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Microwave ablation (MWA) is a cancer treatment method. The tumor tissue absorbs electromagnetic energy, which
heats and kills it. A microwave ablation antenna plays a critical role in this process. Its radiation field must completely
cover the tumor but not the healthy tissue. At present, the radiation pattern of most invasive ablation antennas is spherical.
However, in the clinic, the shape of some tumors may be asymmetrical or the antenna cannot be inserted into the center of
the tumor for some other reason. In order to solve these problems, a directional heating antenna for microwave ablation is
proposed in this paper. The proposed antenna, operating at 2.45 GHz, consists of a monopole and a reflector. The feed is
given by a substrate integrated coaxial line (SICL) and coplanar waveguide (CPW). The omnidirectional radiation field of
the monopole is reflected by a reflector that is extended from the outer conductors of the SICL to form a directional radiation
field. The impedance matching network is designed on SICL to match the antenna to 50 Q. The antenna is fabricated using
a mature printed circuit board (PCB). The reflection coefficient of the antenna in porcine liver tissue measured by a vector
network analyzer shows good agreement with the simulations. Then, an ablation experiment in porcine liver is conducted
with power of 10 W for 10 min, and the experimental results confirm the validity of the design.

Keywords: cancer treatment, microwave ablation (MWA) antenna, thermal therapy, directional heating pattern

PACS: 84.40.Ba, 64.70.mf, 52.38.Mf, 87.19.xj

1. Introduction

Cancer is currently one of the most serious threats to hu-
man health.[!! Researchers are still exploring effective treat-

ments for cancer.!?!

In recent years, microwave ablation
(MWA) technology, as an important means of treating tumors,
has gradually attracted the attention of researchers.>! The mi-
crowave ablation antenna is one of the most critical devices,
which has the ability to radiate high-power microwave energy
to tumor tissue, heating it up rapidly in order to kill it.[*"]
Microwave ablation antennas can be divided into non-invasive
microwave ablation antennas and invasive microwave ablation
antennas. The non-invasive microwave ablation antenna is
generally an array of antennas outside the body, which focus
electromagnetic energy on and kill tumor cells in the human
body. The invasive microwave ablation antenna is generally
a slender single antenna. It can be directly inserted into the
tumor with the help of ultrasound or CT imaging and trans-
mit electromagnetic energy to the surrounding tumor cells. At
present, the invasive microwave ablation antenna is used more
clinically because of its advantages, such as low cost and sim-
ple principle. The ablation shape of the invasive MWA an-
tenna should correspond to the shape of the tumor to avoid
tumor recurrence or unnecessary damage to healthy tissues.
In addition, the size of the cross-sectional area and the local
ablation pattern are important features of the invasive MWA

antenna. The small cross-sectional area can help achieve a
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minimally invasive therapy, and the local ablation pattern can
protect healthy tissue from unwanted harm. %!

Since many tumors are spherical, the ablation area of the
MWA antenna is usually designed to be spherical. However,
in some cases, the MWA antenna may be difficult to insert
safely into the tumor center or the shape of some tumors may
be asymmetrical.l’=%! In these circumstances, an ablation an-
tenna with directional ablation capability might be a better
choice for ablation surgery. In Ref. [7], an antenna with a di-
rectional ablation pattern is designed. A coaxial monopole is
placed inside an external stainless-steel tube, the end of which
is designed as a hemicylindrical metallic reflector to guarantee
unidirectional propagation of electromagnetic energy. Then,
the whole structure is put inside a polyimide catheter, and
water is circulated between the stainless-steel tube and poly-
imide catheter to achieve impedance matching and heat dissi-
pation. Nevertheless, there are problems with low efficiency
and the large cross-sectional size. To address these problems,
a coax-fed monopole, which can produce an asymmetric abla-
tion zone, is proposed in Ref. [8] without water circulation and
an external stainless-steel tube. The key structures forming
the asymmetric ablation zone are the reflector, which extends
from the outer conductor of the coaxial line and the semicylin-
drical slot etched on the outer conductor of the coaxial line.
An impedance matching network is designed on coaxial line.
The antenna can produce a directional ablation pattern at high
efficiency and a small cross-sectional size. However, these
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antennas![”-8! are processed on traditional round coaxial cable,
the structure of which is complicated and the processing tech-
nology is immature. In addition, the design freedom of round
coaxial cable is limited by its structure.

In this paper, a low-cost microwave ablation (MWA) an-
tenna with a directional heating pattern is proposed. The struc-
ture of the antenna and the simulation results are explained
in Section 2. Then, an ablation experiment is performed in
porcine liver and the experimental results are given in Sec-
tion 3. Finally, the conclusion is discussed in Section 4. The
antenna based on substrate integrated coaxial line (SICL) can
produce a large directional ablation zone with a small cross-
sectional area, and can be mass-produced by a mature and in-
expensive PCB processing technology.

2. Antenna design and simulation

For the design of an invasive microwave ablation antenna,
its working environment is very important. Many studies have
reported using ex vivo liver and egg white to simulate the
working environment of microwave ablation antennas.!!%!!]
Although the ablation experiment in the egg white is benefi-
cial for observing changes in the ablation area in real time, it
also has the disadvantage of fluidity. This paper uses porcine
liver as an ablation material for research. The dielectric prop-
erties and thermal properties of porcine liver can be found
in Ref. [12]. For the design of an invasive microwave abla-
tion antenna, attention should be paid to the electromagnetic
properties of the antenna, including the reflection coefficient
(S11) and specific absorption rate (SAR) distribution. Dur-
ing the microwave ablation process, the continuous deposi-
tion of electromagnetic energy causes the tissue temperature
to rise, and the energy deposition amount is defined by the
SAR. The reflection coefficient (S1;) of the antenna indicates
how much electromagnetic energy can enter the antenna, and
the SAR distribution of the antenna can initially predict the ab-
lation shape of the antenna. The electromagnetic properties of
the antenna can be obtained by full-wave simulation software,
which is based on the finite element method. The reflection
coefficient can be calculated by Maxwell equations, and then

the SAR is calculated using the following formula:!?!

(o}
SAR = — |E|? 1

where o is the tissue electrical conductivity, p is the tissue
density and E is the electric field. In order to predict the ab-
lation pattern of the antenna more accurately, the temperature
field distribution is also required, which can be calculated by
Multiphysics coupling simulation software. The Pence equa-
tion is widely used to study the temperature of biological tis-
sues, as follows: 13

oT
= kVT + poCovo (T, — T) + Om + Qexts (2)

pC&t_

where C is the specific heat capacity of the tissue, T is the
tissue temperature, k is the thermal conductivity of the tissue,
Py is the blood density, Gy, is the specific heat capacity of the
blood, v = v+aT is the blood perfusion, Qy, is the heat gen-
erated by metabolism and Qe is the external source. In this
paper, since there is no blood perfusion and metabolism in the
isolated liver, ppCyvp (T}, — T) and Qy, can be omitted. Due to
the increase in temperature of the tissue caused by the deposi-
tion of electromagnetic energy, the external heat source Qe iS
equal to the SAR. Therefore, formula (2) can be simplified to
the following:

pCaa—Y; = kVT +SAR. 3)

2.1. Antenna design

As shown in Fig. 1, the proposed antenna is designed us-
ing the PCB process technology on three-layer substrates with
two dielectric layers (FR4, & = 4.8, tand = 0.02, 0.2 mm
in thickness) and a bonding layer (FR4, & = 4.8, tand =
0.02,0.254 mm in thickness). All parameters are listed in Ta-
ble 1. The proposed antenna is fed by the SICL, and the SICL
is fed by the coplanar waveguide (CPW). Figure 2(a) shows
the structure of the SICL in xoy plane and figure 2(b) shows
the CPW-to-SICL transition in zoy plane. The inner conductor
of the SICL is situated between the dielectric layer and bond-
ing layer. The cross-sectional area of the SICL is designed to
be 3 mm x 0.7 mm, and the characteristic impedance of the
SICL can be adjusted by the size of the inner conductor of the
SICL. A fast estimation method of characteristic impedance of
the SICL can be obtained in Ref. [12]. If the input impedance
of the antenna is obtained, this method and the Smith chart
can be used to perform fast matching, avoiding low-efficiency
optimization in the full-wave simulation software.

Table 1. The dimension of the antenna.

Parameter Value (mm) Parameter Value (mm)
a 0.3 w 3
p 2.25 1%} 2
Ly 20 W3 3
Ly 22 Wy 0.95
L3 5.1 Ws 0.2
Ly 13.8 We 0.79
Ls 13.8 Wy 0.23
y Dielectric
(\" SN — CPW 'O . layer
| s W
| \4_—CPW to SICL transition z
:‘:‘:r _ e ___ _ _ VMonopole ~_ \;
s = )\
[ g pal \
e ———
Bonding\' (\ —d
layer - -

Fig. 1. Geometry of the proposed directional ablation antenna.
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Fig. 2. The detailed geometry of the antenna. (a) The geometry of the SICL
in xoy plane. (b) CPW to SICL transition in zoy plane.
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Fig. 3. The geometry structure of monopole and matching. (a) The geome-
try of the monopole and the reflector in xoz plane. (b) The geometry of the
impedance matching network in xoz plane.

The monopole located between the dielectric layer and
bonding layer is fed by the SICL, and connected to the inner
conductor of the SICL, as illustrated in Fig. 3(a). The length
of the monopole is chosen to be 20 mm (about 0.37 wave-
length in FR4). At this length, the antenna can achieve good
single-sided radiation performance. The optimized width of
the monopole affecting the input impedance is designed to be
2 mm. The SAR distribution of the monopole without a re-
flector is omnidirectional, as shown in Fig. 4(a). Since the
current on the inner surface of the outer conductor is not bal-
anced, it will be reflected to the outer surface when flowing to
the antenna, leading to the long “tail” phenomenon. In order
to generate a directional ablation pattern, the outer conductor
of the SICL is extended to form a reflector with a length of
22 mm, slightly longer than the monopole. Figure 5 shows
that the current on the outer surface of the outer conductor is
small and the current on the monopole is balanced by the cur-
rent on the reflector.”! Therefore, the long “tail” phenomenon
will not occur on the insertion path of the antenna.!''l How-
ever, the monopole is close to the reflector, leading to a low
input impedance of the antenna with a value of 5.63 4+j33.4 Q
at2.45 GHz. As shown in Fig. 3(b), three portions of the SICL
with different impedance performs impedance matching The
process is shown in Fig. 6 on the Smith chart. A 5.1-mm-
long SICL with characteristic impedance of 20 Q changes the
input impedance to 260.93 —j6.4 Q at 2.45 GHz. Then, the in-
put impedance is matched to 50 Q by two quarter-wave trans-

former structures with characteristic impedance of 52.6 Q and
33 Q, respectively. A 10-mm-long CPW with characteristic
impedance of 50 Q is cascaded with an 8.5-mm-long SICL
with characteristic impedance of 50 Q to solder the SMA con-
nector. The CPW and inner conductor of the SICL are con-
nected through a metallized via, as shown in Fig. 2(b).

(@) 407

(b) 10° W/m?
1.0

0.8
0.6
0.4

0.2

Fig. 4. Simulated SAR distribution around the antenna in porcine liver
at 2.45 GHz in yoz plane. (a) The monopole without reflector. (b) The
monopole with reflector.

Fig. 5. Antenna current distribution. (a) The current vector distribution on
the monopole at 2.45 GHz. (b) The current distribution on the top surface of
the outer conductor of SICL at 2.45 GHz.

Fig. 6. Impedance matching process of the monopole on the Smith chart.
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If the proposed antenna works within the —10 dB
impedance bandwidth, the shape of the SAR will not change
drastically with frequency. However, if the impedance of the
antenna is seriously mismatched, the SAR of the antenna will
decrease overall due to the energy reflection.

If the size of the inner conductor of the SICL is adjusted
to maintain the same characteristic impedance, the cross-
sectional area of the antenna can be further reduced, despite

the increased cost of manufacturing.

2.2. Simulated results of the antenna

The antenna operating in porcine liver tissue is modeled
in ANSYS HFSS for the reflection coefficient. Figure 7 de-
picts the simulated S;; performance of the antenna in porcine
liver, and the S1; is lower than —20 dB at 2.45 GHz. Due to the
use of multiple quarter-wave transformer structures, the band-
width of the antenna is relatively narrow at 3.6%. A further
study has been made of the size parameters of the monopole,
as shown in Fig. 8. When the width of the monopole changes,
its resonant frequency will change slightly, and the matching
degree will also change. When the length of the monopole
changes, its resonance frequency will change to a greater ex-
tent, and its matching degree will also change, correspond-
ingly.

Results in the thermal field, which can predict the ablation
pattern of the antenna, should also be taken into consideration.
The antenna is simulated in CST Microwave Studio for SAR
distribution. Figure 4(b) shows the SAR distribution around
the proposed antenna in the porcine liver at 2.45 GHz. It is
observed that due to the presence of the reflector, the electro-
magnetic energy is highly concentrated in the positive z-axis
direction. In addition, the SAR distribution is local and no ob-
vious “tail” is found around the SICL. In order to predict the
ablation pattern of the antenna more accurately, the antenna
is then modeled and simulated in COMSOL Multiphysics for
transient thermal simulation. After being placed inside the
FEP heat shrink tube, the antenna is inserted into the porcine
liver and then placed in the air for simulation. Initially, the
temperature of the porcine liver is set to an ambient temper-
ature of 25 °C. And the temperature of the air cavity wall is
always set to 25 °C. The electromagnetic power level used for
temperature simulation is 10 W. The simulated ablation zone
in the porcine liver is shown in Fig. 9 after 10 min. The median
temperature of the congestion zone, 60 °C isotherm, is chosen
to be the boundary of the ablation zone.!'*! The ablation shape
around the antenna is highly similar to the SAR distribution,
which is local and directional. The 60 °C temperature con-
tour cannot be found around the SICL. Because of the thermal

conductivity of porcine liver, the heat is partly conducted to

the back of the reflector, weakening slightly the directional-
ity of the ablation pattern. The directivity ratio (DR) is used to
quantify the directivity of the antenna, which can be calculated
using the following formula:[®!

|d2 —di|

DR = 2741 1009 4
dtd, “)

where d| and d, are defined as the distance between the edge
of the ablation zone and the center of the antenna, as shown
in Fig. 9. Based on this simulation result, the value of d; is
13.8 mm, the value of d5 is 4.4 mm and the value of DR cal-
culated using formula (4) is 51.6%.

—15

—20

Sy; (dB)

—25

Simulated

—30r — — - Measured

— 1 1 1
33.0 2.2 2.4 2.6 2.8 3.0
Frequency (GHz)

Fig. 7. Simulated and measured S;; of the MWA antenna with directional
ablation pattern.
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Fig. 8. Simulated S;; of the MWA antenna with different monopole sizes.
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Fig. 9. The ablation area of porcine liver obtained by simulation in COMSOL
at a power level of 10 W for 10 min.
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3. MWA experimental results

In order to verify the validity of the design, a prototype
of the proposed antenna is fabricated by PCB process tech-
nology. A photograph of the fabricated prototype is shown in
Fig. 10. The whole structure of the antenna (except CPW) is
put into an FEP heat shrink tube with a thickness of 0.2 mm
and radius of 3 mm to prevent the metal from being corroded.
A heat gun is used to blow air at 220 °C against the heat shrink
tube, making it shrink to be as close to the antenna as possi-
ble. Then, the thickness of the heat shrink tube changes to
about 0.35 mm measured using a Vernier caliper. Before the
ablation experiment, the antenna inserted into the porcine liver
is measured for Sy; using a vector network analyzer (Agilent
5244 A) and the measured result is compared with simulation,
as shown in Fig. 7. The center frequency of the measured re-
sult is around 2.43 GHz and the simulated one is 2.45 GHz.
The difference can be attributed to the size difference between
the simulation model and the fabricated one. Since the dielec-
tric parameters of porcine liver in simulation are measured at
around 2.45 GHz, this leads to the difference between the sim-
ulated and measured results at other frequencies.

Fig. 10. The photograph of the directional ablation antenna prototype at front
and back view.

The ablation experiment at power of 10 W for 10 min
is performed in porcine liver. A continuous wave with a fre-
quency of 2.45 GHz is generated by a microwave source. The
experiment is repeated four times. Due to the bandwidth of
the antenna being narrow, the matching degree may deteriorate
rapidly when the working environment of the antenna changes.
Therefore, the power reflected from the antenna needs to be
monitored to observe the changes from the impedance match-
ing of the antenna in the ablation process. At the beginning
of the experiments, the reflected power is less than 0.5 W,
but it gradually decreases to no more than 0.2 W as the ex-
periment progresses. The reason may be that during the ab-
lation process, the temperature of the porcine liver gradually
increases, which leads to changes in the dielectric parameters
of the porcine liver.

The ablated porcine livers are dissected after the exper-
iment and figure 11 presents one of the ablation zones in
yoz plane. The average size of the ablation zone is approx-
imately 11.675 mm x 29.4 mm. Consistent with the simula-

tion results in COMSOL, a small ablation area is formed be-
hind the reflector, which has an average size of approximately
4.3 mm x 17.3 mm. The undesired ablation area on the back of
the reflector may cause the patient to bear additional surgical
burden. However, this area is very small for an overall ablation
area, and this additional burden can basically be ignored. The
measured DR in this experimental result is 46.17%, which is
slightly lower than the simulation result. The reason may be
that the reflector is a good heat conductor, and it also emits a
small amount of heat to the back of the reflector. The value of
DR indicates that the antenna has a high directional ablation
capability. Furthermore, no obvious ablation zone is observed
along the insertion path of the antenna on the side of the reflec-
tor, while a small ablation zone of the ablation area appears
along the insertion path of the antenna on the opposite side.
This is due to the heat conduction effect instead of the “tail”
phenomenon, otherwise the ablation area will appear evenly
on both sides of the feed line.

Fig. 11. The ablation area of the directional ablation antenna in porcine liver
after experiment.

4. Conclusion

In this paper, we present a low-cost antenna for direc-
tional ablation. This design exploits a monopole structure
with a reflector on the end of the SICL to form a local di-
rectional ablation pattern. Impedance matching is achieved
through three portions of SICL with different impedance. In
an ablation experiment at power of 10 W for 10 min in porcine
liver, the antenna demonstrates its capability of directional ab-
lation. Compared to other directional ablation antennas re-
ported in Refs. [7,8], the cross-sectional area of the proposed
antenna is smaller, and the manufacturing process is more ma-
ture. This demonstrates the potential of the proposed antenna

for application in the directional ablation field.
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