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Model Analysis
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Abstract—We report a numerical study of the induced electric
fields and specific absorption rate (SAR) produced by microwave
radiation from a half-wavelength dipole near tissue models, and

the resulting transient and steady-state temperature rises. Several

models were explored, including a uniform semi-infinite plane
of tissue, uniform sphere, a phantom model of the head filled
with tissue-equivalent material, a numerical model of the head
with uniform dielectric properties (obtained from a digitized

computed tomography image), and a numerical model of the
head with different dielectric properties corresponding to various

tissues. The electromagnetic calculations were performed for
half-wave dipoles radiating at 900 and 1900 MHz at various
distances from the model, using the finite-difference-time-domain
(FDTD) method. The resulting temperature rises were estimated
by finite element solution of the bioheat equation. The calculated
SAR values agree well with an empirical correlation due to
Kuster. If the limiting hazard of such exposures is associated with

excessive temperature increase, present exposure limits are very

conservative and guidelines that are easier to implement might
provide adequate protection.

Index Terms—Bioheat equation, finite difference time domain
(FDTD) method, phantom tissue, specific absorption rate (SAR),
wireless transmitter.

I. INTRODUCTION

Commission [9]) as well as European standards [10]. This
creates the need for high accuracy in dosimetric studies to
verify compliance. We consider a related issue: the possible
thermal consequences of such exposure and their implications
for the threshold for hazard.

The SAR was determined numerically in a range of tissue
models from near-field exposure to a half-wave dipole at 900
or 1900 MHz. The models included a semi-infinite plane,
a uniform sphere modeling the human head, a numerically
digitized image of a phantom head model (Schmid and Partner
Engineering AG, Zurich, Switzerland) and a numerical model
of the human head from an magnetic resonance imaging
scan (Remcom, Inc., State College, PA). The models are
summarized in Tables | and II.

In each of these models, the induced SAR was calculated
using a commercial finite difference time domain (FDTD)
program, XFDTD (Remcom, Inc., State College PA) on a Sun
Ultra 1 workstation. The digitized image of the head phantom
was produced by filling the model with water, scanning it with
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concerns about wireless handsets.

calculations using the CT image of the head phantom, which

The difficulty of this problem is twofold. The SAR cannotwere done with a resolution of 2 mm. The calculations were

be directly measured in the body of a user, but has to

pepeated with the dipoles at various distances from the models.

found indirectly by numerical or experimental techniques, Most of the calculations on the simplified models were
both of which are technically difficult and subject to errorperformed with the same set of dielectric parameters<80,
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TABLE |
MODELS STuDIED

Model Dielectric Properties Comments
1. Uniform semi-infinite c=18S/m Dipole parallel to plane
plane € =80
2. Uniform sphere 6=18S/m Dipole perpendicular to

€, =80 radius of sphere
3. Head phantom 6 =0.86 S/m Obtained by CT scan of a

€ =52 model obtained from Kuster

(Zurich, Switzerland)
dipole parallel to right side of

head
4. Uniform head model o=1S/m Obtained by CT scan of
€, =80 human head (from Remcom,
Inc.) Dipole parallel to side
of head.
5. Realistic head model See Table 2 Same as above, with

dielectric properties of head
tissues summarized in Table
2. Dipole parallel to side of

head.
TABLE I In the discussion below we assume for simplicity that=
DIELECTRIC PROPERTIES OFTISSUES ASSUMED IN REMCOM HEAD MODEL pr =pandC, = C, = Cp. Calculations were done with
Tissue Permittivity (900, 1900 MHz) | Conductivity (900, 1900 MHz) Iadlal:;atlc tt:}oun(ljary 'CE[)ndItIOI’]S ?I'th the Sul'f;fi%e'z 'S"'h nct) freat
oss from the plane into space. The simplified 2-D heat flow
Fat, bone 5.1 0.07 S/m i . e . .
el e o calculations are justified because the spatial gradients of the
uscie . m .
e ” Py SAR patterns beneath the antenna feedpoint are much larger
e e - in a direction perpendicular rather than parallel to the dipole.
Eye 70 1.9 S/m Thus, heat conduction will be primarily in the plane in which
Blood 62 118 S/m the heat flow calculations were performed.
Cartilage 5.1 0.07 S/m
Skin 52.6 1S/m Nl. RESULTS

of commercial cellular and personal communications services SAR Contours

(PCS) handsets. Fig. 1 shows the SAR contours (1900 MHz) in the tissue
In the plane tissue model, the resulting temperature riptane, for several distances between the dipole and the plane,

was calculated with a two-dimensional (2-D) finite elemerif planes parallel and perpendicular to the dipole. The largest

model (PDEase, Macsyma Inc. Arlington MA). The SARelectric field component in the tissue is directed parallel to the

patterns were obtained from the FDTD calculations, in @pole, and occurs at the surface directly beneath the feedpoint

plane perpendicular to the dipole passing through its feedpoift. the antenna, in agreement with earlier reports, e.g., [5].

These data were used as input to the bioheat equation: wh&fés field component arises from the currents induced by the
magnetic fields from the dipole. Fig. 2 shows the SAR at the

) dT surface of the plane, at several distances from the feedpoint as
RVIT = pope o T + pSAR = Crpy— (1) a function of the distance from the dipole to the plane.
where B. Energy Penetration Depth
T temperature of the tissué) above mean arterial  Fig. 3 shows the SAR in the different models, along a radius
temperature; extending into the model, perpendicular to the dipole and
k thermal conductivity of tissue (0.6 W/nfC); centered beneath the feedpoint, at 900 MHz and 1.9 GHz for
SAR microwave energy deposition rate (W/kg); the dipole placed 9 mm from the surface. The pattern and depth
Cy,  heat capacity of blood (4000 Ws/kg- °C); of energy penetration depend strongly on the distance from the
Cy  heat capacity of tissue (4000 W&/kg- °C); dipole to the tissue, but less strongly on the geometry of the
o density of blood (1000 kg/#); model. In all the cases the penetration depth is smaller than
Ot density of tissue (1000 kgffr that for plane waves of the same frequency. The penetration

my  volumetric perfusion rate of blood (“normal” blooddepth also depends on the distance from the dipole to the plane,
perfusion was taken to be 40 ép100 g min). decreasing markedly when the dipole is brought close to the
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Fig. 1. Contours for SAR in tissue plane beneath the 1900-MHz dipole at different distdnoeshe dipole from the plane. (a) Contours in a plane

perpendicular to the dipole, passing through the feedpoint. (b) Contours in the plane containing the dipole, normal to the tissue surface. SAR is in dB
normalized to the maximum value. Contour lines-a2-dB increments.

surface. In all cases examined, most of the energy is absor@q1900 MHz). Also shown is the sensitivity parametér
in the reactive (near field) region of the dipole.
o T 8mb'

C. Thermal Response This parameter is interpreted simply as the percent of change

Fig. 4 shows the transient temperature rise in the plaite temperature per percent change in blood flow. This is
model, for dipoles at 900 and 1900 MHz. The results werggnificant in the present context because the blood flow is
normalized to a radiated power of 0.6 W (900 MHz) or 0.126ncertain, [and (1) is at best a very approximate description
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Fig. 2. The SAR at the surface of the tissue plane at several distanéemm the feedpoint, as a function of the distance from the dipole to the
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Fig. 4. Transient temperature rise at the surface of the plane beneath the
feedpoint of the dipole versus time for normal blood flow (40%¢100 g

min). The radiated power was 0.6 W (900 MHz) (dashed line) or 0.125 W
(1900 MHz) (solid line). Also shown are the corresponding sensitivity of the
temperature with respect to the blood flow parameter. The temperatures have
been normalized by the steady-state values 0°02%0.9 GHz) and 0.033C

(1.9 GHz). Both dipoles are 2.4 cm above plane.

of convective cooling by blood], whereas thermal conduction
is a well characterized process.

The sensitivity is small in the transient period of heating
but approaches-0.7 to —0.8 as the steady-state is reached.
This indicates that the temperature rise for the first minute
or so of heating is hardly affected by the blood flow (there
is insufficient time for significant heat transfer to take place).
In the steady-state, the temperature rise is (nearly) inversely
proportional to the blood flow.

Fig. 3. SAR directly beneath the feedpoint of the dipole versus depth into Fig. 5 shows the maximum steady-state temperature rise in
the model, for several models listed in Table |. The variability in the SAR T@e tissue plane produced by a dipole radiating 0.6 W at 900

the nonuniform head model arises from different tissue types: skin, musc

skull, and brain.

MHz, versus blood perfusion rate,,, calculated using the 2-D
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16.000 TABLE I
' . FDTD VERsusNUMERICAL APPROXIMATIONS DiPoLE ABOVE UNIFORM PLANE
900 MHz, 0.6 W
Distance of RMS currentat | Input Maximum | Maximum SAR,
dipole from feedpoint, mA impedance, SAR, Eq(3), Wikg
1000 — ""’-A . plane, cm (determined | FDTD,
by ~ A e by FDTD), | Wikg
e - LA L T o
9 " A . 03 362 964§7.7 10.9 15.1
b N —_—
0 - A
x - "o -.d=09cm 5
5 0100 @ . . N 0.6 41.6 71-0.6 58 51
2 P m A 0.9 432 66-12.3 32 2.8
g ® . A 12 413 674217 1.9 16
S L B 24cm A
8 o . . A 24 378 87-j43 0.39 0.40
0.010 ™ : X
LI 4.8 29.8 129-j24.3 0.056 056
[ ] b
- A48em W 72 33.0 114-4.1 0.026 030
. ™
e 9.9 339 104 0.012 017
0.7°1 . (1900 MHz, 7.5 cm. dipole radiating 0.125 W; e=80; 6 =1 S/m)
.
I T T T . . . . . -
1 10 100 1000 This approximation was obtained in [5] by fitting the results

Blood Perfusion Rate (cm*/100 g tissue min)

of many calculations of SAR in a tissue plane from an electric
dipole in the near field. Our present results, which are based

Fig. 5. Maximum steady-state temperature rise in tissue plane a dip&8 Similar calculations, are in close agreement, except at the
radiating 0.6 W at 900 MHz versus blood perfusion parametgr Distances  shortest distance where the disagreement may result from finite

of the dipole above the plane are indicated on the figure. Physiologica
reasonable perfusion rates are in the range 10-1601€8-g min. The dotted

lines show the limiting temperature rise from (9).

finite element routine. The results agree well with (9), Whic\ﬁ/hose length is 60%
predicts the steady-state temperature rise in the absence of W?t?ﬁt

conduction (i.e., for convection-limited heat transfer).

IV. DISCUSSION

A. Comparison of Numerical and Analytical
Approximations to SAR

Effid size effects in the present calculations (see Table ).

King [12], [13] reported an approximate analysis for the
SAR induced in a two-layer plane from the near field of a
A/2 dipole. King's analysis considered an “effective dipole”
that of a half-wave dipole, excited
a uniform current distribution. This simplified model
yields analytical (but complicated) expressions for the induced
fields and SAR. Our results are in reasonable agreement with
those results. However, precise comparisons are not possible
because the theory does not account for changes in the antenna
impedance in very near-field exposures [which are accounted
for in (4)], which influence the radiated power.

Kuster and Balzano [5] have reported an approximate resBit Temperature Rise
for SARuax, the maximum SAR at the surface of a plane The thermal response can be clarified by writing (1) using

from a nearby dipole

dimensionless quantities’, ¢, T")

= T - Tk T G,
_o 2 tip T pSAR,L? T 7 SAR
SARmax I 1 Ccorr PW 3 p o 2 o
Po?+ 52w2( * o) (27d)? ®) s=2
L
where g tk t/r
- pCLL2 2
Ceorr =1, d > 0.08\/vpw SAR
: = /" SAR = (5)
(T Yo d SAR,
=¢din| = <), d<0.08\/Ypw 4) ) o .
2 0.08 A where L is a characteristic distance scale of the heating and

SAR, characterizes the exposure (normally, the maximum

is an empirical correction factor that takes into account tf®AR in the heated volume). The time constant@andr, are

presence of the plane on the radiated power from the antenna. 1
d Distance from the dipole to the plane. = op,
Ypw Plane-wave reflection coefficient for the field. pC, L
P
A Free space wavelength. 2= (6)
p Mass density of the material. .
(1, €,0) Permeability, permittivity, and conductivity of theEquatlon (1) then becomes

material.

Ity Antenna current at the feed point.

aT’

2 2 _
VAT — =T" + SAR (2, t) = 57

71

(7)



916 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 46, NO. 8, AUGUST 1999

The first time constantr;, is associated with thermal con-

vection, and is 150 s for the normal value for blood flow  16.000 4 Y
given above. The second time constamnt,is associated with 1 '?/}/
heat conduction, and is about 1000 s for plane waves incident /////'
on soft tissue at 1 GHz. Thus, > 7, under the exposure *‘-,.{/)// o
cond_itions considered here. In the Iimiting_ case where thermal 9% E //,//"';/////// o
gradients are sma(lV27” < 1), (7) simplifies to g “{f/,,//f///A v
i <
R(z 720, T ‘g 0.100 %’Z///
SAR (', t) — T_lT ~ a7 (8) aé - : //%' 2
2 A
which has the steady-state solution (for time-independent 1 - A
SAR), in dimensioned units 0.010
E -
T(z,00) = SAR(w). 9) s
pCpmp ‘
0.001 4 ‘
In this limit, the steady-state temperature rise is simply pro- ’ ‘ ‘ J ‘ ' '
portional to the SAR and the temperature approaches its 0 2 4 6 8 10 12
steady-state as a simple exponential process. The sensitivity Distance of Dipole Above Plane (Cm}

S then is—1. Similar considerations for the one-dimensionaliy 5 \aximum temperature rise in tissue plane as a function of the
case (a semiinfinite plane of tissue exposed to plane waligance of the dipole above it. The results are for half-wave dipoles radiating
energy) results in sensitivity of-1 for convection limited 0.350 W (1900 MHz; solid symbols) or 0.7 W (900 MHz; open symbols)

h . .. . Blood flow parameters are normal blood flow (squar@g),0 normal blood
heatmg (T2 > Tl) and _1/2 for conduction limited heat'ng flow, (triangles) or no blood flow (inverted triangles). The shaded area

(TQ < 7'1) [14]. represents distances2.5 cm, the minimum distance from the antenna to
The numerical results are in close agreement with thi plane required by the ANSI/IEEE C95-1992 exclusion.

approximation, at both frequencies of simulation, for phys-

iologically reasonable blood flow rates. Thus, contours eise (from numerical solutions of the bioheat equation) for

the steady-state temperature rise beneath the dipoles closelyeral distances and assumed blood flow parameters.

resemble the SAR contours, and are not shown. How “safe” the limits are depends on the hazards the
standard is designed to protect against. The major RF exposure
C. Comments on Exposure Standards standards were developed by identifying the adverse effect of

From (3) it is clear that even low-powered sources ¢ RF exposure that was reliably reported in animals at the lowest
P AAR. In ANSI/IEEE C95.1-1992 and other major standards,

prodgce significant .SARS if located sufficiently close t?hiﬁ limiting hazard is “behavioral disruption,” as reported
the tissue. We consider the thermal consequences of suc

exposure with respect to RF exposure standards, in articI rseveral species at whole-body SAR's of about 4 W/kg.
P P S P 1N P havioral disruption occurs when an animal stops performing
ANSI/IEEE C95.1-1992; similar comments would apply tqQ . . . .
. a task (e.g., pressing a lever) and begins a different behavior
other major standards as well.

i - e.g., spreading saliva on the tail, which is a thermoregulatory

. ANSI/IEE.E 095'1.1992 has two relevant provisions. Th esponse in rats), and is clearly a result of excessive body
first is a limit on partial body exposure, to 1.6 or 8 W/kg (unh ating
cpntrolled or contrqlled exposure) averaged over any gram 0(?With behavioral disruption as the critical effect, ANSI/IEEE
ussue. From (9), this corresponds to a steady-state tempera@é%.l-lQQZ was designed to limit whole body exposure to
ns‘?‘h(jsoe.ggng'g;(‘)‘ig c éfo;rn:rg?aéglr?,qg EKIVé)I./IEEE co5 0.08 or 0.4 W/kg for uncontrolled or controlled environments

. ! W power exclusion | ) Which correspond roughly to general public and occupational
(but not N various government limits) that removes the ne posures). Thus, the standard has a safety factor in excess
to determine SAR for low-power sources between 0.45 and_ 0f 10 or 50, for controlled or uncontrolled environments, for
GHz located more than 2.5 cm from the body. The exclusio

for controlled environments is thole body exposures.
The limits for partial body exposure are based on the

0.45 observation that in whole body exposure to plane waves,
P= 7< )Watts (10) the ratio of the maximum to whole-body average SAR is
about 20:1 [15]. Thus the limits in ANSI/IEEE C95.1-1992
where fqg, is the frequency in GHz; that for uncontrolledfor partial body exposure are 1.6 or 8 W/kg, i.e., 20 times
environments is a factor of five smaller. For controlled envhigher than for whole body exposure. This rationale is, at
ronments. (3), (4), (9), and (10) lead to maximum steady-stdiest, unclear.
temperature rises of about °C, with corresponding values For partial body exposure, the limiting hazard may be local
for uncontrolled environments a factor of five smaller. In bottemperature rise, rather than excessive thermal load to the
cases, the steady-state temperature is approached after sebedy. Thermal injury is characterized by a rate process, such
minutes of exposure. Fig. 6 shows the calculated temperattiat the threshold for injury depends on the duration and

fGHZ
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magnitude of temperature rise (more precisely, the thermad)
dose). However, for extended heating periods (minutes) the
threshold temperature rise for tissue damage is abodC10 (g

By this measure, the “low power exclusion” in ANSI/IEEE
C95.1-1992 represent a safety factor of about 10-50, about Hl(ﬁ
same as the limits for whole body exposure. The safety factors
based on the limits of 1.6 or 8 W/kg are much higher, rangirigll
from 35 (controlled) to 170 (uncontrolled environment), based
on steady-state heating with normal blood flow. [12]

The required size of the safety factor is a normative is-
sue with practical consequence in the regulatory arena a@ﬂ
elsewhere. In particular, the margin of safety affects the
accuracy that should be required for verifying compliancT 4
If the limiting hazards are thermal, the standards are cIeaFy
very conservative. Under these conditions, the demand f&¥]
very accurate studies to verify compliance creates difficult
engineering problems that have no likely benefit for health
and safety. Several different electromagnetic models all lead
to the same general results for power deposition (Fig. 3) so
the choice of model is not critical.

This discussion does not imply that only thermal hazar
exist (“nonthermal” hazards are beyond the scope of tl
present paper). If other hazards exist, the whole basis for 1
standards would have to be reexamined in any event.
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