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Abstract—Current electromagnetic-field (EMF) exposure limits
have been based, in part, on the amount of energy absorbed by the
whole body. However, it is known that energy is absorbed nonuni-
formly during EMF exposure. The development and widespread
use of sophisticated three-dimensional anatomical models to cal-
culate specific-absorption-rate (SAR) values in biological material
has resulted in the need to understand how model parameters af-
fect predicted SAR values. This paper demonstrate the effects of
manipulating frequency, permittivity values, and voxel size on SAR
values calculated by a finite-difference time-domain program in
digital homogenous sphere models and heterogeneous models of
rat and man. The predicted SAR values are compared to empir-
ical data from infrared thermography and implanted temperature
probes.

Index Terms—Computer modeling, conductivity, dielectric
values, dosimetry, finite difference time domain, radio-frequency
radiation.

I. INTRODUCTION

PRIOR TO THE use of computer-based heterogeneous
models and relatively powerful computers, the location

and amount of energy absorbed during electromagnetic-field
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(EMF) exposure were predicted using several other techniques.
For example, empirically based estimates of the whole-body
specific-absorption-rate (SAR) value are commonly performed
using Dewar flask or twin-well calorimetry [1], [2]. Localized
SAR values can be determined using temperature changes
measured by implanted thermal probes. SAR values could be
extrapolated from these temperature changes using [3, Eq. 7.7],
which is based on the specific heat of the tissue. Surface SAR
can be determined using the same principle with infrared
thermography [4]. Finally, theoretically based estimates of
whole-body average SAR values have been obtained using
computer-modeling techniques that utilized animals and human
models constructed from prolate spheroids and cylinders [3].

During the last several years, more sophisticated com-
puter-based models of animals and humans have been
developed. Their complexity ranges from the simple homoge-
neous structure to the complex heterogeneous structure having
small voxel sizes ( 1 mm ) and coded for numerous tissue
types [5]–[10]. Each of these tissue types in such models is as-
signed a permittivity value based on the frequency-of-interest.
For some tissue types, however, a range of permittivity values
have been reported [11]. This range may be due to a variety of
reasons, including the species origin of the tissue or difficulties
in sample preparation (e.g., inflated lung).

In this paper, we determine the influence of permittivity
values, frequency, and voxel size on predicted whole-body
and localized SAR values in computer-based heterogeneous
models of the rat and man. These results were then compared
to empirical measurements in the rat to determine the validity
of the models.

II. M ETHODS

Computer-generated spheres were developed with the fol-
lowing characteristics: 20, 66, or 105 mm in diameter and each
1-mm cubed voxel within the sphere was assigned a dielectric
value corresponding to 2/3 of that for muscle [3]. The 20-mm-
diameter sphere was used for comparison of results predicted by
the finite-difference time-domain (FDTD) code and Mie theory.
Data from the 66- and 105-mm-diameter spheres were com-
pared to those obtained from empirical measurements as de-
scribed below in Section II-A.

0018–9480/00$10.00 © 2000 IEEE



MASON et al.: EFFECTS OF FREQUENCY, PERMITTIVITY, AND VOXEL SIZE ON PREDICTED SAR VALUES IN BIOLOGICAL TISSUE 2051

TABLE I
TISSUETYPES AND MASS DENSITY (g/cm ) VALUES USED IN THE RAT

AND/OR MAN MODELS

Development of the anatomical models of the
Sprague–Dawley rat and man used in this paper has been
previously described [9], [10]. Briefly, magnetic resonance
imaging (MRI) was used to acquire axial scans of the rat.
Images of the man were obtained from the Visible Human
Project (National Library of Medicine, Bethesda, MD).
Initial computer segmentation of tissue types on the man
images was completed by CieMed (a collaboration between
the National University of Singapore, Singapore, and Johns
Hopkins University, Baltimore, MD). The original , ,
voxel dimensions were 1.0 1.0 1.0 mm for the man and
the original MRI , , voxel dimensions for the rat were 0.39

0.39 3.0 mm. Each voxel was color coded and assigned a
tissue type. The tissue types and mass density values (g/cm)
used in the rat and/or man models are shown in Table I.

The permittivity value assigned to a tissue type was calcu-
lated based on frequency. These permittivity values were ob-
tained from the four-term Cole–Cole fits published by Gabriel
[12]–[15]. For dielectric parameters below 1 kHz, measurement
error may affect the dielectric parameters by up to a factor of
two [12]. For the higher frequencies investigated in this paper,
Table II shows the ratios between the dielectric values or con-
ductivity values measured by Gabriel and other data used as ref-

TABLE II
RATIOS BETWEEN DIELECTRIC VALUE (") AND CONDUCTIVITY (�)

MEASURED BYGABRIEL [12] AND OTHER DATA USED ASREFERENCES IN[12].
TISSUESSHOWN REPRESENTTHOSE WITH THEGREATESTREPRESENTATION IN

THE BODY [MAN: MUSCLE (42%), FAT (30%), SKIN (5%), RAT: MUSCLE

(45%), FAT (8%), SKIN (11%)]

TABLE III
PERMITTIVITY VALUES PREDICTED BY THE FOUR-TERM COLE–COLE WERE

MULTIPLIED BY 0.5, 1.0,AND 2.0TO INVESTIGATE HOW THE VARIABILITY IN

PERMITIVITY VALUES REPORTED IN THELITERATURE INFLUENCE THE

PREDICTED SAR VALUES IN BIOLOGICAL TISSUE. AS AN EXAMPLE, THE

DIELECTRIC (") AND CONDUCTIVITY (�) VALUES FOR MUSCLE AS A

FUNCTION OF FREQUENCY AND PERMITTIVITY MULTIPLICATION FACTOR

(0.5, 1.0, 2.0)ARE LISTED

erences in [12]. Based on these ratios, we determined the influ-
ence on permittivity values on predicted SAR values by pro-
cessing the rat model at 0.5, 1.0, and 2.0 times the calculated
permittivity values (see Table III).

To examine the influence of EMF frequency on predicted
SAR values, the frequency was varied over a relatively wide
range, including that expected to be the resonance frequency
according to data in the [3]. The two main limitations on the
frequencies examined in this paper were voxel size and com-
puter power. With the FDTD code, voxel size is generally lim-
ited to one-tenth the wavelength in tissue. A 1-mmvoxel size
would thus limit frequencies to less than 10 000 MHz. How-
ever, 1-mm voxel size in the man model consists of 414 million
voxels, which we predict would require between 12 and 23.6 GB
of RAM to process in single and double precision, respectively.
Therefore, we utilized man models having larger voxel sizes (3
or 5 mm ). The 3- and 5-mm man models required 602 and
149 MB of RAM, respectively.

Voxel sizes in the original versions of the anatomical models
were stated above. Voxel size was sometimes changed to deter-
mine its influence on predicted SAR values or to change the res-



2052 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 11, 2000

olution of the man model for processing using smaller amounts
of RAM. As an example, model resolution was increased in the
-direction by replicating each image slice and decreasing the
dimension of each slice. We realize, of course, that increasing

the resolution in this manner does not provide more detailed
organ structure, but it does provide a preliminary understanding
of the interaction between voxel size and predicted SAR values.

An FDTD program based on a code originally described
by Kunz and Leubbers [16] was used to predict localized and
whole-body normalized SAR values (W/kg/mW/cm). The
use of this method is reported in numerous publications each
year1 and has become one of the most frequently used methods
to predict SAR values in organic and nonorganic materials.
Ongoing research in our laboratory involves comparing the
predicted SAR values to those determined empirically usingin
vivo models.

A. Model Validation

Spheres were 66 or 105 mm in diameter and composed of
material having the dielectric properties of 2/3 muscle. This
material was encased in two halves of a Styrofoam shell. The
Styrofoam regions in contact with the dielectric material had
been coated with epoxy (Bob Smith’s Industries, Atascadero,
CA). This coating attenuated the amount of water that would
be extracted from the dielectric material into the Styrofoam
shell during the pre-exposure time period, during which the
temperature of the spheres was equilibrating to that of the
exposure chamber. Each half was covered with silkscreen and
the two halves were held together with tape. A Radiance1
infrared camera system and ImageDesk software (256256
indium antimonide sensor array sensitive over the 3–5-m
waveband, Amber Engineering Inc., Goleta, CA) were used
to record temperature gradients in each half immediately after
exposure.

Spheres were placed on a Styrofoam shelf and exposed in
the far field to 2060 MHz ( -Band Klyston source, Model
2852, Colber Electronics, Stanford, CT) at a power density
of 1.7 W/cm . A standard gain horn (26 35 cm, Model
645, Narda, Hauppauge, NY) was used at the end of the
waveguide. Incident power density was determined before and
after the experiments using a Loral-Narda Electromagnetic
Radiation Monitor (Model 8616) with an Isotropic Probe
(Model 8623D). To confirm that the probe was isotropic in this
application, the average incident power density was determined
by making eight separate readings, rotating the probe 45
between each reading. The temperature and humidity of the
anechoic chamber (Emerson and Cuming, Canton, MA) were
22 C and 58%, respectively. Exposure durations for the 66-
and 105-mm-diameter spheres were 30 and 60 s, respectively.
Data were not corrected for the influence of heat flow after
termination of exposure. Data analysis was accomplished using
Transform and Plot (Fortner Research, Sterling, VA) and Excel
(Microsoft, Redmond, WA) software.

Male Sprague–Dawley rats were obtained from the colonies
of Charles River (Wilmington, MA). They were individually
housed in standard plastic cages (2623 20.5 cm) with water

1[Online.] Available: http: www.fdtd.org

Fig. 1. E-field values (volts per meter) predicted by the FDTD and Mie
computational models for a 20-mm-diameter sphere exposed in the far field to
1800 MHz.

availablead libitum. Recognizing the influence of body mass
on SAR values, all rats used in the validation studies were food
restricted and maintained within a weight range of 365–375 g.
Rats were fed Formulab 5008 (Purina Meals, St. Louis, MO).
The light–dark cycle was 12:12 h (lights on 0700 h) and the
room temperature was maintained at 22C–23 C. Rats (

) were anesthetized and stereotaxically implanted
with guide cannulae (Vialon, Becton Dickson, 1.47-mm OD)
in the olfactory bulb, hypothalamus, cerebral cortex, and brain-
stem. The cannulas were held in place with dental acrylic (Plas-
ticOne, Roanoke, VA). The tip of each cannula was plugged so
that the temperature probe did not protrude. Prior to EMF expo-
sure, a 1.08-mm OD nonperturbing temperature probe (Model
101, Vitek, Boulder, CO) was placed in each guide cannula. This
probe uses carbon impregnated PTFE high-resistance leads to
connect to the thick-film thermistor at the probe tip.

All exposures took place in the far field, at a frequency
of 2060 MHz ( -Band Klyston source, Model 2852, Colber
Electronics, Stanford, CT) and an incident power of 1.0 W/cm.
Incident power density was measured as described above. The
rat was placed on Styrofoam (ledge that was placed 33 cm
above carbon-impregnated foam inside an anechoic chamber).
The width and height of the ledge was minimized to 5 cm

5 cm to reduce perturbations to the field, yet still support
the animal’s weight. The temperature and humidity inside the
chamber were 22C–24 C and 30%–34%, respectively. The
local SAR values were determined by making a linear extrap-
olation from the rate of temperature change during the linear
portion of the heating curve using the following relationship:

(1)

where SAR is in watts per kilogram, is temperature (C),
is the time (s) of the sampling period, andis the specific heat
for the tissue of interest. The linear portion of the heating curve
corresponded to the first 20 s of exposure and the specific heat
of gray matter was used as the tissue of interest [3500 J/C per
kg (17)]. In addition to determining localized SAR, whole-body
SAR values ( ) were determined according to
the method described by Padilla and Bixby [2].



MASON et al.: EFFECTS OF FREQUENCY, PERMITTIVITY, AND VOXEL SIZE ON PREDICTED SAR VALUES IN BIOLOGICAL TISSUE 2053

Fig. 2. Top row: distribution of normalized SAR values predicted by the FDTD model for 66- and 105-mm-diameter spheres exposed in the far field to 2060-MHz
radiation. The lighter areas represent the higher SAR values. Arrow indicates direction of exposure. Bottom row: temperature gradients recorded byinfrared
thermography across 66- and 105-mm-diameter spheres after exposure in the far field to 2060-MHz radiation.

III. RESULTS

The FDTD results for the 20-mm-diameter sphere were veri-
fied by comparing them with the results from the Mie procedure.
Fig. 1 shows the -field values (volts per meter) predicted by the
FDTD and Mie computational models exposed in the far field
to 1800 MHz. There is good agreement in the results predicted
by the two models.

The FDTD results for the 66- and 105-mm-diameter spheres
are shown in Fig. 2. Also shown for comparison purposes are
the empirical data as measured by infrared thermography. Nor-
malized SAR values were calculated from these temperature
changes and were consistent with those predicted by the FDTD
code. The higher SAR values are in the center of the 66-mm
sphere and along the leading edge of the 105-mm sphere.

The rat model (334 g as determined by summating mass of all
voxels) was processed in the EHK orientation at eight frequen-
cies (300, 400, 500, 600, 700, 900, 1100, and 2060 MHz) (see
Fig. 3). The following three vectors comprise electromagnetic
fields: the electric field ( ), magnetic field ( ), and direction
of propagation ( ). Table IV shows good agreement between
the whole-body SAR values calculated for the heterogeneous rat
model and those in [3, Fig. 6.16] for a prolate spheroid model
of a medium size rat. According to [3, Fig. 6.16], 600 MHz is
approximately the resonance frequency for a prolate spheroid
model ( m ) of a medium rat (320 g,
20 cm in length). Axial or sagittal sections through our hetero-
geneous model revealed relatively high SAR values along the
ventral surface although the field of propagation was dorsal to
ventral.

TABLE IV
NORMALIZED WHOLE-BODY SAR VALUES (W/kg/mW/cm ) CALCULATED

BY FDTD CODE USING THE HETEROGENEOUSMODEL OF THE

SPRAGUE–DAWLEY RAT [1.95� 1.95� 2.15 mm(x; y; z)] VERSUS

THOSEVALUES PREDICTED USING A PROLATE SPHEROIDMODEL OF A

MEDIUM-SIZE RAT AS GRAPHED IN [3, FIG. 6.16]

Permittivity values in the rat model were altered for 500
and 2060 MHz. At 2060 MHz, multiplying all permittivity
values by 0.5 increased the whole-body normalized SAR value
from 0.36 to 0.41 W/kg/mW/cm. Multiplying all permittivity
values by 2.0 decreased the whole-body normalized SAR value
to 0.31 W/kg/mW/cm. This inverse relationship between
permittivity and SAR values is consistent with that shown in
[3, Fig. 5.7].

Muscle comprised 45% of the rat model and the local
normalized SAR value for muscle decreased as the permittivity
value increased, which is consistent with the pattern described
above for whole-body normalized SAR values. However, the
predicted SAR values in some of the other tissues did not
follow this pattern. At 2.0 the permittivity value, for example,
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Fig. 3. Calculated normalized SAR values (W/kg/mW/cm) in the rat model exposed in the EHK orientation to 300, 400, 500, 600, 700, 900, 1100, and 2060
MHz.

Fig. 4. (a) Calculated normalized SAR values (W/kg/mW/cm) in the man model exposed in the EHK orientation to 200, 400, 600, 800, 1000, 1200, 1400, 1600,
and 1800 MHz. (b) Sagittal views through the midline of the man model revealing normalized SAR values (W/kg/mW/cm) resulting from exposures in the EHK
orientation to 800 MHz when the field was propagated in the following directions: a) ventral-to-dorsal and b) dorsal-to-ventral.

the normalized SAR values for ligament were approximately
2.5 times higher than those at 0.5the permittivity value.
Overall, the normalized SAR values were higher for six of
the 34 biological tissues when the permittivity values were
2.0 as compared to 0.5.

The whole-body SAR results at 500 MHz, which is near the
resonance frequency for the rat model, were opposite to those
observed at 2060 MHz. Multiplying all permittivity values by

0.5 decreased the whole-body normalized SAR value from 0.95
to 0.63 W/kg/mW/cm. Multiplying all permittivity values
by 2.0 increased the whole-body normalized SAR value to
1.3 W/kg/mW/cm. This relationship between permittivity and
SAR values is not consistent with that shown in [3, Fig. 5.7].
Overall, the normalized SAR values at 500 MHz were higher
for 33 of the 34 biological tissues when the permittivity values
were 2.0 as compared to 0.5.
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TABLE V
NORMALIZED WHOLE-BODY SAR VALUES (W/kg/mW/cm ) CALCULATED BY

FDTD CODE USING HETEROGENEOUSMODELS OF THEMAN (3- OR 5-mm
VOXELS) EXPOSED IN THEEHK POLARIZATION (WAVE PROPAGATION FROM

THE DORSAL-TO-VENTRAL SURFACE OF THEMAN) VERSUSTHOSEVALUES

PREDICTED USING A PROLATE SPHEROIDMODEL OF AN AVERAGE MAN AS

GRAPHED IN [3, FIG. 6.3]

Altering voxel size in the rat model had minor impact on the
predicted normalized whole-body SAR values. The rat model
was manipulated as described in Section II-A to produce voxel
sizes of either 0.39 0.39 0.43 mm or 1.95 1.95

2.15 mm. At 2060 MHz, voxel sizes of approximately 0.4 and
2.0 mm produced SAR values of 0.34 and 0.36 W/kg/mW/cm,
respectively. The localized SAR values showed similar lack-
luster differences. Nine of the 34 biological tissues in the high-
resolution model had slightly higher SAR values than those in
the lower resolution model.

A. Man

The man model was exposed in the EHK orientation to
70, 200, 400, 600, 800, 1000, 1200, 1400, 1600, and 1800
MHz [see Fig. 4(a)]. The highest predicted whole-body SAR
value was at 70 MHz, which is consistent with that graphed in
[3, Fig. 6.3] (see Table V). Energy absorption was prominent
in the regions surrounding the ankles, knees, and neck region
for the lower pulse frequencies (200–600 MHz). Increasing the
frequency augmented the amount of energy deposited on the
skin. Energy absorption within the brain was maximal between
600–800 MHz when the field was propagated in the ventral to
dorsal direction. For this determination, the brain SAR value
was comprised of data from the gray matter, white matter,
and cerebellum. The higher SAR values were throughout the
forebrain and midbrain regions. However, when the field was
propagated in the dorsal-to-ventral direction, a very different
pattern of SAR values was observed in the brain. The higher
SAR values were at the interface of the brain, cerebrospinal
fluid, and skull toward the base of the brain [see Fig. 4(b)].

The man model was processed at both 3 and 5 mmresolution
to determine the effects of voxel size on predicted SAR values.
As reported for the rat model, altering voxel size had very little
influence on whole-body SAR values (see Table V).

B. Model Validation

Comprehensive development of any model includes its val-
idation by comparison to empirical data. Validation should be

Fig. 5. Comparison of the normalized whole-body SAR values
(W/kg/mW/cm ) determined calorimetrically with the values calculated
by FDTD modeling as a function of the rats’ orientation in the field.

Fig. 6. Comparison between the normalized whole-brain SAR values
obtained from experimental methods and the FDTD calculations for four
exposure orientations. Values shown are the mean of four brain regions
(olfactory bulb, hypothalamus, cerebral cortex, and brainstem) in the rat.

accomplished using the actual type of organism used to develop
the model. However, with the man model, this is not practical
due to ethical concerns regarding the implantation of deep body
temperature probes and the scarcity of volunteers. Therefore,
validation is accomplished in our laboratory using rats. If there
is good correlation between the predicted and empirical results
using animal models, that should provide confidence in the data
from the man dosimetry model. For the rat, we first compared
the normalized whole-body SAR values determined calorimet-
rically with those predicted by the FDTD code for four expo-
sure orientations ( Fig. 5). The calculations of the FDTD code
are slightly lower than those determined calorimetrically. How-
ever, the relative influence of orientation on whole-body SAR
is similar for both methods.

The next level of comparison was between the normalized
whole-brain SAR values obtained using the two methods. The
rat brain offers an ideal organ for comparison, due to the relia-
bility of stereotaxic probe placements and the ability to easily
confirm probe placements in tissue sections following experi-
mentation. The experimentally derived whole-brain SAR values
were estimated from the mean SAR of four brain regions at each
orientation. The results of this comparison are shown in Fig. 6.
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Fig. 7. Schematic diagram illustrating the procedure used to locate the appropriate sampling area. In this example, the area corresponds to the brainstem. The
location of each thermal probe was first mapped on: (a) the corresponding anatomical image, as can be seen in the middle slice. The numeric output from the
FDTD code was then combined with the graphic image containing the anatomical information. The portion of this procedure corresponding to: (b) the sample area
is shown in (c) the table. The sample area for each slice consisted of a 7� 7 voxel(x; y) area with the tip of the probe in the center of the area. Each voxel was
0.4� 0.4� 1.0 mm(x; y; z) (d). A similar size region was sampled in the adjacent slices, thus the volume of the sample area was 23.5 mmarea (7� 7� 3
voxels). (e) The insert contains a picture of a rat head with a plane through the head corresponding to the location of the slices.

The agreement between the two methods is good and certainly
within the error of the experimental method. The greater value
for the FDTD calculation, compared with the experimental es-
timation, in the orientation, is discussed below.

In order to compare the regional SAR values obtained exper-
imentally with those from FDTD calculations, the SAR value
for each voxel must be linked to its anatomical location. The
process is described in detail in Fig. 7. The spatial resolution
of the FDTD output is much greater than the volume that the
thermal probe is capable of resolving. For comparison between
the two methods, an average SAR value was obtained by cal-
culating the mean of a 23.5 mmvolume (7 7 3 voxels).
This sample size was chosen because it was the smallest uniform
three-dimensional volume that encompassed the thermal probe
(i.e., : voxels mm mm; : voxels mm

mm; : voxels mm mm).
For most cases, there was a good match between experimen-

tally estimated and FDTD calculated SAR values for the four
brain regions. A comparison of the influence of orientation on
the SAR in the brainstem is shown in Fig. 8. Overall, the results
of comparing SAR values across regions for a given orienta-
tion show a reasonable agreement between methods. As would
be expected, the match was closest when the sampling volume
around the temperature probe contains uniform SAR values that
were close to the whole-body SAR value. Mismatches between
methods occurred when the FDTD code calculated relatively

Fig. 8. Comparison between experimentally and FDTD determined SAR
values (W/kg/mW/cm) in the brainstem of the rat as a function of orientation
in the field.

high or low SAR values. In these cases, the extremes in SAR
values were not reflected in the thermal data (i.e., high and low
FDTD SAR values corresponded to underestimation or overes-
timation of experimentally estimated SAR values, respectively).

IV. DISCUSSION

Orientation, relative to the EMF source, has a profound influ-
ence on regional SAR values and must be accounted for in order
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to interpret bioeffects data. As a practical matter, however, it is
not possible to empirically determine the regional SAR values
for all experimental conditions of interest. Recently, though, the
use of computer codes and heterogeneous anatomical models
has vastly increased our knowledge about how energy is ab-
sorbed during EMF exposure. Extremely complicated patterns
of energy absorption have been revealed that would be difficult,
if not impossible, to predict by extrapolating data from localized
temperature measurements.

Comparing localized SAR values determined experimentally
via well-established thermal models with those obtained using
the FDTD method demonstrate good agreement, except when
the FDTD method calculates “hot or cold” spots (relative to
whole-body average SAR). In these cases, the disparity is at
least partially due to confounding factors in the thermal method
caused by thermal loss or gain from surrounding regions with
dissimilar SAR values [18]. This complication emphasizes the
fact that SAR alone may not provide an adequate description of
the regional thermal environment. Furthermore, present models
usually do not take into account the role of thermoregulatory
components (e.g., conduction, convection, and blood flow) in
determining the increase in temperature occurring in a specific
body region during EMF exposure. Future computer models
will, therefore, need to account for the influence of such com-
ponents [19]–[22].

In summary, the effects of simultaneously altering all tissue
permittivity values on whole-body and localized SAR values
were determined in this paper. We have recently initiated studies
to determine the effects of varying the permittivity value for
a single tissue type on the SAR values for that organ and the
immediately surrounding organs. In addition to this parameter,
we are also beginning to determine the effects of multiple-fre-
quency exposures on SAR values; such multiple-frequency ex-
posures might be experienced by individuals while conducting
measurements on antenna arrays and are, thus, of profound in-
terests in terms of human exposure issues.
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