IEEE JOURNAL OF ELECTROMAGNETICS, RF, AND MICROWAVES IN MEDICINE AND BIOLOGY, VOL. 5, NO. 3, SEPTEMBER 2021 231

On the Design of a Microwave Imaging System to
Monitor Thermal Ablation of Liver Tumors

Mengchu Wang

Abstract—Thermal ablation treatment of cancer is increasingly
adopted in the clinical practice, being minimally invasive and highly
specific. However, a significant drawback of the technique is the
lack of effective imaging modalities for monitoring the changes
undergoing in the thermally treated tissue. In this respect, mi-
crowave imaging has been proposed as a possible candidate, owing
to its portability, low-cost, non-ionizing nature, and capability to
detect changes in dielectric properties of tissues induced by the
temperature. The goal of this paper is to provide the guidelines for
the design of a microwave imaging system for thermal ablation
monitoring of liver tumors. To this end, an analytical study is
performed to determine the proper working conditions, in terms
of frequency band and matching medium. Then, three antipodal
Vivaldi antennas on different dielectric substrates are designed and
numerically assessed. Among those antennas, the Vivaldi antenna
on RT/duroid 6010LM substrate proved to be the most suitable
choice. The results of this study pave the way to an experimental
assessment of microwave imaging as a modality to monitor thermal
ablation treatments.

Index Terms—Electromagnetic devices, microwave imaging,
thermal ablation, ultra wideband antennas, vivaldi antennas.

1. INTRODUCTION

IVER cancer is recognized as a disease with an increased
death rate every year [1]. Indeed, in the last 40 years, the
overall death rate has doubled its number [1]. To improve the
survival rate, the success of early-stage diagnoses and following
clinical treatments is fundamental [2].
Microwave thermal ablation (MTA) is a treatment that de-
stroys the tumor with a minimally invasive approach [3]. Clinical
studies demonstrated that it has a good effect on small (less
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than 3 cm) to medium size lesions (3—-5 cm) [4]. However,
remotely monitoring the ablation region during the treatment
and detection of the ablation temperature remain distinct tasks
for researchers [5].

Several imaging modalities have been used in the clinical
settings. Ultrasound (US) shows attractive characteristics as it
provides real-time imaging and is cost-effective [6]. However,
when it comes to thermal ablation of tissue with large water
content such as the liver, the US sensor is blinded by a hyper-
echogenic cloud caused by water vaporization [7]. Magnetic res-
onance imaging (MRI) can provide high-resolution temperature
maps [5]. Currently, it is the only modality with well validated
techniques for real time temperature monitoring [8]. However,
its bulky size and high cost are constraints for cost-effective sys-
tems [5]. Additionally, compatibility issues are present between
MRI and MTA devices [9]. Finally, computed tomography scan
(CT) can monitor temperature during ablation treatments [10].
However, high dose ionizing radiation caused by multiple scans
during the treatment could cause DNA mutations [11]. There-
fore, CT is not suitable for long time exposures and is more often
used for clinical follow-up [12].

In comparison with the imaging modalities mentioned above,
microwave imaging (MWI) shows characteristics able to over-
come all cited difficulties, being harmless, compact-sized and
low-cost [13]. The principle of MWI is based on processing
the electromagnetic (EM) field scattered by the body to create
images of the dielectric properties of tissues [13]. Given the
significant changes that electric properties of tissue undergo
during ablation treatments [14], MWI is viable for monitoring
the progresses during the procedures [15]. Most of biomedical
applications of MWI operate in the ISM band, particularly
around 2.45 GHz [13], [16].

A first experimental proof of the applicability of MWI
for monitoring thermal ablation was given in [15], where an
imaging experiment was performed on an ex vivo liver sample
probed before and after an 8-minute long treatment. However,
while providing a confirmation of the potential of MWI, such
a study was based on a set-up not specifically designed for the
application at hand. In particular, both used antipodal antennas (a
heart-shaped one [17] and a Vivaldi one [18]) had been designed
for UWB radar applications in the frequency band from 3 to
10 GHz. As it will be shown later on in the manuscript, MWI
systems perform better using frequencies below 2 GHz. Indeed,
given the encouraging results in [15], antennas specifically
designed for the foreseen system are now needed.

Starting from the positive outcomes of [15], in this paper the
design of an ad-hoc MWI thermal ablation monitoring system
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was faced. In particular in this contribution, first, the optimal
working conditions are determined in terms of frequency band
and properties of the medium to be adopted for improving the
matching between the probing field and the human body. To
this end, a 1-D 4-layered abdomen region was studied and
the transmission coefficient as a function of the frequency
and external medium was evaluated. This approach already
proved successful to study this kind of problems (e.g. brain
MWI [19]). Then, the results achieved with the 1-D model are
verified studying a cylindrical geometry. Finally, the design and
numerical characterization of a compact Vivaldi antenna to be
used in the imaging experiments is presented. Vivaldi antennas
are typically used for medical imaging applications thanks to
their end-fire radiation pattern which allows high density array
arrangement [20]. Besides, Vivaldi antennas can easily achieve
wideband performances without complex bandwidth enhance-
ment designs [21]. The Vivaldi antenna proposed in this paper
is simulated in the suggested matching medium; it shows a
bandwidth from 500 MHz to 5 GHz. An investigation of different
antenna substrates was carried out aiming for antenna’s minia-
turization. Finally, SMA feedings problems inside the matching
medium were put into evidence and a possible solution was
proposed.

II. MATERIALS AND METHODS

A. Simplified Models

In an MWI system, the antennas are usually located within a
medium that matches the EM field radiated by the antenna to the
biological tissues [22]. Accordingly, in this paper the matching
medium properties and the antennas’ frequency band are chosen
such that the largest possible portion of the EM power enters
the abdomen and provides a meaningful backscattered signal
after interacting with the liver [19]. To this end, as a first-order
approximation, the region of interest can be represented by
a semi-infinite multi-layer planar slab, composed of skin, fat,
muscle, and liver. Similarly, the EM field propagating within
the matching medium and impinging on the layered model can
be represented by way of a plane wave traveling in a direction
orthogonal to the interface between the medium and the skin.
Based on average statistics, the thickness of the skin was taken
equal to 2.3 mm, that of fat 12.2 mm, and that of muscle 20.2
mm [23], [24]. The last layer, mimicking the liver, is considered
to be semi-infinite in-depth, being the target of the analysis.
The frequency dependent dielectric properties of the different
tissues were modeled as a single pole Cole-Cole model whose
parameters were taken from [25].

The above described structure can be studied using the trans-
mission line (TL) formalism [26], see Figure 1. Following the
TL equivalence, the characteristic impedance of the line segment
corresponding to the n-th tissue is given as [26]:

Zn =V ,UO/EOEn (1)

where €,, is the complex relative permittivity of the n-th tissue. In
the following, Z,,,, Zs, Z 5, Z,, and Z; denote the characteristic
impedances of matching medium, skin, fat, muscle, and liver,
respectively. According to the impedance transfer equation, the
equivalent impedance at interface CC’ (Figure 1) between fat
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Fig. 1. Transmission line model of a plane wave impinging orthogonally on a
planar layered structure.
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Fig. 2. Cylindrical geometry.
and muscle is [26]:
Zpp + jZm - tan kmlm
Zoor = Zm (2)

T+ iZpp - tan kb

where Zpp = Z; represents the impedance of the liver. The
equivalent impedance at interface BB’ between skin and fat is
calculated with an equation readily obtained from 2, by simply
replacing Z,, with Zy, l,, with [;, and Zpp' with Zccr, re-
spectively. The equivalent impedance at interface AA’ between
matching medium and the skin is computed in the same way.
Finally, from the knowledge of Z 4 4/, the reflection coefficient
of the electric field at the interface between the matching medium
and skin can be evaluated as:

ZAA’ - me

Tan = ——5— 3
=TT 3)

while the power transmission coefficient at the interface is:
Tan =1—|Canl®. 4)

To verify the results achieved with the TL model, a 3D cylindrical
layered structure with elliptical cross-section mimicking the
abdomen was considered. The detailed geometry is given in
Figure 2.

B. Antipodal Vivaldi Antenna (AVA)

In MWI, the imaging resolution can be improved by increas-
ing the number of antennas [27]. Hence, it is preferable to use
compact antennas to allow a larger number of elements to be
used. Several substrates were considered in this study to design
an antenna as small as possible. In particular, RT/duriod 6010LM
(Rogers Cooperation, USA, 4,5 = 10.2), T-Ceram E-20 ma-
terial (T-Ceram, S.r.o. Czechia, £4,, = 20.0), and T-Ceram
E-37 (T-Ceram, S.r.o. Czechia, £4,, = 37) were considered.
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Fig. 3. Antipodal Vivaldi Antenna (AVA) geometry, W=60 mm, L=60 mm,
Wy, = 0.9 mm, yy = 14.5 mm, 71 = 30 mm, r2 = 29.1 mm, 751 = 50.1 mm,
rs2 = 20.37 mm (gray: metallic layer, pink: substrate).

The thicknesses of these antenna substrates are 1.905 mm,
2 mm, and 2 mm respectively, plus a 17-pm-thick conductive
coating. The antipodal Vivaldi antenna with RT/duriod 6010LM
substrate (AVA-RT) (Figure 3) and the antipodal Vivaldi antenna
with T-Ceram E-20 substrate (AVA-E-20) were designed by
following [28], where an antenna working in the 3-10 GHz
band is presented. The antipodal Vivaldi antenna with T-Ceram
E-37 substrate (AVA-E-37) was designed applying equation (1)
in [29]. Such antennas were chosen for their compact size and
because they were designed for imaging purposes [28], [29].
The design study was then aimed at taking the advantageous
features of those antennas and translating them into the consid-
ered scenario, wherein the antenna is immersed in the matching
medium (not in air). In particular, the matching medium reduces
the wavelength of a factor 1/,/2,, (¢, is the relative permittivity
of the material), with respect to air. Therefore, it allows reduc-
ing antenna’s dimensions preserving its working capabilities at
lower frequencies (i.e. below 1 GHz).

C. EM Modeling Software and Simulations

The study of the plane wave impinging on the cylindrical
geometry shown in Figure 2 was carried out using WIPL-D Pro
CAD (WIPL-D d.o.0., Serbia) [30], which is an EM simulation
software, based on the methods of moments. All antennas were
designed and simulated through CST software (Dassault Sys-
temes, France). CST is a software based on the finite integration
technique applied to Maxwell’s curl equation in the time domain.
Itis a marching in time procedure that simulates the propagation
and interaction of EM waves in a region of space [31]. The
antennas were fed by waveguide feedings looking for the best
matching in the frequency band derived from the numerical
study described in section II-A. To achieve this goal, the pa-
rameter sweep function of the CST software was applied for
W (Woin = 50 mm, W4 = 70 mm), L (L5, = 50 mm,
Linar =70 mm), w,, (Wmmin = 0.7 mm, Wymae = 1.2 mm),
antenna major ellipses radii 751 (Fsimin = 45 mm, rs1mar =
60 mm) and minor ellipses radii 753 (Ps2min = 11 mm, rs2maz
= 29 mm), one at a time, with 10% sweep steps which were
accordingly adjusted each time until the best antenna matching
was achieved (see Figure 3). Firstly, a coarser sweep step was
selected; if a better matching was achieved at a certain point, a
finer step was used for a second sweep around this value. The

simulation process was stopped when the results variations were
less than 10%.

III. RESULT AND DISCUSSION

A. 1-D Transmission Line Model

Based on the formulas in Section II-A, the transmission coef-
ficient at the interface between a generic lossless medium, with
relative permittivity varying between 1 and 80, and the layered
structure providing a simplified model of the abdomen was
calculated in a frequency range between 500 MHz and 5 GHz.
Figure 4(a) shows the calculated transmission coefficient as a
function of the matching medium permittivity and frequency.
The plot shows that, similar to what happens in other biomedical
MWI applications [19], a ‘forbidden transmission band’ occurs
from 2 GHz to 3 GHz, where the transmission coefficientis lower
than 0.5. Such an effect arises because the layered structure is
made by a low permittivity layer (fat), enclosed between two
higher permittivity layers (skin and muscle, respectively), be-
having like a waveguide at some frequencies [32]. Accordingly,
less power is delivered to the target between 2 GHz and 3 GHz
as compared to other portions of the frequency spectrum. The
power transmission increases again above 3 GHz. However,
the penetration depth of the EM wave severely decreases at
higher frequencies, thus making difficult if not impossible to
accurately measure useful signals. Accordingly, in the MWI
system under design, it is preferable to use frequencies below
2 GHz. Following these considerations, Figure 4(a) suggests that
the best choice would be a frequency band of 500 MHz-2 GHz
and a matching medium with a permittivity value close to 23. In
fact, although lower permittivity values show better transmission
at lower frequencies, the 2-3.5 GHz stopband shows almost
no power transmission to the target. On the contrary, higher
permittivity values show degraded performances at the lower
frequencies.

To verify if the unavoidable presence of losses has an effect
on the previous outcomes, the transmission coefficient has been
recomputed considering a matching medium with losses. In
particular, the losses associated to a realistic medium obtained
with a water-oil emulsion and showing a permittivity of about
23 at 915 MHz [33] were considered. Accordingly, the 1-D
analysis was repeated considering a matching medium with
relative permittivity between 1 and 80 and a conductivity of
0.07 S/m. As can be seen from Figure 4(b) the above findings
are confirmed.

Finally, the transmission coefficient was computed when a
layer of ablated tissue is present. To this end, a 6-layered
structure made by skin, fat, muscle, liver, ablated zone, and liver
was modeled. The thickness of the liver layer between muscle
and ablated zone was set to 10 mm, and that of the ablated
zone was 25 mm. The other tissue layers were the same as the
pre-ablation model and the same matching medium was used.
The dielectric properties of the thermally ablated liver were ob-
tained from measurements done on a post-ablation ex vivo ovine
liver [34].

The results are shown in Figure 4(c). As can be seen, the
transmission coefficients in the two scenarios exhibit a similar
behavior, confirming that the designed matching medium works
properly, also in presence of the ablated tissue. In particular,
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Fig. 4. Power transmission coefficient for different matching media: (a) loss-
less matching medium, (b) matching medium with conductivity 0.07 S/m, and
(c)1-D transmission coefficient for a medium e, =23, 0 = 0.07 S/m comparing
healthy liver or liver with a thermally ablated area 2.5 cm thick.

above 2 GHz, the two curves are almost overlapping, in agree-
ment with the effect of the foreseen stopband and the significant
reduction of the penetration depth of the EM field at higher
frequencies. In addition, at lower frequencies (below 2 GHz,
which is the frequency range of interest), the two curves are
clearly different. Although such a plot can give only a qualitative
indication, it can be noted that the relative variation of the
transmitted power due to the presence of the ablated tissue
(expressed in dB and normalized to the power transmitted in
the healthy liver) is in the order of —30 dB, This value is well
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Fig. 5. E-Field distribution within a cylindrical layered phantom evaluated
through WIPL-D at 1 GHz (a) phantom in free space and (b) phantom in matching
medium with permittivity value of 23.

above the typical noise floor of standard VNAs, thus giving an
indirect confirmation of the viability of the imaging concept
preliminary demonstrated in [15].

B. EM Simulation Results in WIPL-D Environment

To verify the outcome of the 1-D analysis, a WIPL-D Pro
simulation was carried out [30]. In particular, a plane wave
impinging on a cylindrical layered structure mimicking the
abdomen was simulated. The electric field amplitude was set
to 1 V/m, and the electric field polarization was parallel to the
axis of the cylinder.

Figure 5 shows the E-field distribution (unit: dB xV/m) in
the central transversal section of the phantom, with respect to
the height. In particular, Figure 5(a) is obtained considering the
phantom surrounded by air, while Figure 5(b) refers the case
in which the phantom is surrounded by a lossless matching
medium with a relative permittivity value of 23. Plots have been
normalized to the maximum E-field value in correspondence
of the surface of the skin. Table I reports the maximum E-field
absolute values at 1 GHz in the different tissues in the two cases,
normalized to the maximum value recorded in the skin in the
case of air surrounding the model. From Figure 5 and Table I, it
can be noticed that the field values absorbed into the phantom
when the matching medium is present are greater than when
air is present. The results also confirm that E-field penetration
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TABLE I
MAXIMUM E-FIELD NORMALIZED ABSOLUTE VALUE IN DIFFERENT TISSUE OF
THE LAYERED CYLINDER AT 1 GHz

Maximum E-field normalized value (dBpV/m)

In air In matching medium
Skin 0 32.0645
Fat -3.8641 28.0761
Muscle -31.1005 -1.273
Liver -46.8066 -17.9472

0 T T T T T T T T

AVA-RT
AVA-E-20 |
AVA-E-37

S11 Parameters (dB)

50 L L L . L L L L
0.5 1 15 2 25 3 35 4 4.5

Frequency (GHz)

o

Fig. 6. Simulated S7; parameters of Vivaldi antennas on three different
substrates: RT/duriod 6010LM, T-Ceram E-20, T-Ceram E-37. The antennas
are immersed in a matching medium (e, = 23, o = 0.07 S/m).

TABLE I
DIMENSIONS OF VIVALDI ANTENNAS ON THREE DIFFERENT SUBSTRATES:
RT/Duroid 6010 LM, T-CERAM E-20, T-CERAM E-37

Antenna Parameters [mm)]

AVA-RT AVA-E-20 AVA-E-37
W 60 60 42
L 60 60 50
WxL 3600 3600 2100
W 0.9 0.34 0.15
ts 1.905 2 2

is frequency sensitive, as expected, and the considerations on
the lower expected spatial resolution achievable when the air
surrounds the geometry. Finally, it is worth noting that field
coverage looks wider when air is present, in agreement with pre-
dictions derived from Figure 5(b). This is possibly due to surface
waves traveling around the cylinder. However, this phenomenon
is not desirable since it could give rise to scattered fields with
arbitrary phase with respect the useful signal from the inside of
the body. Accordingly, the reported results confirm that the use
of the identified matching medium is the most suitable choice.

C. Antennas Design and Matching

Asiillustrated in Section II-B, three antipodal Vivaldi antennas
were designed on three different substrates. The S11-parameters
of the antennas when operated in the matching medium are
shown in Figure 6. The antennas cover a frequency band from
500 MHz to 5 GHz, which is more than the required bandwidth
(500 MHz-2 GHz). Table II gives the dimensions of the antennas

| | o
AVA-RT ‘ ' ' ‘ N
L 4l ‘L n
AVA-E-20 0 ' | ' ‘ s
AVA-E-37

N

0.5GHz 1GHz 2GHz

Fig. 7. E-field distribution of Vivaldi antennas on three different substrates:
RT/duriod 6010LM, T-Ceram E-20, T-Ceram E-37. The antennas are immersed
in a matching medium (¢, = 23, 0 = 0.07 S/m).

= ——
g
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Fig. 8. Antenna feedings: (a) SMA connector and (b) SMA connector whose
pin covered with epoxy resin.

after the optimization process. It is found that the antenna with
RT/duriod 6010LM and the one with T-Ceram E-20 substrate
are of the same dimension. Even if the permittivity value of the
substrate material is higher, it does not successfully miniaturize
the antenna dimension inside the matching medium. AVA-E-37
has the most compact dimension as compared to the other two
antennas, with a 41% reduction. The E-field distributions on the
yz plane (see reference system in Figure 3) of the optimized
antennas inside the matching medium are shown in Figure 7, at
500 MHz, 1 GHz and 2 GHz. From the figure it is obvious that
they exhibit similar behaviors.

In Section III-C, the antennas were simulated in CST with a
waveguide feeding in order to simplify the model. In practice,
the antenna is fed by a coaxial cable through an SMA connector.
As known, the transition from a coaxial feeding to a microstrip
line feeding could cause mismatch and introduce noise [35].
To characterize this behavior the three antennas in the previous
section were considered with a coaxial feeding, as shown in
Figure 8(a). Figure 9 shows the corresponding S7; parameters
of the three antennas (dashed lines). As can be seen, when the
antennas are connected to an SMA connector and placed inside
the matching medium, all the antennas become mismatched.
This is because the SMA connector is designed to work in air.
To overcome this problem, a simple solution was proposed by
covering the connector pin with an epoxy resin of permittivity
equal to 4 and dimensions of 4.76 x 5.75 x 2.77 mm?® (see
Figure 8(b)). This method could isolate the connector pin from
the matching medium, thus avoiding the connector impedance
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Fig. 10. Simulated S7; parameters of the AVA-RT antenna fed by SMA

connector and immersed in the matching medium (e, = 23, ¢ = 0.07 S/m)
when the antenna radiates in the matching medium and when it is positioned in
front of different abdomen phantoms.

mismatch. From the results in Figure 9 it can be noted that
the use of the epoxy resin provides the expected effect for the
AVA-RT antenna. Conversely, the AVA-E-20 antenna remains
mismatched in the frequency range of interest (from 800 MHz
to 1.8 GHz), and the AVA-E-37 remains mismatched throughout
the whole frequency band. This is due to the large dielectric
property difference between the substrate material and the epoxy
resin. A sensitivity study was carried out with a slight variation
of 1-2 mm of the epoxy resin dimension, however, the S7:-
parameters of the antennas was barely changed.

D. AVA Behaviors in Realistic Conditions

Finally, simulations were carried out to verify the antenna
behavior in the presence of the human body. To this end, the
AVA-RT, fed by a SMA connector and immersed in the matching
medium (e, = 23, 0 = 0.07 S/m) was placed in contact to a
4-layer abdomen phantom made by the same tissues, with the
same thicknesses, as in Section II-A. Figure 10 compares the
antenna’s matching in the presence and in the absence of the
phantom. From the figure it can be derived that the antenna
keeps the matching when the human body is present. As a further
comparison, Figure 10 reports the S7; parameter of the antenna
simulated when a spherical post-ablation zone is placed at the
center of phantom, 10 mm beneath the muscle-liver interface.
The diameter of the ablation zone is 25 mm and its properties

are ¢, = 20.67, 0 = 1.26 S/m [36]. As for the case of the
1-D analysis, we can notice that the presence of the ablation
zone does not change the antenna matching as compared to the
healthy liver case, confirming that the designed antenna is a
suitable candidate for the MWI device. Moreover, a quantitative
difference is observed in the S7; value in the band of interest
(i.e., below 2 GHz). The inset in Figure 10 shows the correspond-
ing differential signal, computed as the difference between the
signals normalized to the amplitude of the healthy-liver signal.
As can be noted, such a difference varies between —50 and
—60 dB. Such a differential signal level is consistent with the
1-D analysis, which was referred to the power.

IV. CONCLUSION AND FUTURE WORK

This study provides the initial guidelines on the frequency
band, matching medium selection and antenna design, for the
development of a microwave imaging device for monitoring
thermal ablation treatments of liver tumors, by sensing the
changes occurring in the treated tissue. The 0.5-2 GHz frequency
band and a medium with permittivity equal to 23 have been
identified as the suitable working conditions. With respect to
those figures, three antipodal Vivaldi antennas were designed
and numerically assessed. Once achieved the desired design,
the presence of the SMA connector was simulated putting into
evidence a matching issue determined by the difference in di-
electric properties between the matching medium and antenna’s
substrate. To the best of our knowledge, this was the first time
such an issue was evidenced; additionally, a simple and feasible
solution was proposed. Future work includes the realization of
the matching medium and AVA-RT antenna, to allow carrying
out experiments for the proposed device. As a final comment,
it is worth noting that, while the present study is referred to a
device for monitoring thermal ablation of liver tissue, which is
the most clinically relevant case, the methodology is general and
can be applied for the design of devices for monitoring thermal
treatments (ablation or hyperthermia) in regions of the body
different from the liver.
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