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Abstract— The finite-element method is applied
to the study of monopole antennas for microwave
catheter ablation. Three geometries are consid-
ered: open-tip, dielectric-tip and metal-tip. Calcu-
lations are made for the magnetic field, the reflec-
tion coefficient and the power deposition pattern
of the antennas immersed in normal saline. The
theoretical results agree with measurements per-
formed on prototypes. The differences between the
antennas suggest that the metal-tip monopole best
fulfills the requirements of catheter ablation of the
endocardium. Optimal dimensions for a metal-tip
monopole are also presented.

INTRODUCTION

Catheter ablation is a medical procedure introduced
in the mid-80’s for the treatment of cardiac arrhyth-
mias. The procedure involves burning the site of ori-
gin of the arrhythmia with the flow of an electrical
current. The energy is delivered with a catheter ad-
vanced into the heart chamber. Radio-frequency (500~
1000 kHz) electrical current has been used with great
success for ablation of supra-ventricular arrhythmias.
However, similar success was not achieved for ventric-
ular tachycardias, partly due to the limited extent of
radio-frequency (RF) lesions [1]. The use of microwave
instead of RF energy is potentially more effective in
achieving larger lesions due to its radiant nature. Won-
nell et al [2] investigated a helical antenna operating
at 2.45 GHz for this application. Their results suggest
that the volume heated by microwave ablation can be
several times larger than with conventional RF abla-
tion. However, the size of their helical antenna is too
large (length 9.5 mm, diameter 3.24 mm) for practical
use. A possible alternative is to use a monopole an-
tenna made by stripping the outer conductor at the
end of a coaxial cable [3]. An analytical study of
monopoles in lossy media was published recently, but
the limitations of the model did not permit an opti-
mization of the antenna dimensions [4]. Experiments
by Rosenbaum et el [5] with monopole antennas and
in-vitro and in-vivo models led to the conclusion that
the microwave applicators they used are not capable
of producing lesions larger than RF catheters. This
work however provided few details about the geom-
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Figure 1: Monopole antennas. Dimensions in mm.

etry of their catheters and no theoretical analysis to
substantiate their experimental results.

Monopole antennas have been studied extensively
for hyperthermia applications [3] but none of the re-
sulting designs is directly applicable to catheter abla-
tion due to their large size. Specifically, antennas for
microwave catheter ablation should 1) possess exposed
metallic parts to record electrograms of the heart, 2)
present low return loss to avoid excessive heating of
the coaxial feed-line, 3) have a uniform heating pattern
and 4) conform well to the catheter for casy catheter-
ization.

In this paper, the finite-element method 1s used to
study monopole antennas according to the above crite-
ria. The work is in two parts. First, we study three dif-
ferent monopole geometries: 1) the open-tip monopole
(OTM) where the extremity of the inner conductor is
in contact with the ambient medium, 2) the dielectric-
tip monopole (DTM) which is completely enclosed by
the dielectric, and 3) the metal-tip monopole (MTM)
which provides increased electrical contact with the
tissue (Fig. 1). Numerical results for the reflection
coefficient and the heating pattern of the antennas im-
mersed in normal saline are presented. The accuracy
of the numerical results is confirmed by measuring the
reflection coefficient of antenna prototypes. The re-
sults reveal that the MTM offers the best compromise
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for catheter ablation. In the second part of this work,
the dimensions of a MTM are optimized using finite-
element modeling.

FiniTE ELEMENT MODELING

The antennas are assumed to be immersed in a ho-
mogeneous medium so that axial symmetry obtains
(8/8¢ = 0) and the problem reduces to 2 dimensions.
The modes of propagation are TM to z, and the only
existing field components are E,, E, and Hy. Elimi-
nating the electric field from Maxwell’s curl equations
we obtain the following expression for Hy in cylindrical
coordinates:
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where the usual notation is used and ¢ = g, — jo/w.
Following this, Hy is expressed in terms of known ba-
sis functions and Galerkin’s procedure is used to trans-
form (1) into a set of linear algebraic equations as is
customary with the finite element method [6]. Note
that this formulation in terms of Hy is advantageous
compared to that in terms of rHy especially for the
number and complexity of the integrals which need to
be solved {7].

Along the z-axis (Fig. 2), Hy = 0 because of symme-
try. ‘On the inner and outer conductors of the coaxial
cable, the tangential E-field is zero. A TEM radia-
tion condition is enforced on the outer boundary [6].
Finally, in the feeding coaxial cable a TEM mode is as-
sumed so that 0Hy/0z = —jkHy where k is the prop-
agation constant inside the cable. The feed-boundary
is located at z = —29 mm which ensures that higher-
order modes reflected by the antenna junction have
decayed to insignificant magnitudes [7]. The solution
domain is discretized into roughly 10000 triangular el-
ements with linear interpolatory functions.

Once Hy(r,z) is calculated, it can be decomposed
into incident and reflected waves at the feed-boundary.
This information is used to calculate the voltage re-
flection coefficient (S11) of the antenna. The E-field is
derived from
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using finite-difference approximations. Finally the

SAR is obtained with
g
SAR = (I, +|B.I?). o)

In the simulations we assume that the medium sur-
rounding the antenna has the frequency dependent
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Figure 2: Solution domain of FEM computation. The
open-tip monopole is shown. Not to scale.

properties of normal saline {8]. The reason for this
is that the properties of cardiac tissue are not known
accurately and vary considerably between individuals.
Normal saline is well characterized, with properties
comparable to those of heart tissue, and constitutes
a convenient standard.

PART I: MODELING OF MONOPOLES

The three monopole geometries shown in Fig. 1 are
modeled with the finite-element method. To verify the
numerical results, reflection coefficient measurements
are carried out on the OTM and MTM antennas. The
prototypes are made by stripping the outer conductor
of a 0.085 in. (2.159 mm) 50-Q semi-rigid coaxial ca-
ble according to the dimensions shown in Fig. 1. The
metal tip is fabricated with a short section of 1/16 in.
(0.0625 mm) brass tubing, soldered to the inner con-
ductor. The antennas have a total length of 160 mm
with associated cable losses of 0.4 dB. Measurements
are performed with the antennas immersed in 0.9%
saline at room temperature. To eliminate the effect of
the saline-air interface, the antennas are positioned at
least 35 mm below the surface.

Fig. 3 displays the magnitude of Hg calculated
around the three antennas at a frequency of 2.45 GHz
and an input voltage of 1 V (peak). The field is zero
at the tip of the DTM and increases towards the junc-
tion (# = 0). Tt is similar but more uniform along the
OTM. The MTM displays a minimum of the field at
the junction and a maximum at the tip.

The calculated reflection coefficients as a function
of frequency are presented in Fig. 4. Curves for the
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Figure 3: Magnitude of Hy around the monopoles. The

inner and outer conductors of the coaxial cable areat r =0
and r = 1 respectively. a) DTM, b) OTM, c) MTM.
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Figure 4: Magnitude of the reflection coefficients for the
three antennas. The continuous curves are theoretical, the
discrete points are experimental values.
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three antennas are presented. Also on the same plot
are the experimental results for the OTM and MTM.
Corrections have been made to the measurements to
remove the effect of cable losses. Good agreement is
obtained between the calculated and measured values
over a wide frequency range, validating the theoreti-
cal model. The 13 mm OTM exhibits a low value of
S11 at 2.45 GHz. The MTM is well matched at low
frequencies but has a high Sy; of -5 dB at 2.45 GHz.
The theoretical curve for the DTM presents a wide
minimum at 4 GHz comparable to that measured on
similar antennas in [3].

Normalized Specific Absorption Rate (SAR) pat-
terns for the three antennas (not shown) reveal that
the longitudinal SAR distributions differ significantly
from one antenna to the other. The DTM has a highly
concentrated SAR near the junction and very much
less at the tip. The MTM has a more uniform dis-
tribution with a wide maximum around the tip. The
OTM displays intermediate characteristics.

These results suggest that the MTM offers the best
compromise for catheter ablation due to its relatively
uniform heating pattern, acceptable S1; and exposed
metallic tip allowing measarement of electrograms. In
the following section, the dimensions of a MTM is op-
timized using finite element modeling.

Part II: OPTIMIZATION OF MTM

Two parameters of the antenna, the length of the
exposed dielectric (1) and the length of the metallic tip
() are varied so as to observe their effect on the Sy,
and the SAR. Two designs appear promising because
of their relatively low reflection coefficient (Fig. 5) and
uniform heating pattern (Figs. 6 and 7). The first has
{ =13 mm and ¢ =2 mm and presents a return loss of
6 dB at 2.45 GHz. The second having { = 6.5 mm and
t = 4 mm provides a return loss of 8§ dB. Experiments
on artificial and animal tissues remain to be performed
in order to determine which of the two alternatives is
Superior.

CONCLUSION

Various designs for monopole antennas were an-
alyzed using the finite-element method. Calcula-
tions for the reflection coefficient as a function of fre-
quency agree well with measurements performed in
normal saline. The analyses reveal that the metal-
tip monopole exhibits a fairly uniform SAR. along its
length. This is due to the antenna current which is
at a maximum near the tip. The optimization has
led to two potential designs which exhibit satisfactory
heating patterns and return loss. Performance in the
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Figure 5: Theoretical and experimental reflection coeffi-
cient for the metal-tip monopoles. a) I = 13, t = 2. b)
1 = 6.5, t = 4. The dashed curves are experimental.
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Figure 6: Heating patterns (W m™?) for the MTM (I = 13,
t = 2) along the z axis and at 3 r values. The values are
divided by (1 —|S11]?).
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Figure 7: Heating patterns (W m™?) for the MTM (I =
6.5, t = 4) along the z axis and at 3 r values. The values
are divided by (1 — |S11]%).
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presence of heart tissues remains to be assessed. Mi-
crowave catheter ablation with these antennas may re-
sult in improved treatment of ventricular arrhythmias.
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