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Abstract— Microwave ablation (MWA) is one of the most
promising treatment tool to achieve a minimal invasion for
human body. For safety and effective ablation for cancerous
tissue, the accurate and real-time imaging for a temporal
evolution of the ablation zone is highly demanded. This paper
assumes the microwave based MWA monitoring, and introduces
the novel boundary reconstruction algorithm, which has been
demonstrated to achieve a real-time, accurate and noise-robust
characteristic. This paper also newly introduces the S11 based
complex permittivity estimator, which is necessary for esti-
mating the ablation boundary. The both finite difference time
domain (FDTD) based 3-D numerical test and the experimental
investigation demonstrate that the proposed method provides
accurate and high-speed 3-D imaging for the ablation zone.

I. INTRODUCTION

As a minimally invasive treatment for malignant tumor,
microwave ablation (MWA) is highly recognized [1], which
more quickly damage the tumors than the lower radio fre-
quency (RF) based technique [2]. There are a great numbers
of studies for assuming the liver tumor ablations [3], which
demonstrates the effectiveness of MWA [3]. The above
success brings us the driving force for applying the MWA to
other types of cancer, e.g. kidney or breast tumors. In terms
of breast cancer treatment, it is strongly demanded to avoid
the removal of the whole or large part of breast, and the
MWA is regarded as the most appropriate treatment tool, to
avoid physical and mental burden for patient. Nonetheless,
the MWA treatment requires accurate and real-time monitor-
ing sensor to avoid the over-ablation for healthy cells. As
such monitoring sensor, magnetic resonance imaging (MRI)
and ultrasound based techniques have been demonstrated in
a number of researches [4], [5]. However, the introduction
cost of the MRI is much expensive and requires an electro-
magnetic shield, and its image could be contaminated by
the effect of heating contrast agents [6]. The ultrasound
based monitoring tool has some advantages in terms of low
cost and portability, but microbubbles would contaminate a
contrast image [7], as well as limited echogenic contrast
between ablated and non-ablated tissue [8]. To overcomes
the above difficulty, the microwave based monitoring is under
the spotlight, because it has advantages for low cost, com-
pactness and in compatibility with MWA equipment. Some
studies have revealed that there was a significant decrease of
complex permittivity for tissue in ablated state [9]. The above
fact is basis for achieving accurate imaging using microwave
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signal, where its forward scattering component received at
external antenna from interstitial MWA source is processed.
As a traditional imaging approach, the tomographic inverse
scattering algorithm has been developed, assuming the fairly
homogeneous media, which is a reasonable assumption in
liver tissue [10]. However, such kind of methods hardly
achieves a real-time monitoring, and is not suitable for
heterogeneous background, e.g. breast media.

To address with this issue, our research group has pro-
posed a real-time and accurate imaging algorithms for the
ablation zone evolution, such as the TDOA based method
[11] or the waveform reconstruction based method [12].
In particular, the method [12] considers the drop of both
real and imaginary parts of complex permittivity, and has
been demonstrated that it offers accurate imaging in the
situation that the lower impact, namely, lower decrease of
temperature, is assumed. However, these methods requires a
prior information of complex permittivity of the tissues for
pre- and during ablation, which is the proximity of MWA
probe. While the growing data revealing the relationship
between the temperature and dielectric property of ablated
tissues is available [13], its dielectric property is highly
dependent of the subject.

As a solution for the above mentioned problem, this
paper newly introduces the S11 parameter based estimation
algorithm of complex permittivity of the tissue around the
MWA probe. The 3-D FDTD numerical phantom, assuming
the coaxial slot probe, and the experimental validation using
the simple breast phantom demonstrates that our proposed
method retains highly accurate boundary estimation for the
ablation zone.

II. OBSERVATION MODEL

Figure 1 shows the observation model assuming the pre-
and during microwave ablation. T denotes the elapsed time
of the ablation, where T = 0 corresponds to a time pre-
ablation and T > 0 corresponds to a time during the ablation.
A single transmitter (shown as a hollow black circle in
Fig. 1) is inserted into the tumor, which is located within
the fibrograndular tissue, and multiple receivers are located
surrounding the breast (shown as solid black circles in Fig.
1). The location of the source is defined as rA, and the
location of a representative receiver is defined as rC. The
received microwave signals pre-ablation (at T = 0) and
during ablation (at the n-th temporal snapshot) are denoted
by s

(0)
21 (rC, t) and s

(n)
21 (rC, t) respectively. The variable t

denotes the signal recording time.
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Fig. 1. Data acquisition configuration for MWA monitoring using the
internal ablation antenna as the transmitter and an external array as the
receivers. (a) Pre-ablation (T = 0). (b) During ablation (T > 0)

III. METHOD

A. Imaging Algorithm

Here, we present the imaging algorithm, which has been
proposed in [12]. This algorithm focuses on the difference
between pre- and during ablation. By using a prior esti-
mation of complex permittivity drop of ablation zone, this
algorithm determines the distance from the source to the
ablation boundary. We briefly describe the methodology of
this method as follows.

Here, let rB as the ablation boundary point as marked in
Fig. 1, and RAB = |rA − rB| and RBC = |rB − rC| are de-
fined. On the assumptions that the same propagation model,
used in the TDOA-based method, is valid and that signals
propagate in a straight line, the pre- and during ablated signal
in the angular-frequency domain can be expressed as:

S
(0)
21 (rC, ω;R

AB) = Ssrc(ω)e
j(k0(ω)RAB+k(ω)RBC) (1)

S
(n)
21 (rC, ω;R

AB) = Ssrc(ω)e
j(kn(ω)RAB+k(ω)RBC), (2)

where S
(0)
21 (rC, ω;R

AB) and S
(n)
21 (rC, ω;R

AB) denote the
received signals at pre- and during ablation state at n-
th snapshot in the angular frequency domain. Here, the
wavenumber at the n-th snapshot as kn(ω) is expressed as:

kn(ω) = βn(ω)− jαn(ω), (3)

where αn(ω) and βn(ω) are defined as:

αn(ω) = ω
√
µϵn

[
1

2

√
1 +

σ2
n

ω2ϵ2n
− 1

2

] 1
2

(4)

βn(ω) = ω
√
µϵn

[
1

2

√
1 +

σ2
n

ω2ϵ2n
+

1

2

] 1
2

. (5)

Here, ϵn and σn are the relative permittivity and conductivity
in the ablation state at the n-th snapshot, where RBC denote
the distance from rB to rC (receiver location). Using this
model, the signal at the n-th snapshot ablation state is
estimated as:

Ŝ
(n)
21 (rC, ω;R

AB) = S
(0)
21 (rC, ω) · e−j(kn(ω)−k0(ω))RAB

.
(6)

Finally, the distance from the source to the ablation boundary
at the n-th snapshot as RAB

n calculated as:

R̂AB
n = arg min

RAB

∫
|Ŝ(n)

21 (rC, ω;R
AB)− S

(n)
21 (rC, ω)|2dω,

(7)
where S

(n)
21 (rC, ω) denotes the observation signal in the

angular frequency domain at the n-th snapshot. Finally,
the boundary point of ablation zone is obtained as rB =
R̂ABu + rA , where u denotes a unit vector pointing from
rA to rC.

This method maintains the advantages described above, in
that it only requires the ratio of the dielectric constants and
the conductivity in ablated tissues to be known beforehand.
In most clinical applications, the source is located inside the
malignant tissue, and databases of the complex permittivity
of various malignant tissues are available in the literature
[11].

B. Complex permittivity estimation using S11 parameters

In the previous work [12], the complex permittivity of pre-
and during ablation is determined by the data base, however,
there should be variation of each subject, and these values
should be directly determined by the measured signals. This
paper then introduces the S11 parameter based complex
permittivity estimation algorithm as follows.

At first, the following ratios are defined as

ρ0 ≡ S
(0)
11 (ω)/Scal

11 (ω) (8)

ρn ≡ S
(n)
11 (ω)/Scal

11 (ω), (9)

where Scal
11 (ω) denotes the calibrated S11 parameter using

an object with a known dielectric property, i.e., ethanol or
pure water. S

(0)
11 (ω) and S

(n)
11 (ω) denote the observed S11

parameters for pre- and during ablations, respectively. On
the contrary, the S11 parameter is theoretically formulated
as

S11(ω) =

√
µ(ω)/ϵ(ω)−

√
µprob(ω)/ϵprob(ω)√

µ(ω)/ϵ(ω) +
√

µprob(ω)/ϵprob(ω)
, (10)

where ϵ(ω) and µ(ω) are the complex permittivities and the
permeability of ablated or calibrated medium. And ϵprob(ω)
and µprob(ω) are the above parameters of the MWA probe.
Then, the complex permittivity for pre- and during ablation
is determined as

ϵi(ω) =

ϵprob(ω)

 1√
ϵprob(ω)

(ρi − 1)− 1√
ϵcal(ω)

(ρi + 1)

1√
ϵcal(ω)

(ρi − 1)− 1√
ϵprob(ω)

(ρi + 1)

−2

,

(i = 0, n), (11)

where n denotes the number of snapshots. ϵprob(ω) and
ϵcal(ω) are the complex permittivities of the MWA probe and
the calibration media. Finally, α(ω) and β(ω) are determined
by each complex permittivity, where the permeability µ is
assumed to be the same as that in the air.
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Fig. 2. 2-D numerical breast phantom and configuration. The colorbar
displays the Debye parameter, ∆ε in Class 3 (heterogeneously dense) breast
phantom. The hollow black circle denotes the location of the MWA probe
while the solid circles denote the locations of the receiving antennas.
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Fig. 3. Results of estimations of complex permittivity by the proposed
method. Black and blue broken lines indicate the original Debye curve in the
pre- and during ablation. Red and Purple dots denote the estimated values in
the pre- and during ablation, and each solid lines are fitting curves by single-
pole Debye model. (a): Real part of complex permittivity. (b): Imaginary
part of complex permittivity.

As a notable feature of this method, it provides the change
of complex permittivity without adding a specific probe or
equipment, and offer a real-time monitoring for complex
permittivity in the proximity of the MWA probe.

IV. 2-D NUMERICAL SIMULATION EXAMPLES

A. Simulation model

This section describes the performance evaluation by the
2-D FDTD simulation, using the realistic breast phantoms as
Class 3 ”heterogeneously dense” (ID number: 062204), the
dielectric profiles of which are derived from the MRI images

TABLE I
ESTIMATION RESULTS OF RELATIVE PERMITTIVITY AND CONDUCTIVITY

OF PRE- AND DURING ABLATION STATES

Pre-ablation During ablation
ϵ0 σ0 [S/m] ϵn σn [S/m]

Original 51.285 0.799 30.771 0.479
Estimated 56.100 0.813 30.252 0.473

Relative error 9.39% 1.75% -1.69% -1.25%

TABLE II
ESTIMATED RESULTS FOR ABLATION FACTOR (ξ)

ξϵ ξσ

Original 0.6 0.6
Estimated 0.5385 0.5684

Relative error -10.3% -5.27%

[14]. These phantoms are available online at the University of
Wisconsin repository [15]. The 2-D FDTD simulations with
single-pole Debye model is used (in-house code provided
by the cross-disciplinary electromagnetics laboratory at the
University of Wisconsin, Madison). The frequency dependent
complex permittivities for skin and breast tissues in the
phantoms are also modeled by single-pole Debye models
ϵ̄(ω) = ϵ∞ + ϵs−ϵ∞

1+jωτ0
+ σ

jωϵ0
over the frequency range from

0.1 to 5.0 GHz, as in [10]. Figure 2 shows the map of the
Debye parameter ∆ϵ of the Class 3 phantom. In this case,
it is assumed that the MWA probe has a dielectric property
with ϵ∞ = 2.1,∆ϵ = 0, σ = 0 S/m, and is inserted into
the central position of the ablation zone, shown as a hollow
black circle in Fig. 2. The 20 receiving antennas, shown as
solid black circles in Fig. 2, are located on a ring outside
breast (immersed in air) with equal spacing. The situation
without noise is assumed, to evaluate only the systematic
error of the method.

The source current forms the Gaussian modulated pulse,
with 2.45 GHz as the center frequency and a 1.9 GHz
bandwidth. The cell size of the FDTD is 0.5 mm squares.
In the ablation zone, there is the uniform decrease from
that of pre-ablation state, namely, the dielectric map in the
ablation zone are still heterogeneous. We have modeled the
ξϵ = ξσ = 0.6 as the influence of ablation. This percentage
range has been observed in ablations of bovine liver tissue
[13] and human mastectomy specimens [9].

B. Results and Discussions

Here, the ablation boundary that assumes 20 mm along
the x-axis and 16 mm along the y-axis is reconstructed by
using estimated complex permittivities in Sec. III-B. Figure 3
shows the results of the complex permittivity estimation for
each frequency, where the ethanol medium (ϵ∞,∆ϵ, σ) =
(4.380, 20.615, 0.001 S/m) is used for the calculation of
Scal
11 (ω) [16]. Figure 3 shows that the estimation for complex

permittivity is acceptable in terms of the real part of the
permittivity, while there are significant errors in the imag-
inary part of permittivity, it is considered that the error is
caused by the heterogeneity surrounding the MWA probe.
Table I summarizes the original and estimation results of
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(a) (b)
Fig. 4. Boundary reconstruction results using true and estimated complex
permittivities, which shown as red points. The actual ablation zone is an
ellipse with major radius (x-axis) of 10 mm and minor radius (y-axis) of
8 mm. (a): Estimated result using the original complex permittivities. (b):
Estimated result using the estimated complex permittivities.

TABLE III
MATERIALS FOR SEMI-SOLID BREAST PHANTOMS

Pre-ablation During ablation
Rapeseed oil 130 ml 150 ml
Pure water 70 ml 50 ml

Neutral detergent 47 ml 35 ml
Agar 4.5 g 4.5 g

complex permittivity at 2.45 GHz. Table II also shows the
error analysis for ablation impact denoted as ξϵ and ξσ . These
results demonstrate that our method achieves the accuracy
for the complex permittivity estimation within 10 % relative
errors.

Finally, we show the imaging performance of the method
[12] using the estimated complex permittivity. Figure 4 in-
dicates the results of the reconstruction for the ablation zone
using the original and estimated complex permittivity. The
median errors of the ablation zone estimation are 0.691 mm
, where the permittivity is given, and 1.832 mm , where the
permittivity is estimated by our method, respectively. While
the results obtained by our method become slightly worse
compared with that in the ideal situation, it is considered
that the accuracy for ablation zone estimation is acceptable,
comparing the whole size of the ablation zone. The compu-
tational time required for the imaging is within 0.3 sec using
the Intel Xeon CPU E5-1620 v2 3.7 GHz with 16 GB RAM.

V. EXPERIMENTAL VALIDATION

A. Observation Setup and Breast Phantom

This section describes the experimental validation using
the simplified breast phantom model. Figure 5 shows the
measurement setup with the breast phantom. We introduce
the single slot coaxial probe with 2.2 mm diameter as
ablation probe, where its S11 characteristic is adjusted to
the dielectric property with ϵ = 42, which corresponds to
that of the typical fibroglandular tissue. The center frequency
of this antenna is designed at 2.45 GHz. Vector network
analyzer (TTR500, Oregon, Tektronix, Inc.) is used for S11

and S21 data acquisition, where the frequency is swept
from 0.01 GHz to 5.01 GHz with 6.25 MHz sampling. The
RF amplifier with 15 dBm (87405C, California, Keysight

(a) (b)

(c) (d)
Fig. 5. Measurement setup and phantom. (a): Hemisphere-shaped mea-
surement cup with 8 dipole receivers. (b): Coaxial slot antenna for MWA
probe. (c), (d): Simplified breast phantom and measurement state.

TABLE IV
ESTIMATED RELATIVE PERMITTIVITY AND CONDUCTIVITY

Pre-ablation During ablation
ξϵ ξσϵ0 σ0 [S/m] ϵn σn [S/m]

21.64 0.6878 12.51 0.3460 0.578 0.503

Technologies, Inc.) is used to amplify the transmitting signal
power. The 8 dipole receives with 24 mm length are arranged
on the hemisphered cup with acrylic resin, the radius of
which is 90 mm. We prepare the two semi-solid breast
phantoms having different dielectric property, the radius of
which is 50 mm, to model the pre- and during ablation
state in the breast. For simplicity, these two phantom have
a homogeneous dielectric property, which are made by the
blend of the materials indicated in Table III.

B. Results and Discussions

Table IV shows the measured relative permivitivities and
conductivities of the phantoms modeling the pre- and dur-
ing ablation state. Note that, to focus on the performance
evaluation of ablation zone monitoring by the method [12],
the above permittivity and conductivity are measured by
the commercial equipment and software (DSP16, DMP-
60, KEYCOM Corp.). Figure 6 illustrates the result of
ablation zone estimation using the method [12]. The median
of errors is 2.48 mm in this case, and we confirm that
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Fig. 6. Estimated boundary points shown by the red circles using the measured data, where the actual ablation boundary is expressed as blue solid lines
and the center of the MWA probe is denoted as the hollow circle. (a)x-plane projection (b) y-plane projection (c) z-plane projection.

our proposed method can reconstruct the ablation boundary
accurately. Furthermore, the computational time required for
the imaging is within 3 sec using the Intel Xeon CPU E5-
1620 v2 3.7 GHz with 16 GB RAM. It is considered that the
errors for boundary estimation is caused by the interference
of signal leaked from the ablation probe.

VI. CONCLUSION

This paper proposed the complex permittivity estimation
using S11 parameters for accurate and real-time microwave
ablation monitoring scenario, and validated our previous
method through the experimental measurement using the
simplified ablation phantom. In the 2-D FDTD simulation,
the results demonstrate that the accuracy of the complex
permittivity by S11 parameter is sufficient to obtain the
accurate reconstruction of ablation zone. In addition, the ex-
perimental validation, we demonstrated that our method [12]
provides accurate boundary extraction with a considerably
lower processing time. It is our future work to evaluate our
method using the real ablated tissues.
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