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ABSTRACT Most microwave ablation antennas produce a non-spherical ablation zone. We propose a hollow
microwave ablation antenna. In the hollow antenna, we use a hollow copper tube as the inner conductor.
Compared with the copper core coaxial antenna, the hollow antenna reduces the current on the surface of
the outer conductor and produces a spherical ablation zone. We use an internal L-type matching network to
design the impedance matching of the hollow antenna. We fabricated the hollow antenna and did the ablation
experiments in egg white to verify the ablating ability. The experimental results are similar to the simulated
results. The roundness of the ablation zone reaches 86 % at an input power of 20 W and a duration time
of 600 s, which shows the ability of the hollow antenna to produce a spherical ablation zone. The hollow
antenna can increase the accuracy of microwave ablation and reduce the damage to the normal tissues.

INDEX TERMS Microwave ablation antenna, ablation zone, matching network, roundness.

I. INTRODUCTION
Malignant tumor, a well-known malignant disease, has a high
rate of incidents and mortality. Currently, tumor treatments
include surgery, chemotherapy, and radiotherapy [1]. How-
ever, these treatments have certain limitations. They rarely
treat cancer patients at metaphases or terminals. Meanwhile,
they may induce multiple complications, which may increase
the risk of deteriorating and accelerating the death of patients.
Thermal ablation, a promising technology for tumor treat-
ment, allows for low invasion. Image-guided thermal ablation
heats the tumor to a cytotoxic temperature, which causes
instantaneous cell death [2]. Approaches used for thermal
ablation include focused ultrasound [3], radiofrequency [4],
and microwave ablation [5]. The focused ultrasound ablation
is a technology that focuses beams of ultrasound wave at one
point, where the highest magnitude of energy is deposited [6].
The point rapidly reaches a cytotoxic temperature to kill
tumor cells. However, due to the energy attenuation of the
ultrasound wave, the ablation zone is small which does not
meet the general requirements of thermal ablation. If doctors
use long-term treatment, it will increase the risk of tissue
damage. Therefore, doctors often apply focused ultrasound
ablation to ablate tissues with good acoustic tissue properties,
such as the uterus, prostate, maxillofacial area, and so on [7].
Radiofrequency ablation is a thermal therapy that uses the
high-frequency oscillation current to kill tumor cells [8].
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However, the electrical conductivity of tissues limits the
application of radiofrequency ablation. Microwave ablation
forms an electromagnetic field to heat tumors to death by
the microwave [9], [10]. Compared with other ablations,
microwave ablation has been widely used due to its high
efficiency [11].

Because most tumors are nearly spherical shapes [12],
researchers expect microwave ablation to produce a spher-
ical ablation zone. It is important for microwave ablation
antennas in clinical applications. To date, several types of
microwave ablation antennas have been proposed to achieve
a spherical ablation zone for tumor treatments [13], [14].
However, in previous studies, the researchers only considered
improving the sleeve or choke of antennas to increase the
roundness of the ablation zone, but such designs may cause
larger invasion.

In this study, we propose a hollow antenna with water
cooling, which can produce a spherical ablation zone and
reduce the damage to the normal tissues. We use an internal
L-type matching network to design the impedance matching
of the hollow antenna. We simulate the specific absorption
rate (SAR) patterns, temperature distribution, and ablation
zone by HFSS and Fluent. We did experiments in egg white
which verified the simulated results.

Il. ANTENNA DESIGN AND SIMULATION

A. ANTENNA DESIGN

Fig. 1 shows two structures of microwave ablation anten-
nas with water-cooling. All antennas are fed with a coaxial
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FIGURE 1. Structures of the microwave ablation antenna. (a) coaxial
antenna, (b) hollow antenna.

TABLE 1. Dimensions of antennas.

Symbol Unit Value
I mm 12.3
I, mm 9.0
d1 mm 55
d> mm 0.3
d; mm 1.0
dy mm 1.2
ds mm 4.0

cable and designed to operate at 2.45 GHz. There are
four advantages of this frequency over lower frequencies
(e.g. 915 MHz), including shorter radiating part, high round
SAR pattern, good heating capability, and large ablation
zone [15].

Fig. 1(a) shows the structure of a coaxial microwave abla-
tion antenna. The coaxial antenna uses a copper core as the
inner conductor of the antenna with the cooling water out-
side it. Fig. 1(b) shows the structure of a hollow microwave
ablation antenna. The hollow antenna uses a hollow copper
tube instead of the copper core as the inner conductor with
the cooling water inside the tube. In Fig. 1, gray, black, and
white represent polytetrafluoroethylene (PTFE), copper, and
water, respectively. Table 1 shows the dimensions of the two
antennas.

B. ELECTROMAGNETIC SIMULATION

We choose egg white as the experimental material because of
its similar characteristics to the hepatocyte. Meanwhile, due
to its high transparency, we can easily monitor the formation
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TABLE 2. Parameter of hepatocyte and egg white.

Symbol Unit hepatocyte Egg white
€ - 47.6 66.7
c S/m 2.18 1.92
p kg/m’ 1070 1041
c J/(kg°C) 3700 3800
K W/(m?-°C) 0.535 0.55

process of the ablation zone [16]. Table 2 shows the charac-
teristics of egg white and hepatocyte.

Fig. 2 shows the simulated model of the antenna. The
height and diameter of the model are 80 mm and 60 mm,
respectively, and the insertion depth of the antenna is 60 mm.
The coaxial antenna and hollow antenna are all water-cooled.
Therefore, a convection boundary condition is applied at the
antenna/egg white interface and outer boundaries of the egg
white [17]. The flow rate and temperature of the cooling water
determine the heating exchange efficiency.

Normal saline is used as cooling water to reduce the front
temperature of the microwave ablation antenna. Even if cool-
ing water leaks, it will not affect the body fluid balance. But
conductive saline can block electromagnetic radiation and
reduce the ablation zone. In the hollow antenna, normal saline
in the tube cools the antenna, which can reduce the front
temperature and increase the ablation zone.

j4———— 60
FIGURE 2. Model of the microwave ablation antenna. (unit: mm).

The heat generated in egg white (Q,) is calculated [18] by
Qe = pSAR ey

where p is the density of the egg white (kg/m?), and SAR is
the specific absorption rate of the egg white (W/kg).
The SAR is calculated by

)
SAR = —E 2)
2p
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where o is the conductivity of the egg white (S/m), and E is
the electric field intensity in egg white (V/m).

Therefore

Q= 2 3)
2

Fig. 3 shows the simulated SAR patterns of the coaxial
antenna and hollow antenna normalized to the maximum
value by HFSS. The SAR pattern of the hollow antenna is
larger in diameter. The SAR pattern of the coaxial antenna is
like a comet, which may be caused by the backward diffu-
sion of the current on the conductor surface along the outer
conductor surface.
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&
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FIGURE 3. Simulated SAR patterns of the two antennas. (a) coaxial
antenna, (b) hollow antenna.

The electric field distribution of the egg white around the
antenna [19] is

J . 1
E=_—¢J (1 + )cos or

2 r2 " jws*r3
J e (Jon | m 1 PN
p o (2R Vined (4
4 € < r r2 " jwe*r3 @)

where J is the current density (A/mz), k, n, and ex are the
inherent characteristics of the egg white, r is the distance from
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FIGURE 4. Design principle of the hollow antenna.

the inner conductor in the antenna (m), and € is the angle
between the observation vector and the axial direction.

The current density is related to the diameter (d) of the
inner conductor,

I
 kyd
where K is the antenna coefficient. The skin effect causes
the current of the antenna to concentrate on the conductor
surface, so kg remains approximately constant.

Therefore
1 o [j A 1
Ey=——e/F []a)_u sin06 + (% +— 3>
r Jjwe*r
x <2€0s9f‘ +sineé)] 6)

J &)

= 2nkd r

Fig. 4 shows the design principle of the hollow antenna.
In Fig. 4, point M represents a rear point at the antenna/egg
white interface, and point N is the projection of the top of the
outer conductor at the antenna/egg white interface. According
to the paper [20], position Q in Fig. 4 is the location where
the radiation intensity is the strongest. So

rchZrcl+\/r?2+rCZ3 )
TheM = Thi + [Ty + T

Te—N = Tel +1e3
Th—N = Th1 + 3

®)

where r._p and ) are the minimum distances from posi-
tion Q of the coaxial antenna and hollow antenna to point M,
respectively. Where r._n and r,_ are the minimum distances
from position Q of the coaxial antenna and hollow antenna to
point N, respectively.

According to Table 1,

rel < Thl
Fe2 =12 ®
re3 > rp3
d d
m+m+§=m+%+§=m (10)
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Therefore
TeeN > h—N (11)
FeeM < Th—M, Th2 > 10
TeeM = Th—M, T2 =19 (12)

Fe=M = Th—M, Th2 <10

where rg &~ 3.59 mm.
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FIGURE 5. Simulated electric field direction and intensity for two
structures. (a) coaxial antenna, and (b) hollow antenna.

According to (6), (11), and (12), the SAR pattern of the
hollow antenna shrinks back along the antenna and increases
outward in the direction of the vertical antenna. Compared
with the coaxial antenna, the SAR pattern of the hollow
antenna is close to the round shape.

Fig. 5 shows the electric field direction and intensity for
two antennas. The electric field of the hollow antenna is
concentrated in the front end, which optimizes the property
of the antenna.

C. MATCHING NETWORK

In the antenna design, we need a smaller S11-parameter (dB)
which can deposit a higher microwave power into egg white.
Fig. 6 shows the S11 of the hollow antenna. The S11 of
the hollow antenna at 2.45 GHz is only —2.65 dB, due

VOLUME 10, 2022

to the impedance mismatch between the hollow antenna and
the coaxial cable.

S11 (dB)

matched
- - — - unmatched
_30 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Frequency (GHz)

FIGURE 6. S11 of the hollow antenna.

Fig. 7 shows the internal matching network of the hollow
antenna. The matching network used is the L type one, which
is equivalent to an inductor and a resistor in series with a
parallel capacitor [21]. We can obtain a larger capacitance
by decreasing the inner diameter of the outer conductor of
the coaxial cable, which decreases the impedance of the
matching network. On the other hand, we can acquire a larger
inductance by removing the dielectric spacer between the
two conductors of the coaxial cable, which increases the
impedance of the matching network.

ds

FIGURE 7. The matching network of the hollow antenna.

The 15 and 14 determine the value of the capacitor (C) and
inductor (L), respectively. The C and L are calculated
(51, [22], [23] by

2
C= zsLj (13)
In (d—Z)
iz ds
L=utn(s 14
oy n<d4> (14)
46139



IEEE Access

S.Jin, Q. Wang: Study of Microwave Ablation With Hollow Antenna

where ¢ is the dielectric constant of PTFE and p is the
permeability of air.

We fine-tune the dimensions of the L-type matching net-
work by the HFSS to produce a low S11 of the antenna
at 2.45 GHz. Table 3 shows the dimensions of the L-type
matching network. After optimization, the corresponding S11
of the hollow antenna is —22.97 dB at 2.45 GHz, as shown
in Fig. 6.

TABLE 3. Dimensions of the matching network.

Symbol Unit Value
I3 mm 7
14 mm 10
15 mm 8
de mm 0.8

D. THERMAL SIMULATION
We import the simulated SAR results of the antennas into
Fluent as a thermal source for the thermal simulations. The
initial temperature of the egg white and cooling water are 25 °.

Because the coaxial antenna and hollow antenna are
axisymmetric, we can use the shape of the x-z plane to assess
the shape of the ablation zone. Fig. 8 shows the temperature
distributions of the coaxial antenna and hollow antenna at an
input power of 20 W and a duration time of 600 s. We set the
60 °C temperature contour as the boundary of the ablation
zone. The ablation zone in Fig. 8 coincides with the -15 dB
SAR pattern in Fig. 3. The maximum temperature of the
hollow antenna is higher than that of the coaxial antenna. This
means the heating efficiency of the hollow antenna is higher.
The ablation zone of the antenna is smoother than the SAR
pattern because of thermal diffusion.

We introduce a parameter (Ry,) to assess the roundness of
the ablation zone. The Ry, is defined as

d
d—", d, < d,

sz = dz (15)
d_’ dX Z dz

X

where dy is the length of the ablation zone in the x-direction,
and d; is the length of the ablation zone in the z-direction.
When the Ry, is 100 % means the ablation zone is a round
shape. When the Ry, is 0 % means the ablation zone is a line.

The Ry, of the coaxial antenna and hollow antenna are
72.16 % and 92.11 %.

Fig. 9 shows the temperature distributions of the hollow
antenna at different input powers. For the hollow antenna, the
ablation zones are similar at input power of 20 W and 30 W,
the duration time of 600 s and 400 s, respectively. But
the maximum temperature of the ablation zone is nearly
100 °C at which the egg white turns into carbon at a power
of 30 W and a duration time of 400 s, at which the egg white
turns into carbon. This restricts the antenna from radiating.
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FIGURE 8. The temperature distributions at an input power of 20 W and a
duration time of 600 s. (a) coaxial antenna, and (b) hollow antenna.

The temperature of the ablation zone gradually increases with
increasing power.

Fig. 10 shows the temperature distributions of the hollow
antenna at an input power of 20 W. The dimensions of the
ablation zone are increasing with increasing duration time.
The Ry, of the hollow antenna is 66.59 %, 94.34 %, 91.38 %,
and 92.11 % at the duration time of 60 s, 180 s, 360 s, and
600 s, respectively, which show in Fig. 8 (b) and Fig. 10. The
Ry, of the ablation zone is over 90 % when the duration time
is over 180 s. The ablation zone is nearly a spherical shape.

Ill. MICROWAVE ABLATION EXPERIMENTS

According to our design, the hollow antenna was fabricated.
Fig. 11 shows the fabricated antenna. The antenna was then
put inside PTFE heat shrink and a heat gun was used to shrink
the diameter of the heat shrink to 5.5 mm.

Fig. 12 shows the simulated and measured S11 of the hol-
low antenna in egg white. The S11 value of the simulated and
measured results is a little offset. There may be two reasons:
one is that the actual value is slightly different from the
simulation setting value due to the temperature, and another is
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FIGURE 9. The temperature distributions of the hollow antenna. (a) 10 W,
1200 s, (b) 20 W, 600 s, and (c) 30 W, 400 s.

that the machining accuracy of the fabricated antenna hardly
meets our requirements.

We do the ablation experiments at a signal of 2.48 GHz,
an input power of 20 W, and a duration time of 600 s.

VOLUME 10, 2022
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FIGURE 10. The temperature distributions of the hollow antenna at
(a) 60 s, (b) 180 s, and (c) 360 s.

Before and after the experiments, the S11 is —20.48 dB
and —19.63 dB, respectively. The maximum reflected
power of the antenna is less than 1 W during the
experiments.
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FIGURE 11. Photograph of the fabricated antenna.
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FIGURE 12. Simulated and measured S11 of the hollow antenna.

(c) (d)

FIGURE 13. Photographs of the ablation experiments. (a) 60 s, (b) 180 s,
(c) 360 s, and (d) 600 s.

Fig. 13 shows the experimental results at different times.
With increasing time, the dimensions of the ablation zone
become larger, and the shape of the ablation zone is close to

spherical.
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TABLE 4. Comparisons of microwave ablation antennas.

Antenna  Frequency d d, R,  Power Time
(GHz) (mm) (mm) (%) (W) (s)
Hollow 2.45 209 348 86 20 600
antenna
Antenna 245 45.0 6.0 %0 20 600
one [24]
Antenna
two [25] 6.00 30.0 38.0 79 20 600
Antenna
three [26] 7.00 28.0 37.0 76 30 300
Antenna
four [27] 1.90 32.8 58.0 57 20 600
Antenna
five [28] 1.90 30.6 39.2 78 40 300

Table 4 shows the comparison of the hollow antenna and
five microwave ablation antennas. From Table 4, we can
find out that the Ry, of the hollow antenna reaches 86 %,
indicating good ablation performance.

IV. CONCLUSION

In this study, the proposed antenna has a hollow structure pro-
ducing a spherical ablation zone during microwave ablation.
The design reduces the current on the surface of the outer
conductor, which helps to form a spherical ablation zone. The
measured results coincide with the simulated results. The Ry,
of the fabricated antenna reaches 86 %, and the maximum
temperature is less than 100 °C, which meets the require-
ments of clinical applications. The proposed hollow antenna
has the potential of wide applications and developments in
the medical field.
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