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Abstract —Distributions of electric fields in lossy spheres and infinite
lossy cylinders simulating biological objects were measured at 350, 920, and
2450 MHz. The measurements were performed in a computer-controfled
scanning system using three different implantable nonperturbing probes.
The results are compared with theory, and use of lossy spheres and
cylinders for calibration of implantable probes is quantitatively evaluated.

I. INTRODUCTION

OSIMETRY OF electromagnetic fields is essential in

¥ quantifying biological effects of these fields and de-
veloping exposure standards for humans. Dosimetry is
concerned with the determination of the electric-field in-
tensity and the rate of energy deposition in biological
bodies and their electrical models. The rate of energy
deposition is defined as the specific absorption rate (SAR)
usually expressed in W /kg [1]. The SAR is directly related
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to the intensity of the electric field in situ and the electric
properties of the tissue.

Considerable progress in theoretical and experimental
dosimetric methods has taken place in recent years, as
reviewed elsewhere [1]-[3].

Lossy dielectric spheres serve as convenient models of
biological bodies and their parts [1]-[3]. These models are
relatively easy to analyze theoretically and to construct for
experimentation. They also provide adequate simulation of
some biological systems under certain exposure conditions
{1}

The distribution of electric fields in a lossy sphere was
previously obtained theoretically (4], and a computer pro-
gram was developed [5]. Qualitative experimental verifica-
tion was obtained [6]; however, a quantitative analysis of
the accuracy with which the electric-field distribution can
be measured by implantable electric-field probes is want-
ing. The SAR distribution was also measured by the ther-
mographic technique [7].

The electric fields in lossy cylinders were determined
analytically for an infinite cylinder {8] and analytically and
experimentally for cylinders of finite length [9]. In the
latter case, the experimental technique used had serious
limitations when used for cylinders of small diameters
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compared with the wavelength. This technique is also not
acceptable for probing of the fields in biological bodies.

The purpose of this study was twofold, firstly, to evaluate
the application of lossy spheres and cylinders for calibra-
tion of implantable probes used in bioeffects dosimetry,
and secondly, to obtain quantitative experimental data and
comparison with theoretical results at 350, 920, and 2450
MHz for the electric-field distribution in spheres and cylin-
ders simulating the human body and its parts. This infor-
mation can be further used for comparison with the elec-
tric-field distributions in models more closely resembling
the human body.

II. THEORETICAL ANALYSIS

A. Spherical Models

The electric-field and SAR distributions in lossy spheres
irradiated by a plane wave were calculated using the Mie
method [4]. The numerical calculations were obtained using
a computer program provided courtesy of the Bureau of
Devices and Radiological Health [5].

B.. Cylindrical Model

The electric-field and SAR distributions in an infinite
lossy cylindrical model were obtained under plane-wave
irradiation. A recursive method, derived by Bussey and
Richmond [8], was employed to solve the scattering ampli-
tude of a lossy multilayered infinite cylinder for TE and
TM modes as shown in Fig. 1. The infinite cylinder solu-
tion can be used to approximate a finite-length cylinder
within a limited range of the cylinder length.

C. Limitations of the Numerical Technigues

Dimensions of the spherical and cylindrical models are
restricted by the computational instability of the angular
functions due to the arguments which are either too small
or too large.

Restrictions of the program for the spherical model are
as follows:

® the maximum number of layers is 10,

@ cach layer is homogeneous,

@ |kir <90.83, where r is the radius of a homogeneous
sphere and k& is the propagation constant in the
medium,

Limitations on the calculation for a homogeneous in-
finite cylinder are as follows:

® |kIR<223,

® |k|r >1.87, where R is the radius of the cylinder, r is
the radius of the observation point, and k& is the
propagation constant in the medium,

III. MATERIALS AND METHODS

A. Materials

Molds for the 6.6-cm, 12-cm, and 16-cm diameter spheres
were made of 5-cm-thick RF transparent polystyrene foam.
The mold for the 24.8-cm diameter cylinder of a length of
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Fig. 1. TE and TM modes for a lossy circular infinite cylinder.

TABLE I
SENSITIVITIES OF THE IMPLANTABLE PROBES DETERMINED USING
VARIOUS MODELS
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1.83 m was made of 3.2-mm-thick solid acrylic having a
dielectric constant of 2.6.

A semisolid phantom material which simulates the ¢lec-
trical properties of the average tissue was used at 350 MHz
[10]. At frequencies of 920 MHz and 2.45 GHz, saline
solutions were used as phantom materials because of their
low viscosity, simplicity of preparation, and elimination of
the mechanical perturbation of the phantom by the probe.
The permittivities of different phantom materials, as mea-
sured by an automatic measurement system with an uncer-
tainty of less than 3 percent [11], are given in Table 1.

The electric-field intensities in different models were |
measured using a computer-based scanning system and an
electric-field-probe technique [12].

The molds filled with phantom materials are placed in
the far field of a selected antenna and accurately posi-
tioned to ensure a desired orientation of the incident
electric field with respect to the scanning direction.

B. Probes

Three-dipole electric-field probes, a Narda Model 2608
(3 mm in diameter), an EIT model 979 (9 mm in diameter),
and a Holaday Model IME-01 (19 mm in diameter), were
used to measure the electric-field intensity. The characteris-
tics of these probes are described elsewhere [13].

The sum of three voltages (V) detected by the diode-
loaded dipoles is related to the square of the total electric-
field intensity |E;|* by the following expression:

VT=B|ET|2

where B is the sensitivity of the probe in the tissue phan-
tom material.
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The sensitivity of each probe was determined for each
model from the following expiession:

Y (V) (1E),
p=i=1

(1E-);

ip=

1

where (V7), is the total voltage at the probe detector
diodes (a sum of the three voltages of the three dipoles),
measured-at an experimental point i, (|E|?), is the theo-
retical value of the internal electric-field intensity in the

same point, and N is the number of points. The final value -

of the sensitivity was arrived at by an iterative process, in
which only an unperturbed part of the distribution was
included, i.e., that part for which the relative difference
between the theoretical and experimental values was less
than 10 percent.

C. System Uncertainties

There are several sources of errors in the system that
may affect the accuracy of experimental results. Some of
the errors can be limited to be negligibly small through
proper arrangements and care. These include reflections
from the walls and the scanning system. In this work, they
have been eliminated by placing the whole system in an
anechoic chamber and covering the frame of the scanning
system with absorbing tiles. The incident electric field has
to be well defined in terms of its amplitude and direction.
The field intensity in our tests was determined from the
antenna gain calibration and measurements of the input
power to the antenna. The uncertainty in the intensity was
estimated at +0.5 dB. The direction (alignment) of the
antenna with respect to the probe was arranged within
+1°. The intensity of the field was always adjusted so that
the probes operated in the linear region.

The main accuracy limitations in this experiment are due
to the probes themselves, namely to the cross-coupling of
the dipoles, lack of a perfectly isotropic response (due to
small differences between the three dipole-diode assem-
blies), remnant pick-up of their high-resistance leads and
the field perturbation by the leads.

IV. RESULTS AND DISCUSSION

A. Spherical Models

A comparison of the theoretical and experimental data
for a 16-cm diameter sphere at 350 MHz is shown in Fig. 2.
On all illustrations, the probe is introduced from the
positive z direction, while the wave is incident from the
negative z direction. An excellent agreement can be seen
for a smaller diameter probe (9 mm, EIT model), except at
one end where the probe is introduced to the phantom. For
a large-diameter probe (19 mm, Holaday model), signifi-
cant deviations are also seen at the other end of the
distance scanned. This is due to the smearing because of a
poor spatial resolution of the probe.

The experimental error close to the point of probe
entrance is due to a formation of a neck through which the
nhantom material is flowing outside the sphere.
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Fig. 2. Comparison of the calculated and measured SAR distribution
along the z-axis of an average-tissue-phantom sphere. Solid line indi-
cates the calculated values, X X measured values with the EIT probe,
00 measured values with the Holaday probe. ¢/ =38.9, ¢ =1.04 S/m,
f =350 MHz, Incident Power Density =1 mW/cm?, Diameter =16
cm, Diameter /A, = 0.19, Sensitivity B =3.1+0.3 pV/(V2/m?) for the
EIT probe and 12+ 2 pV /(V?/m?) for the Holaday probe. The vertical
bars show the uncertainty of measurements, the double arrow indicates
the direction of incidence of the wave, and the single arrow shows the
point where the probe is introduced into the phantom.

0. 45

0. 307

0.25 ¢

¢ W/kg >

0. 20 A

SAR

0. 1571

0. 10 {

I 1
-8 -6 -4 -2 0O 2 4 [S] 8
ODISTANCE ALONG THE Z~-AXIS
< em >

Fig. 3. Comparison of the calculated and measured SAR distributions
along the z-axis for three spheres filled with the muscle-equivalent
saline. €'=76.0, ¢ =1.58 S/m, f= 920 MHz, Incident Power Density
=1 mW /cm?, Probe Narda. Solid line indicates the calculated values,
X X measured values for a sphere of a diameter = 6.6 cm,
Diameter/A, = 0.2, Sensitivity B =0.71+0.04 pV/(V?/m?). Dashed
line indicates the calculated values, 00 measured values for a sphere of
a diameter =12 cm, Diameter/A, = 0.37, Sensitivity B =0.63+0.8
pV/(V2/m?). The dash—dot line indicates the calculated values, + +
measured values for a sphere of a diameter =16 cm, Diameter/A, =
0.49, Sensitivity B =0.71+0.06 pV(V?/m?). The vertical bars indicate
the uncertainty of measurements, the double arrow indicates the direc-
tion of incidence of the wave, and the single arrow shows the point of
probe insertion.
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Fig. 3 provides a comparison of theoretical and experi-
mental results for three spheres at 920 MHz for the Narda
probe. This is the smallest diameter (3 mm) probe, and
smearing effect is very small. The “neck effect” is
eliminated as a result of using a liquid phantom material.

Fig. 4 gives the results for 6.6-cm and 12-cm diameter
spheres at 2.45 GHz as measured with the Narda and EIT
probes. The spatial resolution limitations of both probes
are apparent. For instance, for the 6.6-cm diameter sphere,
where rapid changes of the SAR occur within about 1 cm,
some smearing is evident in the second peak even for the
Narda probe.

B. Cylindrical Model

Fig. 5 illustrates the data for the cylindrical model. The
computational instability of the theoretical results close to
the cylinder center was caused by the divergence of the
Bessel functions in the region near the center.

The measurements were performed at the center of the
cylinder and at a distance of 0.44 A, from the end of the
cylinder (points 1 and 3). Very good agreement was ob-
tained for both probes for all locations except close to the
point of the probe introduction. This was due to a small
truncation of the cylinder.

C. General Discussion

As previously indicated, the agreement between theoreti-
cal and experimental SAR distributions is affected by
several factors, e.g., limitations of the theoretical solution
for the cylindrical model investigated, probe spatial resolu-
tion, model perturbation by the probe (“the neck” for
semisolid phantom). Also, the agreement between the per-
mittivity assumed in calculations and that of the material
used plays a certain role.

The probe sensitivities as determined by a comparison of
the experimental and theoretical SAR distributions in dif-
ferent models for the three probes at 350, 920, and 2450
MHz are summarized in Table I and compared with the
data for slab phantoms [13]. A rather good agreement
between the sensitivity values obtained using different
models was obtained.

V. CONCLUSIONS

A quantitative comparison between the distributions of
the specific absorption rate (SAR) obtained by analytical
methods and by probing the electric fields in lossy spheres
and cylinders using implantable probes was performed.

An excellent agreement between the theory and experi-
ment was found within the limitations of the probes. The
main limitations of the field probing are due to the spatial
resolution of the probes, which in turn depends on the
probe size. Other probe limitations include the probe sym-
metry, cross-coupling between the dipoles, and the field
perturbation. The experiments confirmed that the com-
puter-controlled experimental dosimetry system [12] allows
to obtain the SAR distributions not only rapidly and
conveniently, but that the accuracy is practically de-
termined by the accuracy of the probe used, with much
smaller errors due to the remaining parts of the system.
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Fig. 4. Comparison of the calculated and measured SAR distributions
along the z-axis for two saline-filled spheres. €' =779, 6 =1.02 S/m,
f=2.45 GHz, Incident Power Density =1 mW /cm?. Solid line indi-
cates the calculated values, X X measured values with the Narda probe,
Diameter = 6.6 cm, Diameter/Aj=0.54, Sensitivity B = 0.08+0.02
1V /(V2/m?). Dashed line indicates the calculated values, 00 measured
values with the Narda probe, + + measured values with the EIT probe,
Diameter =12 cm, Diameter/A,=0.98, Sensitivity B = 0.08+0.01
pV/(Vl/m?) (Narda) and 0.10+0.01 xV/(V?/m?) (BIT). The vertical
bars show the uncertainty of measurements, the double arrow indicates
the direction of the incidence of the wave, and the single arrow shows
the point of probe insertion.
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Fig. 5. Comparison of the calculated and measured SAR distribution
across a circular cylinder filled with the average tissue phantom.
€’=38.9, =535, TE Mode, f=350 MHz, Incident Power Density
=1 mW/cm?, L=0.62 Ay, L'=044 X;, d=029 A, Probe Hola-
day, Sensitivity B==16+1 gV /(V>/m?). Solid line indicates the calcu-
lated values, + + measured values at 1, X X measured values at 2, OO
measured values at 3. The vertical bars show the uncertainty of mea-
surements; the double arrow indicates the direction of incidence of the
wave.
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Lossy dielectric spheres of proper sizes are convenient
for calibration of implantable electric-field probes in tissue
. phantoms. They are superior to cylinders and slabs, as they
facilitate calibration with the same or even better accuracy
than cylinders and slabs, and are smaller in size. The size is
of particular importance at lower frequencies (below 1
GHz) where the slab size required becomes cumbersome to
handle [13}.
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