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Correlation of Maximum Temperature Increase
and Peak SAR in the Human Head
Due to Handset Antennas
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Abstract—This paper attempts to correlate the maximum
temperature increase in the head and brain with the peak spe-
cific absorption rate (SAR) value due to handset antennas. The
rationale for this study isthat physiological effects and damage to
humans through electromagnetic-wave exposure are induced by
temper atureincreases, while the safety standards areregulated in
terms of the local peak SAR. For investigating these correlations
thoroughly, thetotal of 660 situationsisconsidered. Thenumerical
results are analyzed on the basis of statistics. We find that the
maximum temperature increases in the head and brain can be
estimated in terms of peak SARs averaged over 1 and 10 g of
tissue in these regions. These correlations are less affected by the
positions, polarizations, and frequencies of a dipole antenna. Also,
they are reasonably valid for different antennas and head models.
Further, we discuss possible maximum temperature increases in
the head and brain for the SAR values prescribed in the safety
standards. They are found to be 0.31 °C and 0.13 °C for the
Federal Communications Commission Standard (1.6 W/kg for
1 g of tissue), while 0.60 °C and 0.25 °C for the International
Commission on Non-lonizing Radiation Protection Standard
(2.0 W/kg for 10 g of tissue).

Index Terms—Dosimetry, finite-differencetime-domain (FDTD)
method, specific absorption rate (SAR), temperatureincrease.

|. INTRODUCTION

N RECENT years, there has been an increasing public

concern about the health implications of electromagnetic
(EM) wave exposure with the use of mobile telephones [1].
Therefore, various organizations throughout the world have
established safety guidelines for EM wave absorption [2]{4].
For RF near-field exposure, these standards are based on the
spatial peak specific absorption rate (SAR) for any 1 or 10 g
of body tissue. However, physiological effects and damage to
humans by EM-wave exposures are induced by temperature
increases. A temperature increase of 4.5 °C in the brain has
been noted to be an allowable limit, which does not lead to any
physiological damage (for exposures of more than 30 min) [5].
Additionally, the threshold temperature of the pricking pain
in skin is 45 °C, corresponding to the temperature increase of
10 °C-15 °C [6], [7]. Therefore, the temperature increase in
the anatomically based human-head model for exposure to EM
waves from handset antennas has been calculated in severa
papers [8]-{15]. According to these papers, the temperature
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increase distribution in the human head is largely affected by
the SAR distribution, and the former is not linearly propor-
tiona to the latter. This is attributed to heat diffusion. The
nonlinear relation between the SAR and temperature increase
distributions has made many authors further investigate the
temperature increase in the head due to handset antennas. In
these papers, however, sufficient attention has not been paid to
the correlation between peak SARs (averaged over 1 or 10 g
of tissue) and maximum temperature increases in the head and
brain. One of the main reasons for this is that only a limited
number of situations were considered because of the large
computational cost. This being the case, we have presented a
hypothesis [16] that maximum temperature increases in the
head and brain are reasonably proportional to peak SARs in
these regions. This hypothesis is roughly formulated on the
basis of the results of only ten situations, which correspond to
five frequencies, together with two polarizations.

In this paper, we thoroughly discuss the correlation between
peak SARsand maximum temperatureincreasesin the head and
brain, and clarify thevalidity of our hypothesis. In our investiga-
tion, the total of 660 casesis considered, and sets of peak SARs
and maximum temperature increases are processed on the basis
of statistics. It should be noted that, in this paper, the intrinsic
temperature increase in the head due to EM-wave exposure is
discussed. In other words, no attention is paid to the tempera-
tureincrease dueto ahandset itself, whichiswarmed by internal
electronic circuits, unlike the previous work [15].

The calculation procedure for the SAR and temperature in-
crease in the head is the same as [8]{13], [15] in that: 1) the
SAR in the head is calculated by using the FDTD method and
2) thetemperature increasein the head is cal culated with the use
of FD method by substituting the SAR obtained in 1) into the
bioheat equation [17].

Il. MODEL AND METHOD FOR THE ANALYSIS
A. Human-Head Model

The human-head model used in this paper is amost the same
asthat developed in [18], except for some minor modifications.
It consistsof 96 x 110 x 125 cubic cells, whose side cell length
is 2.0 mm. This model is comprised of 18 tissues, i.e., bone
(skull), cartilage, cornea, sclera, lens, aqueous humor, vitreous
humor, muscle, skin, fat, white matter, grey matter, cerebellum,
dura, nerve, tongue, cerebrospinal fluid (CSF), and blood. At the
frequency of 2.45 GHz, each cell inthismodel issubdividedinto
eight cubic cells comprised of the same tissue with aside length
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of 1.0 mmin order to suppress numerical dispersion error below
1%: the cell side length should be smaller than A,,,;, /10, where
Amin i1Sthe shortest wavelength in the system [19]. In additionto
our model, the model constructed by Brooks Air Force Baset is
also used to discuss some uncertainties due to different models.

B. Finite-Difference Time-Domain (FDTD) Method

The FDTD method [19] is used for investigating the inter-
action between the human-head model and handset antennas.
In order to incorporate the inhomogeneous head model into the
FDTD scheme, the dielectric properties of the tissues are re-
quired. They are determined with the aid of the 4-Cole-Cole
extrapolation [20]. For geometries in which wave—object inter-
action hasto be considered in the open region, the computational
space hasto be truncated by absorbing boundaries ([19, Ch. 7]).
In this paper, an eight-layer Berenger’s perfectly matched layer
(PML) [21] with a parabolic profile is adopted as the absorbing
boundary.

C. SAR Calculation
For harmonically varying EM fields, the SAR is defined as

g, -~ [o2 N A~ A~
SAR:—EQ:—(E,;Q B2 E,/Q) 1
TIBE = - (1P + 1B+ 1EF) @

where £, E,,, and E. are the peak values of electric-field com-
ponents, o and p denoting the conductivity and mass density
of the tissue. The 12-component approach is used for obtaining
SARs[22] in each cell. For the shape of the averaging volume,
we choose a cube. Note that 10% air inclusion is allowed for
calculating the peak SARs averaged over 1 and 10 g of tissues
in the head. Similarly, other tissues are included by less than
10% for the calculation of peak SARsfor the brain tissue. Here,
we define the brain as composed of white matter, gray matter,
cerebellum, dura, and CSF

D. Temperature Increase Calculation

Only the outline of the algorithm for calculating the temper-
ature increase is described since our procedures are the same
as those in [8]{13] and [23]. For calculating the temperature
increase in the human head, the bioheat equation [17], which
takes into account the heat exchange mechanisms such as heat
conduction, blood flow, and EM heating, is used. The bioheat
equation is represented as

T
opfl—t = KV?T + p(SAR) — BT 2

where 7" is the temperature increase of the tissue, K is the
thermal conductivity of the tissue, C'is the heat capacity of the
tissue, and B istheterm associated with blood flow. In addition,
the boundary condition for (2) is given by

(T -T) = Ko ®

where H, T, and T, denote, respectively, the convection coef-
ficient, surface temperature, and temperature of the air. The fi-
nite-difference expressionsfor (2) and (3) aregivenin[9], [13],
and [23].

1[Online]. Available: http://www.brooks.af.mil/AFRL/HED/hedr/hedr.html
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TABLE |
THERMAL PROPERTIES OF TISSUES IN THE HUMAN HEAD

Tissues C K B
[J/kg °C] | [W/m- °C] | [W/m3.°C]

Skin 3500 0.42 9100
Muscle 3600 0.50 2700
Bone 1300 0.40 1000
Blood 3900 0.49 0
Fat 2500 0.25 520
Grey Matter 3700 0.57 35000
White Matter 3600 0.50 35000
Cerebellum 4200 0.58 35000
Humor 4000 0.60 0
Lens 3000 0.40 0
Sclera/Cornea 4200 0.58 0
C.S.F. 4000 0.60 0
Tongue 3300 0.42 13000
Brain Dura 3600 0.50 2700

Attheinitial state, the steady-state temperature distributionin
the head is given. This distribution is obtained from the steady-
state bioheat equation

KV*T - BT =0 4)

subject to boundary conditions (3) with the assumption that the
body core temperature is 37.0 °C. We then follow the temper-
ature increase by solving (2) until we reach a steady state (for
approximately 30 min [13]).

The thermal parameters of tissues are listed in Table | [5],
[24]-29]. In this table, most of the material constants are bor-
rowed from[13, Table 1] for comparison with theresultsin that
paper. It should be noticed that the results based on animal ex-
periments are used for most of the thermal parameters because
we have no reliable actual data available for the parameters re-
quired in the human-head model. The uncertainties in the max-
imum temperature increases caused by thosein thermal param-
eters can be found in [16].

I1l. CORRELATION BETWEEN AVERAGE SARS AND
TEMPERATURE INCREASES

A. Hypothesis and Evaluation Scheme

Wang et al. showed numerically that the temperatureincrease
in the human head due to a monopole antennais almost linearly
proportional to the output power [12]. Let us consider the phys-
ical meaning of thisrelationin short. At thethermal steady state,
(2) isreduced to the following:

KV2T + p(SAR) — BT = 0. (5)

Thisisalinear equationintermsof T" and, thus, the steady-state
temperature increase in the head is proportional to the SAR (or
the output power of the handset antenna). Note that transient
distribution of the temperature increase is not proportional to
the output power. When the maximum temperature increase is
considered at the thermal steady state, it could be appropriateto
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express the maximum temperature increase in the head or brain
approximately as the following equation:
T =a-SARu. (6)
where SARve, 1", and a denote, respectively, the peak SAR av-
eraged over 1 or 10 g of tissueinthe head or brain, the maximum
temperature increase estimated by the regression line, and the
slope of the regression line with the unit of °C - Kg/W, which
are determined by using the method of least squares[30]. Note
that the intercept of the regression line is set to zero since no
temperature increase in the head is induced without EM power
absorption. It isthisrelation that we presented in [16] asthe hy-
pothesis. It should be noted that we have confirmed the linear
temperature increase in the head and brain with the increase of
the output power of the antennain the frequency range between
900 MHz-2.5 GHz [16]. In additiona, the maximum tempera-
tureincrease in the head is so defined asto exclude the auricles.
Thisis because the peak SAR averaged over 1 or 10 g of tissue
does not appear in the auricle due to its complex shape. Con-
sequently, it is difficult to correlate the maximum temperature
increase appearing in auricle and the peak 1- or 10-g SARinthe
head [16].
For evaluating the effectiveness of the estimation scheme for
the maximum temperature increase, the coefficient of determi-
nation 2 is introduced as

2 S(G-T) S (-1
> (T -T)° (5 - T)°

where 7;; isthe maximum temperature increase for the ith case,
and T isthe mean value of 7. Note that the value of coefficient
of determination increases with the increase of the number of
samples n. Thus, the coefficient should be adjusted in accor-
dance with the degrees of freedom. The adjusted coefficient is
defined as

)

®

It should be noted that 72 can be considered a measure of how
well the regression line agrees with the observed values [30],
[31]. Namely, the less the observed values depart from the fitted
line, the smaller the second term in (8) is and the closer to unity
72 is. When the val ue of 72 becomes negative, the value of 72 is
set to 0. This corresponds to the case that no clear correlationis
observed between the maximum temperature increase and the
peak SAR.

B. Effectiveness of the Estimation Scheme

The effectiveness of the correl ation scheme between the max-
imum temperature increase and peak SAR values are discussed
for a dipole antenna. The following total of 360 situations is
considered:

« head models with pressed or unpressed ear;

« fivefrequencies: 900 MHzand 1.5, 1.9, 2.1, and 2.45 GHz;

* two polarizations: the horizontal polarization (HP) and
vertical polarization (VP);

« 18 feeding points (see Fig. 1).
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Fig. 1. Positions for the feeding points of the dipole antenna relative to the
auricle; both points o and points e denote 18 feeding positions, and points e
denote ten positions. The distance between the origina feeding point and ear
canal is 26 mm.
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Fig.2. Maximum temperatureincreasein the head versus SAR averaged over:
(a) 1- and (b) 10-g tissuesin the head. Theregression line and the lineindicating
the maximum slope are demonstrated by solid and dotted lines.

The thickness of unpressed and pressed ears is 18 and 6 mm,
respectively. The diameter of the dipole antenna is fixed to
1.0 mm, but the length takes severa values. 160, 92, 72, 64,
and 54 mm for 900 MHz and 1.5, 1.9, 2.15, and 2.45 GHz,
respectively.

Fig. 2(a) and (b) illustratesthe rel ation between the peak 1- or
10-g SAR in the head and the maximum temperature increasein
thehead. Inthisfigure, theregression lineand thelineindicating
the maximum slope are demonstrated by solid and dotted lines.
As seen from the figure, the maximum temperature increase in
the head is reasonably proportional to the peak SAR averaged
over 10 g of tissue. In particular, it is not found to be dependent
on the frequency (see aso TableIl). On the other hand, the peak
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TABLE I
ESTIMATED SLoPE (°C - Kg/W) AND THE ADJUSTED COEFFICIENT OF
DETERMINATION FOR THE MAXIMUM TEMPERATURE INCREASE IN
THE HUMAN HEAD VERSUS THE PEAK SARS IN THE HEAD

lg SAR [W/kg] | 10g SAR [W/kg]

a " a e
Pressed | 0.091 0.250 | 0.197 0.867
Normal | 0.147 0.962 | 0.237 0.906
All 0.109 0.132 | 0.215 0.804

1-g SAR in the head cannot be reasonably correlated with the
maximum temperature increase in the head. Asis evident from
Fig. 2(a), thisis due to the effect of ear shape, i.e., the plots for
the head with the normal ear are well on itsown regression line,
whilethose for the pressed ear are dispersed (see Tablell). This
ismainly caused by therelative position of peak SARs and max-
imum temperature increase: for the model with the pressed ear,
the position of maximum temperatureincreaseis closeto that of
the peak 10-g SAR, while it is not always the case for the peak
1-g SAR. For the model with the normal ear, the positions of
peak SARs and maximum temperature increase almost coincide
for most samples. It is worth noting that our results present the
following features clarified in the previous papers. 1) the peak
1- and 10-g SARs appear near auricle for the model with the
lossy ear [32] and 2) the positions of peak 1- and 10-g SARs do
not always appear in close proximity to one another [33]. The
point to be stressed is that the regression line for the peak 10-g
SAR in the head could be effective since the averaging scheme,
SARdistribution, curvature of the actual head models, and so on
affect the peak SAR by as much as 20%-30% [22], [34], [35].

Fig. 3 showsthe maximum temperatureincreasesin the brain
versus the peak SARs averaged over 1 and 10 g of tissues in
the head. As seen from this figure, the plots are dispersed, and
little correlation can be observed. It is expected from the dis-
cussion above and in [16] that an accurate correlation cannot be
obtained in cases where the position of the maximum tempera-
ture increase is not involved in the averaging volumes of peak
SARs for the mgjority of samples. It should be noted that the
maximum temperature increase in the brain appears around the
boundary between the skull and brain, ascan beseenin[9], [13],
and [16].

It is interesting to illustrate the maximum temperature in-
crease in the brain versus the peak 1- and 10-g SARs in the
brain (Fig. 4). From this figure, the maximum temperature in-
crease in the brain is extrapolated by using either one of the
peak 1- or 10-g SARs in the brain. For evaluating the effec-
tiveness of the estimation scheme for the maximum tempera-
ture increase in terms of peak SAR quantitatively, the slope a
in (6) and the adjusted coefficient of determination are listed
in Table I11, together with the case where the average SARs in
the head are used. From this table, we find that the SAR aver-
aged over 1 g of brain tissue enables us to estimate the max-
imum temperature increase with better accuracy than the peak
10-g SAR of the brain. This is because the heat evolved in the
brain is much diffused due to the large blood flow, as compared
with the other tissues. Thus, the temperature increase distribu-
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Fig.3. Maximum temperatureincreasein the brain versus SAR averaged over:
(a) 1- and (b) 10-g tissuein the head. The regression line and the line indicating
the maximum slope are demonstrated by solid and dotted lines.
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the maximum slope are demonstrated by solid and dotted lines.
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TABLE Il
ESTIMATED SLoOPE (°C - Kg/W) AND THE ADJUSTED COEFFICIENT OF
DETERMINATION FOR: (&) THE MAXIMUM TEMPERATURE INCREASE IN
THE BRAIN VERSUS PEAK SAR IN THE HEAD AND (b) THE MAXIMUM
TEMPERATURE INCREASE IN THE BRAIN VERSUS PEAK SAR IN THE BRAIN

1g SAR [W/kg] | 10g SAR [W/kg]

a 7 a 72
Pressed | 0.028 0 | 0.064 0.280
Normal | 0.048 0.341 | 0.078 0.387
Al 0.035 0 | 0.070 0.260

@

1g SAR [W/kg] | 10g SAR [W/kg]

a 72 a 7
Pressed | 0.084 0.778 | 0.156 0.493
Normal | 0.091 0.729 | 0.169 0.470
All 0.088 0.738 | 0.163 0474

(b)

tion in the brain is largely affected not only by the SAR in the
averaging volume, but also by the SAR distribution and blood
flow in the surrounding region. Consequently, the uncertainty
in the estimation isincreased by the blood flow when treating a
larger volume in the brain. It should be noted that the positions
of maximum temperature increase and peak SARs in the brain
coincide reasonably for the mgjority of samples. They appear
at the outer boundary of the brain. If we choose a cube for the
SAR averaging, the position of maximum temperature increase
appears on the side close to the antenna.

C. Effect of Different Antennas on the Sope a

In order to clarify the effect of different antennas on the slope
a in (6), our head model with the pressed ear is used. Since
it has been shown that maximum temperature increases in the
head and brain were well estimated by using the peak 10- and
1-g SARs in the corresponding regions, attention is paid only
to these correlations. The following total of 300 situations are
considered:

* three antennas. an isolated dipole antenna (see Fig. 1),
monopole, and helical antennas on a metallic box (see
Fig. 5);
* two polarizations. the HP and VP;
« fivefrequencies: 900 MHzand 1.5, 1.9, 2.1, and 2.45 GHz;
« ten feeding points (see Fig. 5).
For al the above cases, the dimension of the metallic box is
20 mm x 40 mm x 104 mm. It should be noted that the metallic
box is coated with adielectric (relative permittivity = 1.6) with
thethickness of 2.0 mm. Thisbox touchesthe edge of theauricle
when considering the original position (see Fig. 1) as afeeding
point. The diameter of the monopoleisfixed to 1.0 mm, but the
length d takes values of 80, 46, 36, 32, and 27 mm for 900 MHz
and 1.5, 1.9, 2.15, and 2.45 GHz, respectively. For the helical
antenna, the diameter and pitch of the helix are fixed to 4.0 and
2.0mm, anditslengthis28, 18, 14, 12, and 10 mm for 900 MHz
and 1.5, 1.9, 2.15, and 2.45 GHz.
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Fig. 5. Positions for the feeding point of the monopole and helical antennas
on the metallic box relative to the pressed ear: « = 20 mm, b = 40 mm,

¢ =104 mm, and e = 2.0 mm. The distance between the origina position and
ear cana is 26 mm.

TABLE IV
EFFECT OF DIFFERENT ANTENNAS ON THE ESTIMATION PARAMETERS

head (10g SAR) | brain (1g SAR)

a 7 a 72
Dipole 0.196 0.890 0.083 [ 0.798
Monopole | 0.192 0.962 0.092 | 0.785
Helical 0.187 0.975 0.102 0.905
All 0.193 0.923 0.088 0.780

Table IV shows the slope a and the adjusted coefficient of
determination for each antenna. As is evident from this table,
the effect of different antennas on the estimation parametersfor
the head is small. On the other hand, the slope of the estimation
for the brain is affected by the antenna shape, but it is at most
20%. It should be noted that the adjusted coefficient of determi-
nation 72 for the brain obtained for the helical antennais closer
to unity than for the others. The main reason for thisisthat the
SAR distribution is concentrated around a particul ar region near
the antenna feeding point, which is caused by the shape of the
antenna[36]. Asaresult, the SAR distribution decreasesrapidly
as going away from the position where the peak SAR appears.
Namely, the heat evolved in the volume of the peak 1-g SAR
in the brain becomes much larger than that evolved in the sur-
rounding region. Thus, the maximum temperature increase for
the helical antenna is less affected by blood flow than for the
other antennas, as can be expected from (5). It is noteworthy
that the positions of peak SARs and the maximum temperature
increase in the head appear near the auricle for the monopole
and helical antennas, as well as for the dipole antenna.

D. Effect of Different Head Models on the Sope a

In order to discuss some uncertainty in the slope a due to the
difference in head models, the models constructed by our group
and the Brooks AFB are considered. The following total of 200
situations is considered for the dipole antenna:

« two head models (by Osaka University, Osaka, Japan, and
Brooks Air Force Base, Brooks AFB, TX);
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TABLE V
EFFECT OF DIFFERENT HEAD MODELS ON ESTIMATION PARAMETERS

head(10g SAR) | brain (1g SAR)

a 72 a 72
Our model 0.198 0.847 | 0.084 | 0.778
Brooks model | 0.185 0.542 0.207 0.689
Results m {13] | 0.197 | 0.697 ] 0.116 [ 0.736

« fivefrequencies: 900 MHzand 1.5, 1.9, 2.1, and 2.45 GHz;
* two polarizations: the HP and VP;
« ten feeding points.

Table V showsthe slope a and the adjusted coefficient of deter-
mination for each model. In addition, the resultsin [13] areaso
shown for comparison, although only ten samples are listed in
the reference.2 From this table, it is found that the maximum
temperature increases in the head and brain can be reasonably
estimated in terms of peak SAR even for the Brooks model.
Furthermore, the slope for the peak 10-g SAR versus the max-
imum temperature increase in the head is aimost the same for
al models. On the other hand, the slope for the brain is largely
dependent on models. We observe that the main reason for this
is the difference in the structure of the head models around the
ear. Itisworth noting that the resultsin [37] for the temperature
increase in the brain reasonably agree with our results (within
10%—20% for four samples).

E. Maximum Temperature Increase for the SAR Prescribed in
Safety Sandards

This section discusses maximum temperature increasesin the
head and brain for the SAR limits prescribed in the safety stan-
dards. The upper limit for near-field exposures in public envi-
ronmentsis 1.6 W/kg for any tissueaveraged over 1 ginthe Fed-
eral Communications Commission (FCC) Standard [2], whileit
is 2.0 W/kg for 10 g of tissue in the International Commission
on Non-lonizing Radiation Protection (ICNIRP) Standard [4].
Table VI shows maximum values of possible temperature in-
creasesin the head and brain for the SAR value prescribed in the
standards, together with those in the previous papers. Note that
maximum values of possible temperature increases are defined
on the basis of the maximum slopes in Figs. 2 and 3. Namely,
they are defined asthe product of the SAR limit in the standards
and the maximum slope. It is noteworthy that this slopeislittle
affected by the kind of antennas, although they are not shown to
avoid similar repetition. As seen from this table, the maximum
values of possible temperature increase in the head and brain
are 0.31 °C and 0.13 °C for the FCC Standard, while 0.60 °C
and 0.25 °C for the ICNIRP Standard. From the viewpoint of
maximum temperature increase, the ICNIRP Standard is less
stringent than the FCC Standard by a factor of two. This agrees
well for our results using the Brooks model. On the other hand,
a somewhat large temperature increase is observed in the max-
imum temperature increase in the head as shown in Table VI(e).
This might be because we define the maximum temperature in-

2At least 50 samples are required for proper statistical approach.

1839

TABLE VI
PossIBLE MAXIMUM TEMPERATURE INCREASES (°C) DUE TO THE DIPOLE
ANTENNA: OUR RESULTS WITH THE USE OF: (d) OUR MODEL AND (b) THE
BROOKS MODEL, AND THE RESULTS (C) IN [8], (d) IN [13], AND (€) IN [14]

head | brain

(a) | FCC 0.31 | 0.13
ICNIRP | 0.60 | 0.25
(b) | FCC 0.28 | 0.08
ICNIRP | 0.64 | 0.20

{e) | FCC 0.25 | 0.17
ICNIRP | 042 | 0.26
(d) | FCC 0.23 | 0.14
ICNIRP | 0.53 | 0.24

(e) | FCC 0.30 | 0.13
ICNIRP | 0.92 | 0.33

creasein the head excluding the auricle, while the other authors
have possibly defined it including the auricle (although no clear
description was given).

IV. SUMMARY

In this paper, we have attempted to correlate the maximum
temperature increase in the head and brain with the peak SAR
averaged over 1 and 10 g of tissues due to handset antennas.
The rationale for this study was that physiological effects and
damage to humans due to EM wave exposure are induced
through temperature increases, although the safety standards
areregulated in terms of the peak SARs. For investigating these
correlations thoroughly, we considered the total of 660 different
situations. The numerical results for these cases were analyzed
onthe basis of statistics. For the result of our investigations, we
have found that maximum temperature increases in the head
and brain can be estimated in terms of peak SARs averaged
over 10 g of tissue and 1 g of tissue in these regions. These
correlations were less affected by the positions, polarizations,
and frequencies of the dipole antenna. Also, they were found
to be valid for different antennas. Furthermore, the slopes to
correl ate the maximum temperature increase in the head and the
peak 10-g SAR in the head were almost identical for different
head models (within 10%). On the other hand, the slopes
correlating the maximum temperature increase in the brain and
the peak 1-g SAR in the brain were largely affected by the head
models (up to 100%), although the linear correlation is valid
for all head models.

From the results for the dipole antenna (360 situations), we
discussed maximum values of possible temperature increasesin
the head and brain for the SAR values prescribed in the safety
standards. They are 0.31 °C and 0.13 °C for the FCC Standard
(1.6 W/kg for 1 g of tissue), while they are 0.60 °C and 0.25°C
for the ICNIRP Standard (2.0 W/kg for 10 g of tissue). These
results are comparable with those in previous papers. It isworth
noting that these temperature increases are well within normal
biological variations of temperature in humans [38].
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