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Comparison of Measured and Simulated Data in an
Annular Phased Array Using an Inhomogeneous
Phantom

Dennis M. Sullivan, Dale Buechler, and Frederic A. Gibbs

Abstract—Computer simulation is being used to plan patient treat-
ments for deep regional hyperthermia in the Sigma 60 applicator of
the BSD-2000 Hyperthermia System. The method used is the finite-
difference time-domain (FDTD) method. Like all simulation methods,
confirmation of the accuracy via measured data is important. Until
now, most such measurements in the Sigma 60 were done with homo-
geneous phantoms. A new phantom using both muscle and fat equiv-
alent material has been constructed, presenting a more challenging
simulation problem to the FDTD method. The description of the phan-
tom and the results of comparisons between simulated and measured
data are presented.

I. INTRODUCTION

In deep regional hyperthermia cancer therapy, one of the most
widely used devices is the Sigma 60 applicator of the BSD-2000
Hyperthermia System (BSD Medical, Salt Lake City, UT). This
employs eight dipole antennas positioned around a 60 cm annulus,
a configuration known as an annular phased array (APA). The eight
dipoles are arranged in four groups of two each, referred to as
quadrants. Although the four quadrants are all driven at the same
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frequency (the frequency range is 60 to 120 MHz), the amplitude
and phase on each quadrant can be set independently. This ability
to independently set the amplitudes and phases. as well as the se-
lection of the frequency, presents a wide range of input parameters
which has motivated the use of computer simulation for treatment
planning in the Sigma 60 [1]-[3].

Recently, the implementation of a clinical treatment planning
program using the finite-difference time-domain (FDTD) method
has been described [4]. The accuracy of this method was tested by
comparison of measurements made in a homogeneous phantom. In
this paper, further verification will be presented with temperature
measurements in an inhomogeneous phantom, which we will refer
to as the Utah phantom.

II. PHANTOM CONSTRUCTION

The Utah phantom used is a CDRH [5] elliptical phantom filled
with two materials, one to simulate muscle and one to simulate fat
or bone (Fig. 1). The muscle material was constructed from a rec-
ipe by Guy [6], with a slight variation: only 75% as much salt was
used, giving a material with estimated relative dielectric constant
of 60 and conductivity of 0.58 S/m. The fat material was con-
structed from a recipe by Lagendijk and Nilsson [7], giving a ma-
terial with a relative dielectric constant of about 8 and a conductiv-
ity of about 0.05 S/m.

The phantom was constructed to roughly simulate the lower ab-
domen and pelvis. although the intent of its design was more that
of a buildable inhomogeneous structure than an anatomic simula-
tion. Thirteen catheters were placed in such a way that temperature
measurements could be made at enough points to be representative
of the SAR pattern within the phantom. The catheters were 16
gauge, large enough to allow easy movement of the temperature
probes of the BSD-2000 [8].

III. EXPERIMENTAL PROCEDURE

The energy deposition pattern throughout the phantom was de-
termined by measuring the temperature increase at various points
after power was applied for a short period of time in the Sigma 60
applicator. Using three temperature probes at a time, the probes
were pushed all the way to the ends of the catheters. The automatic
mapping feature of the BSD-2000 was used to move the probes in
1 cm increments, waiting 4 seconds for the temperature measure-
ment to reach equilibrium, and recording it before moving on to
the next position. One such reading was made before applying
power and another was made after applying 1000 W for 2 min. The
temperature difference was then calculated. These temperature dif-
ferences were compared to the SAR patterns predicted by the FDTD
simulation.

To do the FDTD simulation, a model of the phantom was sim-
ulated by assigning the corresponding properties of fat or muscle
to the 1 cm cells which make up the 3-dimensional model. (This is
similar to the way patient models are created for clinical simula-
tions [9].) Approximately 30 000 cells were required for this phan-
tom. The 3-D problem space used to simulate the phantom and the
Sigma 60 was 74 X 74 X 68 = 372 368 cells. This required 10
megawords of core memory and 200 CPU seconds on a Cray YMP
supercompter to simulate. Four such runs, corresponding to the
four quadrants were necessary to obtain the complex E field at every
point in the phantom; the SAR’s were determined from these com-
plex E fields. (This is described in detail in [4].)

0018-9480/92$03.00 © 1992 IEEE
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Fig. 1. The Utah phantom. Darker areas represent muscle; lighter areas represent fat. The shell is a material which also

simulates fat. '

IV. RESULTS

The comparisons between measured and simulated data in the
Utah phantom are given in Figs. 2-4. All measurements were done

with equal amplitudes and zero phase applicd to the four quadrants.

The measured temperature increases in each catheter are indicated
by blackened squares connected by dashed lines. The SAR’s com-
puted by the FDTD program are indicated by dots connected by
solid lines. At each frequency, a scaling factor multiplied the cal-
culated SAR by an amount which allowed easy comparison to the
temperature rises. (Only one scaling factor is used for all the graphs
at that frequency; each graph is not scaled separately.)

Fig. 2 shows the results at 90 MHz. Two key features stand out:

1. The measured data follows the general patterns predicted by
the FDTD simulations.

2. The sharp peaks and valleys predicated by the FDTD simu-
lation tend to be ‘‘smoothed’’ by the measured data.

The second observation is not particularly surprising. Remember
that the temperature rise is determined by measuring temperature
in the catheter before and after applying power in the Sigma 60.
There is a time delay when the power is shut off before the tem-
perature can be measured, allowing heat to disperse from a hot
point or into a cold point. One would not expect to observe the
crisp SAR transitions at the fat/muscle interfaces that the FDTD
method can predict, and that may, in fact exist. Another contrib-
uting factor may be diffusion of the ‘‘fat’” and ‘‘muscle’’ material
across the fat/muscle interfaces which would tend to smear the ac-
tual sharpness of the modelled transitions. )

There is only one substantial variation between measured and
simulated data: the upper portion of the LEFT catheter. We are
unable to account for this discrepancy.

Fig. 3 is a smaller set of compared data for 70 MHz; results are
similar. Fig. 4 are the results of comparisons at 110 MHz; these
are not as good. Previous comparisons with homogeneous phan-
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Fig. 2. Comparison of measured and simulated data at 90 MHz. The measured data points are the darkend squares connected
by dashed lines; the points calculated by the FDTD method are dots connected by solid lines.
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toms also showed less favorable comparison between measured and
simulated data at the higher frequencies. It has been speculated that
this could be due to higher cross-talk among the quadrants [10] or
a change in the current pattern on the dipoles [11] at the high fre-
quencies. Nonetheless, the measured data still follows the general
pattern of the FDTD data.

V. Discussion

We have presented comparisons between measured data from an
inhomogeneous phantom and those predicted by an FDTD program
used in treatment planning for deep regional hyperthermia. These
were limited to the case of equal amplitudes and phases at three
frequencies. A more extensive range of comparisons for different
configurations of amplitude and phase would be desirable, but the
number of measurements is hindered by time-consuming logistical
problems. The Utah phantom itself requires almost two days to
construct and suffers from a short “‘shelf life’” due to the materials
used and boundary diffusion. However, this phantom represents a
substantial improvement over conventional homogeneous phan-
toms in testing the ability of simulation methods to account for the
inhomogeneities of the human body. In particular, it is hoped that
the results presented here will promote confidence in the treatment
planning program using the FDTD method.
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Alternative Field Representations and Integral
Equations for Modeling Inhomogeneous
Dielectrics

John L. Volakis

Abstract—New volume and volume-surface integral equations are
presented for modeling inhomogeneous dielectric regions. In particu-
lar, it is shown that materials with nen-trivial permeability and per-
mittivity can be modeled using a single unknown equivalent current or
field compenent. The presented integral equations result in more effi-
cient numerical implementations and should therefore be useful in a
variety of electromagnetic applications.

I. INTRODUCTION

The modeling of inhomogeneous dielectrics via an integral equa-
tion approach is traditionally accomplished via the introduction of
equivalent volume electric and magnetic currents [1]-[8]. For a
dielectric with non-trivial permittivity and permeability this type
of modeling implies six scalar unknowns at each volume location.
As a result, the implementation of the resulting integral equation
is computationally intensive and has excessive storage require-
ments.

In this paper it is demonstrated that any inhomogeneous dielec-
tric material, regardless of its permittivity and permeability profile,
can be modeled by a single electric or magnetic current density.
Alternativelv, either the electric or magnetic fields within the die-
lectric can be used as the unknown quantities. It appears though
that one must pay a price for resorting to these reduced-unknown
and/or kernal-singularity representations. Specifically, because they
involve derivatives of the unknown quantities, a higher (at least
linear) basis function is required for discretizing the resulting in-
tegral equations. However, it is possible to relax this requirement
by resorting to a new volume-surface field representation. In this
case, the undifferentiated electric or magnetic field within the di-
electric is the unknown quantity along with the corresponding tan-
gential electric or magnetic fields on the outer boundary. Provided
the dielectric volume is not composed of a single thin layer, this
volume-surface integral equation still represents a nearly fifty per-
cent reduction in the number of unknowns relative to traditional
implementations.

II. VOLUME REPRESENTATIONS

Let us consider the dielectric/ferrite volume V,, shown in Fig.
1, having relative constitutive parameters ¢, and u, which are ar-
bitrary functions of position. Assuming some exterior excitation,
(E', H'), the total field can be written as

E=E+E H=H +H' (1
where (E°, H*) are the scattered fields caused by the presence of
the dielectric. Traditionally [1] the scattered fields are formulated
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