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Abstract—Microwave coagulation therapy (MCT) has been used
mainly for the treatment of small-size tumors. The operating fre-
quency is 2450 MHz for the present MCT. In conventional MCT
antennas, there exists a problem that the size of the coagulated re-
gion is insufficient. In this paper, we analyzed the heating charac-
teristics of an array applicator composed of two coaxial-slot an-
tennas by using computer simulation. The validity of the analysis
was confirmed by the experiment using the liver of a pig. More-
over, we investigated the relation between the array spacing and
heating volume produced by the two-antenna array applicator. As
a result, the coagulated region required in the MCT could almost
be achieved under the conditions that the net input power of each
antenna was 50 W and the array spacing was 10 mm.

Index Terms—Array applicator, FDTD method, microwave co-
agulation therapy, temperature distribution.

I. INTRODUCTION

M ICROWAVE coagulation therapy (MCT) has been used
mainly for the treatment of hepatocellular carcinoma [1],

[2]. In the treatment, a thin microwave antenna is inserted into
the tumor, and the microwave energy provided by the antenna
heats up the tumor to produce the coagulated region including
the cancer cells. The input power of the antenna is several tens
of watts. We have to heat the cancer cells up to at least 60C for
a few minutes or longer.

There are currently two major problems that need to be im-
proved for conventional MCT antennas. First, in the conven-
tional MCT antenna, the coagulated tissue adheres to the an-
tenna because the conductor contacts with the coagulated tissue
directly. Second, the size of the coagulated region is insufficient,
especially in the perpendicular direction of the antenna axis. It
has been desired from the clinical side that the coagulated region
becomes a sphere of about 3 cm in diameter. The first problem
can be solved by inserting the antenna into a catheter. However,
it is difficult to solve the second problem by using one antenna.

Until now, the intercept of the blood flow in the liver has
been investigated to expand the coagulated region, though the
structure of the applicator has not been theoretically improved
[3]. The authors have studied the heating characteristics of one
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coaxial-slot antenna for the MCT [4]. However, we have not
yet obtained the method that satisfies the sufficient coagulated
region in the perpendicular direction of the antenna.

In this paper, to expand the coagulated region, we have
studied the heating characteristics of an array applicator
composed of coaxial-slot antennas with a catheter by using the
computer simulation. As a basic study of an array applicator
for the MCT, we introduced the two-antenna array applicator,
which is the simplest structure.

In Section II, we describe the structure of the coaxial-slot
antenna. In Section III, the procedure for computer simulation
to obtain the temperature distribution around the antenna in-
side the biological tissue is described. In Section IV, we con-
firm the validity of our analysis by comparing the calculated
results with experimental results. In Section V, we evaluate the
heating performances of a two-antenna array applicator by in-
troducing three indexes. In particular, the relations between the
array spacing and these indexes are shown. Finally, conclusions
are presented in Section VI.

II. COAXIAL -SLOT ANTENNA

Fig. 1 and Table I show the configuration and parameters of
the coaxial-slot antenna [5], respectively. Here,is the diam-
eter of the antenna, is the external diameter of the catheter,
is the thickness of the catheter, is the length from the tip to
the center of the slot, and is the insertion depth. We used a
thin semirigid coaxial cable with a diameter of 1.19 mm because
the thin antenna is required in the interstitial treatments. A ring
slot is cut on the outer conductor and the tip of the cable is short
circuited. We can control the heating pattern along the antenna
axis by changing the position, number, and width of the slots. In
this paper, however, we considered only one-slot antenna whose
slot width is 1.0 mm to simplify the discussion. was set
to 5 mm because the effective heating around the tip of the an-
tenna is very important to the interstitial heating and because
the electric field becomes strong near the slot. We inserted the
antenna to the catheter made of PTFE for the hygiene so that
we could prevent from adhering the coagulated tissue to the an-
tenna. In addition, the operating frequency was set to 2450 MHz
because the frequency is used for the conventional MCT.

III. D ESCRIPTION OFANALYTICAL MODEL

In this section, we describe the method of the numerical
analyses for the electric and temperature distributions inside
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Fig. 1. Basic structure of the coaxial-slot antenna.

TABLE I
DIMENSIONS AND RELATIVE PERMITTIVITIES OF THE COAXIAL -SLOT ANTENNA

the biological tissue. First, we show the flowchart for computer
simulation to obtain the temperature distribution around the
antennas inside the tissue, the finite-difference time-domain
(FDTD) analysis for the electromagnetic field is described, and
finally, the temperature analysis by solving the bioheat transfer
equation is explained.

A. Procedure for Analysis

Fig. 2 shows the flowchart of computer simulation for
calculating the temperature distribution around the coaxial-slot
antenna inside the tissue. First, we calculate the electric field
around the antenna by using the FDTD method [6]. Next, we
calculate the specific absorption rate (SAR) distribution around
the antenna from

W/kg (1)

where is the conductivity of the tissue (S/m),is the density
of the tissue (kg/m), and is the electric field (rms) (V/m).
The SAR takes a value proportional to the square of the electric
field around the antennas and is equivalent to the heating source
generated by the electric field in the tissue.

Finally, in order to obtain the temperature distribution in the
tissue, we numerically analyze the bioheat transfer equation in-

Fig. 2. Procedure for analysis of temperature distributions around antennas.

cluding the obtained SAR distribution by using the finite-differ-
ence method (FDM).

During the MCT, the electrical properties of the tissue change
because this treatment generates a high-temperature region in
the tissue to coagulate the cancer cells. The authors had already
investigated this point [4]. From the result, we revealed the tem-
perature dependence of the electrical properties of the tissue. In
this paper, however, we used the fixed electric constants to sim-
plify the calculation so that we could observe good agreement
between the calculated and experimental results, as described
in Section IV. Therefore, we assumed that the electric constants
can be fixed in this problem.

B. FDTD Analysis for the Electromagnetic Field

Fig. 3 shows the FDTD analytical model. We employed a
square model as the cross section of the antenna, as we had
validated this model enough for practical use [7].

In the analysis, we employed the nonuniform grids and used
small-size grids only for the antenna. The parameters used in
the FDTD analysis are listed in Table II.

C. Temperature Analysis

We can calculate the temperature distribution inside the bio-
logical tissue by solving the bioheat transfer equation given by
[8]

(2)

where is the temperature (C), is the time (s), is the density
(kg/m ), is the specific heat (J/kgK), is the thermal conduc-
tivity (W/m K), is the density of the blood (kg/m), is the
specific heat of the blood (J/kgK), is the temperature of the
blood ( C), and is the blood flow rate (m/kg s).

The first, second, and third terms in the right-hand side of
(2) denote thermal conduction, heat dissipation by the blood
flow, and heat generation by the electric field, respectively. In
this paper, we assumed that the temperature of the blood
is equal to initial temperature of the tissue. We substitute the
SAR obtained by the previous electromagnetic analysis into the
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Fig. 3. FDTD analytical model of the coaxial-slot antenna.

TABLE II
PARAMETERS FORFDTD ANALYSIS

third term in the right-hand side of (2). The FDM was used in a
numerical calculation for solving (2). The finite-difference ap-
proximation is shown in the Appendix. We employed the same
grids as those of the electromagnetic analysis and only analyzed
inside the tissue. In this case, the stability criterion of the tem-
perature analysis was assumed to be (3) by referring to the paper
by Wanget al. [9]

(3)

where (s) is the time step for temperature analysis and
(m) is the minimum cell sizes.

From (3), it is clear that we must choose a small time step
when enlarges. In general, in the conductor of the antenna
is very large compared with that in the biological tissue. How-
ever, we cannot choose a very small time step for the practical
calculation. In this paper, we assumed that the heat transfer in
the part of the conductor is small because the conductor part is
a very small volume. Under this assumption, we replaced the
antenna with an object having the same material as that of the
catheter.

The results of temperature analysis in the interstitial appli-
cator describe the fact that the very near region of the antenna
becomes very high temperature. In this paper, we assumed that

Fig. 4. Setup of coagulation experiment for validation of the analysis.

the maximum temperature in the analytical space is 100C be-
cause high temperature causes the evaporation of moisture in
the tissue.

IV. V ALIDATION OF ANALYSIS

A. Experimental System

Fig. 4 shows the setup of the coagulation experiment for val-
idation of our analysis. We preheated the liver of a pig about
30 C. Next, we placed the antenna into two liver blocks. In the
coagulation experiment, we observed the net input power (input
power minus reflection power) by using the power reflection
meter (Rohde & Schwarz NRT, NRT-Z44). After heating, we
observed the coagulated region on the surface of one piece of
the liver block.

B. Analytical Condition

Fig. 5 and Table III show the analytical model and parame-
ters for the analysis, respectively. (The parameters of the blood
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Fig. 5. Analytical space and observation plane.

TABLE III
ELECTRICAL AND THERMAL PROPERTIES OF THEMEDIA [10]–[12]

[Online]. Available: http://www.fcc.gov/fcc-bin/dielec.sh

in Table III will be used in the following section.) Here, the pa-
rameters in Table III are the values of the human. However, we
adopted the values of a liver of a pig for the following reasons.

We measured the relative permittivity and electrical conduc-
tivity of the liver of a pig by using the dielectric constant’s mea-
surement system (HP85070B), and obtained almost the same
values as those of the human (Relative permittivity and conduc-
tivity of the liver of a pig are 43.66 and 1.73 S/m, respectively).
From [10], the thermal conductivity of the liver of a human was
from 0.467 to 0.527 and that of the liver of a pig was 0.528.
Therefore, we adopted the value of 0.5 as the thermal conduc-
tivity of the livers of a pig and human. Moreover, we measured
the density of the liver of a pig, and obtained almost the same
value as that of the human.

From (3), for temperature analysis, we have to set the time
step smaller than 0.01899 s. Therefore, we adopted 0.01 s
as to satisfy the stability criterion enough. The coagulated
region in the calculation was assumed to be 60C or more be-
cause the liver tissue begins to coagulate at 60C. Moreover, the
antenna insertion depth , net input power, and heating time
were assumed to be 70 mm, 37.3 W, and 90 s, respectively.

Fig. 6. Validation of analysis.

C. Results

Fig. 6(a) shows the result of coagulation experiment in the
observation plane, and Fig. 6(b) shows the calculated result. In
Fig. 6(a), a discolored region corresponds to a coagulated re-
gion, which became 60C or more under the experiment. In the
experiment, the maximum sizes of the coagulated region of the

- and -directions were 18.5 and 40.0 mm, respectively. In the
calculation, the maximum sizes of coagulated region of the-
and -directions were 18.5 and 37.0 mm, respectively. From the
results, the size of coagulated region in the-direction was ap-
proximately 10% different between the measured and calculated
results. Moreover, the shape of coagulated region of the exper-
iment was not slightly symmetric. It is considered that nonuni-
form contact of the antenna and the liver of a pig caused this
result. However, we may say that good agreement is observed
between the discolored region in the Fig. 6(a) and the region of
60 C or more in Fig. 6(b).

V. EXPANSION OF COAGULATED REGION BY ARRAY

APPLICATOR

In this section, we investigate the expansion of the coagulated
region by using the two-antenna array applicator.

Fig. 7 shows the analytical space and observation planes for
the two-antenna array applicator. Here, denotes the array
spacing. The observation plane 1 is the– plane at ,
the observation plane 2 is the– plane at ( will
be defined later) and observation plane 3 is the– plane at
. We analyzed the coagulated region of the two-antenna array

applicator with , , , , , or mm, when the net
input power of each antenna was 25 or 50 W (The total net
input power was 50 or 100 W.) In the MCT, the input power of
one antenna is several tens of watts, therefore, we chose these
values as the input power of one antenna. The initial temperature
of the tissue, the heating time, and the antenna insertion depth
were assumed to be 37C, 90 s, and 70 mm, respectively, by
considering the situation of the actual treatment.

We evaluated the heating performances of the two-antenna
array applicator by using the following indexes (see Fig. 8).

• The length of the continuous area heated over 60C or
more on the -axis in observation plane 1. We define this
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Fig. 7. Analytical space and observation planes for two-antenna array
applicator.

Fig. 8. Indexes for evaluating the heating performance of the two-antenna
array applicator.

length as . When the array spacing is sufficiently
large and the region of 60C or more separates into two
regions or more, .

• The maximum diameter of the continuous area heated over
60 C or more in observation plane 2. We define this di-
ameter as . When the array spacing is sufficiently
large and the region of 60C or more separates into two
regions or more, .

• The position of where becomes maximum. We define
this position as . However, cannot be defined
in the case that .

Fig. 9. Heating performances of two-antenna array applicator. (a) Dependence
ofH onAs. (b) Dependence ofH onAs. (c) Dependence ofZ onAs.

Fig. 10. Temperature distributions of two-antenna array applicator (As = 10

mm,P = 50 W).

Fig. 9 shows the calculated results. Fig. 9(a) and (b) shows the
indexes and , respectively, for the array spacing over
the range of 5–30 mm. Fig. 9(c) shows the index where

becomes maximum for array spacing over the range of
5–25 mm. From Fig. 9(a), the index becomes maximum at

mm, for both values of .
In Fig. 9(b), the index decreases monotonously with in-

creasing values of over the range of 5–30 mm when
W. However, the index has the peak value at
mm when W. The index when
mm and W or when mm and
W. Therefore, we may consider that each element of the array

applicator became independent of these array spacings.



SAITO et al.: HEATING CHARACTERISTICS OF ARRAY APPLICATOR 1805

When is small, the effective heating around the tip of
the antenna is impossible. However, from Fig. 9(c), takes
almost constant values between 55–60 mm at both values of

for over the range of 5–25 mm. From this result, we
find that two-antenna array applicator can generate the effective
heating region around the tip.

We introduced the array applicators to expand the coagulated
region in the perpendicular direction of the antenna. Fig. 10
shows the temperature distributions of the two-antenna array
applicator in the observation planes when mm and

W because the index was the largest under this
condition. In Fig. 10, the circles of 3 cm in diameter are shown
as gray dotted line. From Fig. 10, it is revealed that the size of
region of 60 C or more almost covers the sphere with the diam-
eter of 3 cm. This result clearly shows that the array applicator
expands the coagulated region and is useful for the MCT.

VI. CONCLUSIONS

The heating performances of the array applicator composed
of two coaxial-slot antennas for the MCT have been studied.
First, we introduced the FDTD method for the electromagnetic
analysis and the FDM for the temperature analysis. The validity
of these analyses was confirmed by comparing the calculated
results with the experimental results. Next, we employed the
array applicator composed of two coaxial-slot antennas to ex-
pand the coagulated region because generating the coagulated
region with a diameter of 3 cm inside the tissue has been re-
quired from the clinical side. As a result, we could obtain the
coagulated region whose diameter is approximately 3 cm, when
the array spacing was 10 mm and the net input power of each
antenna was 50 W. This result means that the use of the array
applicator is very useful in the MCT.

As a further study, in order to obtain the larger coagulated
region by using the array applicator, we have to optimize the
number of antenna elements and improve the structure of each
element.

APPENDIX

The finite-difference approximation can be written as fol-
lows:

(A1)

(A2)

(A3)

(A4)

Here, for a continuous function of space and time
, its discretized form at the th time step can

be written as , , , , where , ,
and are cell sizes in the finite-difference representation and

is the incremental time step. Other coefficients ,
, , , , and in (A1) are given

by replacing in (A2)–(A4) with and .
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