IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-32, NO. 8, AUGUST 1984

779

Specific Absorption Rate Distribution in a
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Abstract — A computer-controlled scanning system and an implantable
triaxial electric-field probe have been used to obtain maps of the specific
absorption rate (SAR) in various cross sections of a full-scale model of
man. The model was exposed to a 350-MHz plane wave that provided
various orientations of the electric-field vector with respect to the body.
The results obtained are in general agreement with previously published
theoretical and experimental data. The SAR distributions in the torso and
head were in relatively good agreement with cylindrical and spherical
models, respectively. Enhanced absorption in the neck and the limbs, as
previously found by the thermographic method, was observed. This study
provides much more detailed information than previously available, with an
absolute accuracy of +1 db.

I. INTRODUCTION

HE AVERAGE specific absorption rate (SAR) has

been extensively used in quantifying interactions of
electromagnetic fields in the radio and microwave frequency
range with biological systems. The importance of the distri-
bution of SAR’s within the exposed system is well recog-
nized as an essential factor in quantifying biological ef-
fects. In recent years, numerous theoretical methods have
been developed for dosimetry, as reviewed elsewhere [1]-[3].
Analyses of the so-called block model of man appear to be
most promising in providing the SAR distribution [4]-{7].
Results of such analyses have recently been also utilized in
calculating the thermal response of a man exposed to radio
waves [8].

In view of the importance of SAR distribution, it is
essential that theoretical data are quantitatively verified
experimentally. Furthermore, as the capabilities of analyti-
cal methods are limited in treating such complex structures
as biological bodies, experimental methods may offer the
only viable means for studying the SAR distribution in
models closely resembling the actual bodies under more
complex exposure conditions (e.g., near-field exposure).
There are three viable techniques for measuring SAR dis-
tributions. A thermographic method has been developed
and successfully applied on scaled-down models [9]-{11].
The main limitations of this technique are a limited spatial
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resolution due to the small size of the models and a
difficulty in incorporating the anatomical structure into
such a small model. Conversely, if a full-scale model of
man is analyzed by thermography, very high intensities of
the exposure field are required. These limitations have led
to the use of two other dosimetric techniques on full-scale
models of man.

A nonperturbing temperature probe has been used to
measure the SAR in a limited number of locations in a
full-scale model of man exposed at frequencies of
1.29 and 2 GHz {12], [13], and models of other primates.
An implantable e¢lectric-field probe offers an alternative
tool for measuring the SAR distribution and has several
advantages. In addition to being particularly suitable for
measurements in full-scale models, the measurements are
not dependent on the thermal properties of the model
material. Not only the SAR, but also the direction of the
electric field can be determined. Measurements can be
performed in very low exposure fields, which do not cause
any increase in the model temperature. Furthermore, the
data can be conveniently obtained for a very large number
of locations when an automatic probe positioning system is
used.

In this paper, SAR distributions in a full-scale model of
man exposed to a plane-wave at 350 MHz are presented.
The data were obtained using a calibrated implantable
electric-field probe and a computer-controlled scanning
system. The exposure frequency of 350 MHz was selected
because of the reported head resonance at this frequency
[7] and the availability of SAR data for the block model of
man [14].

II. EXPERIMENTAL ARRANGEMENT
A general view of the experimental arrangement is shown

Jin Fig. 1. The system—except for the computer, the gener-

ator, and monitoring equipment—was placed in an
anechoic chamber. An exposure field was produced by a
resonant slot above the ground plane, having gain of 4.87
at 350 MHz. The antenna was located below the phantom
model as illustrated in Fig. 1 for the E orientation (i.e., the
electric-field vector parallel to the long axis of the body), or
at the side of the phantom for the k orientation (i.e., the
wave propagation from head to toe, the propagation vector
parallel to the long axis of the body).

The scanning system was composed of a mechanical
structure for supporting and positioning the probe and a
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Experimental arrangement (a) anechoic chamber, (b) antenna,
(¢) phantom model of the human body, (d) triaxial electric-field probe,
and (e) mechanical structure for supporting and positioning the probe.

Fig. 1.

computer system for control of the experiment, data
acquisition, . storage, display, and recording. The probe
could be placed at any location within a volume of 1.9 X
0.5 x0.45 m. The scanning resolution was 0.013 mm/step
in each direction, and the position repeatability (uncer-
tainty) was + 0.05 mm. The probe could be moved at high
speed with a velocity of approximately 12.5 mm/s, and at
a low speed of 0.42 mm/s. The computer hardware and
software are described elsewhere [15].

The full-scale plastic model shown in Fig. 2(a) had
dimensions of a standard man. This plastic model was used
to make a set of templates having exact dimensions of the
plastic model in various cross sections (Figure 2(b)). These
templates, in turn, were used to prepare 2.5-cm-thick
styrofoam layers, which were glued together to obtain a
hollow phantom of man (Fig. 2(c)). This phantom was
filled with a mixture of water, sugar, and salt in such
proportions that it had the following electrical properties:
¢ =38 and 0 =0.95 S/m. These properties correspond to

the tissue average properties at 350 MHz. The mixture had -

a relatively low viscosity, which facilitated penetration of
the probe.

An implantable triaxial electric-field probe, model EIT
979,! was used to measure the electric-field intensity. This
probe was previously fully characterized in terms of its
sensitivity in tissue phantom material, noise, and modula-
tion characteristics [16]. To improve the signal-to-noise
ratio, and therefore the dynamic range of measurements,
the radiofrequency signal was amplitude modulated at
516 Hz and a high-gain narrow-band amplifier was used at
the output of the probe [16]. The probe sensitivity in the
tissue phantom material was 2.1 uV/(V2/m?), and the
estimated calibration uncertainty was +1 dB. The mini-
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Fig. 2. Phantom model of man—design details, (a) plastic model of an
average man, (b) set of templates, and (c) styrofoam mold.

mum measurable electric-field intensity, with a signal-to-
noise ratio of 10 and 1-Hz bandwidth amplifier, was 1.3
V/m (SAR =1.6 mW /kg).

1L

The SAR values at several locations within the body in
three cross sections separated by 5 cm are shown in Fig. 3.
Each data point is an average of at least five (5) separate
measurements performed on various days and with various
incident power levels within the linear range of the system
operation. Fig. 4 shows the same data along two selected
axes, as indicated, in the cross section close to the body
center. The bars indicate one standard deviation. In all
experiments, the SAR values were normalized to an inci-
dent power density of 1 mW /cm? at a plane corresponding
to the body surface or point closest to the radiation source.
When these data are compared with experimental data
available in the literature for scaled-down. models at
450 MHz [11], it is seen that, despite the difference in the
exposure frequency, there is good agreement. “Hot spots”
in our measurements are found in the neck region, with the
SAR values ranging from 86 to 196 mW /kg in the plane
z=10 cm (corresponding approximately to the body
center). These data can be compared with a maximum of
120 mW /kg in the center cross section for exposure at
450 MHz [11]. Similarly, in the legs, the maximum SAR
values are 110 and 147 mW /kg in our measurements and
at 450 MHz [11], respectively. It appears that the location
of the maximum SAR in the legs is somewhat different at
the two frequencies. A hot spot, of somewhat smaller
intensity than at 450 MHz [11], was observed by us in the
arms. This may be due to a difference in the arms articula-
tion in the two phantom models.

A general qualitative agreement can be observed be-
tween our data and the theoretical calculations for the
block model [14]. However, there is a significant difference
in the quantitative SAR distribution, the locations of the
hot spots, and the maximum values of the SAR. The most
likely explanation for the observed differences is that the
shapes of the block model and our phantom are signifi-
cantly different and the torso of the block model consisted
of a relatively small number of cells. In particular, there are

RESULTS AND DISCUSSION
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Fig. 3. Specific absorption rate (SAR) distribution (W, /kg)*lOO for a
plane wave irradiation at a power density of 1 mW/cm on the surface
of the model, the electric ficld parallel to the long axis of the model
El L, the propagation k, from back to front, frequency 350 MHz.
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Fig. 4. Specific absorption rate (SAR) distribution along the man model
height for two cross sections. 1 mW /cm? incident power density on the
surface of the model, frequency 350 MHz Eu L, k back to front,
z=10 cm (see Fig. 3, for z designation).

only two to three layers of cells in the block model, and our
measurements indicate a rapid decrease of the SAR in the
torso in the direction of the wave propagation (compare
the SAR values at the same point for the three cross
sections z in Fig. 3).

A rapid decrease in SAR values within the torso as a
function of distance from the radiation source is further
illustrated in Fig. 5. Since the SAR change is very rapid,
values averaged over large size cells in the block model are
obviously significantly different from those measured by
the implantable probe, which provide averages for a rela-
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Fig. 5. Specific absorption rate (SAR) distribution in the upper torso
(chest area —48 cm from the head top) along the axis as a function of
the distance from the plane of the wave incidence: frequency 350 MHz,
incident power density 1 mW /cm? in the plane tangent to the model
E I L, k back to front.
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Fig. 6. Specific absorption rate (SAR) distribution in the upper torso
(chest area—48 cm from the top of the head): frequency 350 MHz,
incident power density 1 mW /cm? in the plane tangent to the model
EWL, k back to front.

tively small volume. The deposition of energy at the body
surface within the torso was also observed thermographi-
cally at 450 MHz [11].

A relatively good quantitative agreement between the
calculated values for the block model [14] and our data was
observed for the arms.

Fig. 6 shows the SAR distributions across the chest at
various depths. Symmetry of the distribution within the
uncertainty of me¢asurements is observed for the center axis

‘of the body. This is an expected result, confirming that

measurements of the SAR within half of the body are
sufficient.

The SAR distributions in the head of our model are
shown in Fig. 7 for two orientations of the incident field
with respect to the body. Corresponding calculated SAR
distributions in a 16-cm-diameter sphere filled with the
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Fig. 7. Specific absorption rate (SAR) distribution in the head, frequency
350 MHz, incident power density 1 mW /cm?, (a) E Il L, (b) kIl L. The
dashed lines show the calculated SAR in a 16-cm-diameter sphere.

same phantom material are also shown for comparison. It
can be noted that the overall shape of the curves is similar;
however, the quantitative results are not surprisingly differ-
ent, in view of the actual shape of the head. The SAR
distribution in the head appears to be significantly differ-
ent than that for the block model of man [14]. However a
detailed analysis, which is outside of the scope of this
paper, would be necessary to compare the results.

IV. CONCLUSIONS

Measurements of the specific absorption rate (SAR)
distribution for a full-scale model of man filled with a
phantom material having average tissue permittivity were
performed at 350 MHz for a far-field exposure. Use of a
computer-controlled mechanical scanning system and an
implantable isotropic electric-field probe provided a good
spatial resolution, an excellent reproducibility of results of
+0.5 dB, and a good absolute uncertainty of +1 dB. The
measurements were fully automated and, after proper
calibrations and preparation, a large number of data points
were conveniently obtained.

At a frequency of 350 MHz, a generally nonresonant
behavior of the human body with maximum energy ab-
sorption at the surface on which the radiation is incident
was confirmed. This conclusion did not, however, apply to
the head, neck, and the limbs, where more complex distri-
butions of the SAR were observed.

Our experimental data were in good agreement with
reported experimental results at 450 MHz obtained by the
thermographic technique [11]; however, only a few features
of the distribution could be compared.

General qualitative agreement with theoretical data for
the block model of man [14] appears to exist; however, our
data are significantly different, particularly in the
head—neck region [7]. Most likely, the differences are due
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to differences in shapes of the models and a limited num-
ber of cells for the block model, particularly in terms of
layers (2 layers [7]).
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