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ABSTRACT This research proposes a triple-antenna scheme of three coaxial half slot antennas (CHSA)
for minimally invasive hepatic microwave ablation (MWA). In the MWA treatment, the antennas were
positioned around the cancer tissue in equilateral triangle formation, with the half-slot side of the antennas
directed at the triangle center to concentrate the microwave energy. Finite element (FE) simulations and
in vitro experiments with swine liver were carried out to determine the temperatures and coagulation zone
under different distances between the three antennas: 10, 20, and 30 mm. Besides, a regression-based deep
learning algorithm was utilized to predict temperatures at the midpoint of the triple-CHSA arrangement
without inserting a temperature sensor into the targeted tissue. The algorithm relied on temperatures at a site
adjacent to the targeted cancer tissue to predict the midpoint temperatures. The triple-CHSA scheme could
achieve a large coagulation zone with temperatures of 60 ◦C or higher. The FE simulation results showed
that the largest coagulation volumes achieved were 18.425, 29.312, and 63.507 cm3 for the between-antenna
distances of 10, 20, and 30 mm, respectively. The largest coagulation volumes of in vitro experiments were
18.437, 29.317, and 63.504 cm3 for the corresponding between-antenna distances. The prediction accuracy
of the deep learning algorithm were 99.98 % for mean square error, 98.75 % for mean absolute error, and
99.22 % for mean absolute percentage error. The novelty of the research lies in the use of CHSA surrounding
the cancer tissue in equilateral triangle formation for hepatic MWA, as opposed to the conventional hepatic
MWA procedure which requires inserting antennas into the targeted tissue. Another research novelty is the
use of regression-based deep learning algorithm to predict the temperature of liver tissue at the midpoint of
the triple-CHSA arrangement.

INDEX TERMS Triple antenna, microwave (MA) ablation, Coaxial-half-slot antenna, temperature predic-
tion, finite element (FE) analysis, in vitro experiment, directional.

I. INTRODUCTION
Consumption of undercooked meat and excessive alcohol
use contribute to the prevalence of hepatic cancer in sev-
eral Southeast Asian countries, and the situation has wors-
ened with the passing years despite efforts to increase
awareness. The current treatment options for liver can-
cer are thermal therapy and thermotherapy combined with
chemotherapy [1]. The thermal therapy commonly used to
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treat hepatic cancer include radiofrequency ablation, cryoab-
lation, and microwave ablation.

Radiofrequency Ablation (RFA) is a medical procedure
whereby the cancer tissue (i.e., targeted area) is ablated by the
heat generated from medium frequency alternating current
(350 – 500 KHz). Nevertheless, the RFA procedure is less
effective if the targeted area is adjacent to a blood vessel
with relatively high flow. The high-flow blood vessel renders
the ablation temperatures too low to completely destroy the
cancer cells. In addition, high impedance between the elec-
trode and ground plate as a result of an increase in tissue
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temperature during the RFA procedure also reduces the treat-
ment effectiveness [2]–[4].

Cryoablation (CA) is a medical procedure that uses
extreme cold from compressed argon gas to destroy cancer
tissue. In cryoablation, cryoprobes (i.e., hollow needles) are
positioned adjacent to the targeted area, and cooled, thermally
conductive, fluids are circulated through hollow needles to
destroy the diseased tissue. However, the CA destruction zone
is confined to small areas surrounding the hollow needles, and
the procedure can cause damage to the phrenic nerve [5].

To overcome the drawbacks of RFA and CA, microwave
(MW) frequency in ISM band (industrial, scientific and med-
ical) of 915 MHz and 2450 MHz (the center frequency)
have been adopted to ablate and destroy the diseased tissue.
Microwave ablation (MWA) is a treatment option for can-
cer patients with unresectable hepatic malignancies [6], [7].
In [7], MWAwas comparatively carried out with tissues using
three MW center frequencies (915 MHz and 2450 MHz).
The ablation temperatures of 60 ◦C or higher lead to
near-instantaneous cell death [8].

The advantages of MWA include short MW-to-thermal
conversion time, minimal side-effect, high treatment effec-
tiveness, and very lower cancer recurrence of only 2 % [9].
Therefore, single- and multiple-antenna schemes have been
proposed for MWA treatment of diseased tissue. The main
advantage of single-antenna MWA schemes is the ability to
specify the destruction pattern. However, the single-antenna
schemes fail to achieve large destruction areas. As a result,
multi-antenna MWA schemes of various configurations have
been developed. The multi-antenna schemes for MWA treat-
ment could achieve specific destruction patterns and large
areas of cancer tissue destruction.

For the single-antenna MWA schemes, a single triaxial
antennaMWA scheme was proposed and experiments carried
out using ex vivo bovine liver [10]. In [11], an adjustable
sliding chock MWA antenna could achieve the destruction
size of 1 – 2 cm in radius with spherical shape. Mean-
while, a MWA coaxial single-slot antenna was designed and
experiments carried out to treat bone tumors [12]. In [13],
a cap-choke catheter antenna was proposed for MWA treat-
ment, and a floating sleeve MWA antenna was developed
for treating hepatic cancer [14]. In addition, a dual-slot
coaxial single-antenna scheme was developed to treat cancer
tissue using microwave [15]. In [16], a multi-slot coaxial
MW single-antenna scheme was proposed to ablate liver
tumors.

However, the first generation of single-antenna MWA
schemes lacks the directional capability (i.e., the inabil-
ity to manipulate the direction of MW energy), giving
rise to symmetrical coagulation shape. The coagulation
symmetry renders the first-generation single-antenna MWA
schemes unsuitable for ablation in zones adjacent to critical
areas. As a result, a directional single-sided open intersti-
tial single-antenna scheme was proposed for MWA, and the
MW direction of the proposed antenna scheme is manipulat-
able [17], [18]

Moreover, to achieve larger cancer tissue destruction or
coagulation zone, multi-antenna schemes of varying configu-
rations have been proposed for MWA, and the multi-antenna
schemes could achieve larger coagulation zone with min-
imal invasiveness, in comparison with the single-antenna
scheme [19]. In [20], the single- and multiple-antenna (dual-
and triple-antenna) MWA schemes were compared in terms
of the coagulation zone. Besides, the configurations of the
triple-antenna MWA scheme were varied and experimental
results showed that the triangular arrangement achieved the
largest coagulation zone.

In [21], the effect of phase shift on a triple-antenna scheme
for hepatic MWA was investigated using 3D finite element
simulation. The results showed that phase shift between
antennas from 90◦, 180◦ to 270◦ affected the coagulation
volume, and the triple-antenna scheme could achieve asym-
metrical destruction patterns.

In [22], a triple-antenna scheme for hepatic MWA was
proposed and in vitro experiments carried out. The results
showed that the triple-antenna scheme could achieve larger
destruction zone, in comparison with the single-antenna
MWA scheme. In [23], array multi-antenna schemes were
proposed for MWA and experiments carried out under
in vivo and ex vivo conditions. Reference [24], [25]
proposed double-slot triple-antenna schemes in triangu-
lar array for MWA and experiments carried out under in
vivo conditions. The results showed that the double-slot
triple-antenna schemes achieved larger ablation zones than
the single-antenna scheme.

In the conventional MWA procedures, the antennas need
to be inserted into the center of the targeted tissue to ablate.
In the event that the ablation target is adjacent to critical areas,
great care must be exercised to prevent thermal damage to
non-targeted critical areaswhile achieving complete coverage
of the targeted tissue. Fluid installation between the targeted
and non-targeted sites susceptible to thermal damage is thus
adopted to reduce thermal damage to the non-targeted tis-
sues [26]. Alternatively, directional-radiation MW antennas
could be deployed to ablate the targeted site adjacent to
critical structures without fluid installation. Besides, in the
conventional MWA, a temperature probe needs to be inserted
into the targeted site to monitor the temperatures of the tar-
geted tissue, further injuring the cancer tissue.

Specifically, this research proposes a triple-antenna MWA
scheme to treat liver cancer. The proposed scheme consisted
of three coaxial half slot antennas (CHSA) surrounding the
cancer tissue in equilateral triangle formation. The half-slot
side of the three antennas were directed at the midpoint of the
triangle to concentrate the MW energy at the center. Finite
element simulations and in vitro experiments using freshly
slaughtered swine liver were carried out to determine the
temperatures and coagulation zone. In addition, a deep learn-
ing algorithm was proposed to predict temperatures of the
liver tissue at the midpoint of the triple-CHSA arrangement
without inserting a temperature sensor into the targeted liver
tissue. The algorithm predicts themidpoint temperature based

VOLUME 9, 2021 79573



P. Phasukkit, T. Wongketsada: Triple Coaxial-Half-Slot Antenna Scheme

on temperatures at the site adjacent to the targeted cancer
tissue.

II. ANTENNA DESIGN AND FINITE ELEMENT MODELING
In this research, the antenna was of semirigid coaxial cable
with a diameter of 3.581 mm (M17/130-RG402 copper
jacket, EMC Technology & Florida RF Labs) connected to
N-type connector. A half slot of 10 mm in length was cut
on the outer conductor for a coaxial half slot (CHS) antenna.
The remaining half of the outer conductor (opposite the half
slot) functions as the reflector. The center of the half slot was
15 mm from the distal end of the coaxial antenna. The length
of CHS antenna excluding the N-type connector was 60 mm,
as shown Fig 1. The CHS antenna structure was subsequently
simulated using 3D finite element (FE) under two scenarios:
single and triple CHS antennas. Table 1 tabulates the dimen-
sions of the CHSA parameters.

FIGURE 1. The structure of coaxial half slot (CHS) antenna: (a)
longitudinal orthogonal view, (b) transverse view of two sections.

TABLE 1. Dimensions of the CHSA parameters.

The design of the triple-CHSA scheme is based on the
MWAprinciple where heat generated bymicrowave energy is
used to destroy hepatic cancer. In MWA, three CHS antennas
are positioned surrounding the cancer tissue in equilateral
triangle formation, with the half-slot side of the triple CHS
antennas directed at the midpoint of the triangle to concen-
trate the MW energy at the center. The use of triple CHS
antennas is to achieve a large coagulation zone with temper-
atures of 60 ◦C or higher [8].
Fig. 2 shows the voltage standing wave ratio (VSWR)

of the triple CHS antennas (Antennas I, II, and III) over

FIGURE 2. Voltage standing wave ratio (VSWR) of CHS antennas
(Antennas I, II, III) over 2200 - 2700 MHz.

TABLE 2. Electrical properties of the antenna for application of
biomedical (Liver tissue).

2200 – 2700 MHz, using Bird Site Analyzer (SA-6000 EX,
Bird Electronic Corporation, USA). The frequency range
(2200 – 2700 MHz) covers the MW frequency in ISM band
of 2450 MHz (center frequency). The measurement was
carried out by individually inserting the CHS antennas
(Antennas I, II, and III) into 10 cm × 10 cm freshly slaugh-
tered swine liver. The resulting VSWR at the center fre-
quency of the three CHS antennas were approximately 1.006
(good impedance matching). The very low VSWR rendered
the CHS antennas operationally suitable for hepatic MWA
because MW energy can be efficiently delivered into the liver
tissue.

Table 2. show electrical properties of the antenna
for application of biomedical tissue were added to the
table, detailing the VSWR of each antenna at 2450MHz
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FIGURE 3. The proposed triple-CHSA scheme for hepatic MWA, where I, II, and III denote Antennas I, II, and III; and Sc, S1, S2, and
S3 denote the temperature sensor at the midpoint and temperature sensors 1 – 3.

(operation frequency) and the usable bandwidth of each
antenna, from antenna I = 2225 - 2675 MHz, antenna II =
2237 - 2680 MHz and antenna III = 2255 - 2685 MHz.
The Specific Absorption Rate (SAR) of single antenna =
34.46 W/kg, Triple Antenna (10 mm) = 627.82 W/kg,
Triple Antenna (20 mm) = 87.97 W/kg and Triple Antenna
(30mm)= 63.124W/kg. SAR patterns depend on the spacing
of the electromagnetic field that is emitted from each antenna
position. A triple antenna with a spacing of 10 mm is the
most collect SAR value compared with 20 mm and 30 mm
of antenna spacing.

In MWA, the source of heat transfer is electromagnetic
wave at the center frequency (2450 MHz) transmitted into
tissue. Joule heating arises when an electric current pass
through a conductor and is converted into thermal energy.
In FE modeling, changes in tissue temperature over time can
be mathematically expressed by the bioheat, as shown in (1).

ρC
∂T
∂t
+∇ (−k∇T ) = −Qp + Qmet + Qext (1)

where ρ is tissue density (kg/m3), C is specific of heat
(J/kg·K), T is temperature thermal (K), t is time (s), and k
is thermal conductivity (W/m)

Qext = ρSAR (2)

SAR =
σ

2ρ
E2 (3)

Therefore

Qext =
σE2

2
(4)

where SAR is specific absorption rate of tissue, σ is electrical
conductivity (S/m), and E = electric field vector (V/m).

TABLE 3. Dielectric properties of liver tissue and CHS antenna at 2450
MHz used in FE modeling [24] [27].

Prior to in vitro experiment, the temperature distribution
from the triple-CHSA scheme to the liver tissue was charac-
terized, given that the liver temperature distribution is subject
to SAR. Table 3 tabulates the dielectric properties of liver
tissue and the CHS antenna at 2450 MHz, which were used
in the FE modeling (1) – (4).

In FE modeling (1), the energy generated by the metabolic
process (Qmet) is very negligible and thus ignored. Qext is
generated by microwave energy from antennas, and Qp is
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TABLE 4. FE-simulated coagulation zone and volume using the
triple-CHSA scheme under variable between-antenna distances and
microwave durations, given 50 W microwave energy.

energy generated by blood perfusion, which was ignored in
this research because the in vitro experiments were carried
out using freshly slaughtered swine liver. The Initial Graphics
Exchange Specification (IGES) file was used to render 3D
computer-aided design (CAD) model (Fig 3), and COMSOL
Multiphysics (version 5.5a) was used to simulate the 3D FE
model, with the initial and refined mesh in tetrahedral shape,
consisting of 1,266,371 elements and the degree of freedom
of 8,931,575.

As previously stated, the proposed CHSA schemewas sim-
ulated by 3D FE model under two scenarios: single and triple
CHS antennas. The single-antenna scenario was carried out
in egg white and swine liver using 50 W microwave energy
for 100 seconds to characterize the coagulation shape (for
egg white) and zone (for swine liver), given the temperature
threshold of 60 ◦C or higher.
Fig 3 illustrates the FEmodel of the proposed triple-CHSA

scheme for hepatic MWA under the triple-antenna scenario.
The antennas (Antennas I, II, III) were arranged in equilat-
eral triangular formation parallel to the z-axis. The distance
(L) between Antennas I, II, and III in the FEmodel was varied
between 10, 20, and 30 mm, and the insertion depth of the
antennas was 60 mm (i.e., the length of CHS antenna without
N-type connector).

The overall geometry was of cylindrical shape with 80 mm
in height and 100 mm in diameter. The temperature distribu-
tion on the x–y plane was characterized at z = 0 mm, and
that on the y–z plane at x = 2H/3 mm and −H/3 mm. The
temperature measurements were taken by four temperature
sensors (Sc, S1, S2, S3). The central temperature sensor (Sc)
was located at the midpoint of the triple CHSA arrangement
at x, y= 0 and z= 15mm. The other temperature sensors (S1,
S2, S3) at z = 10, z = 15, and z = 20 mm was located 5 mm
from the midpoint between Antennas I and II (Fig 3(b)).

In the FE simulation, the three CHS antennas (Anten-
nas I, II, III) were fed with 50 W microwave power at
2450 MHz from 0 – 2000 seconds. The FE simulation
was carried out on a workstation computer with CPU
Intel R©Xeon R©2.70 GHz x 2 and 256 GB of RAM running
on 64-bit Microsoft Windows 10 Pro. It required 17 hours

FIGURE 4. The proposed regression-based deep learning algorithm for
prediction of midpoint temperature.

20 minutes 31 seconds to solve the 3D FE model, utilizing
244 GB of RAM.

The FE-simulated temperatures from the four temper-
ature sensors (Sc, S1, S2, S3) were used as training
dataset of the proposed regression-based deep learning algo-
rithm (i.e., those of S1, S2, S3 as X_train and Sc as
Y_train). Meanwhile, the microwave durations under differ-
ent between-antenna distances (L; 10, 20, 30mm) were deter-
mined using the FE-simulated coagulation zone and volume,
given the midpoint temperature of the triple-antenna arrange-
ment of 60 ◦C [8], [28]. Furthermore, the FE-simulated
microwave durations that achieved the largest coagulation
zone and volume, given the midpoint temperature of 100 ◦C,
under three different between-antenna distances (L) were also
determined.

III. REGRESSION-BASED DEEP LEARNING ALGORITHM
This research used a regression-based deep learning algo-
rithm to predict temperatures of the liver tissue at the mid-
point of the triple-CHSA arrangement (Sc) in place of the
central temperature sensor (Sc), where (Ŝc) is the deep
learning-based predicted midpoint temperature. The deep
learning algorithm relied on FE-simulated temperatures from
the four temperature sensors (Sc, S1, S2, S3) as the training
dataset (X_train and Y_train) to predict the midpoint temper-
ature of the triple-antenna scheme (Ŝc) without inserting the
central temperature sensor (Sc) into the targeted liver tissue.
Prior to training the deep learning algorithm, the FE-

simulated temperatures during MWA (0 – 2000 seconds),
given 50 W microwave energy, at Sc, S1, S2, and S3 were
collected. To verify the FE model, the FE-simulated tem-
peratures were compared with those of in vitro experiments
using swine liver. The in vitro temperature measurements at
Sc, S1, S2, and S3 were taken by using a temperature data
logger (thermocouple type K; MIDI logger GL840-M). The
FE-simulated temperatures (X_train and Y_train) were used
to train the regression-based deep learning algorithm, while
those of in vitro experiments (X_test and Y_test) were for
testing the deep learning algorithm.

Fig 4 illustrates the regression-based deep learning
algorithm for prediction the midpoint temperature of the
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FIGURE 5. (a) Experiment design of regression-based deep learning
algorithm for prediction. The datasets are divided into two groups with
training and testing groups. (b) The result of the model can then be used
to predict a new midpoint temperature in cancer tissue.

FIGURE 6. (a) Schematic of in vitro experimental setup for hepatic MWA.
(b) Experiment setup for hepatic microwave ablation and measuring the
temperature with the thermal camera.

triple-CHSA scheme. The proposed deep learning algorith-
mic model consisted of one input layer, three hidden layers,
and one output layer. The input layer consisted of X1, X2, and
X3, where X1, X2, and X3 represent the temperature measure-
ments of the FE model at S1, S2, and S3, respectively. X1,
X2, and X3 each contained 2,000 data points (corresponding
to 0 – 2000 seconds). The first, second, and third hidden
layers had 5, 4, and 3 nodes. Hyperbolic tangent function
(tanh(z)) was used as the activation function between hidden

FIGURE 7. In vitro experiments: (a) in egg white using single CHS
antenna, (b) in swine liver using single CHS antenna, (C) magnetic
resonance imaging scan.

FIGURE 8. FE simulation results using single CHS antenna given 50 W
microwave energy for 100 seconds: (a) specific absorption rate in xz
plane, (b) temperature distribution in xz plane, (c) 3D coagulation zone
with 60 ◦C or higher.

FIGURE 9. FE simulated coagulation volume using single CHS antenna
given 50 W microwave energy and 0 – 100 seconds of operating time.

layers to transform linear to nonlinear function. The initial
weight (W) and bias (B) (W1, B1, W2, B2, W3, B3, W4,
B4) were random. The output layer (Y) is predicted midpoint
temperatures (Ŝc). The rectified linear activation function
(ReLU(z)) was used for positive output values.

The training dataset comprised X_train (normalized input
dataset) and Y_train (normalized output dataset). The test-
ing dataset consisted of X_test (normalized input dataset)
and Y_test (normalized output dataset). The initial weight
(W) and bias (B) in the hidden layers (W1, B1, W2, B2,
W3, B3, W4, B4) were random, and the learning rate (α)
and epoch were 0.01 and 5000. In training the algorithm,
W and B were refined by using gradient descent iterative
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FIGURE 10. FE-simulated coagulation zone using the triple-CHSA scheme
in z-x plane, given 50 W microwave energy, for the distance between
antennas of: (a) 10 mm given y = 5.77, (b) 20 mm given y = 11.5,
(c) 30 mm given y = 17.32.

optimization algorithm. The iteration was terminated once
divergence between themean square errors of the training and
testing datasets occurred.

Prior to the training and testing, the training and testing
datasets (input and output datasets) were normalized using
standardization, as shown in (5)

Standardization =
Dataset −Mean of Dataset

SD
(5)

FIGURE 11. FE-simulated coagulation zone using the triple-CHSA scheme
in z-x plane, given 50 W microwave energy, for the distance between
antennas of: (a) 10 mm given y = −2.89, (b) 20 mm given y = −5.77,
(c) 30 mm given y = −8.66.

where Dataset is input and output datasets (i.e., X_train,
Y_train, X_test, Y_test), Mean of Dataset is the mean value
of input and output datasets, and SD is standard deviation.

In feedforward, hyperbolic tangent function (tanh(z)) was
the activation function between hidden layers, as shown in (6)
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where tanh(z)= [−1,1]. The activation function ReLU(z)was
used in the output layer, as shown in (7), where z is the linear
combination (8). The output of the regression-based deep
learning algorithm was the predicted normalized temperature
of the liver tissue at the midpoint of the triple-CHSA arrange-
ment (Ŝc or ŷn ).

tanh (z) =

(
ez − e−z

)(
ez + e−z

) (6)

ReLU (z) =

{
0, z < 0
z, z ≥ 0

(7)

Z =


z1
z2
...

zN

 =


x11w1
x12w1
...

x1Nw1

x21w2
x22w2
...

x2Nw2

. . .

. . .
...

. . .

xD1 wD
xD2 wD
...

xDNwD


+
[
B1 B2 . . . BD

]
(8)

In back propagation, the Mean Square Error (MSE)
between the normalized training output dataset (Y_train; yn)
and predicted normalized output (ŷn) was first calculated
((9)), and then gradient descent iterative optimization algo-
rithm was applied to fine-tuneW and B by using (10) and the
chain rule derivative.

MSE =
1
n

n∑
i=1

(
yn − ŷn

)2 (9)

∂MSE
∂Wi

and
∂MSE
∂Bi

(10)

where i = 1, 2, 3, 4 corresponding toW1,B1,W2,B2,W3,B3,
W4,B4; and the derivative of tanh(z) activation function for
hidden layers is expressed in (11).

∂[tanh (Az)]
∂z

= 1− tanh z2 (11)

The prediction performance of the proposed regression-
based deep learning algorithm was assessed by Mean Square
Error (MSE; (9)), mean absolute error (MAE; (12)), andmean
absolute percentage error (MAPE; (13)).

MAE =
1
n

n∑
i=1

∣∣yn − ŷn∣∣ (12)

MAPE =
1
n

n∑
i=1

∣∣yn − ŷn∣∣
|yn|

(13)

where yn is the normalized testing output dataset (Y_test),
ŷn is predicted normalized output (Y_predict), and n is the
number of datasets.

Fig. 5. (a) shown the design of the regression-based deep
learning algorithm model process. After the weight and bias
(W1, B1, W2, B2, W3, B3, W4, B4) values are optimized
in the developing process. Fig. 5. (b) start with normalized
input from three sensors (S1, S2, and S3). In the initial
step, the temperature values of three sensors are normalized
which the normalized data X1, X2, and X3 are feed to deep

FIGURE 12. FE-simulated coagulation zone using the triple-CHSA scheme
in x-y plane, given 50 W microwave energy and z = 0, for the distance
between antennas of: (a) 10 mm, (b) 20 mm, (c) 30 mm.

learning algorithm model. The output (Y) was calculated
by the values of W1, B1, W2, B2, W3, B3, W4, B4 with
were applied in the feedforward process. The result is that
actual denormalized temperature at themidpoint of the cancer
tissue.
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FIGURE 13. 3D FE-simulated coagulation volume using the triple-CHSA
scheme, given 50 W microwave energy, for the distance between
antennas of: (a) 10 mm, (b) 20 mm, (c) 30 mm.

IV. IN VITRO EXPERIMENTAL SETUP
Fig 6(a) and (b) are illustrates the schematic and case
of in vitro experimental setup for hepatic MWA using a

FIGURE 14. FE-simulated coagulation zone using the triple-CHSA scheme
in x-y plane, given 50 W microwave energy and z = 0, for the
between-antenna distances of (MW duration): (a) 10 mm (660 seconds),
(b) 20 mm (1250 seconds), (c) 30 mm (2000 seconds).

three-output MW source capable of controlling the MW
energy levels of CHS antennas independently [8]. The MW
source was a magnetron oscillator operating at 2450 MHz
with maximum continuous-wave output of 250 W.
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FIGURE 15. FE-simulated coagulation zone using the triple-CHSA scheme
in z-x plane, given 50 W microwave energy and y = 0, for the
between-antenna distances of (MW duration): (a) 10 mm (660 seconds),
(b) 20 mm (1250 seconds), (c) 30 mm (2000 seconds).

The experimental setup consisted of three microwave
power meters (Wideband Power Sensor Model 5012
(350 – 4000 MHz), Bird Electronic Corporation). The
microwave power meters were connected to a laptop com-
puter (Inter R©Core i7-4720HQ 2.8 GHz, Windows 10 Pro,
8 GB RAM, 1 TB hard disk) via universal serial bus (USB)
2.0 cables. The triple antennas (Antennas I, II, III) were

FIGURE 16. FE-simulated coagulation zone using the triple-CHSA scheme
in z-y plane, given 50 W microwave energy and x = 0, for the
between-antenna distances of (MW duration): (a) 10 mm (660 seconds),
(b) 20 mm (1250 seconds), (c) 30 mm (2000 seconds).

simultaneously fed with 50Wmicrowave energy. The in vitro
experimental setup also included two temperature probes.
The first temperature probe (with Sc) was located at the
midpoint of the triple CHSA arrangement, and the second
temperature probe (with S1, S2, S3) was located 5 mm from
the midpoint between Antennas I and II.
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In in vitro experiment, the single CHS antenna was
first experimented in egg white and swine liver using
50 W microwave energy for 100 seconds, as shown
in Figs 7 (a)-(b), respectively. The egg white and swine
liver were retained on a heat bed at 37 ◦C ([8], [28]). The
single-antenna in vitro experiments were performed to char-
acterize the coagulation shape (Fig 7(a) for white egg) and
coagulation zone (Fig 7(b) for swine liver), given the temper-
ature threshold of 60 ◦C or higher.
For the in vitro experiments using the triple-CHSA

scheme, the experimental swine liver was of rectangular
shape of 100 mm × 140 mm in dimension. The swine liver
was retained on the heat bed at 37 ◦C. Similar to the FE simu-
lation, the triple-CHSA scheme (Antennas I, II, and III) were
individually fed with 50 W microwave power at 2450 MHz
from 0 – 2000 seconds. The distance between Antennas I,
II, and III was varied between 10, 20, and 30 mm, given the
midpoint temperature of 100 ◦C. The in vitro experiments
were carried out with 10 samples of swine liver under each
distance, totaling 30 samples of swine liver.

The coagulation zone and volume in the swine liver under
the triple-CHSA scheme, as indicated by discolored liver
tissue, was determined by using a magnetic resonance imag-
ing (MRI) machine (Phillips INGENIA-1.5T WA30, UK,
type T2; Fig 7(c)). The MRI results were compared with the
FE results of the triple-CHS antennas, given the midpoint
temperature of 100 ◦C, with regard to the coagulation zone
and volume in the xy, zx, and zy planes. The midpoint tem-
perature of 100 ◦C is the level of temperature that achieved
the largest coagulation zone and volume.

V. FINITE ELEMENT SIMULATION AND IN VITRO RESULTS
Fig 8 illustrates that the FE-simulated results using one single
CHS antenna, given 50Wmicrowave energy for 100 seconds.
Specifically, Figs 8(a)-(c) respectively show the specific
absorption rate in the xz plane, the temperature distribution in
the xz plane, and the 3D coagulation zone at 60◦C or higher.
Fig 9 shows the FE-simulated coagulation volume using one
single CHS antenna from 0 – 100 seconds of operating time,
given 50Wmicrowave energy. The FE-simulated coagulation
volume at 100 seconds was 46.497 mm3, corresponding to
that in Fig 8(c).

The FE-simulated results using the triple-antenna scheme
(Antennas I, II, III), given 50 W microwave energy for 0
– 2000 seconds, indicated that the midpoint temperature of
the triple-antenna scheme reached 60 ◦C after 60, 600, and
1300 seconds (i.e., MW durations) for the between-antenna
distances of 10, 20, and 30 mm, respectively.

Panel (a) of Figs 10–13 show the FE-simulated coag-
ulation zone using the triple-CHSA scheme, given the
between-antenna distance of 10 mm and 60 seconds of MW
duration. Specifically, Figs 11(a) and 12(a) respectively illus-
trate the FE-simulated coagulation zone in the z-x plane at
y = 5.77 mm and −2.89 mm. Figs 13(a) and 14(a) show the
FE-simulated coagulation zone in the x-y plane at z = 0 mm
and the 3D simulated coagulation volume.

FIGURE 17. MRI images of the coagulation zone using the triple-CHSA
scheme in x-y plane, given 50 W microwave energy and z = 0, for the
between-antenna distances of (MW duration): (a) 10 mm (660 seconds),
(b) 20 mm (1250 seconds), (c) 30 mm (2000 seconds).

Panel (b) of Figs 10–13 show the FE-simulated coagula-
tion zone using the triple-CHSA scheme, given the between-
antenna distance of 20 mm and 600 seconds of MW duration.

79582 VOLUME 9, 2021



P. Phasukkit, T. Wongketsada: Triple Coaxial-Half-Slot Antenna Scheme

FIGURE 18. MRI images of the coagulation zone using the triple-CHSA
scheme in z-x plane, given 50 W microwave energy and y = 0, for the
between-antenna distances of (MW duration): (a) 10 mm (660 seconds),
(b) 20 mm (1250 seconds), (c) 30 mm (2000 seconds).

Figs 11(b) and 12(b) show the FE-simulated coagulation zone
in the z-x plane at y = 11.5 mm and −5.77 mm. Figs 13(b)
and 14(b) depict the FE-simulated coagulation zone in the
x-y plane at z = 0 mm and the 3D simulated coagulation
volume.

Panel (c) of Figs 10–13 show the FE-simulated coagula-
tion zone using the triple-CHSA scheme, given the between-
antenna distance of 30 mm and 1300 seconds of MW
duration. Figs 11(c) and 12(c) show the FE-simulated coagu-
lation zone in the z-x plane at y= 17.32 mm and−8.66 mm.
Figs 13(c) and 14(c) depict the FE-simulated coagulation
zone in the x-y plane at z = 0 mm and the 3D simulated
coagulation volume.

Table 4 summarizes the FE-simulated coagulation zone
and volume using the triple-CHSA scheme under different
between-antenna distances (10, 20, 30 mm) and MW dura-
tions (60, 600, 1300 seconds), given 50Wmicrowave energy.

FIGURE 19. MRI images of the coagulation zone using the triple-CHSA
scheme in z-y plane, given 50 W microwave energy and x = 0, for the
between-antenna distances of (MW duration): (a) 10 mm (660 seconds),
(b) 20 mm (1250 seconds), (c) 30 mm (2000 seconds) Note. MRI Data
Highlight from specialist from hospital.

A. IN VITRO EXPERIMENTAL RESULTS
In in vitro experiments using the triple-CHSA scheme,
the aim was to achieve the largest coagulation volumes in
swine liver, given 50Wmicrowave energy. The FE-simulated
results indicated that the midpoint temperature of 100 ◦Cwas
achieved at 660, 1250, and 2000 seconds (MW durations)
for the between-antenna distances of 10, 20, and 30 mm.
As a result, the MW durations in the in vitro experiments
were 660, 1250, and 2000 seconds for the corresponding
between-antenna distances. The in vitro experiments were
carried out with 10 samples of swine liver under each of the
three between-antenna distances, resulting in 30 samples in
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FIGURE 20. Comparison between the FE-simulated and in vitro
temperature measurements for the between-antenna distance of:
(a) 10 mm, (b) 20 mm, (c) 30 mm.

total. The in vitro coagulation volumes using the triple-CHSA
scheme were validated against MRI images of the 30 samples
of swine liver.

Panel (a) of Figs 14–16 show the FE-simulated coagulation
zone using the triple-CHSA scheme in the x-y plane at z= 0;
z-x plane at y = 0; and z-y plane z = 0, respectively, given
the between-antenna distance of 10 mm and 660 seconds of
MW duration.

Panel (b) of Figs 14–16 illustrate the FE-simulated coagu-
lation zone using the triple-CHSA scheme in the x-y plane at
z = 0; z-x plane at y = 0; and z-y plane z = 0, respectively,
given the between-antenna distance of 20 mm and 1250 sec-
onds of MW duration.

TABLE 5. FE-simulated and in vitro coagulation zone and volume using
the triple-CHSA scheme.

Panel (c) of Figs 14–16 depict the FE-simulated coagula-
tion zone using the triple-CHSA scheme in the x-y plane at
z = 0; z-x plane at y = 0; and z-y plane z = 0, respectively,
given the between-antenna distance of 30 mm and 2000 sec-
onds of MW duration.

Figs 17(a)-(c) show the MRI images of coagulation zones
using the triple-CHSA scheme in the x-y plane, given 50 W
microwave energy and z = 0, for the between-antenna dis-
tances of 10, 20, and 30 mm, corresponding to Figs 14(a)-(c).
Figs 18(a)-(c) illustrate the MRI images in the z-x plane
and y = 0, corresponding to Figs 15(a)-(c). Meanwhile,
Figs 19(a)-(c) show the MRI images in the z-y and x = 0,
corresponding to Figs 16(a)-(c). The MRI results were inter-
preted by a specialist, and the coagulation zones were indi-
cated by the beige color.

Table 5 compares the FE-simulated and in vitro coagula-
tion zone and volume using the triple-CHSA scheme under
three different between-antenna distances. The simulation
and in vitro (MRI images) results were in good agreement.

To validate the FE model, Figs 20(a)-(c) compare the
FE-simulated temperatures at the four temperature sensors
(Sc, S1, S2, S3) with those of in vitro experiments using
swine liver for different between-antenna distances (10, 20,
and 30 mm), respectively. The simulated and experimental
results were in good agreement.

VI. DEEP LEARNING ALGORITHM AND TEMPERATURE
PREDICTION PERFORMANCE
The optimized weight (W) and bias (B) of the regression-
based deep learning algorithm to predict the temperature of
liver tissue at the midpoint of the triple-CHSA arrangement,
given the between-antenna distance of 10 mm, as an example,
are as follows:

Note: In the execution of the deep learning algorithm,
the bias coefficients (B1 – B4) were combined with the
weighted features using array broadcasting (8).

W1 = [0.02960265, 0.93050784, 0.55238633, 0.99678821,

0.15065016],

[−1.45968458,−1.11197986,−0.15204866,

−2.34185234, 0.05243656],

[−0.18836552,−0.94471137, 0.02743533,

−1.85007523,−1.25096195]
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B1 = [−0.78071878, 1.37086977, 0.53442212,

−0.3064704, 0.69933807]

W2 = [0.82911184,−0.40085982,−0.20298985,

−1.83470231],

[2.3693101, 1.65725503, 0.51393974, 1.59301958],

[0.19485634, 0.57447295,−0.02095393,

1.62864584],

[1.50224015, 0.20928054,−0.71311275,

0.09114521],

[0.89329318, 1.27242794,−0.31838459,

−0.11052131]

B2 = [0.98888946,−0.34309738,−0.75127424,

0.65843885]

W3 = [−1.33590507,−0.06509381,−0.50877751],

[−0.71605194,−0.69485725, 0.20764489],

[1.02513211, 0.16683648,−0.45192362],

[1.42519558, 1.17132763, 0.52837088]

B3 = [0.96577575,−1.77741594, 0.44092718]

W4 = [0.69838018], [0.56482379], [1.02109317]

B4 = [−0.2440661]

Fig 21 compares, as an example, the deep learning-based
predicted normalized midpoint temperatures (Y_predict)
against the in vitro temperature measurements (i.e., nor-
malized testing output dataset (Y_test)), given the between-
antenna distance of 10 mm.

FIGURE 21. Comparison between in vitro midpoint temperature
measurements (i.e., normalized testing output dataset (Y_test)) and deep
learning-based predicted normalized midpoint temperatures (Y_predict),
given the between-antenna distance of 10 mm.

Fig 22 illustrates the scatter plot of normalized midpoint
temperatures (Y_test) relative to deep learning-based pre-
dicted normalized midpoint temperatures (Y_predict), given
the between-antenna distance of 10 mm, as an example.
The correlation between the normalized midpoint tempera-
tures and deep learning-based predicted normalized midpoint
temperatures was near-linear. The prediction performance

FIGURE 22. The scatter plot of normalized midpoint temperatures
(Y_test) relative to deep learning-based predicted normalized midpoint
temperatures (Y_predict), given the between-antenna distance of 10 mm.

TABLE 6. Comparison of Multi antenna microwave ablation.

(accuracy) of the proposed deep learning algorithm to pre-
dict the temperature of liver tissue at the midpoint of
the triple-CHSA scheme was 99.98 % for MSE, 98.75
% for MAE, and 99.22 % for MAPE. The higher MSE
(99.98 %), vis-à-vis MAE (98.75 %), indicated that the
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deep learning-based predicted midpoint temperatures closely
resembled the in vitro midpoint temperature measurements.
The finding validates the applicability of the proposed deep
learning algorithm to predict the midpoint temperature with-
out the need to insert the temperature sensor into the tar-
geted liver tissue, thereby minimizing injuries to the cancer
tissue.

Table 6 comparison table multi-antenna technique in
Microwave Ablation shows that some systems do not use
Temperature sensors. In systems where temperature sensors
are used, they must be placed in the position to be measured.
In actual use, it may block the transmission of electromag-
netic waves in the tissues due to the placement of the antenna
in cancer tissue. In this research, the researchers have used
a temperature sensor placed beside the cancer tissue, which
does not block the wave propagation by using deep learning
to calculate the temperature in the half-distance of the can-
cer tissue. The result produces more significant amounts of
cancer tissue destruction than previous studies.

VII. CONCLUSION
This research proposed a triple-antenna scheme for min-
imally invasive hepatic MWA. The triple-antenna scheme
consisted of three CHSA surrounding the cancer tissue in
equilateral triangle formation, with the half-slot side of the
three antennas directed at the midpoint of the triangle to
concentrate the microwave energy at the center. The dis-
tance between the three antennas was varied between 10,
20, and 30 mm. FE simulations and in vitro experiments
with swine liver were carried out to determine the temper-
atures and coagulation zone under three between-antenna
distances. The triple-CHSA scheme could achieve a large
coagulation zone with temperatures of 60 ◦C or higher.
Moreover, a regression-based deep learning algorithm was
proposed to predict temperatures of the liver tissue at the
midpoint of the triple-CHSA arrangement without the need
to insert a temperature sensor into the targeted cancer tis-
sue. The algorithm relied on temperatures at the site adja-
cent to the targeted cancer tissue to predict the midpoint
temperature.

The FE simulation results showed that the triple-CHSA
scheme could achieve the largest coagulation volumes
of 18.425, 29.312, and 63.507 cm3 for the between-antenna
distances of 10, 20, and 30 mm, respectively. The largest
coagulation volumes of in vitro experiments based on MRI
images were 18.437, 29.317, and 63.504 cm3 for the corre-
sponding between-antenna distances. Furthermore, the pre-
diction accuracy of the proposed deep learning algorithm to
predict the midpoint temperature were 99.98 % for MSE,
98.75 % for MAE, and 99.22 % for MAPE. The per-
formance validates the applicability of the deep learning
algorithm to predict the midpoint temperature without the
need to insert a temperature sensor into the targeted liver
tissue.

The novelty of the research lies in the use of CHSA sur-
rounding the cancer tissue in equilateral triangle formation

for hepatic MWA, as opposed to the conventional hep-
atic MWA procedure which requires inserting antennas into
the targeted tissue. Another research novelty is the use of
regression-based deep learning algorithm to predict the tem-
perature of liver tissue at the midpoint of the triple-CHSA
arrangement.
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