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Abstract— This paper investigates the correlation between
maximum temperature increases and peak spatial-average SARs
calculated by different averaging schemes and masses. For evalu-
ating the effect of mass on the correlation properly, a 3-D Green’s
function is presented. From our computational investigation, no
best averaging mass for peak spatial-average SAR exist from the
aspect of the correlation with maximum temperature increase.
This is attributed to the frequency dependent penetration depth
of EM waves. Maximum temperature increase in the head
including the pinna is reasonably correlated with peak spatial-
average SARs for most averaging schemes and masses considered
in this paper. Maximum temperature increase in the head only
(excluding the pinna) is reasonably correlated with peak 10-
g SARs for the averaging schemes considered in this paper.
The rationale for this result is explained using the Green’s
function. The point to be stressed here is that the slope correlating
them is largely dependent on the averaging scheme and mass.
Additionally, good agreement is observed in the slopes obtained
by using two head models, which have been developed at Osaka
University and Nagoya Institute of Technology. However, weak
correlation is observed for the brain, which is caused by the
difference of the positions where peak SAR and maximum
temperature increase appear. The 95th percentile values of the
slope correlating maximum temperature increases in the head or
brain and peak spatial-average SAR are quantified for different
averaging schemes and masses.

Index Terms— temperature increase, averaging schemes, SAR,
dipole antenna, safety guidelines, possible health hazard, Green’s
function

I. INTRODUCTION

In recent years, there has been increasing public concern
about the health implication of electromagnetic (EM) wave
exposure with the use of mobile telephones (e.g., see [1]). For
this reason, public organizations throughout the world have
established safety guidelines for EM wave absorption [2]–[5].
For RF near field exposures, these guidelines are based on peak
spatial-average SAR (specific absorption rate) for any 1 or 10
g of body tissue. Incidentally, note that a different averaging
scheme is used for each guideline. The temperature increase
in the human body is one of the dominant factors due to
microwave heating. A temperature increase of 4.5 [◦C] in the
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brain has been noted to be an allowable limit which does not
lead to any physiological damage (for exposures of more than
30 minutes) [6]. Additionally, the threshold temperature of the
pricking pain in skin is 45 ◦C, corresponding the temperature
increase of 10-15 ◦C [7]. It has been also reported that a
temperature increase in the rabbit hypothalamus of 0.2 ◦C –
0.3 ◦C leads to altered thermoregulatory behavior [8]. It should
be noted that diurnal variation of body core temperature is 0.2
◦C – 0.3 ◦C [9], or comparable to the above threshold. The
same group concluded that the humans demonstrate superior
thermoregulatory ability against microwave exposures over
other animals [10].

In view of these circumstances, the temperature increase in
the anatomically based human head model for exposure to EM
waves from handset antennas has been calculated [11]–[17].
In these papers, different averaging schemes and/or masses
are used for calculating peak spatial-average SAR. One of the
main reasons for this difference is that guidelines or standards
define/suggest their unique averaging masses and shapes for
peak SAR calculation. For example, SAR is averaged over
10 g of contiguous tissue in the ICNIRP guideline [4], while
it is averaged over 10 g of tissues in the shape of a cube
with a detailed regulation in the IEEE C95.3-2002 [18]. Note
that 1 g has been used instead of 10 g until recently [2]. It
is noteworthy that the effect of averaging procedure on peak
SAR has been discussed analytically and then it was shown
to be up to 20% or more at 900 MHz and 1800 MHz [19].
In the previous papers [11]–[17], different anatomically-based
head models have also been used. This makes further difficulty
to compare a maximum temperature increase at the limit of
peak spatial-average SAR. In order to discuss this problem
thoroughly, it is essential to evaluate the correlation between
peak SAR and maximum temperature increase for different
masses and averaging schemes. Then, this evaluation should
be conducted for different head models.

In this paper, the maximum temperature increases in the
head and brain are presented for different SAR averaging
schemes, which are determined on the basis of the ICNIRP and
IEEE guidelines. It should be noted that there are three major
factors which affect the correlation between peak SAR and
maximum temperature increase. One is the number of tissues
taken into account. The second is the shape of averaging
volume or not. The third difference is whether the pinnae are
included in the averaging volume. In order to clarify these
effects on the correlation, four averaging schemes are consid-
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ered. The averaging masses of 1 g and 10 g are considered.
For discussing the effect of mass, 3-D Green’s function is
introduced, and then specified for typical thermal constants of
human tissues. Finally, for the head models developed at the
Osaka University and Nagoya Institute of Technology (NIT),
the maximum temperature increases in the head and brain
are quantified and compared for these averaging schemes and
masses. For our preliminary work, refer to [20].

II. METHOD AND MODEL FOR THE ANALYSIS

A. Human Head Model

Two head models for the adult are considered: one has
been developed at Nagoya Institute of Technology (NIT) [21]
and the other at Osaka University [22]. These models are
comprised of 17 and 18 tissues, respectively: bone (skull),
muscle, skin, fat, white matter, grey matter, cerebellum, blood,
and eye tissues, dura and C.S.F. For each model, unpressed
and pressed ears are considered. The thicknesses of unpressed
and pressed ears are 18 mm and 6 mm for the adult model of
Osaka Univ., and 22 mm and 8 mm for the NIT adult model.
The masses of the pinna are 8.7 g and 5.7 g for unpressed and
pressed ear of the Osaka Univ. model. They are 9.8 g and 6.0
g for the NIT model.

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

The FDTD method is used for investigating the interaction
between the human head model and a dipole antenna. In order
to incorporate the inhomogeneous head model into the FDTD
scheme, the dielectric properties of the tissues are required.
They are determined by using the 4-Cole-Cole extrapolation
[23]. For geometries in which wave-object interaction proceeds
in the open region, the computational space has to be truncated
by absorbing boundaries. In this paper, an 8-layered PML with
a parabolic profile is adopted as the absorbing boundary.

As a wave source, a dipole antenna is considered. The
diameter of the dipole antenna is fixed to 1.0 mm, while the
length takes values of 160, 92, 72, 64, and 54 mm for 900
MHz, 1.5 GHz, 1.9 GHz, 2.1 GHz and 2.45 GHz, respectively.
The output power of the antenna is 1.0 W. A continuous wave
is injected to the antenna.

C. SAR Calculation
As mentioned above, a continuous wave is injected to the

dipole antenna. In realistic environment, modulated waves are
used. It should be noted that the peak-spatial SAR is defined
as further averaging over a specific time period (e.g., 6 min.
in [4]). Thus, the simplification of waveforms does not affect
as far as discussing thermal elevation.

SAR is given by the following equation:

SAR =
σ

ρ
|E|2 (1)

where E is the root mean square electric-field, σ and ρ

denoting the conductivity and mass density of the tissue.
Specifically, this equation is reduced to the following equation
for harmonically-varying fields.

SAR =
σ

2ρ
|Ê|2 (2)

TABLE I
DIFFERENCE OF AVERAGING SCHEMES IN THE IEEE STANDARD AND

ICNIRP GUIDELINE.

No. of Shape of Pinna
Tissues Avg. Volume

(I) unlimited cube excluded
(II) 1 contiguous included
(III) unlimited cube included
(IV) unlimited contiguous included

where Ê is the peack value of the electric-field components.
For calculating peak spatial-average SAR, four schemes are

considered in this paper. The first two schemes are based on
the description in the IEEE standard C95.3-2002 [18] and the
ICNIRP guideline [4]. These averaging schemes are defined as
(I) and (II). There are three differences between these schemes:
the number of tissues allowed in the averaging process, the
shape of the averaging volume, and the pinna is included in
the averaging volume or not. In the scheme (I), the shape of
averaging volume is a cube, and different tissues are allowed.
The averaging scheme is not defined clearly in (II); any 10 g
of contiguous tissue. Then, we define a scheme, taking into
account the description in the ICNIRP guideline [4]. First,
voxel-SARs are sorted in the descending orders till the total
mass of voxels becomes a specific mass (e.g., 10 g). The sorted
voxels are divided into some groups in the following manner.
One group is defined as a cluster of voxels, in which voxels
are adjacent to each other. In the descending order, a specific
voxel is judged whether its sides touch existent groups. If the
voxel touches no group, a new group is assigned to the voxel.
If it touches one of either group, the voxel belongs to the
group. When the voxel touches different groups, these groups
and the voxel are reclassified as a new group. This process is
carried out for all the cells sorted in the above process. Finally,
all groups are connected by choosing the shortest paths. As
an averaging tissue, skin is chosen since it exists around the
surface of the head.

In order to evaluate the differences of (I) and (II) on the
correlation properly, additional two averaging schemes are
introduced. Firstly, the SAR in the pinna is included in the
averaging volume, while the remaining is identical to that of
(I). This is defined as (III). The other scheme is based on
(II), while any number of tissues is allowed in the averaging
process. This is defined as (IV). The differences between these
schemes are summarized in Table I.

D. Temperature Increase Calculation

The temperature in the human body is calculated by solving
the bioheat equation. The SAR calculated by the FDTD
method is used as the heat source. The bioheat equation [24],
which takes into account the heat exchange mechanisms such
as heat conduction, blood flow, and EM heating, is represented
by the following equation:

C(r)ρ(r)
dT (r, t)

dt
= ∇ · (K(r)∇T (r, t)) (3)

+ρ(r)(SAR(r)) + Q(r) − B(r)(T (r, t) − TB)
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where T is the temperature of the tissue, T the temperature
of the blood, K the thermal conductivity of the tissue, C the
specific heat of the tissue, Q metabolic heat generation, and B

the term associated with blood flow. The temperature increase
due to the antennas is assumed to be so small that it cannot
activate the thermoregulatory response: the increase of local
blood flow, the activation of sweating mechanism, and so forth.
Thus, this effect is neglected in our discussion. The boundary
condition for Eq. (3) is given by

H · (Ts(r) − Te) = −K(r)
∂T (r)

∂n
(4)

where H , Ts, and Te denote, respectively, the heat transfer
coefficient, the surface temperature of the tissue, and the
temperature of the air. The finite-difference expressions for
Eqs. (3) and (4) are given in [12], [13]. Note that this paper
does not treat the temperature increase due to the presence of
handset terminal. Detailed discussion on this subject can be
found in [25].

The temperature increase in the human model due to EM
waves get saturated or becomes maximum at the thermally
steady state. For this reason, the temperature increase at the
thermally steady state is considered in this paper, correspond-
ing to the worst case estimation. Eqs. (3) and (4) are reduced
to the following equations at the thermally steady state:

{∇ · (K(r)∇) − B(r)}δT (r) = −ρ(r)SAR(r) (5)
(

H + K(r)
∂

∂n

)

δT (r) = 0 (6)

where δT (r) is the temperature increase of tissue. Eq. (5) is a
linear differential equation subject to the boundary condition
(6).

Th equation (5) with the boundary condition (6) means
that the temperature increase and SAR distributions are not
identical. However, the temperature increase is linear in terms
of the output power of the antenna, or the SAR amplitude at
the thermally steady state. Note that it takes 30 minutes or
more before the temperature increase gets saturated. It is also
noteworthy that Q and C do not affect the temperature increase
at the thermally steady state. Let us consider this problem on
the basis of a Green’s function. Note that the Green’s function
corresponding to (5) was firstly applied to the bioheat equation
in [28]. Green’s function satisfies the following equations:

L(r)G(r; ri) = −δ(r − ri) (7)
L(r) = ∇ · (K(r)∇) − B(r) (8)

where G(r; ri)) is a Green’s function associated with the
differential operator L. The Green’s function is dependent on
the blood flow and heat conductivity, together with the heat
transfer coefficient corresponding to air temperature (See Eq.
(4)).

The temperature increase at a particular position is given in
the discretized form as:

δT (r) =
∑

i

ρ(ri)SAR(ri)G(r; ri). (9)

The Green’s function for the bioheat equation will be evaluated
later.

TABLE II
THERMAL PROPERTIES AND MASS DENSITIES OF TISSUES IN THE HUMAN

HEAD.

Tissues C K B ρ

[J/kg· ◦C] [W/m·
◦C] [W/m3

·

◦C] [kg/m3]
Skin 3500 0.42 9100 1125
Muscle 3600 0.50 2700 10447
Bone 1300 0.40 1000 1700
Blood 3900 0.49 0 1058
Fat 2500 0.25 520 916
Grey Matter 3700 0.57 35000 1038
White Matter 3600 0.50 35000 1038
Cerebellum 4200 0.58 35000 1038
Humor 4000 0.60 0 1009
Lens 3000 0.40 0 1053
Sclera/Cornea 4200 0.58 0 1026
C.S.F. 4000 0.60 0 1007
Tongue 3300 0.42 13000 1047
Brain Dura 3600 0.50 2700 1125

E. Correlation between Peak SAR and Maximum Temperature
Increase

We have demonstrated that maximum temperature increases
in the head and brain are estimated linearly with peak spatial-
average SARs in the corresponding regions [17]. Let us review
the rationale for this result briefly. At the thermally steady
state, the temperature increase is linear in terms of SAR. The
SAR is proportional to the output power of wave sources.
Thus, it could be appropriate to express maximum temperature
increase approximately as:

T̂ = a · SARave (10)

where SARave, T̂ , and a denote, respectively, peak spatial-
average SAR, the maximum temperature increase estimated
by a regression line, which is determined by the method of
least squares, and the slope of the regression line with the unit
of ◦C · kg/W. The coefficient of determination, r2, is used
for evaluating the validity of the regression line [26], [27].
The closer to unity r2 is, the better the correlation is. Note
that the intercept of the regression line is set to zero since no
temperature increase is induced without EM power absorption.
A main reason why peak spatial-average SAR and maximum
temperature increase are not fully proportional to each other
is the difference between the SAR and temperature increase
distributions, which are caused by the heat diffusion. Then, we
pay attention to a one-voxel peak value for the temperature
increase, while we note a peak value averaged over a specific
mass for the SAR.

III. COMPUTATIONAL RESULTS

A. Green’s Function of Bioheat Equation

This section presents Green’s functions in order to give
some insight into temperature increase in human tissues due to
the application of heat source. Green’s function indicates the
thermal diffusion length under the application of a point heat
source with unit strength, which roughly provides the volume
where heat can diffuse. It is noteworthy that we have inves-
tigated 1-D Green’s function for a modified bioheat equation
in [29]. For obtaining Green’s functions, the FD method is
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Fig. 1. Green’s function for a point heat source given at the center of the
cube (the side length 200 mm): Effects of (a) different heat conductivity (with
B = 5000 W/m3

·
◦C) and (b) different term associated with blood flow (with

K = 0.45 W/m·
◦C). y = z = 0.

used for simplicity as is used for solving conventional bioheat
equation [12], [13]. The cell size is set to 2 mm. Thermal
diffusion length is defined as the length where the amplitude of
heat decreases to (1/e). However, in this paper, this is defined
as the length where the amplitude decreases to 5 %, since the
value is comparable to the FD cell length.

For proper estimation of each effect on Green’s function,
one of the heat conductivity or blood flow rate is changed with
the other parameter fixed. A point heat source with 1mW is
given at the center cell of the cube with its side length of 200
mm. Figs. 1 (a) and (b) illustrate the effect of heat conductivity
and blood flow rate on Green’s function, respectively (y = z =
0). The origin of the coordinate corresponds to the center cell
of the cube.

The term associated with blood flow is fixed to 5000
W/m3·◦C in 1 (a) and the heat conductivity is set to 0.45
W/m· ◦C) in 1 (b). From Fig. 1 (a), the amplitude of Green’s
function is affected by the heat conductivity by a factor of two.
However, the thermal diffusion length is marginally affected
by the heat conductivity: 6.55 mm for 0.30 W/m· ◦C, 7.05
mm for 0.45 W/m· ◦C, and 7.41 mm for 0.60 W/m· ◦C. From
Fig. 1 (b), the thermal diffusion length is largely dependent on
the blood flow rate: 8.91 mm for 1000 W/m3·◦C, 7.06 mm for
5,000 W/m3·◦C, and 5.19 mm for 30,000 W/m3·◦C. It should
be noted that the peak amplitude at the heat source or the
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Fig. 2. Green’s function for plane heat source given at the y − z plane of
the cube (200 mm): Effect of (a) different heat conductivity (with B = 5000
W/m3

·
◦C) and (b) different term associated with blood flow (with K = 0.45

W/m·
◦C). y = z = 0.

origin is almost independent on the blood flow.
In order to further investigate fundamental characteristics

of heat diffusion in human tissues, heat sources are given on
the y − z plane uniformly (x=0 mm), almost corresponding
to a 1-D case. As seen from Fig. 2, blood flow of human
tissues is more dominant than that of heat conductivity for
the temperature increase in a 1-D heat source, unlike for the
case of a point source. This can be interpreted from Eq.(9),
which states that the temperature increase is given by the
superposition of green’s function multiplied by heat potential
(ρSAR).

Let us discuss the temperature increase due to RF near-
field exposure, which is our main interest. The above Green’s
function suggested that the most dominant factor was the
distance where heat can diffuse in a 3-D case. Main tissues
around the surface of the human head are skin, fat, muscle,
glands, when excluding the pinnae. The term associated with
the blood flow B is in the range of 1,000 and 10,000 W/m3·◦C
(See Table II). Then, roughly speaking, a distance where heat
can diffuse is up to 2-6 cm as seen from Fig. 2. The EM waves
decrease exponentially from the surface of human tissue. For
muscle, the penetration depth of EM waves is around 12 mm
at 2 GHz. As can be seen from Eq. (9), SAR distribution
and the Green’s function determine the temperature increase.
This implies that the volume or mass required for properly
estimating maximum temperature increase is dependent on
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Fig. 3. The positions for the feeding point of the dipole antenna relative to
the auricle. The distance between the original feeding point and ear canal is
22 mm.

the frequency of the EM waves, i.e., no best mass exists
for correlating the SAR and temperature increase over the
whole frequency band considered in this paper. Namely, an
appropriate averaging volume would become smaller at higher
frequencies.

B. Correlation between Peak SAR and Maximum Temperature
Increase in the Head

This subsection discusses the correlations between peak
spatial-average SARs and maximum temperature increase due
to a dipole antenna. The following total of 400 situations is
considered, and then the results are processed statistically:

• Two head models: adult models developed at NIT and
Osaka Univ.;

• the head models with pressed or unpressed ear;
• five frequencies: 900 MHz, 1.5 GHz, 1.9 GHz, 2.1 GHz,

and 2.45 GHz;
• two polarizations: the horizontal and vertical polariza-

tions;
• ten feeding points (see Fig. 3).
The slope of the regression line (a) and the coefficient of

determination (r2) are compared for the models of Osaka Univ.
and NIT. Note that no attention is paid to the correlation
between maximum temperature increase in the head with the
pinna and the SAR calculated by (I). This is because good
correlation is not observed when the positions where peak
SAR and maximum temperature increase are not coincident
[17]. Also note that comparison between our results and other
groups, can be found in the same reference.

First, the effect of averaging shape for peak SAR on the
correlation is discussed. Then, our attention is paid to the
results for the schemes of (III) and (IV). When our attention is
paid to maximum temperature increase in the head with the the
pinna (see Table III (a)), the correlations are good for these
averaging schemes. This is also true for different averaging
masses. It should be noted that the slope of the regression line
is largely affected by the SAR averaging mass and scheme.
The difference in the slope of the regression line is at most
10% between these two models for the cases considered.

From Table III (b), maximum temperature increase in the
head only (i.e., without the pinna) is reasonably correlated
in terms of peak 10-g SARs. Even for peak 10-g SARs, the

TABLE III
CORRELATION BETWEEN PEAK SAR AND MAXIMUM TEMPERATURE

INCREASE FOR DIFFERENT AVERAGING SCHEMES AND MASSES:
MAXIMUM TEMPERATURE INCREASE IN (a) HEAD WITH THE PINNA AND

(b) HEAD ONLY IS CONCERNED.

(a)
Osaka Univ. NIT
a r2 a r2

(II) ; 1 g 0.0573 0.982 0.0586 0.943
(II) ; 10 g 0.131 0.833 0.147 0.637
(III) ; 1 g 0.0705 0.833 0.0633 0.913
(III) ; 10 g 0.152 0.874 0.165 0.758
(IV) ; 1 g 0.0558 0.978 0.0561 0.935
(IV) ; 10 g 0.113 0.874 0.124 0.688

(b)
Osaka Univ. NIT
a r2 a r2

(I) ; 1 g 0.129 0.877 0.0907 0.833
(I) ; 10 g 0.227 0.887 0.187 0.734
(II) ; 1 g 0.0462 0.637 0.0344 0.181
(II) ; 10 g 0.109 0.772 0.0858 0.633
(III) ; 1 g 0.0631 0.368 0.0348 0.0472
(III) ; 10 g 0.133 0.674 0.106 0.516
(IV) ;1 g 0.0486 0.755 0.0345 0.354
(IV) ;10 g 0.104 0.834 0.0777 0.800

coefficients of determination is worse than those in Table III
(a). This is because large SAR values appear in the pinna
for most cases, while our attention is paid to maximum
temperature increase in the head only. Then the conduction
of heat evolved in the pinna is not negligible, while this is not
taken into account in the peak SAR calculation.

Next, we discuss the effect of number of tissues allowed in
the averaging process on the correlation. Then, the results for
the schemes of (II) and (IV) are compared in this discussion.
For microwave exposures, large SAR appears around the sur-
face of the body. The skin exists on the surface of the head and
is contiguous. Then, the skin is chosen as an averaging tissue.
When maximum temperature increase in the head with the
pinna is considered, these averaging schemes are comparable.
This is because the thickness of the pinna is at most 6 mm
in our modeling. Namely, the skin is the dominant tissue in
the pinna. Marginal difference is observed in the choice of
averaging volumes. On the other hand, the correlation obtained
by the scheme of (IV) is better than that of (II) for maximum
temperature increase in the head only. This is because SAR is
averaged for the skin tissue only, and thus averaging volume
is distributed on the surface of the head widely. Peak SAR
appears around the root of the pinna, i.e., around the edge of
the averaging volume. Then, the positions of peak SAR and
maximum temperature increase are not coincident with each
other, leading to weak correlation.

Let us discuss the correlation between maximum tempera-
ture increase in the head only and peak SAR calculated by (I)
and (III). When SAR is averaged for the head only (scheme
(I)), correlations better than that for the head with the pinna
(scheme (III)) are observed for both the averaging masses. This
could be attributed again to the difference in the positions of
maximum temperature increase and peak SAR.
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For the four averaging schemes, peak 10-g SAR is a
measure better than peak 1-g SAR, when we pay attention
to maximum temperature increase in the head only (see Table
III(b)). Particularly, the difference in the slope of the regression
lines is marginal for the two head models. Let us discuss
the rationale for this. As explained in Sec. II.D, the bioheat
equation is reduced to a linear equation in terms of SAR at the
thermal steady state. By virtue of the linearity, which is given
in Eq. (9), the contribution of SAR in the averaging volume
only to maximum temperature increase can be discussed
quantitatively. Namely, the SAR outside the averaging volume
is assumed as nonexistent in this fictitious discussion. The
averaging scheme (I) is chosen as an example. As a feeding
point, we consider the ’original position’ in Fig. 1. At the
frequency of 2.45 GHz, maximum temperature increase due
to the SAR in the whole head was 1.44 ◦C. For SAR in
the averaging volume only, temperature increases at the same
position were 1.28 ◦C and 0.43 ◦C for the averaging masses
of 10 g and 1 g; the contributions of SAR in the averaging
volume are 88% and 29%, respectively. At the frequency of
900 MHz, these values are 0.39 ◦C and 0.15 ◦C, while the
original temperature increase is 0.72 ◦C. These results suggest
that the contribution of SAR in the surrounding region of
averaging volume can be significant when 1 g is chosen as
the averaging mass. In other words, the heat conduction from
the surrounding region is not negligible for peak 1-g SAR.

Let us discuss the results of (I) in Table 1(b) again. The
differences in the slope between the models of Osaka Univ.
and NIT is 20% for the averaging mass of 10 g while 35%
for 1 g. Main reasons for this could be the dimension and
complexity of the pinna. The amount of EM deposition in the
pinna is largely affected by these factors, leading to different
amount of heat diffusion from there to a position where a
maximum temperature increase appears. It is also noteworthy
that we have investigated the correlation for the models of
child, which were developed from these adult models. The
slopes of regression lines in terms of peak 10-g SAR is
less sensitive to different models than those for peak 1-g
SAR [31]. This implies that the usage of 10-g averaging
mass would result in the suppression of uncertainties in the
correlation caused by heat conduction from the pinna and/or
surrounding region due to larger averaging mass. Note also
that the complexity of the pinna can change a surface area
of the head, leading to a different amount of heat convection.
This effect would be enhanced when the stair-casing model is
used [30].

As far as the temperature increase in the head with the pinna
is concerned, peak 1-g SAR is marginally better. Similar to the
above discussion, the contribution of SAR in the averaging
volume to maximum temperature increase is investigated by
using the averaging scheme (III). At the frequency of 2.45
GHz, the contributions of SAR in the averaging volume to
maximum temperature increase are 96% and 83% for the
averaging masses of 10 g and 1 g. The point to be stressed is
that the contribution of SAR in the averaging volume is large
as compared with the case in the temperature increase in the
head only. This is mainly caused by the shape of the pinna.
Namely, the thickness of the pinna is small, and then the side

TABLE IV
EFFECT OF DIFFERENT AVERAGING SCHEME AND MASS ON THE

CORRELATION OF PEAK SAR AND MAXIMUM TEMPERATURE INCREASE IN

BRAIN.

Osaka Univ. NIT
a r2 a r2

(I) ; 1 g 0.0361 0.360 0.0315 0.002
(I) ; 10 g 0.0721 0.554 0.0667 0.384
(II) ; 1 g 0.0151 0 0.00891 0
(II) ; 10 g 0.0345 0.402 0.0263 0
(III) ; 1 g 0.0182 0 0.00961 0
(III) ; 10 g 0.0405 0.066 0.284 0.011
(IV) ; 1 g 0.0147 0.094 0.00851 0
(IV) ; 10 g 0.0311 0.491 0.0229 0.141

length of the cube for averaging process becomes large. For
example, the side length of the averaging volume is 14 mm
for the ’original’ feeding point defined in Fig. 1 at 900 MHz.

C. Correlation between Peak SAR and Maximum Temperature
Increase in the Brain

Table IV lists the correlations between peak SAR and
maximum temperature increase in the brain for both the head
models. As compared with the correlation for maximum tem-
perature increase in the head, the correlations are weak. The
reason for this weak correlation would be the difference of the
positions where peak SAR and maximum temperature increase
in the brain appear. Namely, the majority of power absorption
appears around the surface of the head, while we pay attention
to a maximum temperature increase in the brain, which is
located at the surface of the brain, corresponding to around
20 mm or more from the surface of the head. The averaging
scheme (I) with the averaging mass of 10 g is reasonable
to correlate peak SAR and maximum temperature increase
as compared with the others. Using the averaging scheme
(I), the frequency dependency of the slope of the regression
line is shown in Fig. 4. Then, 40 cases are considered for
each frequency (see Fig. 1). Note that good correlation (0.8
or better) is observed at each frequency. From Fig. 4, the
frequency dependency of the slope of the regression line is
observed. This is attributed to skin depth of EM waves. At
the higher frequencies, an EM wave is absorbed around the
surface of the head, resulting in smaller heat conduction to
the brain than that at the lower frequencies. The point to be
stressed is that the slope correlating peak SAR and maximum
temperature increase in the brain is marginally dependent on
head models, when peak 10-g SAR calculated by the scheme
(I) is used. The reason for this marginal dependency could be
almost identical to the discussion in Sec. 3.1, and thus omitted
to avoid repetition.

D. Possible Maximum Temperature Increase in Head and
Brain for Different SAR Averaging Schemes

This subsection discusses maximum temperature increases
in the head with the pinna, the head only, and the brain.
As a measure for comparison, the 95th percentile is used.
As we consider 200 cases for each averaging scheme, this
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corresponds to the 191st value in the ascending order. Note that
maximum values of possible temperature increases are roughly
estimated by the product of the SAR limit in the guidelines
and this slope. It should be noted that the upper limit for near-
field microwave exposures in public environments is 2.0 W/kg
for 10 g of tissue [3], [4].

Table V shows the 95th percentile values of the slope
correlating maximum temperature increases and peak spatial-
average SARs. Comparing Tables III and V, similar trend is
observed. Namely, the slopes for the two head models are
small for specific averaging schemes. On the other hand, no
clear difference between the two models is observed for 95th
percentile slope of the brain, while their correlations were
not good. This is attributed to the frequency dependency of
the regression line as shown in the above section. Possible
maximum temperature increase in the brain occurs at lower
frequencies due to large skin depth of EM waves (see Fig.
4). At the same frequencies, good correlations were observed,
getting comparable with the 95th value of the slope of the
regression line. The point to be stressed is that 95th percentile
values for the slope of the regression line are affected by the
schemes and masses by a factor of 2–3.

TABLE V
95TH PERCENTILE VALUES OF THE SLOPE CORRELATING BETWEEN

MAXIMUM TEMPERATURE INCREASES AND PEAK 1-G/10-G SAR: THE

MAXIMUM TEMPERATURE INCREASES IN (a) HEAD WITH THE PINNA AND

(b) HEAD ONLY AND (c) BRAIN ARE CONSIDERED.

(a)
1 g 10 g

Osaka NIT Osaka NIT
(II) 0.0637 0.0717 0.171 0.242
(III) 0.121 0.886 0.211 0.280
(IV) 0.0632 0.0705 0.141 0.208

(b)
1 g 10 g

Osaka NIT Osaka NIT
(I) 0.166 0.117 0.293 0.258
(II) 0.0615 0.0637 0.144 0.111
(III) 0.120 0.0854 0.207 0.161
(IV) 0.0611 0.0607 0.123 0.0951

(c)
1 g 10 g

Osaka Univ. NIT Osaka Univ. NIT
(I) 0.0621 0.0599 0.107 0.107
(II) 0.0259 0.0377 0.0488 0.0611
(III) 0.0485 0.0447 0.0785 0.0871
(IV) 0.0255 0.0372 0.0447 0.0505

IV. SUMMARY

This paper investigated the correlation between maximum
temperature increase in the head and brain and peak spatial-
average SAR calculated by different averaging schemes and
masses. The rationale for this investigation was that the tem-
perature increase may be one of the dominant factors which
induce adverse physiological effects, although peak SAR is
used as a measure for human protection. In previous papers,
different anatomically-based head models are used for ther-
mal dosimetry, together with different averaging masses and
schemes. This was because each organization recommended
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Fig. 4. Frequency dependency of the slope of regression line for maximum
temperature increase in the brain.

its unique guideline/standard. In order to evaluate the effect
of averaging masses and schemes, four averaging schemes
and two masses were applied. Especially for investigating the
effect of averaging mass on the SAR-temperature increase
correlation, 3-D Green’s function was introduced for typical
thermal parameters of human tissues.

Formulation in terms of Green’s function did not suggest
that the best averaging mass for peak SAR exist from the
aspect of the correlation with maximum temperature increase,
which is attributed to the frequency-dependent nature of
EM wave absorption. From our computational investigation,
together with statistical processing, it was found that max-
imum temperature increases in the head with pinna were
well correlated with peak spatial-average SARs calculated for
most averaging schemes and masses considered in this paper.
However, the slope correlating them was largely dependent on
the averaging schemes and masses. Note that the averaging
schemes (II) and (IV) with the averaging mass of 1 g were
reasonable for estimating average and 95th value of the slope
of the regression line. For maximum temperature increase in
the head only, averaging mass of 10 g was better than that of
1 g. Especially, the scheme (I) was the best, while no obvious
difference is found. Then, the effect of averaging schemes on
the correlation was marginal; the coefficient of determination
was good for the cases considered in this paper. The reason for
this result was explained using the thermal diffusion length in
human tissues. In other words, heat diffusion from the pinna
and surrounding region was found to be obvious using 1 g as
an averaging mass.

The correlation for the brain was, however, dependent on the
frequency of EM waves. This was caused by the skin depth of
EM waves. Then, larger temperature increase in the brain was
observed at lower frequencies. The point to be stressed here
is that good agreement was observed in the slopes between
two head models for maximum temperature increases in the
head and brain. Furthermore, the 95th percentile values of
the slope correlating maximum temperature increase and the
SAR values were also quantified as a measure of the worst
case. This quantification would be useful for comparing the
temperature increase at different safety limits.
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APPENDIX

According to the IEEE C95.3-2002, the pinna follows the
limit for extremities. Namely, the limit of 4 W/kg is applied to
the pinna. The point to be stressed here is that the temperature
increase in the head excluding the pinna is affected by the
SAR or EM deposition in the pinna. In other words, the
SAR in the head only and that in the pinna cannot be
considered separately from the aspect of temperature increases.
Firstly, the correlation between peak SAR in the pinna and
maximum temperature increase in the pinna are discussed for
the averaging mass of 10 g. It should be noted that the masses
of the pinna are less than 10 g for our models. Thus, the SAR
is averaged over the whole pinna. The slope of correlating
maximum temperature increase in the pinna and SAR averaged
over the pinna are listed in Table VI. From this table, the
slope of the regression line is marginally dependent on the ear
condition, i.e., pressed and unpressed ears. The difference in
the slope between two models are not large. It is noteworthy
that this slope are comparable with the results of(III) and (IV)
with the mass of 10 g in Table 1.

Next, the SAR averaged over the pinna (about 10 g) and
peak SAR for the head only are calculated separately. Then,
these values are compared with the limits of 4 W/kg and 2
W/kg, respectively. Comparing these SARs and the limits,
the maximum temperature at the SAR limit is investigated.
Possible maximum temperature increases for the SAR limits
are listed in VII. Marginal difference is observed between these
values and those calculated from Table V for the averaging
scheme (I). It is worth commenting that temperature increases
due to the average SAR in the pinna for the limit of 4 W/kg
are larger than those due to the peak SAR in the head for the
limit of 2 W/kg for the head models with unpressed ear.

TABLE VI
CORRELATION OF PEAK SAR AND MAXIMUM TEMPERATURE INCREASE

IN THE PINNA.

Osaka Univ. NIT
a r2 a r2

Pressed Ear 0.157 0.864 0.164 0.846
Unpressed Ear 0.140 0.814 0.160 0.956
Both Ears 0.146 0.824 0.161 0.916
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