has been measured by taking a thermographic imz
every 20 s during microwave exposure and the immediately ft
|0Wing phase. Radiation emitted by the

surroundings and reflected by the object

Radiation emitted
by the atmosphere

[[1;3

Fig. 2. Radiation contributions to general experimental setup.

I1l. EXPERIMENTS DESCRIPTION

We paid a particular attention to the analysis of the human
head, as this is the body part mainly exposed, in normal cdf-reflected by the object. Furthermore, the radiation from the
ditions of mobile phone use. The exposed subjects have begrbiect and the reflected radiation are also influenced by the ab-
young man and woman in perfect health conditions. The magarption of the atmosphere (Fig. 2). Therefore, to measure the
dimensions of the male head are shown in Fig. 1 and the m&mperature accurately, itis necessary to compensate for the ef-
areas are summarized in Table |. Before starting any expdgcts of a number of different radiation sources. Furthermore,
ment, the subject was in the foreseen location, far from aftiye following parameters have been accurately determined prior
electromagnetic and heat source, for at least 60 min.The héagtarting the measurements: emissivity, ambient temperature,
surface temperature, in different phases and experimental corgdimospheric temperature, relative humidity of the air, and dis-
tions, has been measured with a forward looking infrared (FLIFRgNCe.
camera (Thermovision model 570 by Agema, Bothell, WA) and o
two digital thermometers (MT100KC). The IR camera measurés Calibration
and images the emitted IR radiation from an object, through aThe mostimportant parameter is the emissivity, defined as the
pattern of 10000 thermocouples located in the lens. The faatio of the radiation flux per unit area emitted by the source to
that radiation is a function of the surface temperature makedtiait of a black-body radiator at the same temperature in the same
possible for the camera to calculate and display this tempecanditions. In short, it measures how much radiation is emitted
ture. The radiation measured by the camera, however, doesImpthe object compared to that emitted by a perfect black body
only depend on the object temperature, it is also a function [d2]. Normally, emissivities range from approximately 0.1 to
the emissivity. It originates as well from the surroundings ar@i95. The human skin exhibits an emissivity close to 1.0.
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Fig. 3. Thermographic images. (a) Thermal analysis head areas. (b) Spots used for IR camera calibration.

At the beginning of each set of measurements, the tempkaft-hand side). For each experiment, we have investigated the
ature indicated by the IR camera has been calibrated in theegface temperature evolution over time, in the following two
points of the image [see Fig. 3(b)], using the data read by the digain phases, subsequent to the GSM mobile phone turned on:
ital thermometers, calibrated by the manufacturer using a cdl}talking phas€ GSM mobile phonen), corresponding to ac-
bration check equipment. The IR camera calibration has beeal vocal conversation and &yitching off phaséGSM mobile
performed in the following way. phoneoFF), subsequent to the previous one.

A reference point is selected. Its temperature is measuredherefore, each measurement cycle is composed of these
using the digital thermometer thermocouple. The emissivity i&o phases. First measurements of the electromagnetic power
altered until the temperature calculated by the IR camera agreessity, using a radiation hazard meter (RAHAM), have shown
with the thermocouple reading. This is the emissivity value diiat: 1) instandby phaséthe mobile phone is turned on, but
the reference object. The temperature of the reference objeatcall is ongoing), the electromagnetic power density is less
must, however, not be too close to the ambient temperature floan 1% of thetalking phaseone and 2) inringing phase
this to work. The resulting emissivity of the subject head skifthe network requires the mobile phone to answer a call), the
was determined as having the value 0.98. average electromagnetic power density is 10%—-30% lower
than thetalking phase one. Moreover if the mobile phone
is located far away from the human body, the duration of
this phase can reach the maximum permitted by the network

In order to examine the surface thermal effects in the most dgperator (3 min), but because of the distance, the thermal
tailed and reliable way, we have divided the subject head (profééfects are negligible. If the mobile phone is close to the
section) in four different areas [see Table | and Fig. 3(a)]. We aperson, he or she normally answers within 1 min, thus, the
alyze the areas that are on the side of the mobile phone (subphatation of theringing phaseis limited compared to the

B. Measurement Criteria and Parameters Setup
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TABLE I
IR CAMERA EXPERIMENTS—PARAMETERS AND CHARACTERISTICS
signal ) . . .

Exp. subject Tzsc:\t?;? phone model re(l::%:pgon dtzll:t?fn emissivity tet?prr:)r]:t?ltre }:szzl; d;:;l]ce
I | youngmen "ﬁ?&gf | A 100% | 15mn | 098 20°C 71% 80
I | youngman ?lci;nafe A 40% | 15min | 098 20°C 73% 80
I | youngman “ﬁﬁlﬁife’ A 100% | 20min | 098 21°C 7% 100
IV | youngman c’;;‘sme A 80% | 20min | 098 20°C 71% 80
vV | youngman "Oszllﬁe’ B 100% | 20min | 098 20°C 71% 80
VI | youngmen CE:SC;;:G 90% | 20min | 098 20°C 71% 80
young rman “0;;“:10‘3;“’ ¢ 100% | 20min. | 098 20°C 1% 80
VIO | young man c‘;:sci;afe ¢ 90% | 20min. | 098 20°C 1% 80
IX | young woman “Ozgl’afl]ﬁe | A 100% | 10min. | 098 20°C 70% 50
X | young woman CE;C;::G’ A 80% 20 min. 0,98 20°C 70% 200

talking one. We have focused our analysis on tinerage between the subject ear of the side shown to the camera and the
surface temperature over each of the four areas. Using aréasrmovision camera. The distance between the mobile phone
instead of spots or lines minimizes the measurement err@ar-piece and the subject ear,talking phase was approxi-
due to identification and positioning, and permits to follownately 0.5 cm in experiments I-VIIl. They were never in touch
temperature trend over time with higher accuracy. to exclude all the phenomena related to local pressure and fric-
Three types of GSM mobile phones have been used separatéiyn by the mobile phone on the human ear, potentially inducing
They are models commercially available and commonly usealjocal temperature increase perturbing the heating effect due
all three operating at 900 MHz and connected to a Europetnelectromagnetic waves. In experiments IX—X, however, the
GSM network operator. The three phones are called A, Bhone ear-piece and subject ear have been placed in soft touch
and C, respectively, with no reference to the commerci@s in the most common mobile phone use) in order to deter-
model. They are made by three different manufactures framine the influence of the local pressure and friction between
Europe, U.S., and Japan, respectively. All the measuremethts phone and ear on the temperature variation.
have been performed at different levels (basement and fourtfOn the other hand, it is interesting to emphasize that we have
floor) of a building, located about 350 m away from the GShoted that the presence of the mobile phone close to the head,
base-station (BS) antenna, which the mobile phones wened the reduction in ventilation of head surfaces are not signif-
connected with. Both locations are far from other EMF sourcé&santly contributing to the temperature increase. The influence
and showed stable environmental conditions of temperatune head temperature increase due to heat radiation induced by
and humidity. the mobile phone electronic parts is under study.
In order to evaluate and study the surface temperature trend,
two types of ex perimental situations have'been exa”."”?d 83V, SURFACE TEMPERATUREVARIATION OF HEAD AREAS
follows. 1) Ordinary casesfavorable reception—transmission
conditions Location fourth floor (12 m above ground level). 2) In Sections V and VI, diagrams represent the average surface
Critical cases extreme situations, unfavorable reception—trangemperature variation over time for any head area of each ex-
mission conditionsLocation basement (4 m below groundperiment described in Table I. The experimental data have been
level). Every measurement has been made in both of timerpolated by trend lines. In order to highlight the average sur-
different cases. face temperature trend of different human head areas, the fol-
The parameters and characteristics of every performed exgewing best-fit trend lines have been used: 1) a line showing the
iments are detailed in Table I, where the specified distancetemperature trend over time in thaking phase: linear for the
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ear area, quadratic for all the other areas and 2) a line showidg Sensitivity to Exposure Duration
the temperature trend over time in theitching offphase: cubic The measuref], ., at the end of théalking phasés not the

for all the areas. same for the different time exposures, at other conditions (area,
The average surface temperature trends have beenthorou%}%tion’ mobile phone type) equal, while the increase rate is

analyzed, with the purpose of extrapolating all the common agg same. In particular, the relati@ avg INCrease, measured
p.e.ct.s characterizing the various expenmelnts. In parchIar, Seioss thealking phaséphone A, fourth floor), was higher for
sitivity analyses have been performed, using the following fou, exposure duration of 20 min (1°€) than for an exposure

criteria: duration of 15 min (1.2C). Analyzing experiments | and I,
1) head areas exposed to radio waves; the different peak temperature can be seen in Fig. 4(b).
2) mobile phone types; This means that a longer exposure induces a higher thermal
3) experiment duration; effect.

4) experiment location.

The main attention has been paid to thkative temperature D. Sensitivity to Contact Between Mobile Phone and Human
i.e., the trend over time, rather than the absolute temperaténar
values. These are indeed very much depending on specific exyyhile the distance between the phone ear-piece and subject
periment date, time, location, external parameters (room tegyy intalking phasehas beers= 0.5 cm in experiments I-VIII,
perature, humidity, etc.), and subject physiological status. {he two parts have been placed in soft touch in experiments
IX—X in order to determine the influence on temperature varia-
tion induced by local pressure and friction between the mobile
V. EAR-AREA ANALYSIS phone and human ear (Fig. 5). The measufegl . increase is
. not the same for the two situations, all other conditions (area, lo-
In all the experiments, the; .., (average surface temperaaion mopbile phone type, duration) equal. In particular, the rel-
ture) trend of the humaearar(_aa}s S|m|Igr (Fig. 4). During the ativeT, .., increase, measured across thiing phasephone
talking phase, thé; ., trend is increasing and can be approxXa ' ear area, basement, 20 min), has been significantly higher
imated well by a linear curve. The temperature rise is 0CCUITiRg < ¢ touchconditions (2.8°C) than in no-touch conditions
cpntinuouslythrough aIIthEgIking phaseperiod. It ends imme- (1.2°C). Analyzing experiments IV and X, the different tem-
diately when the phone switches off. The temperature inCreggsg. o re increase rate can be seen in Fig. 5. The increase can be
range varies between minimun?@ (experiment ) and 2.2C  4ibyted to phenomena related to local pressure and friction by
(experiment II). the phone on the ear, which induces a significant local temper-
ature increase in addition to microwave heating. Hence, we can
A. Sensitivity to Type of Mobile Phone say that in soft touch conditions: 1) about 40%—45% of total ear

. . heating is due to microwave heating and 2) about 55%—60% of
The measured’ .., increase is not the same for the thre?c3ta| ear heating is due to pressure and friction
fc .

different phones, all other conditions (area, location, duratio
being equal. In particular, the maxim) ..., measured at the o .
end oftalking phase(basement, 20-min exposure), has been Switching Off Phase Analysis

higher for phone B (1.8C), intermediate for phone C (1°&), Immediately after switching off the mobile phone, the ear
and lower for phone A (1.1C). Hence, different mobile phonesT; .., starts decreasing. In some cases, the temperature decrease
induce different thermal effects on the head. is sharper, to the extent that temperature reaches lower levels

than the initial experiment temperature (negative overshooting)
due to thermal inertia. After an oscillation cycle, the tempera-
ture gradually goes back to the initial experiment level. In these
The sensitivity to location is actually a sensitivity to the levedases, the head temperature trend is similar to a second-order
of signal received by the phone. We have found that, at foudf)stem response to a step with dump. The measiired, de-
floor, the signal level has always been 100%, while in the basgease trend is different for different absolute peak temperatures,
ment, it has been varying between 40%-80% of the phone max-other conditions (area, location, duration, mobile phone type)
imum level. Hence, the measuréql,,; increase is not same for equal. In particular, the relativg, ., decrease, measured after
the two locations, all other conditions (area, mobile phone typge end of thealking phasdphone A, 20 min), was higher in the

duration) equal. In particular, the relati¥ .. increase, mea- phasement (peak temperature 353 than at fourth floor (peak
sured across thalking phasg15-min exposure, phone A), wastemperature 34.7C).

higher in the location where the signal level is lower (basement).
As a matter of fact, analyzing experiments | and Il, the temper-
ature increase rate in thalking phasas faster in the basement
(signal level 40%) than at fourth floor (signal level 100%), as
shown in Fig. 4(a): the slope is different. On the other hand, theln all the performed experiments, thig .., absolute trends
measured’; .., increase is very similar for the two locationsof the other three analyzed head areas (cheek, frontal temporal,
all other conditions (area, mobile phone type, duration) equahd neck areas) are quite different from the ear diga,. For

if the signal level is similar. the two areas of cheek and neck, we note that dutafigng

B. Sensitivity to Location

VI. CHEEK, FRONTAL—TEMPORAL, AND NECK AREAS
ANALYSIS
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Fig. 4. Temperature trend of human ear lobe area, exposed to 900 MHz (phone A). (a) Comparison between average temperature measured in basement and
fourth floor during 15-min talking phase. (b) Comparison between average temperature measured during 15- and 20-min talking phases at fourth floor.

phase theT, .., trend follows a similar trend in all the exper-was between 0.3C (experiment I) and 1.1C (experiment VI)
iments. TheT, .., is gradually increasing in the exposure fofor the cheek, and between 0G (experiment I) and 0.8 (ex-
the first 5—7 min. The temperature increase after 7-min exposyeriment V) for the neck (Fig. 6). During the following 5 min,
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Fig. 5. Temperature trend of human ear-lobe area, exposed to 900 MHz (phone A), comparison between average temperature, measured with mobile phone in
soft touch and not at all in touch with the ear, during 20-min talking phase, in basement.
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Fig. 6. Temperature trend of human neck area, exposed to 900 MHz (phone A); average temperature measured in basement diaikgng0-min

the temperature gradually decreases by G-3.5°C versus the increase, to observe a temperature decrease on the frontal-tem-
peak level reached after around 7 min. poral area.

Concerning the frontal-temporal area, we noted that theThe physical reason for this behavior is that the temperature
15 ave trend is normally constant or slightly decreasing. Onlyise in the ear leads to a temperature compensation in the sur-
with the lowest reception signal level (experiment II), theounding tissues provided igrmoregulatory processes the
frontal-temporal area has shown a slight temperature increasedy. The maintenance of a certain temperature is of vital im-
In general, the frontal-temporal temperature is qualitativeportance to the organism because of all biological processes are
following a trend similar to the ear, with a much lower slopeonditioned by temperature. In the presence of thermal environ-
(around 1.6C-1.9°C/20 min less than the ear). This leads, imental and internal stresses, the body temperature first increases
the cases when the ear temperature trend has shown a slaggtd then decreases following the onset of a thermoregulatory
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TABLE i over a 20-min duration, we have not been able to detect any tem-
MEASUREMENTSERRORS (8) DUE TO AREA IDENTIFICATION. (b) DUE perature variation in any area, and we have considered the tem-
TO PARAMETER SETTING . . .
perature noise to be within the instrument accuracy.
Areanr. Area Error
AROl  Ear <+0.05°C C. Boundary Parameters Accuracy
AR02  Cheek +0.05°C The measured temperature is affected by a series of boundary
ARO3  Frontal-Temporal £0.05 °C parameters settings, according to Section Ill. The errors induced
ARO4  Neck <£0.05°C by each of these parameters on the final area average tempera-
ture are summarized in Table Ili(b). They have been determined
@ by verifying the area average temperature change for the relative
Parameter Parameter error  Temperature error parameter setting change. The parameter error corresponds to
emissivity 0,005 £ 0.05 °C the error of the instrument augmented by the instrument rgadlng
. o o error (thermometer, barometer, meter). The overall maximum
ambient temperature £25°C £0.05°C temperature error is about G2 for all areas
relative humidity +10% +0.00°C P : '
distance +5cm +0.00°C
Total 101°C VIII. L INK BETWEEN SURFACE AND INNER TEMPERATURE

®) The experiments have permitted to establish the surface tem-
perature. Hence, it is important to find a consistent link between
surface and inner temperatures. Before doing so, a few concepts
response mediated by the endocrine and cardiovascular systezgarding heat transmission need to be recalled.
[13]. The mechanisms of heat regulation are activated in severaln conventional heating systems, heat is transmitted to the
ways and the thermal receptors in the skin play a key role. $nrface of a medium by conduction, convection, or radiation.
this case, the surrounding tissues (cheek, frontal-temporal at®a,the other hand, the phenomena occurring in organic tissues
neck) react to a local heating of the ear trying to compensat®posed to microwave heating are different: heat is generated
it via heat losses, leading to a local temperature decrease oingide of the medium by dielectric heating. It is a volume effect,
least a lower increase. In the cases where the ear temperatudecing a temperature increase much faster than a conventional
significantly increases, the temperature slightly increases atssating system [15].
on the surrounding areas, as the heating rate is faster than thiglicrowave heating can be modeled using the bioheat
body thermoregulation response capability. equation. In order to establish the link between the surface
Itis interesting to highlight that the obtained results are in atemperature and the inner one, we have preferred to perform not
cordance with the averaging time used in the microwave safetynumerical, but an experimental analysis. The heat equation
standards [14]. In fact, the exposure standards are basednamerical solution indeed inside the human head is a rather
thermal considerations and a thermal time constant averagownplicated problem, not necessarily solvable, because of the
time of 6 min has been recommended. difficulty of establishing adequate thermal boundary conditions
inside of the head. The problem is quite complex for inhomo-
geneous materials (different media separated by interfaces),
anisotropic materials (permittivity a function of direction), and
The experimental data are affected by the following identifiegthen permittivity varies significantly with temperature. The

VII. ERRORANALYSIS

measurement errors. human body has a complex surface and internal geometry,
and is composed of tissue with spatially varying dielectric
A. Area Identification (Size and Position) properties.

There are errors due to: 1) subject head micromovementsour.Cho'Fe’ therefore, has been to pe”o”‘.” an expenmental
nalysis using the IR camera. We have examined different non-

during the whole experimental duration and 2) graphical arﬁ\%ng tissues of young beef meat, exposed to the microwave

drawing by IR camera image analysis software. These errars,.” . . ) . :
have been evaluated as indicated in Table lll(a). They have b (adiation emitted by phone A, in two different operating con-

d . o %‘?tri]ons. The parameters and characteristics of each of the per-
etermined by verifying the area average temperature chan em q . i detailed in Table IV. We h d
for an area positioning error @f0.3 cm and an area size erro rmed experiments are detaiied in 1able Tv. Ve have assume
of 10.6 cn?. that the tefmperature. trend inside of the beef meat tlsgue c;ould
be used like a “maximum reference level” for approximating
that inside of the human head. As a matter of fact, the inten-
B. Instrument Accuracy sity-based heating effect of microwave radiation is independent
According to the manufacturer (Agema-Flir, Bothell, WA)of whether the irradiated organism is alive or dead. The “active
the IR video camera used to measure the head surface temperarmoregulation” (heat-transfer mechanisms by employing in-
ture has an accuracy df0.05°C (difference between indicatedternal circulating fluids), characteristic of living organisms, is
and actual temperature). On the other hand, it is worth mesxcluded in this experiment. Thus, are necessarily excluded all
tioning that the instrument sensitivity is 0°C (minimum de- the effects contingent to the aliveness of the organism, such

tectable temperature). Analyzing the head with no GSM preseas, in particular: metabolic heat production, local tissue blood
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TABLE IV
INNER TEMPERATURE EXPERIMENTS—PARAMETERS AND CHARACTERISTICS
. caseand |mobile phone mgngl exposure .o ambient relative
Exp. subject . reception . CmISSIvIty 1
location type level duration temperature | humidity
I | beefmeat | POTMalcase, A 100% 20 min. 0,98 21°C 71%
4th floor
I | beefmeat | CTitical case, A 50% 20 min. 0,98 20°C 1%
basement

flow, and cutaneous vasodilation. On the other hand, the “pd&F energy produce a small amount of heat. Although the mobile
sive thermoregulation” (heat transfer mechanisms via radiatiagalephone handsets transmit much less power (2-W maximum)
conduction, convection) is intact. than a BS (e.g., 10-W maximum, to be augmented by the an-
We have performed the experiment, putting a piece of baehna gain), the user’s body absorbs significantly more power
meat, about 28-mm thick, onto a wooden support with an ifrom the handset antenna, and the head of the user receives the
termediate isolating rubber sheet. No electromagnetic soutighest localized RF exposure because of the short distance.
has been left within 20 m from the experimental location. After We have divided the subject head in four different areas and
leaving the meat in these conditions for more than 60 min, it havestigated the surface temperature evolution over time in the
about reached the room temperature at its surface {€3.5Ve following two main phases: talking phasgphoneon) and 2)
have then put phone A onto the free meat surface and switctssdtching off phashoneoFr), subsequent to the previous one.
it on in talking phase We have photographed the temperature We have also verified that emission durisgandbyphase is
trend within the beef meat section every 5 min starting from moeot thermally relevant. The experiments give a complete pic-
bile phone switch on. The plot of the temperature trend versuse of the surface temperature distributions in the human head
the meat thicknesg, every 5 min (from 0 to 20 min), has beenprofile, using different mobile phones and operating at different
recorded. The measurement was taken along an axis perpensigral-level conditions. We have directly measured the surface
ular to the surface in touch with the phone, starting from themperature, and indirectly determined the corresponding inner
surface itself. The overall temperature, not perfectly constanttamperature.
start up, first becomes uniform inside the meat, and then start§ he results are as follows.

increasing at a higher rate on the superficial layers and atalower1) The most significant surface temperature increase occurs:

rate in t_he i_nner layers. o a) on the ear lobe;
Considering only the temperature trend inside the meat at b) at the end ofalking phase

the beginning and at the endl £ 20 min), we have interpo- c) for higher duration (20 min);

lated both series of experimental data with best-fit quadratic d) at lower signal conditions (50% of the maximum, in a

trend-lines [see Fig. 7(a)]. The result clearly shows that the tem- basement).

perature increase at the surface is higher than in inner layers. ASZ) In the ear lobe region, after 15- and 20-rtaiking time

an example, for a surface temperature increase ofd,.there surface temperature ’increases varies from 1.0 té, 24

is a temperature increase of 6@ at 25 mm from the surface. +0.2°C, depending on location (signal level) ana phoné
Fig. 7(b) shows the trend within the meat thickn€ssf the typé '

difference between the temperature after 20-talkingand the 3) In the regions surrounding the ear, such as the cheek and

initial temperature neck, during theialking phasethe surface temperature
first increases and then decreases because of thermoreg-
ulation effects.

4) With reference to beef meat heating, it is possible to de-
duce thatto a surface temperature increase 6ddrre-
sponds an inner temperature increase of C7at 10 mm
from the surface, and 0°& at 25 mm from the surface.

5) We have directly measured the total body temperature and
we note that it does not significantly change during and
after any of the experiments.

Those results should be compared with théernational

The purpose of this paper has been to experimentally detéechnical Standard§16]-[18], according to which mobile
mine the temperature trend of an actual human head, expotsdphones are made, which do not allow them to cause any
to microwaves emitted by GSM mobile phones at 900 MHzignificant heating. The head of the mobile phone user, in par-
These fields are known to penetrate exposed tissues and pi@slar, the ear, receives the highest localized RF expoginie.
duce heating due to energy absorption. Even very low levelslotalized RF exposure should not cause any local temperature

AT(d) = ,Ttrendline(dv 20 mln) - ,Ttrendline(dv 0) (1)

Due to our quadratic interpolation of temperature at 0 and
20 min, theAT has a quadratic trend versus tissue thickness
d as well. It can be observed that the variation is similar to an
exponential with a skin depth of about 15 mm, which is indeed
the value valid for a human body at 900 MHz.

IX. CONCLUSIONS
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Fig. 7. Temperature trend inside meat. (a) At start= 0) and end{ = 20 min). (b) Difference between temperature trend after 20-min talking and at start as

a function of penetration.

increases in excess df °C [19]. However, our experimental
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