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Abstract

Microwave liver ablation monitoring is a current research issue. In this work, a
transmission-based method is proposed to correlate the growth in the ablation
zone in the liver during microwave ablation to the power received on the liver
surface. A surface antenna matched to the liver is used to receive the signal from
a microwave applicator inserted in three different kinds of materials: phantom
materials mimicking the dielectric properties of liver, sweet potatoes which have
similar dielectric properties as liver, and ex-vivo animal liver. The measured
results are corroborated by the simulation and the results obtained from the
theoretical model developed for the transmission of EM waves from a hot liver
to a cold liver. A correlation is found between growth in the ablation zone and
the received power at the surface antenna. The 2.4-2.5 GHz ISM band is used for
microwave ablation in this work.

During this work, different phantom materials are prepared using Polyvinylpyrroli-
done and Triton X-100 materials for mimicking the dielectric properties of the
liver. Moreover, the capacitance model is used to derive the mathematical formu-
lation to calculate the dielectric properties of these phantom materials from the
measurement of reflection loss of a dielectric probe in the phantom materials
for different frequencies and temperatures. Moreover, a high-power microwave
source is developed from off-the-shelf components for stimulating high power
up to 80 W in the materials under test. The surface antennas are designed for
body-matched application which in this case is the liver. The designs of linearly
polarized bowtie-slot surface and submerged (dipped) antennas are presented.
For orientation independence in the azimuth plane for placing the antenna on
the liver surface, a circularly polarized circular patch antenna is designed with
and without a matching medium which enhances the performance of the circular
patch antenna. Secondly, the design of a single-slot microwave applicator is
presented which is used to stimulate high power in materials under test used
during this work. The antennas are designed using CST studio suite 2020.

Two types of simulations are performed in this work. In the first simulation, the
transmission of EM wave through a two-layer model consisting of a hot and a cold
liver similar to the theoretical model is simulated. The second is an EM-thermal
co-simulation which is carried out for obtaining different temperature profiles
at different time instants while stimulating 50 W power in the liver at 2.45 GHz.
Then using these temperature profiles resulting in the temperature-dependent
dielectric properties variation, the EM simulations are carried out to see the
variation in the received power on the surface antenna. The second simulation
approach is the equivalent of monitoring changes in the received power on a
surface antenna during microwave ablation in an ex-vivo liver. Corresponding
to these simulations, experiments are performed with the hot and cold liver
phantoms, sweet potatoes, and animal livers. There is a measured increase
of 4.5 dB in the received power in two-layer phantom experiments when the
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hot liver tissue radius increases from 1 cm to 2 cm for an overall distance of 4
cm between the microwave applicator and the dipped antenna. On the other
hand, there is a 3 dB measured loss in the received power after 10 minutes of
microwave ablation in the ex-vivo liver with 50 W microwave power at 2.45 GHz
when the distance between the applicator and the antenna is again 4 cm. The
change in received power is related to the growth in the ablation zone. Hence,
the transmission-based method for monitoring microwave ablation in the liver is
validated.
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Kurzfassung

Die Überwachung der Leberablation durch Mikrowellen ist ein aktuelles Forschungs-
thema. In dieser Arbeit wird eine transmissionsbasierte Methode vorgeschlagen,
um das Wachstum in der Ablationszone in der Leber während der Mikrowellen-
ablation mit der auf der Leberoberfläche empfangenen Leistung zu korrelieren.
Eine an die Leber angepasste Oberflächenantenne wird verwendet, um das Signal
von einem Mikrowellenapplikator zu empfangen, der in drei verschiedene Arten
von Materialien eingeführt wird: Phantommaterialien, die die dielektrischen
Eigenschaften der Leber nachahmen, Süßkartoffeln, die ähnliche dielektrische
Eigenschaften wie die Leber haben, und Ex-vivo-Tierleber. Die Messergebnisse
werden durch die Simulation und die Ergebnisse des theoretischen Modells
bestätigt, das für die Übertragung von EM-Wellen von einer heißen Leber auf
eine kalte Leber entwickelt wurde. Es wurde eine Korrelation zwischen dem
Wachstum in der Ablationszone und der empfangenen Leistung an der Ober-
flächenantenne festgestellt. In dieser Arbeit wird das ISM-Band von 2,4-2,5 GHz
für die Mikrowellenablation verwendet.

In dieser Arbeit werden verschiedene Phantommaterialien aus Polyvinylpyrroli-
don und Triton X-100 hergestellt, um die dielektrischen Eigenschaften der Leber
nachzuahmen. Darüber hinaus wird das Kapazitätsmodell verwendet, um die
mathematische Formulierung zur Berechnung der dielektrischen Eigenschaften
dieser Phantommaterialien aus der Messung des Reflexionsverlustes einer
dielektrischen Sonde in den Phantommaterialien für verschiedene Frequen-
zen und Temperaturen abzuleiten. Darüber hinaus wird eine Hochleistungs-
Mikrowellenquelle aus handelsüblichen Komponenten entwickelt, um hohe
Leistungen bis zu 80 W in den zu prüfenden Materialien anzuregen. Die Ober-
flächenantennen sind für eine körperangepasste Anwendung, in diesem Fall die
Leber, ausgelegt. Die Designs der linear polarisierten Bowtie-Slot-Oberflächen-
und Tauchantennen werden vorgestellt. Für die Orientierungsunabhängigkeit in
der Azimut-Ebene zur Platzierung der Antenne auf der Leberoberfläche wird eine
zirkular polarisierte zirkulare Patch-Antenne mit und ohne Anpassungsmedium
entworfen, was die Leistung der zirkularen Patch-Antenne verbessert. Zweitens
wird der Entwurf eines Einschlitz-Mikrowellenapplikators vorgestellt, der zur
Anregung hoher Leistungen in den in dieser Arbeit verwendeten Testmaterialien
verwendet wird. Die Antennen werden mit der CST Studio Suite 2020.

entworfen.

In dieser Arbeit werden zwei Arten von Simulationen durchgeführt. In der er-
sten Simulation wird die Übertragung von EM-Wellen durch ein zweischichtiges
Modell, bestehend aus einer heißen und einer kalten Leber, ähnlich dem theo-
retischen Modell, simuliert. Die zweite ist eine EM-thermische Co-Simulation,
die durchgeführt wird, um verschiedene Temperaturprofile zu verschiedenen
Zeitpunkten zu erhalten, während die Leber mit einer Leistung von 50 W bei 2,45



viii CONTENTS

GHz stimuliert wird. Anhand dieser Temperaturprofile, die zu einer Veränderung
der temperaturabhängigen dielektrischen Eigenschaften führen, werden dann die
EM-Simulationen durchgeführt, um die Veränderung der an der Oberflächenan-
tenne empfangenen Leistung zu ermitteln. Der zweite Simulationsansatz ist das
Äquivalent zur Überwachung der Änderungen der empfangenen Leistung an
einer Oberflächenantenne während der Mikrowellenablation in einer Ex-vivo-
Leber. Entsprechend diesen Simulationen werden Experimente mit dem heißen
und kalten Leberphantom, Süßkartoffeln und Tierlebern durchgeführt. In Exper-
imenten mit zweischichtigen Phantomen wird eine Zunahme der empfangenen
Leistung um 4,5 dB gemessen, wenn der Radius des heißen Lebergewebes bei
einem Gesamtabstand von 4 cm zwischen dem Mikrowellenapplikator und der
getauchten Antenne von 1 cm auf 2 cm erhöht wird. Andererseits gibt es einen
gemessenen Verlust von 3 dB in der empfangenen Leistung nach 10 Minuten
Mikrowellenablation in der Ex-vivo-Leber mit 50 W Mikrowellenleistung bei 2,45
GHz, wenn der Abstand zwischen dem Applikator und der Antenne wieder 4 cm
beträgt. Die Änderung der empfangenen Leistung steht im Zusammenhang mit
dem Wachstum der Ablationszone. Damit ist die transmissionsbasierte Methode
zur Überwachung der Mikrowellenablation in der Leber validiert.
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1
Introduction

Radio- and Microwaves are in the non-ionizing part of the electromagnetic

spectrum with numerous applications in health care and medicine. Mi-

crowaves are considered to be in the 300 MHz (1 m) to 300 GHz (1 mm)

frequency range (see Figure: 1.1). The Industrial scientific and medical

(ISM) band is assigned for medical applications in radio and microwaves;

the frequencies in the ISM band used for medical applications are 9 kHz,

6.7 MHz, 13.5 MHz, 27.1 MHz, 40 MHz, 150 MHz, 434 MHz, 915 MHz, 2.45

GHz, 5.8 GHz, 24 GHz, 61 GHz, 122.5 GHz, and 245 GHz. [1].

Figure 1.1: The electromagnetic spectrum: separating ionizing & non-ionizing
part of the spectrum and indicating the slot for radio & microwaves. Photo

courtesy: Australian Radiation Protection and Nuclear Safety Agency.

1
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The microwaves are in a low-energy electromagnetic (EM) spectrum

whose interaction with a living cell or biological molecule does not cause

any chemical changes; therefore, microwaves can safely be used for any

medical treatment or diagnostic purpose. However, high-power microwaves

can cause thermal damage to an unwanted tissue such as a tumor [2].

These high power microwaves with thermal energy have medical applica-

tions in sterilization [3], heavy metal digestion [4], lysis [5], electroporation

[6], and ablation therapy [7, 8]. Microwaves can also be used for diagnostic

purposes where there is no thermal energy involved. Aided by surface an-

tenna arrays, radar, and microwave tomography, a contrast in properties

of healthy and malignant tissue can be diagnosed such as in breast cancer

detection [9, 10, 11, 12, 13]. In addition to these applications, the new

5G technology enabled by wearable and implantable medical sensors has

revolutionized the healthcare sector. Some applications of microwaves

in e-healthcare such as non-contact security, behavior recognition, blood

pressure, and pulse monitoring are discussed in [14].

1.1 Motivation

Liver cancer is the fifth most common cause of cancer and the second

most often cause of cancer-related death in men worldwide [15]. In Eu-

rope, 12.8 people out of 100,000 people are diagnosed with liver cancer

out of which 11.3 people die, bringing the mortality to 88 % [16]. Therefore,

there is a need for improvement in methods for diagnosis and treatment

of liver cancer to bring down the very high mortality rate.

The focus of this work is on ablation therapy which is used for cancer treat-

ment in the liver, lungs, kidneys, bones, and breasts [17, 18]. Microwave

ablation therapy is widely used for the treatment of liver cancers; the rea-

son is that the liver can regenerate itself and recover the tissues burnt dur-

ing the ablation process as fast as the growth of the tumor itself [19]. Most

microwave ablation system are using 2.45 GHz ISM band for stimulating

powers up to 140 W in 5-10 W steps for up to 600 s [20]. The temperature

above 60 °C can reach in the first 30 seconds near the microwave applica-

tor which is enough to denature the tumor tissues and hence permanently

damage them.
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Monitoring the growth of the ablation zone or temperature profile is cru-

cial to control the ablation process; limiting the ablation process only to

the tumor inside the liver and sparing the surrounding healthy tissues and

organs. The small intestine and gallbladder are two organs under the liver

which can also be damaged due to heating during the liver ablation if the

tumor is seated near the lower border of the liver. Temperature moni-

toring using magnetic resonance (MR) thermometry is presented in [21]

and the method is quite convenient as MR imaging (MRI) is also used for

guiding the microwave applicator to the tumor in the liver. However, the

flip side is that MR-based thermometry is susceptible to the movement

of the patient and the results can be inaccurate. Additionally, MRI equip-

ment is costly and bulky equipment whose availability cannot be made

sure in every health facility. Therefore, a more portable, cost-effective, and

non-invasive method for monitoring microwave ablation in the liver is re-

quired.

1.2 Aim of this Thesis

The aim of this work is the development of a non-invasive method for

monitoring microwave liver ablation. For this purpose, a microwave

transmission-based method (TBM) is proposed to detect the changes

in the magnitude of microwave power used for the ablation of liver tissue

reaching the surface of the liver. The contrast in dielectric properties of

heated and normal liver tissue accounts for the changes in the magnitude

of microwave power reaching the surface of the liver sample being ablated.

A microwave applicator and a high-power radio frequency (RF) source are

developed for microwave ablation (MWA) in the liver. Furthermore, sur-

face body-matched antennas (BMAs) are developed to detect these power

changes. This is a unique method in which the power used for microwave

ablation is also utilized for monitoring microwave ablation.

1.3 Structure of this Thesis

In chapter 2, the clinical and technical background of MWA is presented.

Firstly, there is a discussion about hyperthermia: ultrasound, RF, mi-

crowave, and laser ablation. MWA outshines the other ablation thera-
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pies in different aspects. Secondly, the temperature dispersive dielectric

properties of the liver are discussed briefly from the perspective of MWA

monitoring. Thirdly, the previous works on MWA in the liver are presented

along with their limitations for guiding this research.

In chapter 3, the concept design for this work is formulated. Firstly, all the

non-invasive proposed methods for MWA monitoring are discussed. Sec-

ondly, three conceptual approaches are identified for non-invasive moni-

toring of MWA and the second approach (concept-2) is found to be more

appropriate for MWA monitoring. Finally, an introduction of TBM and the

reasons for choosing it are briefly discussed.

In chapter 4, theoretical modeling for MWA monitoring is presented.

Firstly, the dielectric properties of tissue materials and their calculation

from the reflection loss of the dielectric probe using the capacitance

model are presented. Secondly, a two-layer model is presented for the

propagation of EM waves through two liver phantoms mimicking the

properties of a hot and a cold liver. Lastly, the thermal propagation in the

liver is presented using the bio-heat equation.

In chapter 5, materials and methods are presented. Firstly, the making

and working of the high-power RF source (HPS) are discussed which is

used to excite high-power microwaves for MWA. Secondly, three materi-

als under test (MUTs) are presented. Starting with animal liver and sweet

potatoes (SP) as an alternative to the animal liver for ex-vivo studies. Then

dielectric-equivalent phantoms of the liver, mimic the properties of the

liver and the measurement of their properties is presented. Lastly, the ex-

perimental setups used for MWA in liver phantoms, sweet potatoes, and

animal liver are presented and explained.

In chapter 6, all the simulations and measurements are presented. First of

all, the design of a single-slot microwave applicator and its measurement

in different MUTs is presented and its performance is compared with a

commercially produced state-of-the-art microwave applicator. Next, the

BMAs are presented and their need for MWA monitoring is explained. Two

types of BMAs are presented: a bowtie-slot BMA which is linearly polar-

ized and the other is a circularly polarized, circular patch antenna. The

design, simulation, fabrication, and measurement of different variants

of these BMA are presented here. Thirdly, for microwave transmission
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through hot and cold liver phantoms, the simulation model and results,

the experimental results, and the calculated results from the theoretical

model are presented. Fourthly, MWA in sweet potatoes (SPs) as a substi-

tute for the animal liver is presented. The reflected and received power,

the temperature development during MWA in SPs, and the growth of the

ablation zone are presented. The MWA in SPs is also compared with previ-

ous ex-vivo studies carried out on animal livers. Lastly, for monitoring of

MWA in the ex-vivo liver, an EM-thermal simulation model of bowtie-slot

surface BMA and microwave applicator inserted inside the liver is pre-

sented. The temperature profiles for all 10 minutes time instants with 50

W power are shown. The measured dielectric properties of animal liver

during MWA are presented, then the measured ablation zone diameters

are compared with the simulated one. Furthermore, simulated power re-

ceived (|S21|) by surface body matched antenna and reflection loss (|S11|)

of microwave applicator at 2.45 GHz is plotted against ablation time in

comparison with the measured reflection and transmission loss. In the

end, a relative change in received power in comparison to the initially

received power and temperature growth in the ablation zone to ablation

time are presented.

The last chapter is the discussion focused on the working of the microwave

applicator and BMAs, transmission through liver phantoms, MWA moni-

toring in SPs and animal liver, and finally, the comparison of all calculated,

simulated and measured results presented. In the end, there is the conclu-

sion and an outlook upon the future work.





2
Clinical and Technical Background

Hypocrites said, "Give me the power to produce fever and I will cure all

disease". The efficacy of heat in treating wounds by burning is a time-

tested method going on for centuries. Similarly, hot baths are also a uni-

versal practice for treating skin and other diseases since ancient times. For

the last few decades, hyperthermia is an effective treatment for the treat-

ment of cancer but also other diseases such as syphilis, gonorrhea, arthri-

tis, asthma and multiple sclerosis [22]. In this chapter, state-of-art in hy-

perthermia, characterization of dielectric properties of the liver, and ex-

perimentation with MWA in the ex-vivo liver are presented.

2.1 Hyperthermia: Ultrasound, RF, Microwave and laser
Ablation

Hyperthermia is a process of raising the temperature of the human body

through an external source above 45 °C at which the tumor cells are de-

naturalized and damaged irreversibly. The malignant tumor cells have less

blood perfusion rate than normal cells and therefore are more susceptible

to heat in the 41-45 °C range. Hyperthermia is categorized into the whole

body, regional and localized types: the whole body and regional hyperther-

mia are carried out by immersion in hot water, radiant heat, microwave

and hot air cabinets, and perfusion of hot blood. The localized hyperther-

mia is carried out percutaneously with ultrasound (also trans-cutaneous),

laser, RF and microwave energy focused on the target location [22, 23, 24].

Localized hyperthermia using ultrasound (US) is of two types: trans-

cutaneous (non-invasive) and percutaneous. High intensity focused ultra-

sound (HIFU) is the only non-invasive method to produce hyperthermia;

7



8 CHAPTER 2. CLINICAL AND TECHNICAL BACKGROUND

however, the issue with this approach is that due to the sharp focusing of

the US beam, the treatment of large tumors takes too long [23]. The other

emerging method which is not yet used clinically is direct ultrasound ab-

lation [25, 24], it is very precise and the directivity of the applicator can

be used to protect critical areas and through beam-scanning ablation of

larger volumes could be realized; however, more suitable applicators are

still under-development for real clinical situations.

Radiofrequency ablation (RFA) is another method for producing localized

hyperthermia percutaneously [23, 24]. The method is that RF electrodes

are inserted into the target tumor location with the help of an RF electrode

needle and high-frequency alternating currents are formed between them

and grounding pads are placed externally on the patient’s skin. Due to the

alternating nature of RF currents, friction is produced near the electrode

by already present ions in the tissues trying to catch up with changing the

polarity of the electrodes. The effective area of electrodes is smaller in

comparison to the external grounding pads; therefore, more heat is pro-

duced in the vicinity of RF electrodes thus causing thermal ablation of the

target tissue. The amount of heat produced depends upon the RF energy

delivered to the target tissue and heat dispersion is governed by the electri-

cal conductivity and resistance of specific tissue. Usually, 150-200 W of RF

power in the 450-500 kHz frequency range is excited for several minutes

and a temperature above 100 °C is reached which is sufficient for causing

irreversible damage to the tumor tissue. After a saturation point, due to

the formation of gas bubbles and change in tissue resistance, the thermal

damage of the tissue is stopped. With a single electrode a tumor size of up

to 2.5 cm can be ablated but with some advanced electrodes up to 3-4 cm

tumor can be ablated [25]. Another issue with RFA is that burns could be

caused on the skin of the patient near the grounding pads which has led

to increasing the number of grounding pads [25].

Thermal ablation due to EM radiation above 900 kHz is usually termed mi-

crowave ablation (MWA) [24]; however, practical systems operate at 915

MHz and 2.45 GHz. Microwave hyperthermia or MWA was introduced in

the late 1970s for the treatment of cancerous tumors by using implantable

microwave radiators [26, 27, 28]. The working principle is different than

RFA, in MWA instead of the high-frequency alternating current, EM fields

are directly applied to the target tissue. The principle is similar to dielec-
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tric heating, when the electric field is applied to polar molecules like wa-

ter, they try to realign with changing electric fields due to which kinetic

energy is produced which produces friction and therefore heat. In MWA

ablation, the electrical conductivity which enables the RF currents to flow

does not hamper the EM fields; thus, MWA is not slowed down when the

water content is diminished in the tissue. Also, MWA does not require any

grounding pads for RF current flow rather the EM fields independently

traverse through the target tissue. In conclusion, MWA is more efficient

than RFA because it can ablate larger tissue volume in less time. In earlier

MWA systems, microwave applicators had problems like heating along the

shaft of the applicator which caused thermal damage along the insertion

path of the applicator but in new designs, this problem has been solved

by cooling through a water channel around the microwave applicator and

using thicker power cables to absorb most of the heat in the return path

[17, 23, 24, 25, 29, 30, 31, 32].

Laser ablation (LA) or laser-induced thermotherapy (LITT) is based on

converting electrical energy to light energy which on absorption in the tar-

get tissue can instantly produce temperatures above 150 °C. LA is a less re-

searched technique but is an effective technique because up to four fiber

optic threads can be inserted from a gauge 21 device into the target lo-

cation. However, the heat sink (presence of vessels) can hamper its ef-

fectiveness, the area where MWA still beats the other ablation methods

[23, 24, 31, 32]. In conclusion, it could be said that MWA ablation is one

method that is well-suited for thermal ablation in the liver for all condi-

tions.

2.2 Dielectric Properties of Liver

Interaction of EM waves with human beings and animals depends on the

dielectric constant (εr ) and electrical conductivity (σ) of the specific tissue

materials such as skin, and muscles, bones, blood, etc. The frequency dis-

persive material properties of various human tissues and organs up to 100

GHz are reported in [33]. The εr and σ of liver tissue at body temperature

at 2.45 GHz is 44.77 and 1.69 S/m respectively as reported in [33].

During microwave ablation of the liver, the temperature above 120 °C is

reached in the ablation zone. Hence, for the interaction of EM waves with
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the ablated liver tissue, there is a need to characterize the temperature

dispersive properties of the liver. Temperature dispersive dielectric prop-

erties of animal liver during microwave ablation at 2.45 GHz are reported

in [34, 35, 36]. In [36], εr at 2.45 GHz ranges from 48 at 20 °C to 2 at 130

°C and σ at 2.45 GHz ranges from 2.15 S/m at 20 °C to 0.1 S/m at 130 °C.

The contrast in material properties between heated liver and cold liver is

a useful parameter for monitoring microwave ablation.

Animal livers such as bovine and porcine livers are used for liver ablation

studies. However, there are also artificially synthesized phantoms that

have dielectric properties similar to those of animal liver. Like in [37], a

method for synthesizing polyvinylpyrrolidone (PVP) and salt-based tissue

equivalent phantom materials is reported. Similarly in [38], Triton X-100

(TX-100) and salt-based phantom materials for 10 different biological tis-

sues including the liver tissue are reported. Apart from artificially synthe-

sized phantom materials, there also naturally occurring plant tissues that

have similar properties to the liver. In [39], dielectric properties of sweet

potatoes as reported in [40] are identified as similar to those of the liver.

Hence, sweet potatoes and artificially synthesized phantom materials are

suitable candidates for the study of the propagation of EM waves through

liver tissue.

2.3 Microwave Ablation in Liver

Clinically, thermal ablation is guided by imaging using ultrasound, com-

puted tomography (CT), positron emission tomography (PET) or mag-

netic resonance imaging (MRI) [23]; however, it is also important to con-

fine the ablation process only in the affected area but there is no adequate

system to monitor ablation zone spread or temperature growth during the

ablation procedure.

A significant amount of effort is being spent on the investigation of mi-

crowave ablation in the ex-vivo liver by studying the growth of the abla-

tion zone with increasing microwave power and time [35, 41]. This is an

indirect method of determining the extent of the ablation zone for differ-

ent power and time schemes. Another approach is that of monitoring

the change in reflection loss of the microwave applicator during the mi-

crowave ablation like in [35, 36] but this approach also is limited to change
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in impedance matching of the microwave applicator just to the center of

the ablation zone. In some works, temperature profiling of the ablation

zone is done by measuring the temperature at different points in the ab-

lation zone during the ablation by using localized temperature sensors

[34, 42]. Firstly this is an invasive approach because the temperature sen-

sors are inserted inside the liver to be deployed around the microwave

applicator. Secondly, the temperature information is available only on a

point or at best on a few points on a line as is the case with fiber-brag grat-

ing sensors [42].

Consequently, it can be deduced that the aforementioned methods are on

not sufficient for live monitoring of an ablation process and there is a need

for non-invasive methods and techniques for monitoring the growth of the

ablation zone and temperature.





3
Concept Design

Microwave ablation is being practiced clinically since the early 2000s and

since 2008 at University Hospital Frankfurt to treat patients with lung and

liver tumors. As discussed earlier, MWA is a minimally invasive treatment

that can ablate comparatively large tumors in a smaller amount of time

without surgery. The microwave applicator is guided to the center of the

tumor with the help of an MRI. However, MRI does not provide informa-

tion about the growth of the ablation zone or temperature. In the following

section, some of the proposed methods for non-invasive monitoring of the

growth of the ablation zone or temperature during ablation are presented.

3.1 Proposed non-invasive Methods for Microwave Abla-
tion Monitoring

In [21], the magnetic resonance mediated radiofrequency ablation (MR-

RFA) method is proposed. RFA is carried out using the RF field of the MR

scanner itself, so no external RF generator is required. MR thermometry is

carried out using the Proton resonance frequency (PRF) shift method and

is validated by fiber-optic temperature sensors attached to the ablation

needle inserted in the liver. Experiments are performed on agar phantoms,

ex-vivo liver, and live animals. The work provides a one-window solution

for thermal ablation, guidance, and monitoring of RFA. However, it inher-

its some of the problems of RFA itself used for liver ablation and the heat

deposition in in-vivo experiments is not the same as in the case of ex-vivo

experiments which limits its applicability. The temperature change im-

aged by the PRF method is 20 °C compared to the recorded value of 22 °C

by fiber-optic temperature sensors. In conclusion, this method although

13
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seemingly promising is recently proposed and is yet to mature further with

clinical trials. The limitation of the work is obvious that the whole interven-

tion has to be carried out in a specially equipped MR scanner. Therefore,

there is still a need for a cost-effective and more portable microwave ab-

lation monitoring system. Additionally, MR imaging is prone to patient

geometry and the results could be affected due to the movement of the

patient during the procedure.

Microwave imaging (MWI) is another promising non-invasive solution for

monitoring the growth of the ablation zone during ablation. Microwave

imaging or tomography depends upon the solution of inverse source and

inverse scattering problems. In other words, based on the received mi-

crowave signals, the shape of the scatterer or the source is predicted. In the

last few decades, a lot of effort has been spent on developing efficient algo-

rithms through machine learning and compressive sensing to accurately

reconstruct many real-life problems. Microwave imaging is proposed for

the diagnosis of breast, brain, and lung cancers, brain stroke detection,

and now for monitoring of microwave ablation of the liver also. In [43],

a UWB array of antennas submerged into a matching medium surround-

ing phantoms mimicking liver ablation setup. The changes in the scat-

tered signals (S-parameters) from the liver phantoms received by the sur-

rounding antennas over a UWB frequency are used to reconstruct the abla-

tion zone using the singular value decomposition (SVD) microwave imag-

ing algorithm. This is a work in progress towards an actual microwave

imaging-based thermal ablation monitoring system. Microwave imaging-

based thermal ablation monitoring through S-parameters of the scattered

signals over UWB frequency is also proposed in [44].

Another algorithmic method applied for microwave ablation monitoring

is based on the time difference of arrival (TDoA) of microwave signals

emitted from the center of the ablation zone by the microwave applica-

tor received by the antennas surrounding the tissue under test as reported

in [45, 46]. In these simulation studies, the time difference is calculated by

first observing the time of arrival of the transmitted signal before ablation

and then the time of arrival at different instances of microwave ablation.

In the mathematical model, the radius of the ablation zone in a specific di-

rection is related to TDoA, propagation velocity in pre-ablated tissue, and

the fractional change in permittivity of ablated and pre-ablated tissue at
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Figure 3.1: Conceptual design approaches for non-invasive monitoring of thermal
ablation inside a material under test (MUT). Concept-1: Monitoring changes in
the reflection loss (∆S11) of surface BMA due to dispersion dielectric properties.
Concept-2: Monitoring changes in the transmission coefficient (∆S21) on surface
BMA during microwave ablation. Concept-3: Measuring changes in received
power due to the brightness temperature of a broadband thermal noise source.

the specific time instant. The remarkable aspect of these works is that it is

claimed that the position of the receiving antenna does not have a major

effect on the reconstruction of the ablation zone.

Microwave radiometry is another approach that can also be applied for mi-

crowave imaging. Detecting depth and changes in temperature inside the

human brain using microwave radiometry is proposed in [47, 48, 49]. Sim-

ilarly, in [50], a multi-frequency microwave thermograph is presented for

estimating the temperature, depth, and size of a heat source in the human

breast. The radiometry principle relies upon the P = kT B equation which

related the power radiated by a heated source to the temperature and ra-

diation bandwidth of the heat source; where K is the Boltzmann constant.

The same radiometry principle could also be used for the detection of tem-

perature changes inside the liver during thermal ablation.

3.2 Concept design approach

The problem of non-invasive monitoring of thermal ablation in tissue is

approached with three types of concept studies as shown in figure 3.1.
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Concept-1 is based on monitoring of changes in reflection loss of a surface

BMA placed over a material under test (MUT) which changes dielectric

properties inside it. This change in dielectric properties could be a result

of a tumor that has usually different properties than the host tissue or it

could also be a result of thermal ablation which heats the tissue resulting

in a change in the dielectric properties. Some initial experimental stud-

ies are carried out with a surface UWB antenna placed on a liver phantom

which is heated with a heating cartridge 7.5 cm below the antenna. There

is a change of about 4 dB in reflection loss as the liver phantom is heated

from 30 °C to 80 °C at the resonant frequency (1 GHz) of the antenna. How-

ever, in the rest of the band, there is no significant change in the reflection

loss. Moreover, the magnitude of the reflection loss at the resonant fre-

quency and the change are variable in different experiments.

Concept-2 is based on monitoring of changes in transmission coefficient

(∆S21) for a microwave power transmitted by a microwave applicator in-

side a MUT and which is received by a surface BMA. It is similar to concept-

1 in the way that the MUT undergoes a change in dielectric properties

at the ablation zone but it differs in the way that there are two antennas

involved whose individual reflection losses (S11, S22) and also the trans-

mission coefficient (S21) between the two antennas change. However, the

change in the reflection loss of the surface BMA (S22) is not changed much

as compared to the reflection loss of the microwave applicator (S11) which

causes the change in dielectric properties in the MUT and lies at the cen-

ter of this change. In an initial simulation study reported in [51], a BMA

is placed on the liver and a microwave applicator is inserted 7.5 cm below

the BMA. After 300 s of MWA with 50 W power, there is a change of about

10 dB in the transmission at 915 MHz ISM band, 6 dB at 2.45 GHz ISM

band, and about 3 dB change at 5.8 GHz ISM band.

Concept-3 is based on the radiometric principle which states that every-

thing in the surroundings emits electromagnetic energy and the power

emitted by that body is proportional to the brightness temperature (T) and

the bandwidth (B) in which that power is measured. Therefore, an Ultra-

wideband (UWB) BMA is required to receive the microwave power emitted

by a thermal noise source over a large bandwidth. Then the changes in the

power received by the microwave radiometer can be correlated to the rise
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Figure 3.2: Conceptual design of the proposed transmission-based method for
MWA monitoring. Body-matched antennas are placed on the patient’s skin to
measure the microwave power from the applicator inserted in the liver.

in brightness temperature of the target tissue during the ablation process.

However, no further investigation of concept-3 is done.

The concept-2 is more suited for the monitoring of MWA because it takes

advantage of the active microwave source at the center of the ablation

zone which continuously emits power during the ablation. It is note-

worthy that the change in the transmission at the ablation frequencies is

regardless of the resonant frequency of the surface antenna. Moreover,

the reflection loss in concept-1 relies on the reflections from the ablation

zone which have to travel double the distance than in the case of direct

transmission from the ablation zone to the surface antenna. Therefore a

transmission-based method is developed for non-invasive monitoring of

MWA in the liver.

3.3 Transmission based method

In this work, a transmission-based method is proposed for MWA monitor-

ing in the liver as shown in figure 3.2. Combining various aspects of the

aforementioned microwave imaging approaches, a microwave applicator

is inserted in the liver as an EM source and a surface body-matched an-
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tenna is placed on the liver surface to receive and detect power magnitude

changes during microwave ablation. The received power is noted at the

beginning of the ablation process and then the change in received power

is observed during the ablation process which is related to the growth of

the ablation zone.

The reason for choosing TBM is that: exciting more than 50 W power

in a microwave applicator at 2.45 GHz provides a significant contrast

in the receive power magnitude at the surface antenna during the mi-

crowave ablation. The transmission-based method can be used for mi-

crowave imaging technique more like in [45, 46] where there is an active

microwave source (applicator) doing the thermal ablation at 2.45 GHz and

also like in [43] where there is surface body matched antennas to detect

the changes in the magnitude of microwave power on the surface. The

transmission-based method is validated theoretically, in simulation, and

measurements. The simulation and experimental setup carried out to val-

idate the transmission-based method are closer to the real situation than

the aforementioned proposed microwave ablation monitoring methods.



4
Theoretical and Mathematical Modeling

It is important to theoretically and mathematically validate the transmission-

based method for microwave ablation monitoring. Firstly, an introduc-

tion to the dielectric properties of tissue materials is given and then the

reflection-based method to calculate the permittivity and conductivity of

substances is presented which is used later to measure the properties of

synthesized phantoms mimicking the properties of the hot and cold liver.

Secondly, propagation of EM waves in the liver is studied in a two-layer

model representing hot and cold liver for microwave ablation liver using

a microwave applicator and the power received by surface body-matched

antennas. In the end, the propagation of heat in biological tissues is stud-

ied for understanding the extent of the ablation zone created for a given

microwave power stimulated in the liver for a certain time.

4.1 Permittivity and conductivity of tissue materials

The dielectric material has an arrangement of electric charges which on

the application of an external electric field try to align themselves with the

polarity of the feed. The friction produced by this alignment contributes

to the dielectric loss of the material. When the field has been removed

the charges in the material tend back to their original state which is rep-

resented by the relaxation time (τ). A dielectric constant (ε) of a material

represents the polarization ability of that material. Mathematically, ε of a

material is a multiple of the permittivity of free space (εo) and the relative

permittivity (εr ) of the material to free space as represented in equation

(4.1):

ε= εoεr (4.1)

19
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Figure 4.1: Dielectric properties measurement techniques [52].

The relative permittivity of a material is a complex quantity represented

by equation (4.2). The real part ε
′
r is the dielectric constant of the mate-

rial representing the polarization ability of the material and hence energy

storage capacity. The imaginary part ε
′′
r is called the dielectric loss number

which characterizes the ability of a material to convert microwave energy

into heat energy. ε
′′
r depends upon the electrical conductivity (σ) and the

angular frequency (ω) of the material as represented in equation (4.3).

ε∗r = ε′r − jε
′′
r (4.2)

ε
′′
r =

σ

ω ·εo
(4.3)

A coaxial probe model is used for the calculation of dielectric properties of

a tissue material or phantom mimicking properties of tissue. The coaxial

probe method is better suited for the dielectric properties measurement

of liquids and semi-solid. Different methods used for calculation of di-

electric properties of materials are shown in figure 4.1.
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Firstly, the reflection loss (S11) of the material under test is measured with

a dielectric probe containing a real and an imaginary component as repre-

sented in equation (4.4).

S∗
11 = S

′
11 + j S

′′
11 = Re + j Im (4.4)

Then, angular frequency (ω), wave impedance (Zo) and geometry factor

(K) of the dielectric probe are required to calculate ε
′
r and ε

′′
r of the material

under test as represented in equation (4.5) and equation (4.6) respectively.

The geometry factor (K) of the probe can be found by using it in materials

with known dielectric properties.

ε
′
r =

1−Re2 − Im2

K Zoω((1+Re)2 − Im2)
(4.5)

ε
′′
r =

−2Im

K Zoω((1+Re)2 − Im2)
(4.6)

4.2 Propagation of electromagnetic waves in liver

A transmission-based model for two tissue layers representing cold tissue

(α1,εr 1,σ1) and hot tissue (α2,εr 2,σ2) is developed as illustrated in figure

4.2. The relative permittivity of a tissue ε
′
r and ε

′′
r define its constitutive pa-

rameters: the magnitude of the relative permittivity (|εr |), electrical con-

ductivity (σ), characteristic impedance (Z ) and propagation constant (α)

as described in equations (4.7),(4.8),(4.9) and (4.10):

|εr | =
√
ε
′2
r +ε′′2r (4.7)

σ= ε′′r ·ω ·ε0 (4.8)

Z = µ0 ·µr

εr ·ε0
(4.9)

α= ω

c0
·
√√√√µr ε

′
r

2

√
1+ (

σ

ωε0ε
′
r

)2 −1 (4.10)

Where εo is the permittivity of free space 8.85× 10−12 F/m, µo is the per-

meability of free space 4π×10−7 H/m, and co is the velocity of light in free

space 3×108 m/s.
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Figure 4.2: Illustration of the transmission-based theoretical model for microwave
power traversing through two-layer model representing hot and cold liver tissues.

To begin with, P0 is the power stimulated into the applicator by an external

HPS out of which Pr is reflected. The coupling factor (K1) determines the

incident power radiated into the hot tissue (P1) as described in equations

(4.11), (4.12) and (4.13):

Pr = P0 ·10
|S11|[dB ]

10 (4.11)

K1 = 1−10
|S11|[dB ]

10 (4.12)

P1 = K1 ·P0 (4.13)

Here forth, the path loss in the hot tissue is determined by the propagation

constant α1 of the hot tissue and distance r; hence, the power reached the

boundary of hot and cold tissue (P2) is given by equation (4.14). At the

boundary of hot and cold tissue, the power transmitted across the bound-

ary into the cold tissue (P3) is determined by the transmission coefficient

(T ) between the two mediums as illustrated in equations (4.15) and (4.16):

P2 = P1 ·e−2α1∗r (4.14)
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T = 2Z2

Z1 +Z2
(4.15)

P3 = |T |2 ·P2 (4.16)

Again the EM wave traverses across the cold tissue with a propagation

constant α2 for a distance of (R − r ) and the power reached the bound-

ary of the cold tissue with the BMA (P4) is given by equation (4.17). From

there on, the power coupled into the antenna Pt is determined by the cou-

pling factor K2 and geometry factor G of the antenna (with an effective

area ’Ae f f ’) which is calculated with an assumption that the wavefront is

spherical from the microwave applicator till the BMA for a total distance of

R, as given by equation (4.20). So finally, the complete theoretical model is

given by equations (4.21) and (4.22) showing the relation between power

stimulated (P0) and power received by the antenna (Pt ).

P4 = P3 ·e−2α2(R−r ) (4.17)

K2 = 1−10
|S22|[dB ]

10 (4.18)

G = Ae f f

4πR2 (4.19)

Pt =G ·K2 ·P4 (4.20)

Pt =G ·K1 ·K2 · |T |2 ·e−2α1r ·e−2α2(R−r ) ·P0 (4.21)

Pt

P0
=G ·K1 ·K2 · |T 2| ·e−2α2R ·e−2(α1−α2)r (4.22)

Here, a constant ’D’ is defined as: G ·K1 ·K2 · |T 2| ·e−2α2R . The transmitted

power in terms of S-parameters is given by equation (4.23).

|S21| = 10 · log (
Pt

P0
) = D ·10 · log (e−2(α1−α2)r ) (4.23)

4.3 Thermal propagation in biological tissues

As in microwave ablation, continuously changing electric fields of the EM

waves are applied to the tissue to be ablated. The polar molecules in the

tissue such as water try to realign themselves with the changing electric

field which produces constant friction in the tissue which generates heat.
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Heat (QE ) generated by changing electric fields (E) is given by equation

(4.24).

QE = 1

2
ωεoεr |E 2| (4.24)

Propagation of heat in biological tissues depends on the inhomogeneity

of the tissues, different geometries of the organs due to many vascular

paths of small and big vessels, the strong temperature dependence of the

involved tissue materials, and heat produced by metabolic processes and

thermal regulation due to blood perfusion. All of these factors have been

catered for in the famous bio-heat equation (4.25) first introduced in [53].

ρc
δT

δt
=∇·k∇T +QP +QE +QM (4.25)

Where; ’ρ’ is the density (kg .m−3), ’c’ is the heat capacity (J .kg−1.K −1), ’T’

is temperature (K), t is time (s), ’k’ is thermal conductivity (W.K −1.m−1).

The left-hand side of the bio-heat equation gives the rate of temperature

rise in a volume of material with certain specific heat and density. On the

other hand, the first term of the right-hand side gives the heat distribution

in the considered volume with thermal conductivity (k). The other factors

contributing to heat distribution are QE , ’QP ’ flow of heat due to blood

perfusion, and ’QM ’ the heat produced by metabolic processes. QM is neg-

ligible as compared to other factors. QP heat distribution due to blood

perfusion is a process of heat convection produced by the flow of blood in

large (macrovascular) and small (microvascular) vessels. QP is mathemat-

ically described in equation (4.26).

QP = ρbcbωb(Tb −T ) (4.26)

Where; ρb , cb and ωb are density, specific heat capacity and perfusion co-

efficient of the blood respectively. Tb is the temperature of the blood and

T is the temperature of the measurement point. QP could result in either

flow of heat away from the ablation zone if the temperature of the ablation

zone is higher than that of blood or vice-versa.



5
Materials and Methods

The transmission-based method for monitoring microwave liver ablation

is experimentally validated by a test setup consisting of various materials

and methods. An introductory setup diagram is shown in figure 5.1 to ex-

plain the working of the transmission-based method for microwave liver

ablation monitoring. The test setup consists of a high-power RF source

(HPS), microwave applicator, body-matched antenna (BMA), temperature

sensors, dielectric measurement probes, and materials under test (MUTs)

such as tissue phantoms mimicking properties of liver, animal liver, and

sweet potatoes, voltage network analyzer (VNA) and spectrum analyzer.

The whole intervention is carried out inside an anechoic chamber for

safety reasons. The microwave power is excited by the HPS into the mi-

crowave applicator which is inserted inside a MUT. On the surface of the

MUT is a BMA that receives the microwave power which is read by a spec-

trum analyzer. For measurement of temperature and dielectric properties

during the ablation process, a temperature sensor and dielectric probe are

inserted in the MUT around the center of the ablation zone.

Figure 5.1: MWA monitoring experiment flowchart for transmission-based
method.
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In this chapter, firstly the assembly and working of the HPS are presented.

Secondly, all the MUTs and their temperature-dependent dielectric prop-

erties are presented, starting with the animal liver which is used as a ref-

erence for other MUTs. Subsequently, sweet potatoes (SP) are introduced

as a substitute material for liver used for ex-vivo MWA experiments. Fi-

nally, the synthesis of the tissue phantom materials mimicking the dielec-

tric properties of the liver and measured results of these phantom mate-

rials are presented. Towards the end of this chapter, all the experimen-

tal setups used for microwave transmission through the two-layer tissue

phantom models, the setup for MWA experiments with SPs, and finally

the experimental setup for MWA in the ex-vivo liver are presented.

5.1 High power RF Source

Figure 5.2: High-power RF source by Kuhne Electronics: (a) Housing (b) Signal
generator (c) Power supply.

An HPS is used to excite up to 80 W microwave power required for mi-

crowave ablation of the liver at 2.45 GHz. The HPS is built from off-the-

shelf components (signal generator and power supply) from Kuhne Elec-

tronics, in a parallel work [54]. The signal generator is mounted on a heat

sink and has additional fans for cooling which are required as it can reach

up to an RF power level of 250 W. The power and frequency settings of

the signal generator are done through an external graphical user interface
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(GUI). The initial power is 10 W and it can be increased further in steps

of 10 W. The frequency range is 2.4-2.5 GHz and can be adjusted with a

step of 0.05 GHz. The signal generator is run with a power supply of 32

V, with a maximum current of 17.5 A. Furthermore, there is an additional

power supply of 24 V needed for the cooling fans. Furthermore, an LED

is located on the side of the signal generator to signal the various operat-

ing states. The LED lights up green during normal operation. When this

goes off, the voltage drops to a level of 30 V thereby terminating the signal

generator. The red light indicates a temperature alarm of 85 °C, and the

signal generator is automatically switched off and switches on again at an

acceptable temperature (60 °C). For additional protection, the RF ON/OFF

input, which switches the signal generator on and off, is connected to an

external key switch. The housing of the HPS, signal generator, and power

supply units are shown in figure 5.2.

Figure 5.3: High-power RF source by Kuhne Electronics: circuit diagram of the
signal generator [55].
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The block diagram explaining the working of the signal generator is shown

in figure 5.3. The explanation is as follows: the oscillator (B1) generates a

2.45 GHz signal and is connected to a power control unit (PCU). The PCU

(B2) controls and regulates the entire signal generator. The signal is first

processed by a low-power driver amplifier (B3) and then it is amplified to

a given high RF power by a power amplifier (PA/B4). In B5, temperature

measurements are performed by several temperature sensors and if the

temperature is too high, the PCU switches the system to a safe mode. Fur-

thermore in B5, the power is also monitored via the PCU, and part of the

power is then decoupled via a directional coupler (B6) and converted to

voltage in B7. The forward and backward shafts are controlled by a circu-

lator (B8) which relays the forward signal to the RF OUT port and guides

the reflected signal to an internal load. For measuring the reflected signal,

a part of the reflected signal is decoupled via a second directional coupler

(B9) and converted to a voltage by power/voltage converter (B10) so that

the PCU can evaluate the signal. The GUI communicates with the PCU via

a UART interface.

5.2 Materials under Test

Animal liver, sweet potatoes, and tissue phantom mimicking material

properties of the liver are used as MUTs for microwave ablation moni-

toring experiments. The frequency dispersive dielectric properties of all

human tissues are detailed by Camelia Gabrial in her seminal work [33].

The dielectric properties of the human liver at 2.45 GHz are given in this

work as relative permittivity (|εr |) of 44.77 and electrical conductivity (σ)

of 1.69 S/m.

5.2.1 Animal Liver

The bovine liver is used for ex-vivo MWA experiments on the liver. The

temperature dispersive dielectric properties of the bovine liver are charac-

terized in the previous works [35, 36] and are suitable to be used for MWA

monitoring experiments. The measured dielectric properties (εr ,σ) in [36]

of the animal liver is shown in figure 5.4. According to the sigmoidal fit

[12] which covers the upper and the lower bounds of the measured values

of |εr | and σ, the |εr | at 2.45 GHz ranges from 48 at 20 °C to 2 at 130 °C and
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σ at 2.45 GHz ranges from 2.15 S/m at 20 °C to 0.1 S/m at 130 °C. Hence,

these values serve as a reference for MUTs to be used for MWA monitoring

experiments for the liver.

Figure 5.4: Measured relative dielectric constant (εr ) and electrical conductivity
(σ) of animal liver with respect to temperature at 2.45 GHz [36].

In a parallel work [56], the bovine liver is characterized by weight loss

(change in density) with time and permittivity and conductivity to in-



30 CHAPTER 5. MATERIALS AND METHODS

creasing temperature and the results are comparable with previous works.

Two kinds of the liver are used in the experiment: one is procured from a

butcher shop which is 24-48 hours old; however, it is preserved at freezing

temperature. This liver is assigned a freshness grade ’1’. The other liver is

picked up directly from the slaughterhouse and brought to the laboratory

in an ice box packed inside an airtight plastic bag. The experiments are

performed on it within the first 8 hours after the slaughter. A freshness

grade ’2’ is assigned to the liver picked up from the slaughterhouse. The

weight loss of both types of livers is monitored over time and it is found

that with grade-2 liver samples the weight loss per hour is 1.8 % while the

grade-1 liver samples lose weight at 1.5 % per hour. Therefore, a gradual

change in liver properties is expected from the time of slaughter.

5.2.2 Sweet Potatoes

Ex-vivo investigations on animal livers are carried out to measure local-

ized temperature, temperature dispersive material properties, and the

spread of the ablation zone with ablation time and power in order to

comprehend MWA in the liver. However, the ex-vivo liver’s physical char-

acteristics are extremely unstable because, as time passes after slaughter,

the animal’s liver rapidly loses water and, as a result, the electrical conduc-

tivity of the ex-vivo liver changes. To overcome this challenge, a substitute

material whose dielectric properties are less sensitive to time is needed.

Sweet potatoes have been found to be an effective alternative material for

ex-vivo MWA experiments on the liver because of their similar physical

properties as those of liver, as demonstrated in [40]. Table 5.1 provides a

comparison of the dielectric constant, electrical conductivity, water con-

tent, and density of sweet potatoes and animal liver at room temperature

at 2.45 GHz.

Sweet potatoes are preferable to the animal liver for ex-vivo MWA investi-

gations also due to other factors. Firstly, sweet potatoes are easier to han-

dle than animal liver, as there is no involvement of blood during the exper-

iments which is sometimes difficult to handle and obstructs the smooth

performance of the experiment. Furthermore, sweet potatoes are less lo-

gistically challenging to store for long periods of time whereas it is difficult

to store the animal liver even in a temperature controlled environment.
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Table 5.1: Comparison of the physical properties at room temperature of the
ex-vivo animal liver and sweet potato at 2.45 GHz [39].

Physical Property Animal Liver Sweet potato

Electrical Conductivity (σ) 1.7 S/m [33] 1.9 S/m [40]
Dielectric Constant (εr ) 43 [33] 52 [40]

Density 0.95 g /cm3 [57] 1.07 g /cm3 [40]
Water content 80.5 % [58] 75 % [40]

Moreover, the physical properties of sweet potatoes are more stable over

time, whereas the properties of animal liver can drastically change due to

the loss of moisture content, which can be 70-80 % of the total liver volume

as reported in [58]. Lastly, during an ex-vivo experiment on the animal

liver, the properties of the outer part of the liver may not be representative

of the in-vivo environment, as the inner part of the liver is being ablated.

Whereas, in sweet potatoes, the outer properties remain consistent during

an ex-vivo experiment.

Figure 5.5: Experimental setup for measuring temperature dispersive dielectric
properties of a SP placed on a heating plate with a high-temperature dielectric

probe [39].

It’s crucial to also determine the temperature-related material properties

of sweet potatoes. This can be done by determining their dielectric and
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conductive properties as a function of temperature using a heating plate,

digital thermometer, high-temperature probe [59], and VNA at 2.45 GHz.

The sweet potato is sliced into 1 cm thick pieces and placed on the heating

plate, with the probe positioned on its surface, as depicted in figure 5.5.

The material properties of the sweet potato, calculated as described above,

are presented in table 5.2. The electrical conductivity of the sweet potato

decreases from 2.6 S/m at room temperature to 2.1 S/m at 60°C, then in-

creases above 60°C due to the formation of water between the probe and

the sweet potato, resulting in a similar trend for the dielectric constant (εr ).

The measurement method has a 10 % uncertainty. The changes in ma-

terial properties with temperature for sweet potatoes were compared to

those of the ex-vivo liver below 80°C, as reported in [36], and showed sim-

ilar trends. The temperature-dependent dielectric properties of the sweet

potato (εr and σ) at 2.45 GHz are illustrated in figure 5.6.

Table 5.2: Dielectric properties of sweet potato at 2.45 GHz in 20-75 °C tempera-
ture range [39].

Temperature Relative Permittivity (εr ) Electrical Conductivity (σ)

21 °C 57.5 2.6 S/m
39 °C 55.6 2.2 S/m
60 °C 50.7 2.1 S/m
75 °C 55.1 2.8 S/m

5.2.3 Liver Phantoms

The other type of MUT used as a substitute for liver in microwave ab-

lation monitoring experiments is phantom materials synthesized with

polyvinylpyrrolidone (PVP) and Triton X-100 (TX-100) materials. In [37],

PVP and salt (NaCl) are used to produce phantoms with tissue equivalent

dielectric properties. Different concentration of PVP and NaCl results in

a range of εr (45 to 78) and σ (0.1 to 2 S/m) values, the range includes

the dielectric properties of the liver. Thus, liver phantoms can be realized

with PVP and NaCl. Agar another substance can also be used as a gelling

agent for the phantoms. There is also an online phantom recipe genera-

tor for PVP-based phantoms reported in this work by the advanced MRI

(AMRI) group (available at: https://www.amri.ninds.nih.gov/about.htm).
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Figure 5.6: Change in dielectric constant and electrical conductivity of SP with
the temperature at 2.45 GHz [39].

Similarly in [38], TX-100 and NaCl concentrations are used to synthesize

dielectric-equivalent phantoms of various human tissue materials includ-

ing the liver. According to [38], 30% volume concentration of TX-100 and

5 g/L of NaCl can produce εr of 44.9 and σ of 1.1 S/m at 1.5 GHz as per

cole-cole model.

In parallel work, [60], the liver phantom is prepared with PVP, NaCl, Agar,

and distilled water. 350 ml of water is taken in which 2.189 g NaCl, 219.62 g

of PVP, and 11.44 g of Agar are mixed with a prescribed method. The εr and

σ of this phantom is measured with dielectric probe and the formula’s de-

scribed in equations (4.5),(4.6), (4.7), and (4.8). The value of K used for the

calculation is derived from a separate work [61], as 1.1×10−14. The dielec-

tric probe used is a high-temperature probe ’option 101’ of the N1501A

dielectric probe kit by Keysight technologies [59], as shown in figure 5.7.

The temperature dispersive εr and σ are measured as shown in figure 5.8.

The εr is 47.4 at 25 °C and drops to 30.9 at 65 °C whereas the σ at 25 °C is

2.09 S/m at it drops to 1.32 S/m at 65 °C.
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Figure 5.7: High-temperature probe option 101 of N1501A dielectric probe kit:
1. High-temperature probe. 2. High temperature short. 3. Conductive disk. [59].
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Figure 5.8: Temperature dispersive dielectric constant and electrical conductivity
of PVP-based liver phantom at 2.45 GHz.

In another work, [62], TX-100-based liver phantoms are developed with

different percentage concentrations of TX-100. A set of phantoms with 30

% and 40 % TX-100 concentrations are considered at 1.5 GHz as shown in

table 5.3. The εr of TX-100 phantom with 30 % concentration is measured
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to be 68.8 at 30 °C. The value of εr drops to 57.6 at 40 °C but then again

rises to 64.9 at 50 °C. Afterward, it again drops slightly to 62.9 at 55 °C but

then gradually rises to 66.3 at 70 °C at the end of the experiment. The σ

value is measured to be 2.21 S/m at 30 °C and it drops to 1.89 at 55 °C but

then again slightly rises and stabilizes at 2.02 S/m at 70 °C which is the end

of the experiment. Similarly, with TX-100 phantom with 40 % concentra-

tion, the value of εr oscillates between 41.6 and 57.7 at different temper-

atures between 30 °C and 70 °C. The value of σ for TX-100 phantom with

40 % concentration, 1.93 S/m and 1.41 S/m between 30-70 °C temperature

range. The temperature dispersive dielectric properties of TX-100 phan-

tom with 30 % and 40 % concentration at 1.5 GHz are measured as shown

in figure 5.9 and figure 5.10 respectively.

Table 5.3: Recipe for salt, distilled water and TX-100-based liver phantoms at 1.5
GHz [62].

TX-100 30 % 40 %)

Water 1050 ml 600 ml
NaCl 7.5 g 5 g

TX-100 450 ml 400 ml
Total 1500 ml 1000 ml
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Figure 5.9: Temperature dispersive dielectric constant and electrical conductivity
of TX-100 phantom with 30 % concentration at 1.5 GHz.
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Figure 5.10: Temperature dispersive dielectric constant and electrical
conductivity of TX-100 phantom with 40 % concentration at 1.5 GHz.

Table 5.4: TX-100 based liver phantoms for cold and hot liver at 2.45 GHz. [63]

TX-100 With NaCl Without NaCl
Concentration εr ,σ εr ,σ

TX-100 30 % 47.96, 2.01 S/m 47.12, 1.55 S/m
TX-100 70 % 12.21, 0.97 S/m 15.05, 0.96 S/m

It can be seen in both TX-100 and PVP-based liver phantoms that temper-

ature dispersion of dielectric properties is not enough to meet the range

the dispersion of dielectric properties an animal liver goes through during

microwave ablation [36]. For this reason, another idea is adopted in [63],

to produce separate phantoms for hot and cold livers, each corresponding

to the respective dielectric properties of the hot and cold liver. Each phan-

tom has then two variants: one with NaCl and one without NaCl. K factor

of 1.34×10−14 is used in this study for the calculation of dielectric proper-

ties of phantoms derived from [64]. The phantom equivalent of the cold

liver is TX-100 (30 %), without NaCl it has εr of 47.12 and σ of 1.55 S/m

which corresponds to the properties of the liver at 20 °C according to [36].

The phantom equivalent of the hot liver is TX-100 (70 %), without NaCl it

has εr of 15.05 and σ of 0.96 S/m which corresponds to the properties of

the liver at 100 °C according to [36]. The properties of hot and cold liver
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phantoms are tabulated in table 5.4. The TX-100 phantoms of different

concentrations are shown in figure 5.11.

Figure 5.11: Phantoms with 30 %, 50 %, 60 % and 70 % concentration of TX-100.

Figure 5.12: Drawing and contents of slim form probe ’option 102’ of keysight
N1501A dielectric probe kit: 6. Slim form probe. 7. Slim form short. 8. Slim form

probe holder bracket. 9. O-rings 10. SMA adapter. [52].

The TX-100 phantoms are also measured with a slim-form probe and

keysight software for the calculation of dielectric properties. The slim-

form probe is described in ’option 102’ of the N1501A dielectric probe

kit by Keysight technologies [59], as shown in figure 5.12. The slim form
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probe is more suitable for measuring liquid phantoms and can be eas-

ily inserted inside an animal liver during microwave ablation of the liver

for measuring dielectric properties. Measured with slim form probe and

keysight software tool, the hot liver phantom (TX100 70%) has |εr | of 10.40

and ε of 0.66 S/m while the cold liver phantom (TX100 30%) has |εr | of

46.51 and ε of 1.70 S/m. The measurements with the software tool are

close to the values obtained from the K model developed in [61, 64].

5.3 Experimental Setup

After discussing all the MUTs and devices involved in validating the trans-

mission based method for microwave ablation monitoring, the experi-

mental setups for all the MUTs are discussed. To start with, the exper-

imental setup for transmission through liver phantom materials is dis-

cussed, followed by the transmission setups through sweet potatoes and

for ex-vivo liver experiments.

5.3.1 Setup for Liver phantom experiments

For measuring the transmission through the two phantoms materials TX-

100 70% and TX-100 30% corresponding to hot and cold liver tissues re-

spectively, an experimental setup is developed which consists of an acrylic

glass container divided by a 1 mm thin polyethylene separation plate. The

MWA applicator is dipped into the hot phantom material compartment

which is filled with TX-100 70%, through a fastening cover, whereas the

receiving BMA (dipped type) is dipped in the cold phantom material com-

partment filled with TX-100 30% at various distances from the applicator,

as shown in the figure 5.13.

There are two positions for the applicator 1 cm away from the separation

plate and 2 cm from the separation plate. On the other hand, the dipped

BMA has four possible positions 1 cm, 2 cm, 3 cm, and 4 cm from the sep-

aration plate. So this setup gives an equivalent of two ablation zone radii

1 cm and 2 cm or ablation zone diameters of 2 cm and 4 cm and an overall

distance between applicator and antenna of 2 cm up to 6 cm. However,

the overlapping distances for 2 cm and 4 cm ablation zone diameters are 3

cm, 4 cm, and 5 cm at which the transmission through two different equiv-
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alent ablation zones could be compared. The setup is further improved

in [65] by having a sliding mechanism to change the positions of both the

antenna and applicator in cold and hot tissue compartments as shown in

figure 5.14.

Figure 5.13: Planar phantom setup for two-layer hot and cold liver phantom
transmission experiments: BMA & microwave applicator dipped in TX-100 30%
(cold) and TX-100 70% (hot) tissue phantoms respectively at 3 cm, 4 cm and 5 cm
fixed distances between the applicator and BMA [63].

In another parallel work, [66], an alternative setup is developed by insert-

ing cylinders of different diameters (r) filled with TX-100 70% (hot liver)

into a cubic glass container filled with TX-100 30% (cold liver). The ap-

plicator is inserted in the hot liver cylinder and the antennas are placed

around the applicator at different positions with a distance (R) from the ap-

plicator as shown in figure 5.15. Furthermore, an RF source and spectrum

analyzers are used to analyze the transmission through a variable distance

of TX-100 30% and 70% solutions. Another elliptical cross-sectional form
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Figure 5.14: Planar phantom setup with a sliding mechanism for moving the
applicator and BMA during the liver phantom transmission experiments [65].

of the setup similar to a patients belly is developed in [67], as shown in

figure 5.16. The distance between the applicator and antenna (R) ranges

from 4 cm to 9 cm while the radius (r) of hot liver phantom (TX 70%)

ranges from 1 cm to 4cm.

Figure 5.15: Cylindrical phantom experimental setup of two-layer hot and cold
liver phantom for transmission experiments with variable hot tissue diameters
(r) and four fixed distances between the applicator and BMA [66].
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Figure 5.16: Elliptical cross-sectional phantom setup of two-layer hot and cold
liver phantom for transmission experiments with variable hot tissue diameters
(r) and 6 fixed distances between the applicator and BMA [67].

5.3.2 Setup for transmission through sweet potato

The setup for the microwave ablation experiment using sweet potatoes

in an anechoic chamber is depicted in figure 5.17. One end of the sweet

potato is cut to accommodate the BMA, which is then securely attached

to the sweet potato surface using rubber bands to eliminate any air gap.

The center-to-center distance between the BMA and the applicator’s slot

is always 4 cm. A hole for inserting the microwave applicator is marked

4 cm below the sweet potato surface, with its precise position and depth

determined using a level ruler. The hole for the temperature sensor is also

marked.

As the MWA experiments with SP involves up to 80 W power, the experi-

ments are conducted inside an anechoic chamber for safety reason. The

high-power source and the spectrum analyzer used for stimulating high

power and measured power received on the BMA, are outside the cham-
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Figure 5.17: Experimental setup for MWA monitoring and temperature
measurement during MWA in SP [39].

ber and are connected to the ports on the walls of the chamber which

carry/receive power to the microwave applicator and from the BMA inside

the chamber. Therefore, it is important to measure the loss in the cable

network for the interconnection of all devices. For this purpose, a mea-

surement setup as shown in figure 5.18 is devised. To quantify the loss

incurred due to the N-cables and adapters, a transmission measurement

is conducted. A signal generator and spectrum analyzer are connected

to the N-connections on the wall of the anechoic chamber from outside

and then two additional N-cables are connected inside the chamber and

short-circuited to each other via N-N female adapters. To safeguard the

spectrum analyzer, a 30 dB RF attenuator is used when the input power

exceeds +30 dBm, which is the maximum power rating of the spectrum

analyzer. A 10 dBm input power at 2.45 GHz is supplied from the signal

generator, and the received power at the spectrum analyzer is -25.8 dBm,

resulting in a total loss of 35.8 dB, including a network loss of 5.8 dB.

Double-distilled water is used as a medium to verify the measuring equip-

ment for MWA experiments in an anechoic chamber as illustrated in figure

5.19. In the anechoic chamber, a water container with BMA on the water’s

surface and a microwave applicator submerged 7.5 cm (the distance be-

tween the BMA center and the applicator slot) below the water’s surface
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Figure 5.18: Calibration of the test setup for measuring the network loss due to
power cables [39].

are used. The N connectors on the chamber wall are connected to the

BMA and the applicator. A received signal of -40.6 dBm is observed with

a transmit power of 47 dBm at 2.45 GHz. The attenuation in the double-

distilled water is 51.8 dB, which is obtained after subtracting the network

loss of 35.8 dB from the overall power loss of 87.6 dB. This value closely

agrees with the value of 51.5 dB loss obtained from the simulation of this

setup in CST microwave studio.

Figure 5.19: Testing of the experimental setup for MWA experiments in water as a
medium [39].

5.3.3 Ex-vivo Liver Ablation Setup

The measurement setup of ex-vivo liver ablation experiments is similar

to the measurement setup used for sweet potato experiments; however,
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Figure 5.20: Block diagram of test setup inside and outside the anechoic chamber
for: (i) Measuring dielectric properties of liver during MWA using slim-form
probe. (ii) Measurement of temperature near ablation zone during MWA. (iii)
Monitoring of received and reflected power during MWA in ex-vivo liver.

there is an addition in the setup for measurements of dielectric proper-

ties of the liver during and after the ablation. The measurement setup for

monitoring MWA in the ex-vivo liver is shown in figure 5.20.

The signals are fed in and out via a panel of N connectors on the wall of

the chamber. Three ports are used: port 1 is assigned to the microwave

applicator inserted into the liver inside the chamber and outside to HPS

(during the ablation) and R&S VNA (before and after ablation) for measure-

ment of S11. Port 2 is attached to the BMA inside the chamber placed on

the surface of the liver sample and outside to the spectrum analyzer (dur-
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ing ablation) and R&S VNA (before and after ablation) for measurement of

S22. Both, port 1 and port 2 with R&S VNA contribute to the measurement

of S21 before and after the ablation. Port 3 is used for the measurement

of liver properties during and after the ablation via a slim-form probe and

ENA network analyzer from Keysight Technologies [59]. Furthermore, the

temperature is measured in the ablation zone of the liver during and after

the ablation with the help of fiber optic temperature probes from IMC [68]

and LumaSense Technologies [69]. The temperature probe is guided near

the applicator slot with the help of a catheter as shown in figure 5.21. The

temperature data is stored in an IMC data card placed in AC and is later

retrieved.

Figure 5.21: Preparation of the temperature sensor using the catheter as a guide
for positioning in the liver tissue. a) Catheter tip is parallel to the applicator slot
center. b) Measuring tip of the temperature sensor is parallel to the applicator
slot center. C) Catheter rod for cleaning the guide.

The actual experimental setup is shown in figure 5.22. A large liver vol-

ume is cut off with fewer large blood vessels. The microwave applicator

is inserted horizontally into the tissue 4 cm below the surface of the liver.

The BMA is placed on the surface of the liver exactly above and parallel

to the applicator slot and it is made sure that there is no air gap between

the liver surface and BMA. To measure the material properties of the liver

during MWA with the slim-form dielectric probe, the microwave power

is switched off every minute to record the changing dielectric properties.

This results in some MWA experiments with switching microwave power

instead of continuous power. After the experiment, the liver sample is cut

to optically measure the short-axis diameter (SAD) and long-axis diameter

(LAD) of the ablation zone.
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Figure 5.22: Experimental setup corresponding to the block diagram shown
in figure 5.20 for measuring of dielectric properties of liver, temperature near
ablation zone, and monitoring received and reflected power during MWA in the
ex-vivo liver in an anechoic chamber.



6
Simulations and Measurements

In this chapter, the design of the microwave applicator, body-matched

antennas, the simulation, and experiments of MWA with liver phantoms,

sweet potatoes, and animal liver are presented. Firstly, the design of a

single-slot microwave applicator for transmitting high microwave power

up to 80 W is presented. Afterward, the designs of linearly polarized and

circularly polarized body-matched for surface and dipped scenarios for

monitoring of MWA are presented. Secondly, there are two types of simula-

tion performed: firstly, simulation is performed in the CST studio suite to

simulate microwave transmission through 2 layers of liver phantoms cor-

responding to hot and cold liver tissues. These simulations evaluate the

theoretical model for the propagation of microwave power from the mi-

crowave applicator dipped in the hot liver phantom to the BMA dipped in

the cold liver phantom as shown in figure 4.2. The other type of simulation

is EM-thermal MWA simulations performed in the CST studio suite which

emulate the ex-vivo MWA experiments performed in the animal liver. Sim-

ilarly, three sets of experiments are performed with the three MUTs: liver

phantoms, sweet potatoes, and animal liver, as discussed in the previous

chapter.

6.1 Microwave applicator design

A microwave applicator is a device to stimulate high power in a tissue ma-

terial for microwave ablation. Microwave applicators for thermal ablation

were first reported in the late 1970s for the treatment of malignant tumors

[26, 27, 28]. A lot of research is going on to develop highly efficient and pre-

cise microwave applicators. Many different designs like monopole, dipole,

slot, choked, and triaxial designs of microwave applicators are reported in

47
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[70]. A recent design is reported in [71], in which a dual slot microwave

applicator is introduced with a metallic sleeve. Another new microwave

applicator design is reported in [72] for laparoscopic and robotic liver re-

section. In [73], a dual mode microwave applicator is presented to excite

high power as well as measure the dielectric properties of the tissue mate-

rial to guide it to the center of tumor tissue. Some of the issues like heating

along the shaft of the microwave applicator which causes skin burns are

overcome in the commercially produced applicators [74]. Additionally, in

commercial microwave applicators, temperature sensors are also incorpo-

rated into the tip to give localized temperature information.

Figure 6.1: Microwave applicator initial design at 915 MHz and 4775 MHz. The
simulation model and simulated reflection loss (S11) [51].

For purposes of this work, a single slot microwave applicator is designed

and simulated using CST Studio Suite as shown in figure 6.1. The working

principle is similar to an open-ended coaxial waveguide; however, the tip

of the microwave applicator is made equal to a quarter wavelength of the

design frequency to concentrate most of the power around the applicator’s

slot. Initially, a microwave applicator is designed with a tip of 12 mm and
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a slot of 9mm with an RF choke of 18 mm. The applicator is simulated

in liver material; the first resonance of the applicator is between 800 MHz

to 1.2 GHz band which also includes 915 MHz ISM band whereas the sec-

ond resonance is between 4.5-5.5 GHz. This design is reported in [51], the

simulation model and reflection loss (S11) simulated result of the initially

designed microwave applicator is shown in figure 6.1. The reflection loss

is considered acceptable below -10 dB.

Figure 6.2: Microwave applicator design at 2.45 GHz: the simulation and fabri-
cated model.

The design of the microwave applicator is iterated to resonate at the 2.4-

2.5 GHz ISM band in which most microwave ablations systems operate

and it is further simplified to remove the Teflon cap and the RF choke to

make the applicator thinner so that it can be inserted into a MUT with ease.

In the new design, the tip is 25 mm long and the slot is 15 mm making the

radiating part of the applicator 4 cm long. The new design is also simu-

lated in the CST studio suite, the applicator is inserted into a piece of liver.

The applicator is fabricated with EZ86 semi-rigid, formable microwave ca-

ble [75]. The power handling of the cable is 92 W at 2 GHz and 65 W at

4 GHz and the nominal attenuation value is around 1 dB/m at 2.45 GHz.

Therefore, it is suitable to excite about 80 W power into a MUT. A female

SMA connector is assembled on one end of the applicator and at the other

end, the outer conductor of the EZ86 cable is cut at 4cm from the tip and

is slid 1.5 cm towards the open end and the leftover outer conductor is cut

away. Finally, the tip of the inner conductor at the open end is connected

to the outer conductor with a jacket sleeve and a crimping tool. The sim-
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ulation and fabricated model of the microwave applicator are shown in

figure 6.2.
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Figure 6.3: Simulated and measured reflection loss of microwave applicator
inserted in the liver.

The reflection loss of the applicator is measured in freshly slaughtered an-

imal liver, human skin, and water. The measured and simulated reflection

loss of the microwave applicator in the liver is below -10 dB from 2.2-2.7

GHz; the results are comparable. The reflection loss of the applicator in

water and skin is below -10 dB from 2.3-3.1 GHz as shown in fig 6.3. In

all cases, the reflection loss is below -10 dB at 2.45 GHz, thus making the

applicator suitable for ablation at the 2.4-2.5 GHz ISM band.

A commercial applicator Emprint from Medtronics [74] is also used for

study purposes and also to benchmark the self-developed antenna. In the

Emprint applicator, there are two thin water vessels used for cooling the

applicator and a customized SMA connector to fit in the ablation system

of Medtronics. The water pipes and the connector are cut and another

standard SMA connector is attached to the power cable as shown in fig-

ure 6.4. For verifying the connector-cable assembly time-domain reflec-

tivity (TDR) measurements are performed which show almost no reflec-

tions from the cable-connector interface which means that the applicator

could be used for further experiments. The TDR measurements are shown

in figure 6.5.
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Figure 6.4: Emprint microwave applicator from Medtronics: The water pipes are
removed and an SMA connector is installed at the other end of the power cable.

Figure 6.5: Time-domain reflectivity (TDR) measurements before and after con-
necting the SMA connector on the other end of the power cable. The change in
the reflection point shows it is near the tip of the commercial applicator.

For true measurements, the Emprint applicator has to be filled with water

to bring it into its design environment. At first, the reflection loss of the

Emprint applicator is measured in air and then in water, skin, and sweet

potato. The reflection loss of the Emprint applicator is around -5 dB in air

and below -10 dB from 2.0-2.9 GHz in water and skin. Instead of the liver,

the Emprint applicator is inserted in the sweet potato and the reflection

loss is below -10 dB in the 2.4-2.5 GHz band. The reflection loss is -14 dB

at 2.45 GHz in sweet potatoes. The measurement reflection loss results of
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the Emprint applicator in water, skin, and sweet potato as shown in figure

6.6 are comparable with the results of reflection loss of the self-developed

applicator as shown in figure 6.3.
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Figure 6.6: Reflection loss of Emprint applicator in air, water, skin, and sweet
potato.

6.2 Body-matched Antennas

There are two types of body-matched antennas (BMAs) presented here: a

linearly polarized bowtie-slot antenna and a circularly polarized circular

patch antenna (CPA). The design, simulation, fabrication, and measure-

ment of both antennas are presented here.

6.2.1 Bowtie-slot BMA

Bowtie antenna is a popular design for body-matched, microwave imag-

ing, and implantable applications due to its flexible design, versatile feed-

ing mechanisms, Ultra-wideband (UWB) impedance bandwidth, and a

large antenna aperture contributing to a high geometry factor [76, 77, 78,

79]. In this work, a bowtie slot antenna with a co-planar waveguide (CPW)

feed mechanism is designed. The antenna is matched to the liver surface

as it is supposed to receive the power stimulated by the microwave appli-

cator in the liver for ablating the tumor inside the liver.
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Initially, a bowtie slot antenna is simulated in the CST studio suite on an

FR-4 substrate. Two shunt stubs are coming out of the center of the bowtie

slots for the impedance matching. The overall size of the antenna is 4 cm

× 8 cm. The antenna is fabricated on an LPKF S100 circuit board plotter

machine with the Boardmaster software [80]. An edge launch SMA con-

nector is soldered with the antenna feed line [81]. The simulation and the

fabricated model of the antenna are shown in figure 6.7. The antenna is

measured on liver phantom prepared with PVP material ( as shown in fig-

ure 5.8) with Rhode & Schwarz voltage network analyzer (VNA) ZVL13 [82],

as shown in figure 6.8. The design has been presented in [51].

Figure 6.7: Simulated and fabricated model of UWB Bowtie-slot BMA on the liver.

Figure 6.8: Measurment setup for reflection loss measurement of UWB
Bowtie-slot BMA on PVP-based liver phantom.

As with BMAs which have the advantage of UWB reflection loss bandwidth

due to being in contact with lossy human tissues. The simulated reflection
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loss of the antenna on the liver surface is below -10 dB from 800 MHz to 6

GHz including all the ISM bands used for microwave ablation in the sub-

6GHz category i.e. 915, 2450, and 5800 MHz. The antenna is measured

on PVP-based liver phantom (see figure 5.8) without airgap and with air-

gap, on hand skin, and wearable jeans material. All the measured and

simulated results are shown in figure 6.9. The reflection loss of the UWB

bowtie-slot BMA is below -10 dB in simulation on the liver (black curve),

measured on PVP-based liver phantom (red curve) and hand-skin (blue

curve) in the 0.8-6 GHz band. However, the reflection loss deteriorates

above -10 dB if there is an air gap between the antenna and liver phantom

(brown curve) and also on jeans between antenna and skin (green curve).

Therefore the antenna must be placed over the liver phantom without any

air gap to function over the entire 0.8-6 GHz band. In the case of using the

UWB bowtie-slot BMA on the skin surface, there should not be any hair or

fabric between the antenna surface and the skin.
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Figure 6.9: Simulated and measured reflection loss of UWB bowtie-slot BMA on
PVP-based liver phantom, hand-skin, and jeans.

Later on, in research, only the 2.45 GHz band is used for microwave ab-

lation; therefore, the BMA used to receive the power from the microwave

applicator is designed only for 2.45 GHz which is half the size of the UWB

bowtie-slot antenna. The advantage of having a smaller size is crucial as
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a higher number of antennas can be placed on the liver surface for moni-

toring the power received from the microwave applicator during the abla-

tion process. The newer version of the bowtie-slot antenna has two types:

one is designed for the surface of the liver which could also be used on

sweet potato and the other version called the ’dipped antenna’ can be

submerged into the liquid liver phantom for microwave ablation experi-

ments. The simulated and fabricated models of the surface and dipped

BMAs are shown in figure 6.10. The dipped antenna (21.58 mm × 10.53

mm) is slightly shorter than the surface antenna (22 mm × 11 mm); both

the antennas are fabricated on an FR-4 substrate with 1.5 mm thickness

and fed using the CPW feed mechanism.

Figure 6.10: Simulated & fabricated models of bowtie-slot surface & dipped
BMAs.

The dipped antenna is measured in tissue phantom material prepared

with 30% TX-100 material and distilled water designated as cold liver in

the previous chapter. On the other hand, the surface antenna is measured

on a freshly slaughtered animal’s liver. The measured and simulated re-

flection losses (|S22|) of both the antennas are shown in figure 6.11. The
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simulated and measured reflection loss (|S22|) of the dipped antenna is

just below -10 dB from 2.4-2.5 GHz and for the surface antenna the re-

flection loss is below -16 dB from 2.4-2.5 GHz. The overall reflection loss

bandwidth of the surface antenna below -10 dB covers the 2.0-2.9 GHz

frequency range. The resonance of the simulated surface antenna is at

2.52 GHz while the measured resonance of the surface antenna is at 2.22

GHz.
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Figure 6.11: Simulated and measured reflection loss (|S22|) of surface BMA on the
liver and dipped BMA in 30% TX-100 solution.

6.2.2 Circular Patch BMA

Circularly polarized antennas (CPA) placed on a tissue surface can receive

a signal with an E-field of an arbitrary orientation from a microwave appli-

cator or an implantable antenna inserted in the human body [83],[84],[51].

This novel application enables BMA placement on the tissue surface with-

out concern for the orientation of the microwave applicator inserted into

the human body. However, the air-tissue interface exhibits significant

contrast in constitutive parameters, requiring a matching medium (MM)

to be applied on the tissue surface to submerge the BMA [85]. This ap-

proach reduces the contrast between the BMA and the background, re-

sulting in improved antenna performance. Circular polarization can be

achieved in a microstrip patch antenna by exciting two orthogonal modes

(TM10, TM01). This can be accomplished by truncating alternate edges

of the patch antenna or feeding the antenna from two adjacent edges,
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which are well-known techniques. In implantable or BMA applications,

the lossy tissue material attached to the antenna significantly reduces its

input impedance at the modal frequencies, allowing even the higher order

modes (TM30, TM03) to be excited. Additionally, shorting pins and slots

have also been used to create CP antennas for implantable biomedical

applications [86], [87].

Simulation

In an ex-vivo MWA experiment, a CPA designed to match the liver surface

received a signal with arbitrary E-field orientation from a microwave appli-

cator inserted into the liver [83]. To improve the matching of the CPA with

the liver, a TX100-based liver phantom was used as a MM. The antenna

was designed as a microstrip circular patch over a 1.5 mm thick FR-4 sub-

strate and simulated in the CST studio suite, featuring two shorting pins

and slots and a probe-fed SMA connector attached to the ground plane

beneath the substrate. The antenna’s far-field in the bore-sight direction

was constituted by a liver tissue block (15cm)3 placed in front of it. To

further enhance the matching, the antenna was submerged in a 30 % con-

centrated TX-100-based liver phantom designated as "cold liver" in the

previous section. Figure 6.12 outlines the simulation model, boundary

conditions, and antenna design, with the antenna dimensions specified

in table 6.1.

Table 6.1: Dimensions of CPA with and without MM [83].

Dimension Without MM With MM
Subrad 11.5 mm 10.9 mm

arclen, arclen2 2.05, 2.28 mm 3.54, 3.99 mm

arcwid, arcwid2 1.42, 0.40 mm 2.00, 0.40 mm

arcangle, arcangle2 10.4°, 34° 10°, 30°

arcrot, shang 15°, 19° 15°, 19°

rs , r1, r2 0.635, 2.94, 1.5 mm 0.635, 3.35, 1 mm

w, Rp , Fp 2, 8.35, 6.68 mm 2.5, 7, 7.22 mm
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Figure 6.12: Design variables (shown in table 6.1), simulation models with &
without MM, and boundary condition of circularly polarized CPA [83].

Fabrication and measurements

The CPAs (with and without MM) are fabricated with an LPKF S100 Pro-

tomat machine on an FR-4 substrate with double-sided copper cladding

and 1.5 mm thickness. The shorting pins are soldered on the patch con-

necting the ground and antenna layers. The pin of the probe-fed SMA

connector is soldered on the antenna feeding point while the body of the

connector is soldered to the ground. The shorting pins and the feeding
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pin of the connector are carefully foiled after soldering to conform them

to the surface of the antenna. The fabricated antennas with and without

MM are shown in the figure 6.13.

Figure 6.13: Top and back view of the fabricated CPA designs with and without
matching medium in comparison with 50 cents coin.

The measurement of CPAs is supported by a parallel work [88]. The anten-

nas are measured with R&S VNA on SP surface (substitute liver) with and

without matching medium for reflection loss (S11) and transmission coef-

ficient (S21) measurements. For the reflection loss measurements of CPA

without MM, an antenna is simply fixed on the SP surface with the rubber

bands so that there is no air gap between the SP surface and the antenna.

On the other hand, The measurement of the CPA with MM is done by fill-

ing a plastic sleeve with TX-100 30% phantom as a coupling medium and

dipping the antenna in it, and then putting it on the SP surface. The an-

tenna is also measured on various types of skins such as hand, belly, and

leg with TX-100 and electrode-gel couple mediums. The measurement se-

tups for reflection loss measurements are shown in figure 6.14. The mea-
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Figure 6.14: Test setups for measurement of reflection loss of the CPA with and
without matching medium on sweet potato surface.

sured and simulated |S22| result of the antenna with and without the MM

is shown in Fig. 6.15.
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Figure 6.15: Simulated and measured reflection loss of CPA with and without MM
on liver and sweet potato surfaces.
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The reflection loss bandwidth of the antenna covers the ISM band (2.4-2.5

GHz). The reflection loss bandwidth is increased with the MM (2.0-2.9

GHz). The antenna is measured on sweet potato which is different than

the simulation model in which it is simulated on a liver block. However,

still the measured and simulated results agree due to similar properties of

liver and sweet potato as discussed in previous chapter.

Figure 6.16: Measurement setups for transmission coefficient of CPA

The measurement of transmission coefficient (S21) is required for the cal-

culation of AR. For the measurement, two antennas are fixed on the op-

posite sides of a SP with a bracket fixture or rubber bands to clamp them

tightly on the SP surface so that there is no air gap between the antenna

and SP surface. To measure the transmission through a sweet potato the

transmit and receive antennas are rotated at 0°, 45°, and 90° to each other.

Both the antenna lie in the far-field from each other in a SP medium. The

measurement is carried out outside and then inside an anechoic chamber

to avoid reflections and interference from the surroundings. The axial ra-

tio is calculated by finding the difference of S21 measurements at 0° and 90°
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as this difference is the ratio of horizontal and vertical E-field components

which constitute the AR. Some of the measurement setups for transmis-

sion coefficient measurements of the CPAs are shown in the figure 6.16.

The measured transmission coefficient S21 of a transmit and receive CPAs

fixed at the opposite ends of a 10 cm long SP and rotated at 0° and 90° to

each other is shown in figure 6.17. It shows that the CPA rotated at 90°

receives the signal within -3 dB of the signal received with no rotation (0°)

between the 2.4-2.5 GHz band. While the simulated difference between

linearly polarized bowtie-slot BMA antenna between cross pole and co-

pole arrangements on 10 cm liver tissue is -33 dB. Thus CPA gives freedom

of orientation in the placement of the antenna on the body.
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Figure 6.17: Measured S21 of CPAs rotated at 0° and 90° to each other.

Figure 6.18 compares the simulated AR bandwidth of the CPA with and

without the MM. The simulated AR bandwidth of the antenna covers the

ISM band (2.4-2.5 GHz), which is increased even more with the MM (2.14-

2.90 GHz). The AR of the CPA is 0.3 at 2.45 GHz without the MM, while

with the MM, it is 1.13. The figure also shows the calculated AR of the CPA

inside and outside the anechoic chamber, which covers the required ISM

band at 2.4-2.5 GHz. The AR with a bracket fixture is 0.66 at 2.45 GHz,

while with a rubber band, it is 0.25.
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Figure 6.18: Simulated axial ratio of CPA with and without MM. Measured AR of
CPA inside and outside Anechoic chamber.

Figure 6.19: Simulated AR beam-width of the CPA at 2.45 GHz.

Figure 6.19 shows the simulated 3 dB AR beam-width of the circular patch

CPA, which is 6 degrees around the bore-sight with the MM, compared to

just 1 degree without the MM. This considerably increases the scan area

of the antenna. Figure 6.20 shows the simulated gain of the circular patch

CPA. The (15cm)3 chunk of the lossy liver in front of the antenna with an

electrical conductivity (σ) of 1.7 S/m diminishes the forward gain of the
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antenna compared to the backward gain. At 2.45 GHz, the simulated gain

of the antenna is -42 dBi in the bore-sight direction.

Figure 6.20: Simulated gain of CPA with MM at 2.45 GHz.

Thus, in conclusion, it can be said that CPA can be used as a surface BMA

for monitoring MWA with a better degree of freedom of placement than

a linearly polarized counterpart. Moreover, the probe feeding from the

ground plane at the back makes the design convenient for placement on

a body as compared to a side-fed bowtie-slot antenna with a CPW feed

mechanism.

6.3 Microwave transmission through liver phantoms

Firstly, the values for the theoretical model are calculated for the transmis-

sion of microwave power from a hot tissue to a cold liver for a distance (R)

of 3 cm, 4 cm and 5 cm for different transmission distances through the

hot liver (r) using equation (4.22). Table 6.2 shows the value of the effective

area of the bowtie-slot BMA (Ae f f ), coupling factors (K1 and K2) of the mi-

crowave applicator, and the bowtie-slot BMA, the propagation constants

(α1, α2) in hot and cold liver at 2.45 GHz and transmission coefficient (T)

between the two tissues. The geometry factor (G) given by equation (4.19)
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Table 6.2: Values used for the theoretical model for EM transmission from hot to
cold liver at 2.45 GHz [54].

Factor Ae f f K1 K2 T2 α1( 1
m ) α2( 1

m )

Value 2 cm2 0.94 0.81 0.4 49.35 65.57

is calculated for all the respective values of ’R’: for 3 cm the value of ’G’ is

1.77×10−2, for 4cm the value of ’G’ is 9.95×10−3 and for 5 cm the value of

’G’ is 6.37×10−3.

All the values obtained for the theoretical model are obtained from the

measured data for reflection losses of the microwave applicator and the

BMA and the measurement of the dielectric properties of TX-based hot

and cold liver phantoms. To compare the calculated values of the trans-

mission coefficient from the theoretical model with the experimental val-

ues, the experiments are performed to measure the transmission coeffi-

cient (S21) through the planar liver phantom setup as shown in figure 5.14.

The distance between the antenna and the applicator (R) is fixed at 3 cm,

4 cm, and 5 cm and the transition distance (r) through the hot tissue (hot

tissue radius) is 1 cm and 2 cm. The calculated and measured values of S21

with increasing hot tissue radius are shown in figure 6.21.

The calculated value of transmission coefficient (S21) for 3 cm distance (R)

between the applicator and antenna ranges from -38 dB at 1 cm hot tissue

distance (r) to -35.9 dB at 2.5 cm value of ’r’. Similarly for ’R’ of 4 cm, the

value of S21 ranges from -46.2 dB at ’r’ of 1 cm to -43.3 at ’r’ of 4 cm. Finally,

for 5 cm ’R’, the value of S21 ranges from -53.8 dB at 1 cm ’r’ to -51 dB at

4 cm ’r’. According to the theoretical model, S21 has a linearly increasing

trend with increasing ’r’. The experimental values of S21 for ’R’ of 3 cm

denoted by blue dots decrease from -35.8 dB at ’r’ of 10 mm to -37.8 dB at

’r’ of 20 mm. Conversely, there is an increase in the measured values (black

dots) of S21 for both 4 cm and 5 cm distances when the hot tissue radius

is doubled. For ’R’ of 4 cm denoted by red dots the measured value of S21

increases from -44.3 dB at ’r’ 10 mm to -39.8 dB at ’r’ 20 mm and for 5 cm

distance (black dots) the measured values increase from -49.0 dB at ’r’ 10

mm to -44.5 dB at ’r’ 20 mm.



66 CHAPTER 6. SIMULATIONS AND MEASUREMENTS

10 15 20 25 30

−35

−40

−45

−50

−55

Hot tissue radius (mm)

|S
2
1
|(
d
B
)

3 cm Planar 4cm Planar 5cm Planar
3cm Theory 4cm Theory 5cm Theory

Figure 6.21: Variation in calculated and measured |S21| values for different 3 cm, 4
cm, and 5 cm fixed distances between microwave applicator and BMAs dipped in
hot and cold tissue phantoms in planar compartments with increasing transition
distance (r) through the hot tissue (hot tissue radius).

Figure 6.22: Simulation model of BMAs and microwave applicator dipped in two
layers of a hot and a cold tissue phantom for transmission experiments with
variable ablation zone radii for mimicking MWA experiments with high power
microwave [66].



6.3. MICROWAVE TRANSMISSION THROUGH LIVER PHANTOMS 67

The microwave transmission through cylindrical hot and cold liver phan-

toms is simulated in the CST studio suite with two materials defined with

the dielectric properties of cold liver phantom (TX-100 30%) and hot liver

phantom (TX-100 70%), in a parallel work [66]. The simulation model is

comprised of the microwave applicator dipped in a cylindrical compart-

ment containing the hot liver phantom and the BMA is dipped in the sur-

rounding cylindrical compartment filled with the cold liver phantom. The

simulation model has four positions for the dipped bowtie-slot BMA in the

cold liver phantom and the radius of the ablation zone or hot tissue (r) is

varied from 27.5 mm to 47.5 mm as shown in figure 6.22. The simulation

model corresponds to the experimental setup shown in figure 5.15.

25 30 35 40 45 50

−60

−65

−70

−75

−80

Hot tissue radius (mm)

|S
2
1
|(
d
B
)

A1-Sim. A2-Sim. A3-Sim.
A1-Meas. A2-Meas. A3-Meas.

Figure 6.23: Variation in simulated and measured |S21| values for different fixed
distances between microwave applicator and BMAs dipped in hot and cold tis-
sue phantoms in cylindrical compartments with increasing radius of hot tissue
compartment.

The simulated and measured results for an increasing hot tissue radius for

the different distances between the applicator and the BMA for cylindrical

setup are shown in figure 6.23. The antenna position A1 has a distance

(d1) of 6.14 cm from the applicator is the closest of all four positions and

the antenna position A3 has a distance (d3) of 8.21 cm from the applicator

which is the farthest of all the positions. Positions A4 is omitted for the

sake of clarity because it has a similar distance as compared to position
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A1 and also a similar looking angle of the BMA to the center of the appli-

cator slot as also in position A1. The simulated values of the transmission

coefficient (S21) show an increase of the values at position A1-Sim (from

-63.7 dB to -60.6 dB) and position A3 (from -78.8 dB to -76.1 dB) as the hot

tissue radius increase from 2.75 cm to 4.75 cm. The measured values also

show an overall increasing trend with an increase in the radius of the hot

tissue commensurate with the simulation values similar to the calculated

and measured transmission values as shown in figure 6.21.

6.4 Microwave ablation in sweet potatoes

The MWA experiments with sweet potatoes involve microwave power of

50-80 W for different durations of time. First of all, the S parameters of

commercial & self-developed microwave applicators and surface BMA are

measured in sweet potato as shown in figure 6.24. The reflection loss of

the self-developed applicator (S11) was measured to be -29.2 dB, which is

lower than that of the commercial applicator at -14.1 dB. The reflection

loss of the BMA (S22) was -19.7 dB, which is below the -10 dB threshold.

The power received at the BMA (S21) was -39.1 dB for the self-developed

applicator and -43.2 dB for the commercial applicator.

The reflected power for a 10-minute MWA experiment conducted using

two applicators at 80 W for 2.45 GHz is shown in figure 6.25. During the

first five minutes, both the self-developed and commercial applicators

show a constant reflected power of 4.905 W and 1.115 W, respectively. The

reflected power of the self-developed applicator is higher than that of

the commercial applicator, and both show a similar increase in reflected

power over time, which can be attributed to the progressive ablation pro-

cess causing mismatch in the applicator. Figure 6.31 shows a photo of a

cut-open sweet potato, which reveals that the application of high power

(80 W) causes a burn hole to form immediately around the applicator. The

reflected power of the self-developed applicator at 50 W power is shown in

figure 6.25, where both a good and a poor example of applicator matching

is shown. There is a measurement error of ± 0.074 W in all experiments

due to the sensitivity of the HPS.
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Figure 6.24: S-paramters measurement of self-developed microwave applicator,
commercial applicator, and BMA in SP.
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Figure 6.25: Comparison of reflected powers of commercial and self-developed
applicators for 80 W MWA and poor and good examples of self-developed

applicator matching for 50 W MWA in SP

After testing and calibrating of the MWA equipment, the reflected power

of the self-developed applicator and the received power of the bowtie-slot
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surface BMA during the MWA in sweet potato, increase in the ablation

zone (short-axis diameter) with increasing ablation time, and the received

power at the surface BMA versus increasing ablation temperature are pre-

sented in this section.

The experiment to measure the received and reflected power during MWA

at 50 W for 600 seconds was conducted on sweet potatoes and the results

are presented in figure 6.26. The measurements were taken several times

with different levels of microwave power coupling, but the results shown

here are from the most consistent and stable environment on a single day.

In the first measurement (blue curve), the received power decreases from

30.9 mW to 29 mW in the first minute, then rises to 32.4 mW after 30 more

seconds, before gradually dropping to 21.3 mW over the next 510 seconds.

The reflected power in the first measurement increases from 0.1 W to 0.4

W in the first minute, and then reaches a maximum value of 2.1 W after

fluctuating for a short period. In the second measurement (red curve), the

received power starts at 16.3 mW and drops to 12.8 mW in the first 60 sec-

onds, then increases to 16.4 mW before steadily decreasing to 9.8 mW over

the next 540 seconds. The reflected power in this measurement also in-

creases from 0.1 W to 0.7 W in the first 60 seconds, then fluctuates before

increasing linearly to 2.1 W till the end of the measurement at 600 seconds.

Figure 6.26: Received and reflected power vs. time for 50 W MWA in SP.
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The relationship between the S11 (reflection loss) and time during MWA

is shown in figure 6.27 for experiments at 50 W and 40 W in SP and 25 W

and 40 W in bovine liver. The results indicate that the S11 value of the SP

changes over time in response to the MWA. The blue curve shows the S11

value for the 50 W experiment, which starts at -28.3 dB and increases to

-19.2 dB in the first minute. After 90 seconds, it drops to -39.8 dB, and then

gradually increases to -15 dB at the end of the experiment at 600 seconds.

The green curve represents the S11 value for a 25 W MWA experiment in

bovine liver reported in [36], and it is similar to the S11 value at the end of

the 50 W experiment in SP. The red curve shows the S11 value for the 40 W

experiment in SP, which starts at -17.3 dB and increases to -14.1 dB after

180 seconds. The black curve represents the S11 value for a 40 W MWA

experiment in bovine liver reported in [36], and it is comparable to the S11

value of the 40 W experiment in SP.
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Figure 6.27: S11 as a function of time for 25 W, 40 W, and 50 W MWA experiments.

The figure 6.28 displays the size of the ablation zone SAD in SP as a func-

tion of time, under two microwave powers of 50 and 80 W at 2.45 GHz.

The ablation zone appears elliptical with a short axis perpendicular to the

microwave applicator. The results are also compared with a similar MWA

experiment conducted on ex-vivo bovine liver, as reported in [35]. The

measurement values (represented by green dots) are taken from figure 10

in [35] where the experiment was conducted at 30 W power. After each
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experiment, the SP is cut open at the site of applicator puncture, and the

perpendicular MWA SAD to the applicator channel is measured with an

error of ± 0.1 cm. The SAD of the ablation zone for 50 W ranges from 0.6 to

3.3 cm, while for 80 W it ranges from 1.5 to 4.5 cm.
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Figure 6.29: Temperature vs. time in MWA experiments.

Figure 6.29 shows the temperature of the SP during the MWA experiment

for powers of 50 W and 80 W at 2.45 GHz. The temperature is measured

with a sensor with a tip located 3-4 mm from the microwave applicator
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slot, as depicted in the inset of the figure. The temperature measurement

results for the SP MWA experiment are compared with results from ex-

vivo MWA experiments on bovine liver (60 W, 130 s) reported in [42] and

porcine liver (75 W, 300 s) reported in [34]. The temperature measurement

values in the brown curve are taken from figure 6 in [42] and correspond

to curve ’FBG 2.2’ for 5 mm. The temperature measurement values in the

green curve are taken from figure 10c in [34] and correspond to curve ’A’

for 4 mm.

For the 50 W SP MWA experiment, as indicated by the blue curve, the start-

ing temperature increases from 16.2 °C to 85.4 °C after 180 s and remains

constant until the end of the measurement. The temperature values of the

60 W ex-vivo MWA on the bovine liver, as indicated by the brown curve, are

comparable at 90 °C, after which the temperature continues to increase to

114 °C at 130 s. Similarly, for the 80 W SP MWA experiment, as indicated by

the red curve, the starting temperature increases from 18.9 °C to 98.7 °C af-

ter 180 s and remains constant until the end of the measurement. The tem-

perature values of the 75 W ex-vivo MWA on the porcine liver, as indicated

by the green curve, are comparable at 60 °C, after which the temperature

continues to increase to 136 °C at 300 s.

Figure 6.30: Relative received power vs. temperature for 50 W MWA in SP.
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Figure 6.30 displays the relationship between the relative received power

and temperature inside the SP for the 50 W MWA experiment. The rela-

tive received power is calculated as a ratio of the initial received power at

time t = 0 seconds. The figure includes three measurements taken at dif-

ferent distances from the center of the ablation zone, with temperature

probes located 2 mm, 3.3 mm, and 10 mm away from the center. In all

three measurements, it is observed that after a certain temperature, the

relative received power starts to decrease as the temperature increases.

The measurement taken with a temperature probe 3.3 mm away from the

center of the ablation zone (represented by blue dots) shows that the rel-

ative received power drops from 1 at 76°C to 0.6 at 88°C, representing a

40 % change. This correlation between an increase in temperature and a

decrease in received power suggests that the material properties become

more varied with increasing temperature, leading to increased losses in

the SP due to heating. Finally, Figure 6.31 showcases some examples of

the MWA performed on the SP at different power levels and times.

Figure 6.31: MWA in SPs for different times and powers.
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6.5 Ex-vivo microwave ablation in animal liver

Ex-vivo MWA simulations and experiments are performed in the animal

liver with 50 W at 2.45 GHz for a maximum of 10 minutes (600 s) time. The

change in dielectric properties of the liver is measured during and after

the MWA corresponding to the temperature dispersive dielectric proper-

ties defined in the EM-simulation, the SAD and the LAD of the ablation

zone are measured and compared to the thermal simulation values, and

the changes in S-parameters during MWA simulations and experiments

are noted. The rise of temperature at different points from the center of

the ablation zone is measured during MWA and finally, the changes in cal-

culated relative received power are presented during MWA.

Figure 6.32: EM-thermal co-simulation model of a surface BMA and microwave
applicator at a distance of 4 cm from each other and temperature profiles for 10
minutes ablation with 50 W microwave power at 2.45 GHz.

EM-thermal simulations of MWA in the ex-vivo liver are performed in the

CST Studio suite with a time domain EM solver and thermal solver with

open boundary conditions. Firstly, the temperature profiles in the liver

are created in CST’s thermal solver for all minutes during the 10 minutes

MWA with 50 W power excitation at 2.45 GHz. The thermal conductivity

of liver is set to 0.469 W.m−1.K −1. and specific heat of 3600 J .kg−1.K −1.
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The blood-flow coefficient and Basal metabolic rate are ignored due to ex-

vivo experiments. The material of the microwave applicator is changed

from copper to a perfect electric conductor (PEC) to avoid heating due to

conductive effects. The simulation model and temperature profiles for all

10 minutes are shown in figure 6.32. The temperature dispersive dielec-

tric properties of the liver at 2.45 GHz as given in [36] are defined in the

EM-simulation as shown in figure 6.33. Thereafter, for every temperature

profile, the reflection loss of the microwave applicator (|S11|) and the trans-

mission of EM wave from the microwave applicator to the surface BMA

(|S21|) is simulated. The distance between the applicator and BMA is 4 cm.
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Figure 6.33: The temperature dispersive dielectric properties of bovine liver
defined in the EM-simulation as given in [36].

First of all, the change in dielectric properties of the liver at 2.45 GHz dur-

ing and after MWA is shown in figure 6.34. For the first 10 minutes of MWA

the value of permittivity (|εr |) drops from 47.3 to 2.62 and the value of elec-

trical conductivity (σ) drops from 1.8 S/m to 0.12 S/m. Then the liver is let

for cooling for 15 minutes, the value of permittivity (|εr |) increases from

2.62 to 7.81 and the value of electrical conductivity (σ) increases from 0.12

S/m to 0.46 S/m.
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Figure 6.34: Measured dielectric properties of bovine liver during and after abla-
tion with 50 W switching microwave power at 2.45 GHz.
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time instants during MWA in the ex-vivo liver.
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The ablation zone diameters (SAD, LAD) are measured after 5, 7, 8, and 10

minutes of MWA. At these chosen time instants there are no blood vessels

involved during MWA which could hamper the ablation zone diameters.

The SAD of the ablation zone is recorded as 3.7 cm as compared to the

EM-thermal simulation value of 3.5 cm and similarly, the LAD of the abla-

tion zone is recorded as 7.2 cm as compared to the simulation value of 4.8

cm after 10 minutes of MWA. The difference in measured and simulated

LAD values after 10 minutes of MWA could be due to burning along the

shaft of the microwave applicator due to conductive effects. The results of

measured SAD and LAD are compared with the corresponding simulation

values of the thermal simulation with 50 W power as shown in figure 6.35.

A temperature value of 60 °C is taken as the lower criteria for estimating

the damage zone for measuring ablation zones (SAD, LAD) in the thermal

simulation results as shown in figure 6.32. The ablation zones produced

for 5, 7, 8, and 10 minutes of MWA in the ex-vivo liver with 50 W power at

2.45 GHz are shown in figure 6.36.

Figure 6.36: Ablation zones produced after 5,7,8 and 10 minutes MWA of the
ex-vivo liver.
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The power received by surface BMA and power reflected from the mi-

crowave applicator is recorded every 30 seconds during 10 minutes MWA

of the ex-vivo liver. The absolute received and reflected measured power

values are normalized on a logarithmic scale with reference to 50 W power

excited and herein called |S11| and |S21| respectively. The measured and

simulated S parameters at 2.45 GHz during 10 minutes MWA is shown

in figure 6.37. The magnitude of S parameters measured before and af-
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Figure 6.37: EM-thermal co-simulation and measured ex-vivo liver MWA results:
scaled magnitude of reflection loss of microwave applicator (|S11|) and scaled
magnitude of power received by BMA (|S21|) during MWA.

ter MWA are omitted for the sake of clarity. The measured magnitude

of S11 value is -20.5 dB as compared to -18.26 dB simulated value in the

beginning at time (t = 0s). As the MWA progresses, the matching of the mi-

crowave applicator to the liver tissue deteriorates both in simulation and

measurement, the simulated S11 magnitude value rises to -7.49 dB after 5

minutes and almost stays constant till the end of MWA at 10 minutes. On

the other hand, the measured S11 values rise to -12.73 dB at 6.5 minutes

into the MWA and then stay constant till the end. Conversely, the magni-

tude of S21 linearly drops as compared to the initially recorded value both

in simulation and measurement. The measured magnitude of S21 value

is -36.5 dB as compared to -38.02 dB simulated value in the beginning at

time (t = 0s). The simulated magnitude of S21 gradually decreases during
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MWA until it reaches -42.42 dB at the end of MWA, thereby representing a

change of 4.4 dB as compared to the start of MWA. On the other hand, the

measured magnitude of S21 values briefly rises in the first minute of abla-

tion to -35.7 dB and thereafter it linearly drops similarly to the simulated

value to -39.d dB at the end of 10 minutes of MWA, thereby representing a

change of 3 dB during the MWA.
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Figure 6.38: Temperature rise during MWA in the ablation zone in the ex-vivo
liver with 50 W continuous and switching powers.

The temperature is measured during MWA in the ablation zone, temperature-

time measurement is shown in figure 6.38. The temperature is measured

1 cm away from the ablation zone center with continuous power (Ct) and

with switching power (Sw) at 4 mm away from the center of the ablation

zone. The temperature rises to 83.7 °C at 10 mm away from the ablation

zone with 50 W continuous power at 2.45 GHz and it rises to 102.2 °C at 4

mm away from the center of the ablation zone for 50 W switching power

after 10 minutes of ablation.

Relative change in received power to initially received power is shown in

figure 6.39. Results for two types of experiments are presented: one with

the continuous (Ct) 50 W power and the other with the switching (Sw) 50

power. As previously explained, Sw power is used because HPS is switched

off every minute to record the properties of the liver during ex-vivo MWA.

As also observed in figure 6.37, the relative received power in both cases de-

creases with the increase in temperature and growing SAD. With Ct power,
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Figure 6.39: Relative received power to initially received power for continuous
and switched transmit power during MWA in the ex-vivo liver.

the relative received power briefly increases to 1.22 and then linearly de-

creases to a factor of 0.52 (almost half) to the initially received power. In

the case of Sw power, there is a gradual decrease of power with a stepped

increase in power at the time instant where the power is switched. At the

end of ablation with Sw power, the relative received power decreases to a

factor of 0.22 (almost 1/5) to the initially received power.





7
Summary and Outlook

In this chapter, the discussion of all the simulation and measured results

is done. Subsequently, the results are summarized and compared to each

other and to the state of the art. Finally, a conclusion and the outlook is

given.

7.1 Discussion

The discussion is focused on the results of microwave applicator and

BMAs, experiments with liver phantoms, MWA monitoring in sweet pota-

toes and animal liver.

7.1.1 Microwave applicator

The design of a single-slot microwave applicator is suitable to excite up to

80 W power for MWA at 2.45 GHz. The applicator is well-matched to num-

ber of materials under test like: water, human skin, liver phantoms, sweet

potatoes and animal liver as shown in figures [6.3, 6.24, 6.25, 6.27, 6.37]

under room temperature. With the progress of MWA, the reflection loss of

the microwave applicator inside the hot sweet potato and hot animal liver

changes. The |S11| of microwave applicator in SP as shown in figure 6.27

and |S11| of microwave applicator in the animal liver as shown in figure

6.37 during MWA can be compared. It is observed that the |S11| rises with

the passage of ablation time; this is due to the change in dielectric proper-

ties of sweet potato and animal liver with rising temperature as shown in

figures [6.34, 5.6].

The simulated |S11| in animal liver rise from an initial value of -18.3 dB to

-7.49 dB after 5 minutes, this magnitude remains constant till the end of

83
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MWA. The rise in simulated |S11| above the -10 dB threshold line for re-

flection loss of the microwave applicator is comparable to the rise of mea-

sured |S11| above -10 dB during MWA with 40 W power at 2.45 GHz for 10

minutes as shown in the figure. 7 of [36]. The measured |S11| in the animal

liver rises to -12.7 dB from an initial value of -20.5 dB in the animal liver

after 10 min. MWA as compared to -15 dB in SP after 10 min MWA from an

initial value of -28 dB. The magnitude of S11 in SP is smaller as compared

to the animal liver after 10 minutes of MWA; this is because the dielectric

properties of SP do not change as much as the dielectric properties of ani-

mal liver during MWA. This could be associated with the seeping of water

in the ablation zone during MWA.

7.1.2 Body-matched antennas

The body-matched antennas (BMAs) are designed to match to the animal

liver and sweet potato surfaces and for matching with the PVP and the

TX-100-based liver phantoms when dipped inside these phantoms. The

design frequency is 2.45 GHz at which the MWA is carried out which is the

reason that a smaller size bowtie-slot antenna is preferred as compared to

a larger UWB variant of the bowtie-slot antenna.

The bowtie-slot antenna is fed from the side using the CPW technique with

the help of an edge launch SMA connector and CPA is probe fed from the

ground plane at the back of the antenna with a probe-fed SMA connector.

The CPW feed of the dipped version of the bowtie-slot antenna is changed

as compared to the surface version as shown in figure 6.10. This is due

to the fact that there is a dielectric layer of liver phantom is formed over

the antenna surface resulting into a stripline configuration as opposed to

a stripline configuration of antenna feed in surface bowtie-slot antenna.

This results in changing the input impedance of the antenna; therefore,

the dimensions of the CPW feed, shunt stub lengths and even the size of

the slot is optimized to adjust to the stripline configuration. However, both

the feeding techniques (CPW and probe feed) are equally suitable for the

placement of the BMA on the animal liver surface and the sweet potato

surface. To avoid an air-cushion between the surface of MUT and the BMA,

some fixing arrangements like rubber bands or fixing brackets are used. As
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shown in figure 6.9, an air gap or a fabric material between the BMA and

the surface of MUT deteriorates the reflection loss of the BMA.

The circularly polarized CPA is better suited for MWA monitoring as it pro-

vides the freedom of placement of the BMA on the surface of the MUT

regardless of the orientation of the microwave applicator inserted in the

MUT as observed in the transmission experiments performed with 2 CPAs

with SPs where the antennas are placed at 0° and then rotated 90° to each

other as shown in figures [6.17, 6.18]. The use of matching medium in

CPAs enhances the 3 dB axial ratio beam-width as shown in the simula-

tion result (figure 6.19). This means that the CPA can also be placed at ±
3° elevation angles around the top of the applicator slot at the surface of

MUT.

7.1.3 Transmission through liver phantoms

The mathematical model presented in chapter 4, is used to calculate the

transmission between the BMA and the microwave applicator in a two-

layer hot and cold liver model. The calculated results are plotted with the

transmission experiments carried out with a planar two-layer liver phan-

tom setup as shown in figure 6.21. It is observed that the mathematically

calculated values of the transmission between the applicator and the an-

tenna in a two-layer (hot and cold liver phantom) model increase with the

increase in transmission distance (hot tissue radius) in the hot liver phan-

tom. In an experiment with the planar two-layer liver phantom setup, the

transmission increased with hot tissue radius for 4 cm and 5 cm distance

between the applicator and the antenna but decreases for 3 cm distance.

This is due to a reading of the transmission at a 2 cm hot tissue radius

at a 3 cm overall distance. This particular reading could be regarded as

a false result due to unknown factors. The increasing trend of transmis-

sion with increasing hot tissue radius is also confirmed by the simulation

carried out in the CST studio suite with the simulation setup shown in fig-

ure 6.22 and the corresponding cylindrical experimental setup shown in

figure 5.15. The measurements shown in figure 6.23, at the antenna posi-

tion A1 with an overall distance of 6.14 cm, show a consistently increasing

trend of transmission values with increasing hot tissue radius commensu-

rate with the simulation values. At the position A2 (overall distance of 7.01
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cm), the transmission measurements do not show a clear trend, the trans-

mission value decreases at a hot tissue radius of 3.4 cm then increases at

4.25 cm, and then again decreases at 4.75 cm, showing an overall decrease

in the transmission with an increase in the hot tissue radius from 2.75 cm

to 4.75 cm. Lastly, at position A3 (overall distance of 8.21 cm), the trans-

mission increases from -75.6 dB at 2.75 cm hot tissue radius to -72 dB at

4.75 cm hot tissue radius. Thus it can be concluded that the overall trend

of transmission power with increasing hot tissue radius is also increasing

in measurements except for a few measurements. The error in measure-

ments at positions A2 and A3 could be associated with antenna sensitivity

at a higher distance and placement angle compared to the microwave ap-

plicator.

7.1.4 MWA monitoring in sweet potatoes

In the MWA experiments on sweet potato, two microwave powers of 50 W

and 80 W were used. The results showed that using a power of 80 W re-

sulted in burning of the tissue as seen in the figure 6.31. To avoid burning

effects and to adhere to the maximum power rating of the applicator, pow-

ers above 80 W were not used. The results of the 50 W and 80 W MWA ex-

periments were compared in terms of maximum and minimum received

powers, reflected powers, ablation zone sizes, time-dependent tempera-

tures, and temperature-dependent received powers. The results showed

that for 80 W MWA, the maximum reflected power, minimum received

power, ablation zone size, and temperature were all higher compared to

the 50 W MWA. A summary of all quantitative results of MWA in sweet

potato for different time and temperature settings for the 50 W and 80 W

experiments can be found in table 7.1.

Table 7.1: Summary of all quantitative results for 50 W and 80 W MWA
experiments with SP

Result 50 W (min.) 50 W (max.) 80 W (min.) 80 W (max.)

Reflected power 0 W 2.1 W 0 W 4.9 W
Received power 9.8 mW 32.4 mW 21.6 mW [[39]] 30.6 mW [[39]]

Ablation zone SAD 0.6 cm (30 s) 3.3 cm (600 s) 1.5 cm (30 s) 4.5 cm (600 s)
Temp. vs. time 16 °C (0 s) 88 °C (600 s) 19 °C (0 s) 99 °C (600 s)

Pr vs. temp. 9.82 mW (88 °C ) 32.25 mW (53.5 °C) - -
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The results obtained from the MWA experiments performed on SP are

compared to those of ex-vivo MWA experiments performed on animal

liver. The comparison of the values of the dielectric constant, electrical

conductivity, reflected power, ablation zone SAD, and temperature as a

function of time between SP and animal liver is presented in table 7.2.

The comparison between the two materials supports the use of SP as an

alternative tissue material for ex-vivo MWA experiments in the liver. The

values of the dielectric constant (εr ) and electrical conductivity (σ) of SP

and liver are comparable in the temperature range of 50-60 °C, as shown in

table 2 and figure 5.6. However, as the temperature increases, the ex-vivo

liver loses water rapidly, resulting in a sharp decrease in εr and σ. In con-

trast, the water in SP accumulates with increasing temperature, causing

εr and σ to increase above their room temperature values.

Table 7.2: Comparison between SP and animal liver MWA

Result SP Liver

εr 50.3 (63 °C) 40 (60 °C) [36]
σ (S/m) 1.97 (51 °C) 1.75 (50 °C) [36]

Reflection loss 15 dB (50 W-600 s) 15 dB (25 W-600 s) [36]
Reflection loss 14 dB (40 W-180 s) 15 dB (40 W-210 s) [36]
Temperature 76.1 °C (50 W-90 s-3 mm) 73.0 °C (50 W-90 s- 5mm) [42]
Temperature 97.8 °C (80 W-60 s-3 mm ) 100 °C (75 W-60 s- 4 mm) [34]

Ablation zone SAD 3.3 cm (50 W-600 s) 3.5 cm (30 W-600 s) [35]

The results of microwave ablation experiments on sweet potato (SP) were

compared with those of animal liver, which is used as a tissue substitute

in ex-vivo microwave ablation monitoring experiments. The comparison

of various parameters such as dielectric constant, electrical conductivity,

reflected power, ablation zone size and temperature as a function of time

between SP and animal liver are shown in table 7.2. The results showed

that the values of the dielectric constant and electrical conductivity of SP

and animal liver are comparable in the 50-60 °C temperature range. How-

ever, as the temperature increases, animal liver loses water rapidly, caus-

ing the dielectric constant and electrical conductivity to decrease sharply.

On the other hand, in SP, the water content accumulates with increasing

temperature, resulting in an increase in the dielectric constant and electri-

cal conductivity values above room temperature.
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The reflection loss of the microwave applicators in both SP and animal

liver demonstrates the efficient design of the applicator and its match with

the material. The reflection loss values for SP and animal liver were almost

equal, reflecting similar material characteristics as shown in table 5.1. Ad-

ditionally, the temperature in SP and animal liver was found to be equal

until a certain point, after which the temperature remained constant in SP,

while it continued to increase in the ex-vivo microwave ablation of animal

liver. This can be attributed to the rapid loss of water in ex-vivo microwave

ablation of animal liver, compared to the slow loss of water in SP due to

the skin and outer tissues that prevent water from escaping and the wa-

ter evaporated by microwave ablation being replaced by water seeping in

from the surrounding tissues.

The comparison of ablation zone size in table 7.2 also supports the suit-

ability of SP as a tissue substitute. The ablation zone size was found to

be slightly bigger with a 30 W microwave applicator in animal liver than

with a 50 W microwave applicator in SP, due to the rapid loss of water in

ex-vivo microwave ablation of animal liver. It can be concluded that SP

can be used as a substitute material for ex-vivo microwave ablation moni-

toring experiments, offering similar results and a more realistic simulation

of in-vivo microwave ablation.

As shown in figures [6.26, 6.30], the received power decreases with an in-

crease in ablation time and temperature. When viewed in conjunction

with the increasing ablation zone diameter shown in figures [6.28, 6.31],

which increases with ablation time, it can be inferred that the relative

received power compared to the initially received power decreases with

growing ablation zone diameter and rising temperature. This is in con-

trast to the increasing trend observed in the transmission coefficient with

increasing hot tissue radius of the liver phantoms. The reason behind this

phenomenon is explained in the next section.

7.1.5 MWA monitoring in ex-vivo liver

EM-thermal simulation is carried out in the CST studio suite to simulate

MWA in the ex-vivo liver. The SADs of the ablation zones created with the

50 W power excited from the microwave applicator in the simulation tool

are very close in value to the measured values of the SADs of the ablation
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zones created with MWA in the ex-vivo liver. After 10 minutes of MWA in

the ex-vivo liver with 50 W power at 2.45 GHz, the measured value of SAD

is 3.7 cm as compared to the simulated value of 3.5 cm as shown in figure

6.35. A jump in the measured value of LAD (7.2 cm) after 10 minutes of

MWA as compared to the simulated value of LAD (4.8 cm) could be due

to the elimination of heat convection effects in the simulation due to the

use of PEC material for microwave applicator. However, in practice heat-

ing along the shaft due to the higher skin temperature of the microwave

applicator is a reported problem. Thus it can be concluded that the tem-

perature profiles created in EM-thermal simulation are close to the real

scenario.

The measurement of dielectric properties during MWA as shown in fig-

ure 6.34 provides useful information about the comparison of the MWA

performed with the self-developed applicator in the ex-vivo liver in this

work with state-of-the-art. In [36], the dielectric properties of ex-vivo liver

change during MWA as shown in figure 5.4. The εr is at 48 before the start

of the ablation which drops to 2 at 130 °C which is achieved at the end of

MWA. In this work, the initial value of εr is 47.3 which drops to 2.62 at the

end of 10 min MWA. Similarly, ε in [36], decreases from 2.15 S/m to 0.1 S/m

and in this work it drops from 1.8 S/m to 0.12 S/m. Thus the dispersion in

dielectric properties of animal liver observed in this work is closely com-

parable with the most recent state-of-the-art [36]. Similarly, a little rise in

the dielectric properties, after MWA in this work is similar to a slight rise

of dielectric properties after MWA in figure 4. of [35].

In figure 6.37, it is observed again that the received power (S21) in MWA in

the ex-vivo liver decreases both in simulation and measurement with in-

creasing ablation time which is consistent with the decreasing trend of re-

ceived power observed in MWA in SPs. For measuring the dielectric prop-

erties of the liver during MWA, the microwave power is switched off at ev-

ery minute interval of MWA. This results in a slower rise of temperature in

the ablation zone of the liver as shown in figure 6.38. However, the relative

change in received power is 78 % which is greater with switching power

as compared to 48 % change in relative received power with the continu-

ous power as shown in figure 6.39. Thus, it could be concluded that the

switching power is better suited for monitoring MWA in the ex-vivo liver.
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7.2 Comparison

Two approaches are used to validate the transmission-based method for

monitoring MWA in the liver. The first approach is from the standpoint of

the theoretical model and the studies carried out on tissue phantoms and

the second approach is using the EM-thermal co-simulation model of CST

Studio Suite and comparing it with MWA in SPs and ex-vivo liver.

The absolute value of received power obtained from calculated results of

the theoretical model, EM-thermal co-simulation, measurement with 2

layer liver phantom model, sweet potato experiments, and MWA in the ex-

vivo liver are compared in table 7.3. All the results given are: for a distance

of 4 cm between the applicator slot and antenna, with 50 W continuous

power at 2.45 GHz for SAD between 3.3 cm to 4 cm.

Table 7.3: Comparison of results for 50 W - 2.45 GHz MWA experiments at 4 cm
distance between the microwave applicator and the BMA.

Results for 4 cm |S21| (dB) SAD (cm)
Theoretical model -44.8 4

EM-thermal co-simulation -42.2 3.5

Measured 2 layer phantom -39.8 4

Measurement in sweet potato -37.1 3.3

MWA ex-vivo liver -39.5 3.7

As shown in the table 7.3, the calculated transmitted power from the the-

oretical model for two-layer tissue phantom is -44.8 dB and the measured

result for two-layer tissue phantom is -39.8 dB showing a difference of 5

dB which can be attributed to the geometry factor of the antenna and dif-

ference in actual dielectric properties of tissue phantoms and the ones as-

sumed in the theoretical model. Again from table 7.3, comparing the ab-

solute value of received power between the EM-thermal simulation and

MWA in the ex-vivo liver, there is a difference of 2.7 dB in received power

which can again be attributed to the difference in temperature-dependent

dielectric properties of the liver as in figure 6.33 and the temperature dis-

persive material properties measured during the MWA in the ex-vivo liver

as shown in figure 6.34.

Now coming towards the relative change in received power in EM-thermal

co-simulation and MWA in SPs and ex-vivo liver, the table 7.4 gives the
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Table 7.4: Change in |S21| and relative received power for 10 min. ablation with
50 W power and 4 cm distance between microwave applicator and BMA.

Value ∆|S21| ∆ in relative received power
EM-thermal co-simulation -4.4 dB 63.7 %

MWA in sweet potato -1.82 dB 40% ([39])

MWA in ex-vivo liver -3 dB 78% (Sw), 48% (Ct)

change in |S21| and percentage change in relative received power to ini-

tially received power for EM-thermal co-simulation and MWA in SPs and

ex-vivo liver. The overall change in |S21| is -4.4 dB in EM-thermal co-

simulation compared to -1.82 dB in MWA in SP and -3 dB in MWA in the

ex-vivo liver with continuous power. In terms of percentage change in rel-

ative received power to initially received power, there is a 63.7 % decrease

in EM-thermal co-simulation, 40 % in MWA in SPs, and 48% for MWA in

the ex-vivo liver with continuous power and 78% with switching power for

10 minutes ablation time.

However, there is an increasing trend in received power with increasing

hot tissue radius, in the case of two-layer theoretical and experimental

models. Theoretically, there is an increase in |S21| from -46.2 dB to -44.8

dB (38% increase) for a propagation distance of 4 cm when the radius of

the hot tissue increases from 1 cm to 2 cm as shown in figure 6.21. Experi-

mentally, the |S21| increases from -44.3 dB to -39.8 dB (4.5 dB increase) for

a propagation distance of 4 cm when the radius of the hot tissue increases

from 1 cm to 2 cm as shown in figure 6.21.

There is an increasing trend in the received power with increasing hot tis-

sue radius in the two-layer (hot and cold liver) theoretical model, EM sim-

ulations, and experiments. On the other hand, there is a decreasing trend

of the received power with increasing ablation-time or SAD in EM-thermal

co-simulations and MWA in SPs and ex-vivo liver. A possible explana-

tion could be that in EM-thermal simulations and corresponding ex-vivo

liver and sweet potato experiments more layers are formed with varying

dielectric properties due to the gradual dissipation of heat produced by

the microwave power. Thus, there are multiple transmission coefficients

between the neighboring layers in the propagation path which causes the

received power to decrease for a fixed transmission distance (R). Although

the σ of the hotter tissue is lower than the colder tissues yet with the in-
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crease in the size of the ablation zone, the received power decreases in

ex-vivo MWA experiments. Conversely, in the two-layer theoretical model

and two-layer liver phantom simulations and experiments, there is only

a single transmission coefficient between the hot and cold liver. There-

fore, the received power increases with the radius of hot tissue which has

a lower σ value than the cold tissue.

However, in both cases, there is a change in received power observed with

increasing hot tissue radius and increasing ablation time. This shows that

the transmission-based method is effective in observing the changes in

dielectric properties caused during the MWA and the extent of the change

caused inside the liver tissue.

7.3 Conclusion

In this work, a transmission-based method is presented for MWA monitor-

ing in the ex-vivo liver. The method is tested theoretically, in simulation,

with phantom studies, in sweet potatoes, and with ex-vivo liver ablation.

The theoretical and simulation results are comparable with the phantom

studies, sweet potato, and ex-vivo liver ablation experiments. The con-

trast in the liver tissue properties and the stimulated power used for MWA

is enough to produce a discernible signal change at the surface of the liver

which can be measured and correlated with the ablation zone diameter.

Hence, it can be concluded that the transmission-based method can be

used for monitoring MWA. This is the first study to directly receive a sig-

nal from a microwave applicator during a MWA process with the help of

a surface BMA. The main target application of this work is the develop-

ment of an imaging system for temperature monitoring and microwave

applicator guidance for MWA. The focus of this work is on measuring the

magnitude of the received power during microwave ablation using surface

body-matched antennas.

In a future work, a setup can be developed for monitoring phase of the

received signal from the microwave applicator at the body surface dur-

ing the MWA. An array of surface antennas can be used for receiving

the signals from different angles from the center of the applicator’s slot.

The time-difference of arrival information can also be calculated from

the phase variation of the received signal during the MWA. Hence, the
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time-difference of arrival algorithm can be employed for estimation of the

ablation zone using microwave imaging. Furthermore, the microwave ap-

plicator design could be improved by making it dual-mode i.e. using it not

only for ablating the target tissue but also for measuring the properties of

the target tissue before, during, and after the MWA. The test setups used

in this work of MWA in the SP and the animal liver can also be used for

testing new microwave applicator designs for better matching to the tar-

get tissue. Moreover, the BMAs can also be improved by deisgning them

on flexible substrates which can be easily pasted on the patient’s skin for

an in-vivo studies. The design of BMAs can be altered to match with a

stack up of muscle, fat, and skin layers added on the top of the liver. Other

antenna designs like waveguide applicators and end-fire Vivaldi antennas

can also be tried for performance comparisons with the broadside surface

body matched antennas.

Finally, an in-vivo MWA monitoring could be performed with the system

involving a dual-mode applicator, an array of flexible BMAs matched with

the skin layer, and measurement setup for measuring both the magnitude,

phase, and time-difference of arrival of the incoming signals from the mi-

crowave applicator at surface BMAs during the MWA. This can be coupled

with an efficient microwave imaging algorithm for live reconstruction of

the ablation zone during the MWA.
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Notations

Symbol Meaning

εr relative dielectric constant
σ electrical conductivity
τ Relaxation time
εo Permittivity of free space
ω Angular frequency
ρ Density
c Heat capacity
k thermal conductivity
Q Heat energy
E Electric field
G Geometry factor
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Abbreviations

Abbreviation Meaning

ISM Industrial scientific and medical
EM Electromagnetic
MR Magnetic resonance
MRI Magnetic resonance imaging
TBM Transmission-based method

RF Radio frequency
MWA Microwave ablation
BMA Body-matched antenna
HPS High power RF source
MUT Material under test

SP Sweet potato
US Ultra-sound

HIFU High intensity focused ultra-sound
RFA Radio frequency ablation
LA Laser ablation

LITT Laser induced thermal therapy
PVP Polyvinylpyrrolidone

TX-100 Triton X-100
CT Computed Tomography

PET positron emission tomograpy
MR-RFA Magnetic resonance mediated radio frequency ablation

PRF Proton resonance frequency
UWB Ultra wideband
MWI Microwave imaging
SVD Singular value decomposition

TDoA Time difference of arrival
VNA Voltage network analyzer
GUI Graphical user interface
PCU Power control unit
TDR Time domain reflectivity
NaCl Sodium chloride
BAN Body area network
CP Circularly polarized

CPA Circularly polarized antenna or circular patch antenna
SAD Short axis diameter
LAD Long axis diameter
Sim. Simulated

Meas. Measured
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