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Abstract

In this Ph.D. thesis, the feasibility investigation, design, and characterization

of different resonant structures optimized to improve the performance of micro-

wave devices for environmental monitoring and medical applications, such as

cancer therapy, have been illustrated. In particular:

A metamaterial lens based on a split ring resonator (SRR) has been designed
to improve the focusing of an external applicator for superficial hyperther-
mia tumour therapy. A prototype has been fabricated by using the standard
printed board circuits (PCB) technology and then characterized. The exper-
imental results suggest that a metamaterial based on SRR is a potentially
effective option for external microwave applicators in the field of dermatol-
ogy [1].

An interstitial microwave applicator has been investigated for deep-seated
tumours, a coaxial antenna working in the Industrial, Scientific, and Medical
(ISM) frequency band at f = 2.45 GHz. Several simulations have been per-
formed to explore various configurations, impedance matching techniques,
and radiating sections. The insertion of a metamaterial lens based on Closed
Loop Resonator (CLR) around the radiating section of the applicator has
been numerically investigated for a further improvement of the perfor-
mance. Two prototypes of mini-invasive needle applicators have been con-
structed and characterized [2-5].

Metamaterial lenses have been designed to improve the radiation perfor-
mance of an antipodal Vivaldi antenna for wideband applications. Proto-
types have been fabricated and characterized. The experimental results are
in good agreement with simulations. The metalens allows the increase of the
maximum gain, preserving the antenna bandwidth, and a more symmetrical
radiation pattern [6-9].

A microwave sensor based on a substrate integrated waveguide (SIW) tech-
nology has been designed and characterized for the detection of water con-
tamination in the fuel. A suitable radiating slot placed on the top of the SITW



applicator allows the interaction between the microwave electromagnetic
field and the fuel contaminated. The sensor is low-cost, low profile and en-
sures a good sensitivity for constant and real-time monitoring [10].

In addition, during the Ph.D. course, I have contributed to the following side
research activities concerning optical electromagnetic field applications:

» The design, fabrication, and characterization of a 2x2 optical fiber coupler
based on indium fluoride optical fibers [11]. In particular, I have contributed
to the fabrication by means the glass processing system, Vytran® GPX-
2400, supplied by the “Electromagnetic Fields” laboratory led by Prof. Fran-
cesco Prudenzano, by developing preliminary silica glass samples and by
searching the fabrication parameters used for obtaining fluoride glass com-
biners.

» The design of a gain-switched pulsed laser based on a commercial, heavily
holmium-doped fluoroindate glass fiber, emitting in the middle-infrared
range, at the wavelength A = 3.92 um [12]. In particular, I have contributed
to run several cases and discuss the obtained results.
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Introduction

The use of microwave resonator devices in biomedicine and environmental
engineering is greatly increased in recent years, creating new opportunities, and
opening the way for novel interesting applications. Resonant electromagnetic
fields, from microwave to optical frequencies, can be used taking advantage of
their immense potential and flexibility. For example, several applications, such
as microwave-assisted extraction, in the environmental and chemical field
[13,14], microwave-assisted synthesis, in the biotechnology and chemical-phar-
maceutics industry [15,16], drying, sterilization and disinfestation, in the agri-
food sector [17,18], can benefit greatly from the exploitation of microwave res-
onators.

Electromagnetic fields resonating at microwave frequencies can be employed in
medicine, to realize advanced mini-invasive systems for more efficient hyper-
thermal cancer treatment and thermo-ablation therapy [19-39]. Hyperthermia
therapy for tumours treatment is based on the temperature increasement of the
biological tissue regions under treatment, to necrotize the tumor without dam-
ages or minimizing the effects for the surrounding healthy tissue. This kind of
therapy is strongly emerging as an efficient cancer treatment, in combination
with the radio- and chemo- therapy as a feasible alternative to surgical resection
[19]. The desired heating can be reached by using radiofrequency waves, micro-
waves; laser beams or ultrasounds sources [20-22]. The high scattering of the
laser in the tissue produces a localized thermal ablation close to the applicator
more rapidly than ultrasound or microwaves, but less extended due to the higher
attenuation. Ablation by microwaves has been broadly investigated in literature
[23-26]. It has attracted great interest because it can produce a rapid and local-
ized temperature increment that causes immediate necrosis of the tumoral cells,
and it is able to promote heating through different types of biological tissues. As
local treatment, it allows a mini-invasive therapy, improving the patient wellness
during and after the ablation session. During the last years, devices for hyper-
thermia therapy of mammary, hepatic, renal, and pancreatic carcinomas have
been studied and developed [27-30].
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Microwave applicators basically consist of a microwave generator and an an-
tenna and can be divided into external and internal applicators depending on their
peculiar use. They can be designed employing different kinds of radiating sec-
tions. For example, monopole, dipole, slot, and helical antennas, that irradiate
directly into the target tissues via intracavitary, percutaneous, or laparoscopic
paths, have been designed for internal applicators [30-39]. Among the various
types of antennas studied for the external applicators there are waveguide and
horn antennas [40], phased array antennas [41] and patch antennas [42-44]. Dif-
ferent shapes, rectangular, circular, horseshoe, have been considered for the ra-
diating slot of microstrip antennas for microwave hyperthermia treatment of can-
cer [45]. The design of the patch antenna and the choice of the operating fre-
quency must take into account the size and depth of the tumoral mass. At low
frequencies large penetration depth of the electromagnetic field can be obtained,
but also the radiating system employed in order to produce an adequate localized
heating become larger. Microstrip applicators at 915 MHz, 433 MHz, and 190
MHz, have been designed with low loss, high dielectric constant, substrate to
treat tumours at 2 cm, 3 cm, and 4 cm depth [23].

Among the principal drawbacks of patch antennas there are the narrow band-
width and low penetration depth capability. A water bolus is usually placed be-
tween the external applicator and the body in order to improve the matching of
the antenna and at same time maintain the temperature of the skin at normal
human body level. Microwave resonators have been investigated in literature to
improve external applicators for superficial cancer treatment, in particular met-
amaterial lens can improve the antenna directivity and reduce the beam width
and side lobe ratio [46-49]. Left-handed metamaterial lenses have been numeri-
cally investigated in order to improve the focusing in superficial tumour [50,51].
Metamaterial zeroth-order mode applicators have been proposed in order to pro-
duce a more homogeneous specific absorption ratio (SAR) distribution, similar
to that of an ideal plane wave, and larger penetration capability [52,53].

Microwave resonators can also be exploited in order to improve Ultra-Wide
Band antennas radiation performance [54-65]. These antennas find application
in different fields, such as ground-penetrating radar (GPR) [66], fifth generation
(5G) and communication systems [67-73], microwave imaging [74,75], and
medical applications [75]. Lenses based on metamaterial technology are de-
signed, optimized, and fabricated for the enhancement of Antipodal antennas.
Non-resonant metamaterials, based on conventional parallel-line unit cells, are
used to enhance the gain [57-59] and to stabilize the radiation pattern [59]. In
[60], a zero-index metamaterial (ZIM) by using meander line cells is proposed
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for obtaining a gain increase of about 4 dB of an antipodal Vivaldi antenna
(AVA). A modified H shape cell is used for a ZIM lens to obtain a gain enhance-
ment of up to 2.6 dB of an AV A slot antenna in frequency bands close to 60 GHz
[61]. Epsilon-near-zero (ENZ) metamaterials can be exploited to increase the
gain of conventional [62] and double-slot AVAs [63]. Gradient refractive index
(GRI) metasurface lenses, based on non-resonant unit cells, allow the improve-
ment in the radiation properties if placed in front of the antenna at an optimized
distance [64,65].

Microwave planar sensors for real-time and non-invasive sensing systems are
another example of intriguing use of microwave resonant devices. A number of
industrial, environmental, and medical applications have seen a renewed interest
due to recent developments in the field of microwave planar sensors. For exam-
ple, monitoring of hydrocarbon quality is an important goal, not only for modern
automotive, industrial, and aerospace applications, but also in view of the next
uses of biodiesel fuel generation [76,77]. There are many different contaminants
that can compromise hydrocarbon quality, such as alcohol, water, ethanol, and
oils [78-80]. Monitoring should be fast, accurate and real time, because these
contaminants could alter the lubrification properties of fuel and reduce motor
performance. In particular, they could alter the viscosity, density, and boiling
point of the hydrocarbons [81]. In general, traditional laboratory techniques,
such as an evaporation test, distillation, gas chromatography, etc., useful to iden-
tify the quality of petroleum liquid and its derivative products, are more expen-
sive and introduce a delay time for analysis. Microwave sensor techniques pro-
vide an interesting alternative approach [80-86]. Water contamination can be
detected by using different electromagnetic technologies, including optical fiber
gratings and microwave reflection techniques [87-93]. Microwave sensors can
be very efficient devices for real-time water detection, since the dielectric con-
stant of water, &. 5,0 = 70, is about 40 times the dielectric constant of diesel
fuel, & ryer = 1.75, at the frequency f = 10 GHz. Many different kinds of de-
vices have been proposed, including coaxial antennas and microstrip sensors,
stacked multi ring resonators (SMRR) or vertically stacked ring resonators
(VSRR), and microwave resonant cavities [80-88,93-97]. Microstrip technol-
ogy, in addition to having a number of practical advantages, allows to design
compact and integrated devices, but it does not guarantee a complete confine-
ment of the electromagnetic field and suffers radiating losses. On the other hand,
Substrate-Integrated Waveguide (SIW) technology allows to obtain compact and
low-cost solutions, good performances, integration of active and passive devices
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on a single substrate, good electromagnetic field guidance, a reduction in inser-
tion and radiation losses, and the use of higher power [98-111].

This thesis has been focused on the theoretical study, design, and optimization
of novel devices and systems that can be used in biomedical and environmental
applications. In particular:

THE FIRST CHAPTER recalls the theory for the design of metamaterials and Sub-
strate-Integrated Waveguide devices.

THE SECOND CHAPTER illustrates the design of a metamaterial lens based on the
split ring resonator (SRR) to improve the impedance matching of a SIW
cavity backed patch antenna loaded with biological material, thus obtain-
ing an applicator for skin cancer therapy.

THE THIRD CHAPTER reports the design of a needle microwave applicator for hy-
perthermia liver cancer treatment. Impedance matching techniques, cool-
ing system effects, innovative 3D additive printing techniques, and the in-
sertion of a metamaterial lens based on Closed Loop Resonator (CLR) are
investigated to improve the applicator performances.

THE FOURTH CHAPTER describes the design, fabrication, and characterization of
anovel metamaterial lens for the gain improvement of an Ultra-Wide Band
antenna, that can be employed for environmental applications.

THE FIFTH CHAPTER illustrates the design, fabrication, and characterization of a
microwave SIW sensor for detection of water in diesel.



2 Theory

In this chapter, a recall of theory useful for the design of the devices, pro-
posed in this thesis, is briefly reported.

2.1 Metamaterials

Metamaterials (MTMs) are artificial materials designed with the aim of obtain-
ing special electromagnetic (EM) properties that would not normally be availa-
ble in nature. They are typically constituted by periodic repetitions of elementary
units with sizes significantly less than the wavelength of the propagating EM
field. Therefore, the MTMs are inhomogeneous structures that can be globally
considered as a homogeneous medium. Their EM properties can be described by
the effective parameters €.7¢ and ,fy, that could be calculate considering the
average of the local charge, current, and field distribution. Due to the possibility
of manipulating EM characteristics, the metamaterials are considered particu-
larly interesting and very promising for applications in several fields, from mi-
crowaves to optical frequencies [112].

Many types of MTMs have been designed, and now, different criterions are nec-
essary for a comprehensive classification. A standard way to categorize them is
based on the sign of effective permittivity ¢ and effective permeability peyy.
Figure 2.1 illustrates the diagram of MTMs classification as function of effective
permittivity &.¢5, effective permeability p.rr and effective refractive index
Nesr. Metamaterials based on Split Ring Resonator (SRR) have been considered

for the design of microwave resonators in this thesis.
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Figure 2.1 Diagram of MTMs classification as function of effective permittivity &5,
effective permeability porr [112].

2.1.1 Theoretical model of the Split Ring Resonators

In [113], for the first time, SRR was proposed in order to realize Mu-negative
(MNG) materials (fourth quadrant in Figure 2.1). Figure 2.2 shows the double
rings structure proposed in [113].

Figure 2.2 Scheme of the double ring configuration of the SRR proposed in [113].

When an electromagnetic wave propagates orthogonally to the SRR plane, the
SRR behaviour can be approximatively described by an equivalent LC circuit,
where the inductance and the capacitance are related to the currents induced in
the metal rings and to the capacitive phenomena between the split terminations
(capacitive gap), respectively [112]. If the dimension of unit cell is very small
with respect to wavelength A, the metamaterial layer exhibits an effective capac-
itance and an effective inductance at macroscopic/average level, according to the
effective medium theory, which lead to the calculation of an effective
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permeability [113]. Figure 2.3 illustrates the equivalent circuit model of (a) dou-
ble SRR and (b) single SRR configuration.

(a) (b)

Figure 2.3 Equivalent circuit model of (a) double SRR and (b) single SRR configura-
tion [112].

The analytical model and physics of the split ring resonators is recalled since it
has been employed in order to roughly obtain preliminary geometric parameters
of the microwave resonators designed in this thesis.
The metamaterial based on SRR exhibits an effective magnetic permeability de-
scribed by the Lorentz model approximation [112,113]:

Fw?

©? — Wom? + JY©

:ureff(w) =1- (21)

where wp,, and wy,, are the plasma magnetic and resonant frequency, respec-
tively, F is the fractional of the unit cell occupied by interior ring, and y is the
damping factor due to metal losses. Starting from (2.1) a frequency range in

which Re (“re ; f) is negative can be identified:

Wo
Wom < W < = = Wpm (2.2)

v1—-F

where the plasma magnetic frequency w,, and the resonant frequency wg,, are

finely tunable by optimizing the geometry of the unit cell, see Figure 2.4.

o
—_ Peff:l/—_—_;
w ®
Mg (0] mp

Figure 2.4 Generic curve of the effective permeability ., F of the SRR [113].
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Considering an array of single broadside coupled SRRs, with rings in the xy-
plane, the effective magnetic permeability is described by (2.3) [46]:

Teff — ' . 2.3
eff AxAy(Reff - > C{eff +] w Leff) ( )
S =1l (2.4)

where A, and A,, are the dimensions of the SRR unit cell in xy-plane, [, and [,,
are the lengths of the metallic ring in the x- and y-directions, respectively, and
Resr, Copr and L5 are the effective resistance, effective capacitance and effec-
tive inductance of the metamaterial, respectively. The effective capacitance is
approximatively obtained from the formula for the capacitance per unit length
of a strip line [114].

& &l K(k)
Cefy = K (2.5)
Tw
k = tanhz—t (2.6)
L =2(+1,—5) 2.7)

where K (k) and K'(k) are elliptic integrals [115], w, s are the width and the
split gap of the SRR, t is the distance between the two SRR in the z-direction.
The effective inductance is [114]:

Uo S
Lesr = OT (2.8)
The effective resistance R.sy includes the radiation resistance and the loss re-
sistance [114].

In other words, the control of the effective magnetic permeability, by varying
both the inductive and capacitive properties of metamaterial, via a proper SRR
optimization, is the basis physics principle of the electromagnetic field focusing.

a) Metalens for improving antenna gain

A planar metamaterial lens based on SRR, formed by an array of the unit cell in
the rings plane, exhibits an anisotropic negative permeability; if the wave prop-
agates in the z-direction, the permeability tensor is [46]:

10 0
u=u, |0 1 0 (2.9)
0 0 Hropy
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When the antenna radiation frequency is within the range for which the perme-
ability element u,., i (w) < 0 the x-axis wave vector component is imaginary

ky = w,/ (&), therefore the component of the electromagnetic field parallel

to SRRs plane is evanescent and the sideward radiation forbidden, see Figure
2.5. Consequently, the main lobe of antenna radiation pattern will be improved
while the side lobe attenuated and there is an overall improvement in terms of

z
1 1 l
1 1
: l: x oy
1 1
| ]
I NPM cover

directivity and gain [47].

‘ E, ' patch antenna

Figure 2.5 Radiation scheme of a patch antenna with a MTM superstrate based on SRR
[47].

a) Metalens as impedance matching layer for medical applications

The metamaterial lens placed on the antenna, in addition to the electromagnetic
field focusing properties, allowing the gain increasement, can be used as imped-
ance matching layer. When the radiated electromagnetic waves propagate
through media with different permittivity and permeability values an impedance
mismatch occurs. The scheme of the normal wave propagation through the two
layers sandwiched between two semi-infinite media is illustrated in Figure 2.6,
where the SRR metamaterial layer is placed at distance t, from the biological
layer to be matched.
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Figure 2.6 Scheme of the normal wave propagation through the two layers sandwiched
between two semi-infinite media. The SRR metamaterial layer is placed to
distance t, from the medium to be matched [1].

The metamaterial lens, if properly designed, can minimize the mismatch, and
maximize the energy transmission. With reference to the Figure 2.6 the general
form of wave matrices is given by (2.10).

: 21/ eivutn T _je"imta\ gt a1 g\ [Et
gr] = Hﬂ(ﬂuei’"‘" " e~ i¥ntn )[b;) ] = (a21 azz) [LZ)] (2 10)
E" asq
l E! aiq ( )

where T, v, and t,, are the transmission coefficient, propagation constant and
thickness of the layer n, and I},_; is the reflection coefficient at the (n — 1)-n
layers interface. The total reflection coefficient of the multiple layers I}, given
by (2.11), s zero for a ‘perfect’ impedance matching. By considering (2.11), the
total reflection coefficient is a function of frequency and can be minimized by
appropriately planning the effective magnetic permeability of the metamaterial
and by adjusting the distance from the medium to be matched.

Moreover, the impedance of the metamaterials is given by [112]

(2.12)

where w is the angular frequency of the propagating EM wave, &,¢7(w) is the
effective electrical permittivity, and p,rr(w) is the effective magnetic permea-

bility, whose real and imaginary parts are handled by varying: 1) the geometry
and dimensions of the unit cells pattern, and i1) the thickness and permittivity of
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the dielectric substrate. The resonant frequency of the metamaterials is given by
[112]
1

f =
27T,/Leff X Ceff

where the effective inductance L,r; and the effective capacitance C,fs are re-

(2.13)

lated to the conductive elements and to the spacing between them. The length
and the width of the metal strips define the effective inductance value. The gap
between two adjacent loops, the loop length and the dielectric permittivity of the
substrate define the effective capacitance value. Considering (2.12) and (2.13),
the impedance matching of the needle applicator with the biological medium is
possible by using a suitably designed metamaterial lens. In this thesis, modelling,
operating frequency tuning in the operating frequency band, and impedance
matching optimization of the MTM lens have been performed by numerical sim-
ulations with the commercial EM software CST Microwave Studio®.

2.1.2 Effective Parameters Extraction

Considering the state of the art, there are several approaches for modelling met-
amaterials [116-118]. A way for metasurfaces modelling, by considering their
effective electrical and magnetic surface susceptibilities, is reported in [116].
Anyway, the most largely employed is based on the evaluation of the volumetric
effective electric permittivity and volumetric magnetic permeability [54-
67,69,75]. This method, based on the assumption of homogenization, exploit the
S-Parameter Retrieval (SPR) method, based on the Kramers-Kronig relationship,
and requires the definition of an effective thickness d,ff related to volumetric
effective parameters of the effective homogeneous layer modelling the met-
amaterial. The effective electric permittivity &, and the effective magnetic per-
meability u. s are calculated from the complex wave impedance Z, ¢ and com-

plex refractive index N,f, obtained from the S-parameters [116-118].

The effective volumetric material properties can still be used for metasurfaces
modelling if the effective thickness d s along propagation direction is held con-
stant. The effective material properties retrieved with a set thickness can be used
without any loss of generality [116]. On the other hand, if one changes the thick-
ness, but keeps the effective properties the same, then the results would be mean-
ingless [116].

It should also be noted that, using the SPR method, the imaginary part of the
retrieved effective parameters could be negative in narrow frequency bands.



2 Theory | 12

Anyway, the magnetic and electric dipoles induced in metamaterials are not in-
dependent of each other, and the passivity condition can be fulfilled even when
Imm(eqpr) < 0 or Imm(perr) < 0[117,119].

In this thesis, the SPR method is exploited for the preliminary design of the
metalens, whereas the optimization of the actual microwave devices has been
performed with full-wave numerical simulations.

2.2 Substrate-Integrated Waveguide

The Substrate Integrated Waveguide (SIW) is a planar waveguide-like structure,
that can be realize by inserting of two parallel rows of metal posts (vias) into a
dielectric substrate. The posts are electrically connected with two parallel metal
plates, see Figure 2.7. The EM propagation in this structure is similar to that in
the standard rectangular waveguide. The SIW has the same advantages as stand-
ard rectangular waveguide, such as high quality-factor and high power-handling
capability, and in addition the same advantages as planar technology, such as
low cost and easy fabrication and high integration with planar circuits [101].

In this thesis, the SIW technology has been considered for the design of a planar
microwave sensor for environmental applications.

metal post

unit cell

top metal
layer

= ~ ~. dielectric
substrate

Figure 2.7 Scheme of a generic SIW [101]
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2.2.1 SIW design basics

For the design of the SIW, the three fundamental geometrical parameters are the
width of the SIW w, i.e. the distance between the two parallel rows of vias, the
vias diameter d and the distance between the centres of adjacent vias in the same
row s, see Figure 2.7. Different empiric methods have been proposed in litera-
ture, that allow to calculate these parameters, starting from the operating fre-
quency and the effective width w, ¢ of the standard rectangular waveguide with
the same propagation characteristics [98-99,120].

In this thesis, the empirical equation (2.14) has been used for the preliminary
design.
dZ
0.95s
The precision of (2.14) is within er = +5%, and the approximation is valid if

Wepp = w — (2.14)

the following conditions are respected [98]:

) <A°f_r 2.15)
s<4d (2.16)

where A is the wavelength in air and &, is the dielectric constant of the substrate.

The optimization of the SIW structures has been performed by using full-wave
simulations.



2 Design of a microwave resonator
applicator for superficial hyper-
thermia cancer treatment

2.1 Introduction

The high absorption of microwave energy by tumour tissues, due to the in-

trinsic biological characteristics, makes microwave hyperthermia an efficient
cancer therapy technique. Hyperthermia applicators can be classified into non-
invasive external, and invasive or mini-invasive internal applicators, depending
on the location of the tumour to be treated. Non-invasive microwave antenna
configurations are commonly utilized as applicators for superficial hyperthermia
cancer treatment. Patch antennas are considered very interesting radiating ele-
ments for treatment of skin cancers because of their intrinsic advantages as small
size, low profile, light weight, high integration, and low-cost fabrication. How-
ever, the main disadvantage of patch antennas is the narrow bandwidth and low
penetration depth capability. The patch antenna bandwidth can be increased by
using a metallic cavity, that reduces the losses due to surface waves reduction
and improves the radiation performance [122]. Substrate integrated waveguide
(SIW) technology is an excellent choice for the realization of the metallic cavity,
as it allows to obtain an efficient and low-cost three-dimensional bounding of
electromagnetic power via the planar printed board circuits (PCB) technology
[100,104,106,109-111,121]. In addition, several studies have shown that met-
amaterials can be used for the improvement of non-invasive microwave applica-
tors [46-53].
In this chapter, the design and optimization of a split ring resonator (SRR) based
metamaterial for microwave therapy of cancer at the frequency f = 10.7 GHz
are reported. This frequency allows a strong microwave absorption of the bio-
logical tissue. Generally, the SRR metamaterials are optimized for sensing/im-
aging applications at different operating frequencies.

14
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The design is focused:

1) to improve the impedance matching of the antenna loaded with hu-
man tissue, thus avoiding the impedance mismatch and the formation
of stationary waves which are deleterious for an efficient operation
of the microwave applicator,

1) to obtain a better focusing of the electromagnetic power into human
tissue.

This feasibility investigation constitutes a preliminary prove of concept for the
development of a compact and low-cost microwave applicator for dermatology.

The matching properties of metamaterial are experimentally demonstrated by
employing a pre-prototype applicator which consists of a suitable SIW cavity-
backed patch antenna with the optimized metamaterial lens based on SRR array.
The antenna cavity has been designed by considering SIW technology. Higher
gain, efficiency and directivity have been obtained by putting a SRR metamate-
rial over a patch antenna applicator. The impact of this research lies in the nov-
elty of the proposed device and in its practical potential due to the possibility to
refine a set of different SRR geometries. These can be optimized by considering
the kind of organ, age, and gender of the patients, for the same source and appli-
cator. The obtained results pave the way towards the construction of an external
microwave applicator for skin cancer thermal treatment.

2.2 Design overview

The considered microwave applicator, depicted in Figure 2.1, is a SIW Cav-
ity-Backed Patch antenna, designed and optimized for Ku-Band applications
(10.7 = 12.7 GHz). It consists of a stack structure, a microstrip patch antenna
coupled with a circular resonant cavity based on SIW technology. The substrate
Rogers Duroid 5880 with low dielectric constant ¢, = 2.2 and low losses
tand = 0.0009 has been considered for both layers. This antenna combines the
attractive features of both SIW cavity-backed and patch antennas with truncated
corners. The design has been performed by varying the size of the cavity, the
hole diameters, the hole pitch, the patch geometry. All the details pertaining the
design of this kind of antenna are reported in [106]. The two cuts on the sides of
the rectangular patch were designed to provide a wider frequency band and a
frequency downshift. This allows a more compact size. The metallized cavity
furtherly broadens the bandwidth and improves the gain of the antenna,
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furthermore the SIW technology offers the typical advantages of the standard
PCB processes, like easiness fabrication, low cost, compact size, and high inte-
gration with the planar circuits. Figure 2.2 shows the layout of SIW cavity-
backed patch antenna, whose geometric parameters are listed in Table 2.1.

2.2.1 Metamaterial design

The metamaterial theory reported in Chapter 1 has been applied to roughly
identify the geometric parameters of the metamaterial operating at Ku-Band ap-
plications. The analytical model for simple split ring resonators has been em-
ployed in order to obtain simple and preliminary line guides for the actual design,
which is numerically performed via CST Microwave Studio®.

The geometry of the SRR unit cell has been suitably modified and scaled with
respect to the literature [46] in order to operate at the resonance frequency of the
SIW microwave applicator. Moreover, with respect to [46] the unit cell of the
proposed SRR presents a further double ring with splits placed on the opposite
side and operates at a different frequency. A complementary configuration, i.e.,
a couples of coplanar rings written symmetrically with respect to the common
centre, has been considered to obtain a resonance frequency close to that of a
single ring with the same dimensions, but with a larger magnetic moment due to
higher current density. Since they are written on both sides of a dielectric sub-
strate, they are broadside coupled. The analytical model of a single (not comple-
mentary) broadside coupled SRR satisfactorily approximates the complementary
configuration when the couple of rings are very close each other.

The metamaterial lens consists of an array of complementary broadside coupled
split square-rings. The lattice of this inhomogeneous structure is shorter than the
guided wavelength of antenna radiation, so the composite behaves as an effective
homogeneous medium. Figure 2.3 shows the 3D view (a) and plan front view
(b) of the unit cell of the SRR, respectively. The metamaterial lens used as su-
perstrate of the SIW Cavity-Backed Patch antenna is shown in Figure 2.4.
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Figure 2.1 Layout 3D view of the microwave applicator with the split ring resonator-
based metamaterial superstrate placed on the SIW cavity-backed patch an-
tenna at a distance d [1].

1-=->v
x

(b)
Figure 2.2 Layout of SIW cavity-backed patch antenna. (a) Top view of the patch an-
tenna and (b) top view of the SIW circular resonant cavity [1].

TABLE 2.1
GEOMETRIC PARAMETERS OF THE SIW CAVITY-BACKED PATCH ANTENNA

Parameter Dimension Description
a 8.00 mm Length of the patch
b 2.86 mm Length of the lateral cuts
c 1.50 mm Width of the lateral cuts
r 6.72 mm Radius of the SIW cavity
v 0.62 mm Diameter of the vias
a 15° Angular distance between the consecutive vias
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(a) (b)
Figure 2.3 3D model of complementary broadside coupled SRR unit cell designed in
CST Microwave Studio®. (a) 3D view and (b) top view [1].
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Figure 2.4 Layout of the SRR metamaterial placed as the patch antenna superstrate [1].

2.2.2 Design specifications

The design is numerically performed via CST Microwave Studio®. The die-
lectric substrate used for the metamaterial is Rogers RO4350B with dielectric
constant &, = 3.48 and dissipation factor of tand = 0.004.

The S;; parameter of the microwave applicator placed at distance D from a
model of human tissue is simulated to evaluate the lens metamaterial behavior
as impedance matching layer. Figure 2.5 shows the sideview of the layout of
SIW Cavity-Backed patch antenna covered by the metamaterial lens and at dis-
tance D from the biological tissue. The biological tissue considered in the simu-
lation is a slab of skin-fat-muscle, whose electromagnetic parameters at the f =
11 GHz frequency are listed in Table 2.1 [123].



2 Design of a microwave resonator applicator for superficial
hyperthermia cancer treatment

MUSCLE

FAT

\
D Human Tissue

SRR - superstrate

t \ ke
/
E 1- Antenna
Y

Figure 2.5 Sideview of SIW Cavity-Backed patch antenna with SRR superstrate placed
at distance D from human tissue [1].

TABLE 2.11
ELECTROMAGNETIC PARAMETERS HUMAN TISSUE AT f = 11 GHz

El Conductivity (o)

Biological Tissue Permittivity (€)

(Sm=hH
Skin 9.1658 30.313
Fat 0.6567 4.5278
Muscle 12.083 41.419

2.3 Simulation results

The design and optimization of the metamaterial lens has been numerically
performed via CST Microwave Studio®. After several simulations, in which the
SRR geometry and cell size have been parametrically changed, the optimized
geometric parameters are listed in Table 2.111. The optimized SRR metamaterial
exhibits resonant frequency range overlapping the operating frequency range of
the SIW Cavity-Backed Patch antenna.

The scattering parameter modulus |S;, | of the antenna SIW Cavity-Backed patch
with SRR superstrate has been simulated for different distances from the biolog-
ical tissue and the obtained results are compared in Figure 2.6a. It is apparent
that the metamaterial placed at D = 10 mm allows the best impedance matching
with the biological tissue.
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TABLE 2.111

LIST OF THE GEOMETRIC PARAMETERS OF THE SRR UNIT CELL
OF FIGURE 2.1, FIGURE 2.3 AND FIGURE 2.4

Parameter Dimension Description
(mm)
Ax 3.20 Length of the unit cell in the x direction
Ay 3.20 Length of the unit cell in the y direction
Iy 245 Length of the external SRR in the x direction
Ly 2.45 Length of the external SRR in the y direction
Lo 2.00 Length of the internal SRR in the x direction
Ly, 2.00 Length of the internal SRR in the y direction
s 0.11 Split gap of the SRR
w 0.11 Width of the SRR
g 0.11 Length between the complementary SRRs in the xy plane
t 3.04  Length between the broadside coupled SRRs in the z direction
d 6.90 Length between the SIW antenna and the metamaterial lens
L, 22.40 Length of the metamaterial lens in the x direction
L, 36.00 Length of the metamaterial lens in the y direction

Figure 2.6b illustrates the simulated scattering parameter modulus |S;;| of the
SIW Cavity-Backed patch antenna with SRR superstrate placed at distance D =
10 mm from the human tissue (solid curve) and of the SIW cavity-backed patch
antenna with SRR superstrate without tissue (dashed curve). The reduction of
the scattering parameter modulus |S;;| can be observed over almost the entire
frequency range, the metamaterial strongly improves the impedance matching.

Figure 2.7 illustrates the electric field distribution has been simulated in order to
evaluate the ability of the proposed microwave applicator to focus the electro-
magnetic field into biological tissue. Simulated electric field 2D distribution in
the yz plane at f = 11 GHz. The metamaterial lens produces a focusing im-
provement of the electromagnetic field into the skin model in both cases. In the
case of SRR superstrate placed at distance D = 10 mm from the human tissue,
the electric field modulus better penetrates along z —direction, in both the skin
and fat layers, with respect to the case without SRR superstrate. Moreover, the

1 is more

region where the electric field modulus is close to |E| = 300 Vm~™
homogeneous in presence of SRR superstrate (Figure 2.7a). It is worth noting
the nodal surfaces due to a stationary electromagnetic wave in absence of SRR

metamaterial (Figure 2.7b).
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Figure 2.6 Simulated scattering parameter modulus |S;;| (a) of the SIW Cavity-
Backed patch antenna with SRR superstrate placed at different distances
from the biological tissue and (b) of the SIW Cavity-Backed patch antenna
with SRR superstrate placed at distance D = 10 mm from the human tissue
(solid curve) and of the SIW Cavity-Backed patch antenna with SRR super-
strate without tissue (dashed curve) [1].
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Figure 2.7 Simulated electric field 2D distribution in the yz plane at the frequency f =
11 GHz; (a) SIW Cavity-Backed patch antenna with SRR superstrate
placed at distance D=10 mm from the human tissue; (b) SIW Cavity-Backed
patch antenna placed at distance D = 10 mm from the human tissue with-
out SRR superstrate [1].



2 Design of a microwave resonator applicator for superficial
hyperthermia cancer treatment

2.4 Measurements

The antenna and metamaterial prototypes have been fabricated by employing the
dielectric substrates Rogers Duroid 5880 with &, = 2.2 and tand = 0.0009 and
Rogers RO4350B with ¢, = 3.48 and tand = 0.004, respectively and by using
a standard PCB process.

Top-view of the SIW cavity-backed antenna and the metamaterial lens are
showed in Figure 2.8a, the four holes are fabricated to fixing with suitable screws
the metamaterial lens to the SIW antenna and the nuts are screwed in order to
the obtain the distance d = 6.9 mm, as shown in Figure 2.8b. The designed
thickness of the metamaterial lens, t = 3.04 mm, is achieved by overlaying two
layers of dielectric substrate each of thickness 1.52 mm.

Metamaterial lens SIW antenna

1I|IH1
9

5

(b)
Figure 2.8 (a) The metamaterial lens (at left) and SIW Cavity-Backed Patch antenna
(at right) prototypes. (b) SIW antenna and metamaterial superstrate assem-
bled and connected at the PNA Network Analyzer [1].

The scattering parameter S;; of the device has been measured with the Agilent
Technologies N5224A Network Analyzer.
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In Figure 2.9 the scattering parameter modulus |S;1| of the SIW antenna versus
the frequency with metamaterial lens is illustrated, the measurement is per-
formed with the device that irradiates in air (dashed curve) and in the biological
tissue of a hand (solid curve) placed at a distance close to D = 10 mm from the
SRR superstrate. The comparison highlights a good impedance matching of the
microwave applicator loaded with the biological tissue in the frequency range
10.4 ~-11.5GHz. A scattering parameter modulus |S;;| minimum of
|S11|min = -42 dB at the f = 10.6 GHz frequency has been measured. Moreo-
ver, the measured results are in good agreement with simulated one of Figure
2.6b, although we can observe a shift of the resonance frequency of few hundred
of MHz, in fact a scattering parameter modulus minimum of |S;1|min =
-36.9 dB at the f = 10.9 GHz frequency has been simulated. The second res-
onance frequency at f = 12.7 GHz of the simulated results is less pronounced
respect to the experimental results around at f = 12.3 GHz. These differences
may be due to manufacturing tolerances and the possible air film between the
two layers of the dielectric that constitute the metamaterial lens.

Figure 2.10 shows the measured scattering parameter modulus |S;;| of the SIW
Cavity-Backed Patch antenna, with (solid curve) and without (dashed curve) the
metamaterial superstrate that irradiates in the biological tissue. We can observe
that the electromagnetic field of the antenna without metamaterial lens is almost
completely reflected from human tissue. We underline that the simulations of
Figure 2.7 perfectly agree with the experimental results of Figure 2.9 and Figure
2.10. In particular, in Figure 2.10 the measured scattering parameter modulus
|S11] in the case of antenna with SRR metamaterial and tissue (full curve) exhib-
its a strong dip close to the frequency f = 10.7 GHz. At the frequency f =
11 GHz the impedance matching is good enough since the measured scattering
parameter modulus is close to |S;;1| = —14 dB. In fact, Figure 2.7a shows a ho-
mogeneous propagation/distribution of the simulated electromagnetic field.

Moreover, Figure 2.10 shows that the measured scattering parameter modulus in
the case of antenna and tissue without SRR metamaterial (dashed curve) is close
to |S11] = —4 dB. This implies an impedance mismatch, the presence of the sta-
tionary wave and a not homogeneous distribution of the simulated electromag-
netic field with nodal regions. It is in perfect agreement with the simulation in
Figure 2.7b. In other words, the SRR metamaterial provides an impedance
matching and a consequent suppression of the reflected wave.
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Figure 2.9 Measured scattering parameter modulus |S;;| versus frequency of SIW
Cavity-Backed Patch antenna with metamaterial lens, that irradiates in bio-
logical tissue (solid curve) and in air (dashed curve) [1].
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Figure 2.10 Measured scattering parameter modulus |S;,| versus frequency of SIW
Cavity-Backed Patch antenna with (solid curve) and without (dashed curve)
the metamaterial superstrate that irradiates in the biological tissue [1].

The SIW antenna covered by the metamaterial layer has been characterized with
the antenna measurement system in anechoic chamber, StarLab SATIMO,
shown in Figure 2.11. The measured gain of the antenna with and without the
metamaterial is illustrated in Figure 2.12, we can observe that SRR superstrate
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produces an improvement of the gain in the frequency range over f = 11 GHz
with an increasement of 4 dB at f = 12.2 GHz.

Figure 2.11 SIW Cavity-Backed Patch antenna with metamaterial lens in the anechoic
chamber StarLab SATIMO [1].
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Figure 2.12 Measured gain versus frequency of SIW Cavity-Backed Patch antenna with
and without metamaterial [1].

2.5 Comparison with literature

A comparison with other microwave applicators is complex due to the large va-
riety of parameters characterizing the investigations reported in literature, among
which the kind of antenna, frequency, kind of metamaterial, applied microwave
power and obtained performances characterized in terms of Heating Zone Di-
mension (HZD), SAR zone, maximum temperature at focusing depth.



2 Design of a microwave resonator applicator for superficial
hyperthermia cancer treatment

For the proposed device the SAR, the peak SAR averaged over the mass m =
1g and over the mass m = 10g, the 50% SAR zone, the 42°C HZD, for an input
power P =1W at f = 11 GHz frequency are evaluated, in the case of the mi-
crowave applicator placed at distance D = 10 mm from the skin surface of the
human tissue. Table 2.V shows that the obtained results are interesting if com-
pared with literature ones. The reduced HZD zone and high SAR peak evidence
the strong focusing obtained via the designed SRR metamaterial. This paves the
way for novel promising applications.
TABLE 2.1V
COMPARISON WITH OTHER MICROWAVE APPLICATORS FOR CANCER THERAPY

Ref  Antenna/ Fre- Metamaterial Biological Results
quency tissue

- Flat left- Tmax = 44.7 °C at 0.71 cm below
Line source ex- handed  Superficial the skin surface
[15] tended infinitely - anceq  SUPCHICIAL yr0r y7ny of 1 em x 1.2 cm
metamaterial  tumour .
2.45 GHz (LHM) Electromagnetic field source
43.44Vem™t

Multiple Line Flat left-
source extended  handed  Superficial
infinitely metamaterial  tumour
2.45 GHz (LHM)

[50] 42°C HZD of 6.2 cm x 1.3 cm

Zero-order
resonator  Superficial
(ZOR) met-  tumour

Zero-order reso-

[52] nator antenna 50% SAR zone of 6 cm X 24 cm

434 MHz .
amaterial
Flat left-
[124] Dipole antenna ~ handed Breast Tyq = 46 °C at 7.5 cm from the
4.15 GHz metamaterial  tissue  border of the LHM lens
(LHM)
Flat left- 42°C HZD of 1.13 cm X 0.89 cm X

Multiple micro-
[125] wave sources
6 GHz

handed Breast 0.61 cm, two LHM lens
metamaterial ~ tissue  42°C HZD of 0.87 cm X 0.87 cm X
(LHM) 0.61 cm, four LHM lens

Microstrip  Electromag- Breast Peak SAR;, = 25 mW gt

[126] antenna netic band . - )
2.45 GHz gap (EBG) tissue  Peak SAR;oy = 4.54mWg

Left-handed
metamaterial
(LHM)

Superficial 50% SAR zone of 1.81 cm X
tumour 0.32cm

Coaxial antenna

[127] 2.45 GHz

Peak SAR,; = 51.1 mwg1

Peak SARyo, = 142 mW g1

In SIW cavity Split ring .
this  backed patch resonator Slgjgfg;al 50% SAR zone of 1.6 cm X

thesis antenna Ku-band  (SRR) 2.22°E'TrI:IZD 14 13 9
of l4dcm x 1.3 cm

0.4 cm
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2.6 Concluding remarks

A metamaterial lens based on SRR has been designed to be employed as a lens
to be put on a SIW cavity backed patch antenna in order to improve the imped-
ance matching of the antenna when loaded with human tissue and to enhance the
focusing of the electromagnetic field into the biological tissue to be treated.

A prototype has been fabricated employing the standard, low-cost PCB technol-
ogy and has been characterized by using a Network Analyzer. The simulated
scattering parameter modulus of the antenna loaded with the biological tissue
with and without metamaterial lens is |S;;| = —37 dB and |S;;| = —14 dB at
the f = 11 GHz frequency respectively. The measured minimum of the scatter-
ing parameter modulus |S;1| = —42 dB has been measured at the f = 10.6 GHz
frequency. The experimental results are in good agreement the simulations. The
impedance matching improvement has been proved. The electromagnetic field
distributions simulated have highlighted the focusing capability of the met-
amaterial lens. The antenna measurement in the anechoic chamber has con-
firmed that this kind of SRR lens can find actual application to focus the elec-
tromagnetic field of microwave applicators used in dermatology for the thermal
therapy of skin cancer.
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3.1 Introduction

In the case of deep-seated tumour, invasive therapy is generally required.
However, microwave (MW) interstitial applicator could be used. Heating at mi-
crowave frequencies allows the rapid achievement of thermal lesions extremely
localized around the tumour mass alone, resulting in necrosis of cancer cells,
avoiding damage to healthy tissues. In addition, the small size of these applica-
tors allows an efficient mini-invasive therapy, which can reduce the traumatic
impact of surgery, reduce post-operative recovery time, and thus improve the
patient wellness. For internal applicators, the electromagnetic (EM) energy is
transferred to biological tissues by intracavitary, percutaneous or laparoscopic
techniques, and among the types of radiant elements studied there are monopole,
dipole, slot, and helical antennas [23-39]. Moreover, the treatment session can
be supervised with the aid of ultrasound scanning, magnetic resonance imaging,
or an EM tracking system [128].

In this chapter, various solutions for the design and manufacturing of low-cost
mini-invasive interstitial needle applicators are investigated for hyperthermal
treatment of hepatic tumour, by considering the patient wellness as primary goal.
Some novelty points with respect to the literature are provided, such as:

1)  an extensive comparison of different geometries in order to identify the
simpler one for an easy fabrication process and device cost reduction,

i1)  investigation of different materials by considering a wide range of per-
mittivity, heat capacity, thermal conductivity,

ii1)  exploitation of 3D-printing technique to construct a simplified insulat-
ing section by employing the material E-Shell 300,

28
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iv) insertion of a metamaterial (MTM) lens into the needle microwave ap-
plicator is investigated for a more efficient hyperthermia cancer ther-

apy.

3.2 Design overview

Percutaneous microwave applicators are antennas emitting directly into the
human tissue, driven with the aid of a hypodermic tube. The tissue is heated by
the electromagnetic field absorption. The antenna design plays an essential role
in the optimization of the radiation pattern within the treated tissue and of the
efficiency of electromagnetic energy transfer. These aspects are also influenced
by the dielectric features of the biological medium. A correct impedance match-
ing of the radiating section of the applicator with the human tissue is the first
design objective. Indeed, stationary waves and dispersions along the feeding line
can cause overheat of the applicator and undesired damages to the surrounding
healthy tissues.

The design has involved the following steps:

1) miniaturization of the radiant system, to allow the antenna fitting a
biopsy needle for mini-invasive therapy,

11) choice of a coaxial cable with small section, able to guarantee suffi-
cient power delivering with minimum attenuations,

111) optimization of the antenna to obtain temperature increase of the tar-
get tissue with a quite spherical profile. This last feature is important
for an efficient treatment with a scalable size. In fact, it is possible to
control the damaged region size by varying the input power and the
time duration of the ablation session.

The designed MW applicator is a triaxial antenna [26,32] working at f =
2.45 GHz, in the Industrial, Scientific, and Medical (ISM) frequency band. It is
designed for the thermal hepatic tumour ablation [32-33,37-38].

It is schematically composed by three sections:

1) the radiating section, a coaxial antenna that terminated with a metallic
tip,
11) the insulating section, realized with biocompatible dielectric material

that embedded the radiating section. This section helps applicator in-
sertion into the biological tissue, provides mechanical protection,
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avoids the adhesion to the necrotized tissue, and improves power cou-
pling with the biological medium.

1i1) a steel hypodermic tube for biopsy (shaft), in which the antenna is fit-
ted and that allows the percutaneous insertion of the antenna into the
biological tissue and gives robustness to the applicator.

Figure 3.1shows the lay-out of the needle microwave applicator for cancer ther-
apy. The bio-electromagnetic design of the antenna has been performed numer-
ically by using the Finite Integration Technique (FIT), and the effects of the in-
teraction between EM fields and biological tissue have been numerically evalu-
ated by using transient thermal analysis, that integrates the bio-heat equation
(BHE) [129]. All the phases of the multiphysics design have been performed by
numerical simulations with Microwave and Multiphysics modules of CST Stu-
dio Suite®.

LIVER AIR
TRBLAIBL Insulating section Hypodermic tube for biopsy
‘ —
I
Tip o ?
Sub-Tip Radiating Slot Coaxial cable Choke

Figure 3.1 Lay-out of the needle microwave applicator for cancer therapy [3].

3.2.1 Electromagnetic design details

In the EM applicator design, the geometrical parameters are defined and op-
timized in order to minimize the scattering parameter modulus |S; |, maximizing
the impedance matching of the antenna loaded by the biological tissue and aim-
ing to obtain a spherical shape of the thermal lesion with controlled size. The
EM field distribution inside the biological tissue is simulated by evaluating the
specific absorption rate (SAR) [23,25].

3.2.1.1 Needle Microwave Applicator design

The starting geometry is shown in Figure 3.2a. It consists of a monopole antenna
with a metal conical tip. Different geometries, shown in Figure 3.2b, Figure 3.2¢
and Figure 3.2d, are simulated in order to optimize power delivery from the an-
tenna to the biological tissues:
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1) by introducing a choke [30,36-38], to improve the aspect ratio and the
homogeneity of the thermal lesions and to minimize the return loss at
the operating frequency,

1) by adding a cylindrical metal element made of steel (sub-tip), that ex-
tend the tip inside the insulating section and has allowed the tuning of
the resonance frequency,

1i1) by considering multi-slot configurations [35,39].

With the aim to design a mini-invasive applicator, the cross section of the an-
tenna has been miniaturized to fit a 14G (1.74 mm =+ 2.20 mm) and a 16G
(1.39 mm =+ 1.69 mm) metal biopsy needle applicator.

Radiating section Hypodermic Tube

e;T —

\"jlot

 ————————————— E—

S slot
L L die L

ip
‘L-‘”{b’ipb F L.\']m
—
e‘ — (€)

Figure 3.2 Drafts of the designed applicators: (a) starting, (b) choked single slot, (c)
choked double slot, (d) chocked triple slot, and (e) dimensions reported in
Table 3.1II in the Paragraph 3.3.1.1 [2].

ch

3.2.1.2 MTM lens design

A preliminary investigation is carried out on the use of a metamaterial lens in
order to obtain a further improvement in the performance of the 16G applicator.

An array of Closed Loop Resonator (CLR) has been considered for the design
and optimization of the MTM lens. In particular, two types of geometry have
been designed: the Closed Square-Ring Resonator (CSRR) and the Closed Cir-
cular-Ring Resonator (CCRR), schematically illustrated in Figure 3.3a e Figure
3.3b, respectively. The metasurface consists of a two-dimensional array of CLR,
bended around the radiating section of the needle applicator, to form a cylindri-
cal surface (see Figure 3.3c). Each unit cell consists of two or three conductive
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rings printed on the dielectric which encapsulates the radiating section of the
applicator. Regarding the CSRR, the width of the metal strip of the two square
rings and the distance between them is equal to the value of w, so the length of
the inner ring is related to the outer one. In the case of the CCRR, the smaller
ring is scaled with respect to the central one by a factor 0.5, and this is scaled by
the same scale factor in relation to the outer ring. Therefore, the parameters w;,
w,, ws, as well as ry, r,, and r3 are related to each other.

In the numerical investigation, the dimensions of the geometrical parameters
have been varied in the ranges listed in Table 3.1. For the optimization of the real
model, polytetrafluoroethylene (PTFE) with dielectric constant €,, = 2.1 for the
substrate, and copper for the metal loops, have been considered.

Dielectric substrate Dielectric substrate
Metal strip v Metal strip
¥ T
L
g
I 9/, +/’ >
\\¥/
P il P
(a) (b)

Closed Square-Ring
Resonator array \

Substrate
dielectric

Needle microwave applicator

(©)

Figure 3.3 Schematic of the metamaterial. (a) Closed Square-Ring Resonator unit cell.
(b) Closed Circular-Ring Resonator unit cell. (¢) Radiant section of the nee-
dle applicator (in transparency) covered by the metamaterial cylindrical sur-
face [4].
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TABLE 3.1
PARAMETERS OF THE METAMATERIAL UNIT CELL

Range of values for

Parameter Description optimization (mm)
p unit cell size 0.25+1.25
g gap between the ?lfiirczﬁfs of two adjacent 0.05 = 0.25
Wi metal strip width 0.004 + 0.025
l; length of the square-ring 0.25 +1.00
¥ radius of the circular-ring 0.025 +0.50
tk thickness of the metal strip 0.025 + 0.05

3.2.2 Thermal design details

In the thermal simulations, the blood perfusion effects are considered in order
to evaluate the ablation region in an in-vivo animal model and a cooling system
is considered in order to minimize the heating of the non-target tissue in contact
with the applicator along the feeding transmission line. Thermal distribution in-
side the biological tissue is estimated by exploiting the bio heat equation (BHE)
[128], considering such as reference temperature the normal internal body tem-
perature of T,, = 37°C. Maximum temperature, profile, and dimensions of the
thermal lesions for the different applicators are simulated and compared. The
ablation region profile is obtained by using T = 50 °C isothermal contour line;
diameter a and longitudinal length b have been determined, as shown in Figure
3.4. The aspect ratio AR is determined as the ratio of the diameter to the longi-
tudinal length AR = a/b, in order to evaluate the applicator capability to pro-
duce an ablation region as spherical as possible.

3.2.3 Design specifications

In order to perform realistic simulations, all EM and physical characteristics
are considered. The dielectric and physical characteristics of the different mate-
rials of the applicator have been taken into account in the simulations, and the
electrical characteristics and thermal properties of the liver and the tumour have
been considered for a correct evaluation of the effects of the interaction between
EM field and biological tissue. Also, the human blood perfusion coefficients are
considered to perform in-vivo simulations. The liver tissue is modelled as a cube
with side L;j,er = 100 mm. The cancer is modelled as a sphere with diameter
dtumour = 15 mm. The liver tissue and the cancer are considered homogeneous
and the dielectric and physical parameters, listed in Table 3.1, have been taken
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from literature [22,36,130]. However, these features may vary on the patient age,
health condition, and gender. In the simulations, the applicator is inserted into
the liver tissue cube at D = 65 mm depth.

b LIVER AIR

a Shaft

Tip
Thermal lesion

Figure 3.4 Scheme of the ablation zone. The T = 50 °C isothermal line determinate the
boundary of the thermal lesion.

TABLE 3.11
BIOLOGICAL MATERIAL PROPERTIES USED IN THE SIMULATIONS

Biological material

Physical parameters Hepatic Tissue Hepatic Tumour
[36] [22,130]
Relative permittivity €, 43.03 54.88
Electric Conductivity (S m™1) 1.69 1.99
Density p (Kg m3) 1041 1045
Thermal Conductivity kK (W K~ m™1) 0.51 0.50
Heat Capacity ¢ (K] K" Kg™1) 3.60 3.76
Blood flow Coefficient B (W K~ m™3) 68000 36480
Basal Metabolic Rate 4 (W m™3) 12000 —

3.3 Simulation results

3.3.1 Applicator geometry optimization

3.3.1.1 16G Applicator

The parameters for the applicators are listed in Table 3.1I1. Their values are iden-
tified after several preliminary simulations and by considering fabrication con-
straints. The applicator lengths are shown in Figure 3.2e.
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a) Basis structure

The draft of the first designed applicator is shown in Figure 3.2a. Figure 3.5
shows the modulus of the scattering parameter S;; as a function of the frequency
f for different Ly, values. As expected, the value and the position of the mini-
mum of modulus of the scattering parameter S;; varies with Lg;,. The slot is the
antenna aperture providing the electromagnetic power irradiation, its optimal
length is strictly related to the operating wavelength, the dielectric properties of
the materials, the biological load.

b) Choked structure

Since the metallic shaft causes undesired coupling with the external conductor
of the coaxial cable, a choke balun has been introduced, by soldering the hypo-
dermic tube inner surface and the outer conductor of the coaxial cable at one-
quarter wavelength from the radiating section [30,36-38], as shown in Figure
3.2b. This configuration improves axial ratio and homogeneity of the thermal
lesions and aids the impedance matching.

Figure 3.6 reports the modulus of the scattering parameter S;; as a function of
the frequency f for different Ly, values, for the choked applicator. The best
result corresponds to Lg,; = 8 mm (solid curve). However, the minimum S;;
does not correspond to the desired frequency f = 2.45 GHz. Therefore, further
refinements must be considered.

c) Choked structure with sub-tip
A steel cylinder covering the coaxial cable in the radiating section, called sub-
tip [36,39], with length Lg,p;, = 5 mm, has been added to maximize power

delivery to under treatment tissues, see Figure 3.2b.

Figure 3.7 illustrates the modulus of the scattering parameter S;; as a function
of the frequency f for different values of Lg;,;, for the choked applicator with
sub-tip. The best impedance matching occurs for Ly, = 1 mm. The simulation
for an in-vivo model is performed to evaluate the thermal behaviour of the opti-
mized applicator.

Figure 3.8 shows the longitudinal (up) and transversal (down) distribution of the
temperature after an ablation time duration ¢ = 200 s. The simulation is carried
out considering an average input power Fy,,; = 20 W. The suitable input aver-
age power B4 should be chosen considering the desired thermal lesion size. By
simulation results, the minimum average power to ablate the whole cancer
sphere of diameter dyymoyr = 15 mm is Py, = 20 W, since the thermal lesion

is defined with the isothermal line at T = 50° C. This value is identified via a
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number of simulations by increasing the input average power in the range from
Pavg = 2 W to Byyg = 30 W. The choked applicator has a simpler geometry than
that of the choked applicator with sub-tip. It has been investigated with the aim
to identify an easier construction geometry. However, its response is strongly
affected by slot length. Consequently, the optimized choked applicator with sub-
tip has been considered.

TABLE 3.11I
OPTIMIZED PARAMETERS OF THE 16G APPLICATOR OF FIGURE 3.2E

Parameter Value (mm) Description
Liip 5 Tip length
Lgie 15 Insulating section length
Lot 1 Radiating slot gap
Lsubtip 5 Sub-tip length
Len 21.1 Choke length
dtip 1.69 Base tip diameter
dgie 1.69 Insulating section diameter
din,sn 1.39 Shaft inner diameter
doutsh 1.69 Shaft outer diameter
dcabie 0.787 Coaxial cable outer conductor maximum diameter
dout coax 0.6027 Coaxial cable outer conductor minimum diameter
dincoax 0.2032 Coaxial cable inner conductor diameter
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Figure 3.5 Modulus of the simulated scattering parameter S;; as a function of the fre-

quency f, for different L, values. Starting designed 16G MW applicator,
Figure 3.2a [2].
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Figure 3.6 Modulus of the simulated scattering parameter S;; as a function of the fre-
quency f, for different Lg;,¢ values. Choked applicator 16G MW applicator
without sub-tip [2].
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Figure 3.7 Modulus of the simulated scattering parameter S;; as a function of the fre-
quency f, for different Lg;,; values. 16G MW applicator, Figure 3.2b [2].
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Figure 3.8 Temperature distribution simulated into the hepatic tissue after an ablation
time duration t = 200 s, for average power P,y = 20 W. 16G MW appli-
cator, Figure 3.2b [2].

3.3.1.2 14G Applicator

An antenna to fit a 14G hypodermic tube has been investigated, to reduce con-
struction costs, while obtaining comparable performances and maintaining mini-
invasive design. Its slightly bigger radius allows a simpler assembly operation
and an easier implementation of a cooling circuit. The 14G hypodermic tube has
inner radius d;, s = 1.74 mm and outer radius dyy s = 2.2 mm. Three multi-
slot applicators have been designed: choked single, double, and triple slot anten-
nas, illustrated in Figure 3.2b, Figure 3.2c and Figure 3.2d, respectively. They
have been optimized and their performances in terms of impedance matching
with the biological tissue and axial ratio of the thermal lesion are compared with
the 16G choked single slot applicator.

Figure 3.9 shows the comparison of the modulus of the scattering parameters Sy,
for the three geometries of the 14G applicator and the single slot 16G applicator;
the simulated scattering parameters at f = 2.45 GHz are S;; =-28.75dB,
S11 =-56.43 dB, and S;; =-39.55dB, S;; =-47.34 dB for 14G choked sin-
gle slot, 14G double slot, 14G triple slot, and 16G single slot antennas respec-
tively.

The ablated zone sizes for single, double, and triple configurations as a function
of the ablation time duration t has been evaluated via an accurate simulation.
Figure 3.10 shows the axial ratio for the three configurations as a function of the
ablation ratio for the three configurations as a function of the ablation time
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duration t, when the applicator is fed by an average input power Fp,,, = 20 W.
The 14G single slot and the 14G double slot applicators allow an axial ratio big-
ger than that obtained with the 14G triple slot one, whereas the 16G single slot
antenna shows the best result. The 14G applicator demonstrates a good imped-
ance matching with the biological load also when the tumour diameter varies.
The applicator impedance matching when it is inserted into four different tumour
diameters is depicted in Figure 3.11.

= = =14G single slot 1
—14G double slot
w1 4G triple slot
----- 16G single slot

-60 |

Moduls of the scattering parameter 511 (dB)

22 23 24 25 26 27 28
Frequency (GHz)

Figure 3.9 Modulus of the simulated scattering parameter S;; as a function of the fre-
quency f, average input power Fy,; = 20 W. 16G MW applicator, Figure
3.2b vs. 14G MW applicator, Figure 3.2b, 14G MW applicator, Figure 3.2c,
and 14G MW applicator, Figure 3.2d [2].
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Figure 3.10 Simulated axial ratio of the thermal lesion as a function of the ablation time
duration t, average input power Py, = 20 W. 16G MW applicator, Figure
3.2b vs. 14G MW applicator, Figure 3.2b, 14G MW applicator, Figure 3.2c,
and 14G MW applicator, Figure 3.2d [2].
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Figure 3.11 Modulus of the simulated scattering parameter S;; as a function of the fre-
quency f, for different tumour diameters d;ymour.- 14G MW applicator,
Figure 3.2b [2].
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3.3.2 Dielectric material optimization

In the simulations, PTFE with a nominal permittivity of &, = 2.1 is used for
the insulating section. However, to evaluate the possibility of fabricating this
section by 3D-printing technology, the effects of the changes in the physical pa-
rameters of the dielectric on the applicator performance have been examined. In
particular, the dielectric constant &,., thermal conductivity k and thermal capacity
¢ variations have been investigated. For the study of the insulating section, the
14G choked single slot MW applicator has been considered. The geometrical
dimensions of the applicator are dj,sp = 1.74mm, dyyesp = 2.2 mm,
dincoax = 0.3535 mm, dyytcoaxr = 0.965mm, degpe = 1.19 mm, dyy, =

2.2mm, and Lg,; = 1 mm.

3.3.2.1 Study on the permittivity of the insulating section

Changes in the dielectric constant of +20% around the nominal value ¢, = 2.1
is examined. Figure 3.12 shows the modulus of scattering parameter S;; as a
function of frequency f, when different insulating section permittivity &, values
are considered. A bigger dielectric constant allows smaller devices. For the per-
mittivity value of &, = 2.52 a suitable choke length, equal to L.;, = 19.1 mm is
identified instead of L., = 21.1 mm identified for &, = 2.1 for the same opera-
tion frequency f = 2.45 GHz.

3.3.2.2 Study on the thermal conductivity and capacity of the insulating
section
The effects of the change in the thermal conductivity and capacity of £10%
around the nominal values of k = 02Wm K tandc=1kJK1kg™? are

examined.

Figure 3.13 depicts the dimensions and axial ratio of the thermal lesion as a func-
tion of the ablation time duration t, when different thermal conductivity k values
are considered, keeping the thermal capacity ¢ constant at the nominal value.

Figure 3.14 depicts the dimensions and axial ratio of the thermal lesion as a func-
tion of the ablation time duration t, when different thermal capacity ¢ values are
considered, keeping the thermal conductivity k constant at the nominal value.
By considering the thermal lesion sizes and the axial ratio at session time t =
200 s, the following evidences can be observed:

1) for an increase of +10% of thermal conductivity k, an increase of
+1.7% of the thermal lesion longitudinal length is obtained, the
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diameter of the thermal lesion does not vary, thus the axial ratio de-
creases of - 1.07%;

i1)  for an increase of +10% of the thermal capacity ¢ an increase of
+1.05% of the thermal lesion longitudinal length and of +0.65% of
the thermal lesion diameter is obtained, thus the axial ratio increases of
+0.4%.

3.3.2.3 Study on the material of the insulating section

Innovative 3D additive printing techniques have been considered for the manu-
facturing of the insulating section, in order to reduce costs and simplify the fab-
rication process. To evaluate the feasibility of ad-hoc constructed insulating sec-
tions, a photo-reactive polymer for additive manufacturing, used for medical ap-
plications (Envision TEC E-Shell 300) has been considered for the 14G applica-
tor instead of the PTFE. The new material has been characterized, via a dielectric
measurement set-up based on open-ended coaxial probes, SPEAG DAK probe,
and a vector network analyser (VNA) Field Fox Keysight Technologies [131]
(see Figure 3.15). The measured real permittivity and loss tangent of the E-Shell
300 in the frequency range f = 2 +~ 3 GHz are ¢, = 2.73 and tand = 0.0278.

Figure 3.16 shows the simulated modulus of scattering parameter S;; as a func-
tion of the frequency f, for the insulating section made of PTFE (solid curve)
and the E-Shell 300 series (dash-dot curve). The impedance matching with E-
Shell 300 has been optimized, varying the choke length L.,. The minimum of
the scattering parameter is S1; = —27.2 dB, for L., = 18 mm.

Figure 3.17 shows the axial ratio of the thermal lesion as a function of the abla-
tion time duration t. It is bigger for the PTFE case, allowing a thermal lesion
closer to a theoretical sphere. This condition is more convenient, because allows
to avoid damage of healthy tissue along the needle applicator.
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Figure 3.12 Modulus of the simulated scattering parameter S;; as a function of the fre-

quency f, as the insulating section permittivity varies. 14G MW applicator,
Figure 3.2b [2].

—k=0.18Wm K"’
e o= (). 20 W I'I'I-1 K-1 {01
-=-k=0.22Wm" K"’

[3]

40 T T T 1
E35 L Longitudinal length N e 10.9
£ / 8 '
\;,. 0.8
2 30
S 07
w
c 25 0.6 -2
@ 0=
E c
= 20 0.5 5
g %
‘w 15}
]
= 10.3
T 10
E 10.2
4]
)
-

0 * - 0
0 50 100 150 200

Session time (s)

Figure 3.13 Simulated dimensions and axial ratio of the thermal lesion as a function of
the ablation time duration t, for different values of thermal conductivity k;
c=1kj K 1 kg™1; average power Pavg = 20 W. 14G MW applicator,
Figure 3.2b [2].
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Figure 3.14 Simulated dimensions and axial ratio of the thermal lesion as a function of
the ablation time duration t, for different values of thermal capacity c; k =
0.2 W m™! K~1; average power Py,,, = 20 W. 14G MW applicator, Figure
3.2b [2].

Figure 3.15 Set-up for the dielectric characterization of a biocompatible 3D printing ma-
terial for the insulating section and measured sample
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Figure 3.16 Modulus of the simulated scattering parameter Sy, as a function of the fre-
quency f, for PTFE (solid curve) and E-Shell 300 (dash-dot curve). 14G
MW applicator, Figure 3.2b [2].
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Figure 3.17 Simulated axial ratio of the thermal lesion as a function of the ablation time
duration ¢, average power Py, = 20 W. 14G MW applicator, Figure 3.2b

[2].
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3.3.3 Effects of cooling system on MW heating

To improve the axial ratio of the ablation zone by minimizing the harmful
overheating of the biological tissue adjacent to the shaft, caused by the by ther-
mal propagation and by the formation of parasite currents, a cooling circuit has
been considered. The cooling is typically obtained with the flow of a refrigerant
fluid in cooling channels located into the hypodermic tube. In particular, an
open-loop cooling circuit, employing a peristaltic pump, and allowing a suitable
flux of saline solution, is designed in order to stabilize the temperature at T =
37°C in the needle shaft. Moreover, a better control of the applicator perfor-
mance during the therapeutic treatment could be possible with a real time tem-
perature monitoring system integrated with the applicator, e.g., an optical fiber
temperature sensor [132].

In the simulations, the cooling circuit model has been approximated with an
ideal constant temperature source put into the hypodermic tube. In particular, the
cooled region goes from the MW generator to the choke, i.e., the area to the left
of the choke in Figure 3.2b, Figure 3.2c and Figure 3.2d. The considered cooling
fluid is water with a temperature fixed to T, = 37 °C, close to the normal body
temperature. The effects of the cooling circuit on the thermal performance of the
14G and 16G single slot MW applicators of Figure 3.2b have been evaluated by
simulations with and without the cooling circuit.

Figure 3.18 shows the isothermal curves simulated in the case of the 14G appli-
cator. The thermal lesion shape obtained for the needle with cooling circuit is
more spherical (Figure 3.18a) than that pertaining to other case (Figure 3.18b),
where the typical comet-tail profile can be observed. To further increase the ther-
mal lesion sphericity, the simulated cooling circuit has been extended to the ra-
diating section. Temperature distribution, shape and dimensions of the thermal
lesion change due to the extended cooling circuit increasement as shown in Fig-
ure 3.19. The axial ratio for the applicator with extended cooling circuit is AR =
0.73.
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Figure 3.18 Temperature distribution of the irradiated tissue simulated in the longitudi-
nal section with an average power in input of Py, = 20 W. 14G MW ap-
plicator, Figure 3.2b, (a) with and (b) without cooler circuit [2].
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Figure 3.19 Simulated longitudinal length and axial ratio of the thermal lesion as a func-
tion of ablation time duration t of the 14G MW applicator, Figure 3.2b, with
cooler stopped at choke (dashed curve) and extended at slot (solid curve),
average power Fy,g = 20 W [2].
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3.3.4 16G applicator optimization for the prototyping

The sequence of the investigation results reported in the previous paragraphs
constitute the basis of a “trial and error” design approach, allowing to optimize
the geometries of these antennas. In the Table 3.1V, the simulations results re-
lated to all designed applicators are reported.

The choked single slot with sub-tip version is chosen for the construction. An
almost spherical thermal lesion close to the antenna radiation section has re-
quired more elaborate geometry and more complicate fabrication process.

The fabrication of the applicators has presented critical issues due to the limits
of the available technology. In particular, the assembly of the radiating section
with the tip/sub-tip section and with the shaft proved to be particularly critical
for the prototyping of the 16G applicator. Therefore, some changes have been
made with the aim of simplifying prototyping:
1) the radiating section has been simplified, modifying the joint between
the sub tip and the coaxial cable,
i1) inside the shaft, between the radiating section and the choke, the PTFE
dielectric material has been removed.

The simplified geometry has been further optimized, considering air in place of
PTFE removed from the shaft in the simulations, by varying only the sub-tip
length Lgyptip, the slot length Lg,, and the choke length L.,. The optimized

lengths are Lgypeip = 4 mm, Lgor = 3 mmand Lo, = 28 mm, the other dimen-

sions are reported in Table 3.1II. Figure 3.20 shows the drafts of the modified
16G applicator.

In order to compare the simulation results with experimental one, ex-vivo ther-
mal simulations are performed by neglecting the blood perfusion coefficients
and metabolic rate. Figure 3.21 shows the longitudinal section of the temperature
distribution into the hepatic tissue simulated after an ablation duration time of
t = 600 s, with a power supply of P = 20 W. A thermal lesion at T = 50°C of
34 mm X 41 mm axial sizes is simulated.
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TABLE 3.1V
SIMULATION RESULTS WITH DIFFERENT ANTENNA GEOMETRIES
Type of applicator
14G

16G 114G single 14 G 14 G
single  single slot with  dual triple
slot slot  E-Shell  slot slot
300

-473 =287 =272 -564 -39.6

Parameter

Minimum scattering parameter modu-
lus (dB)

Maximum SAR

(averaged over the massm = 1 g, at 5.61 5.19 5.12 5.12 4.97
Payg = 20 W) (kW /kg)
Maximum temperature

(at Pppg = 20 W, t = 200 s) (°C)
Lesion longitudinal length

(at Pppg = 20 W, t = 200 s) (mm)
Lesion diameter

(at Pppg = 20 W, t = 200 s) (mm)
Axial Ratio

(at Ppyg = 20 W, t = 200 s)

244 184 172 182 175

36.7 342 39.0 343 39.2

28.2 20.0 19.8 20.1 20.1

0.77 0.58 0.51 0.59 0.51
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Figure 3.20 Draft of the 16G choked single slot applicator optimized for the prototyping
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Figure 3.21 Longitudinal section of the temperature distribution into the hepatic tissue
simulated with a power supply of P = 20 W, after an ablation duration time
of t = 600 s. Ex-vivo thermal simulation of the 16G needle MW applicator
optimized for the prototyping [3].
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3.3.5 MTM lens optimization

For the design and optimization of the metamaterial lens, the 16G applicator
modified for the prototyping, shown in Figure 3.20, has been considered in the
simulations. The geometry and dimensions of the applicator are reported in the
Paragraph 3.3.4. Only the PTFE insulating section has been slightly modified,
by reducing the diameter to allow the insertion of the MTM lens.

Figure 3.22 shows the modulus of the scattering parameter S;; as a function of
the frequency f simulated by considering different metal strip widths w and
compared with that of the applicator without the MTM, for the microwave nee-
dle applicator with CSRR metalens.

Figure 3.23 shows the modulus of the scattering parameter S;4 as a function of
the frequency f simulated by considering lengths of the radius of the outer circle
11 and compared with that of the applicator without the MTM, for the microwave
needle applicator with CCRR metalens.

All numerical simulations highlighted that the insertion of the MTM lens does
not significantly change the operating frequency around f = 2.45 GHz of the
applicator. Furthermore, as expected, the value of the minimum of modulus of
the scattering parameter Sy, varies with the dimensions of the geometric param-
eters. Considering the dielectric characteristics of the biological tissue in which
the EM waves propagate and the operating frequency of the applicator, the unit
cell size p has been varied from 0.2 mm to 2 mm. The best results have been
obtained for values around 0.25 mm =+ 0.5 mm.
Three case studies, concerning a 16G microwave needle applicator with MTM
lens, are reported:
1) CSRR-based MTM lens, identified as CSRRa with lattice length of p =
0.51 mm,
i)  CSRR-based MTM lens, identified as CSRRb, with lattice length of
p=1mm,
iii) CCRR-based MTM lens, with lattice length of p = 0.25 mm.

All parameters related to the three metalenses are reported in the Table 3.V.
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Figure 3.22 Modulus of the simulated scattering parameter S;; as a function of the fre-
quency f of the 16G applicator without and with CSRR MTM lens for dif-
ferent metal strip widths w, with p = 0.51 mm and g = 0.06 mm
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Figure 3.23 Modulus of the simulated scattering parameter S;; as a function of the fre-
quency f of the 16G applicator without and with CCRR MTM lens for dif-
ferent lengths of the radius of the outer circle r;, with w; = 0.016 mm and
g = 0.05mm
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TABLE 3.V
PARAMETERS OF THREE OPTIMIZED MTM LENSES

Metamaterial

Parameter CSRRa (mm) CSRRb (mm) CCRR (mm)
p 0.51 1.00 0.25
g 0.06 0.05 0.05
w 0.018 0.018 —
wy — - 0.016
L 0.45 0.95 —
1 — — 0.1
3.3.5.1 Improvement in impedance matching

The comparison of the of the scattering parameter modulus S;; simulated for the
microwave needle applicator with the three MTM lenses and without MTM lens
highlights an improvement of the impedance matching around the center fre-
quency of the ISM band, as shown in Figure 3.24. The numerical results are
summarized in Table 3.VI. The CSRRa MTM lens introduces no shift in the
operating frequency and the minimum of the scattering parameter modulus Sy,
is significantly reduced. For the CCRR MTM lens, the enhancement is less pro-
nounced and negligible frequency shift occurs, the bandwidth is increased by
about 160 MHz. The CSRRb MTM lens exhibits an intermediate behaviour with
respect to the two previous cases. It allows an easier fabrication due to the larger
size.

3.3.5.2 Increase of the absorbed power loss

In order to evaluate the biological effects of the insertion of the MTM lens on
the microwave needle applicator in terms of the microwave energy absorbed by
the hepatic tissue and tumour, the Specific Absorption Rate (SAR) and the power
loss have been numerically estimated. The SAR value, averaged over the mass
m = 1 g, has been calculated considering a peak power in input to needle appli-
cator of P, = 20 W, the power loss has been normalized to the input power,
and the results are listed in Table 3.VII.



3 Design of mini-invasive microwave applicators for interstitial
hyperthermia cancer treatment

By comparing the results of Table 3.VII, the insertion of the metalens on the
needle applicator allows a slight increase in the maximum SAR values, both in
the healthy liver and in the tumour, located near the radiating section of the same,
while globally the mean value of SAR and absorbed EM power is increased in
the tumour tissue and reduced in the healthy tissue. These improved trends are
confirmed for all three MTM lens designs reported here, although more evident
for the metalens based on CSRRa and CCRR.

These results indicate a preliminary performance improvement opportunity and
pave the way for further study to subsequent developments.

Modulus of the scattering parameter 511 (dB)

=35 L

-40F ‘
——without MTM
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=-==CCRR
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Figure 3.24 Modulus of the simulated scattering parameter Sy, as a function of the fre-
quency f of the 16G applicator without and with MTM lens based on Closed
Square-Ring Resonator and Closed Circular-Ring Resonator [4].

TABLE 3.VI
CSRRA, CSRRB AND CCRR PARAMETERS

Needle applicator

Parameter
no MTM CSRRa CSRRb  CCRR

Minimum modulus of the scattering parame-
ter S (dB)

Frequency of the minimum modulus of the
scattering parameter S;; (GHz)

Modulus of the scattering parameter modu-
lus S;; at f =2.45 GHz (dB)

Bandwidth at —10 dB (MHz) 603 738 702 769

-26.0 =521 -39.6 -—-34.6

2.456 2.456 2.468 2.439

—-259 —427 =316 -33.1
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TABLE 3.VII
PERFORMANCE OF NEEDLE APPLICATOR WITHOUT AND WITH CSRRA, CSRRB AND
CCRR METALENSES
Needle applicator
Parameter
no MTM CSRRa CSRRb  CCRR
Maximum SAR (W /kg)

(averaged over the massm = 1 g, at f = 2.45 GHz, and P, = 20 W)
Hepatic Tumour 2662 2748 2681 2755
Hepatic Tissue 1478 1669 1595 1589

Mean SAR (W /kg)

(averaged over the massm = 1 g, at f = 2.45 GHz, and P, = 20 W)
Hepatic Tumour 1575 1663 1595 1642
Hepatic Tissue 6.31 6.23 6.25 6.22

Total Power Loss (normalized to input power)

Hepatic Tumour 0.390 0.402 0.395 0.405
Hepatic Tissue 0.554 0.544 0.547 0.544

3.4 Measurements

By the simulation results the choked single slot with sub-tip is chosen for the
construction. A 14 G and a 16 G prototypes are fabricated and characterized.

3.4.1 14G Applicator

The Micro-Coax UT047C-ULL cable has been chosen for the 14G prototype
fabrication. Its nominal diameter d.qj;, = 1.19 mm allows to fit it in the hypo-
dermic tube of 14 gauge. Moreover, the low loss ultralow density PTFE (ULD
PTFE) of the dielectric part permits a more thermal stability than solid PTFE,
lowering of the power dissipations. This coax cable resists to an operating tem-
perature until T,,,,, = 250 °C. The antenna was fabricated by stripping the cable
shielding conductor to make the slot and soldering the internal conductor to the
metallic tip. The applicator radiating part was embedded in a tube of PTFE.

Figure 3.25 shows the measurement of the scattering parameter modulus |S;4|
by using the vector network analyser Field Fox Keysight Technologies.
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The modulus of the measured scattering parameter S;; as a function of the fre-
quency f for various biological load conditions is shown in Figure 3.26:

1) with a biological load located from the tip till the radiating slot (dashed
curve),

1) with a biological load located on overall the radiating part till the shaft
(solid curve),

1i1) by immersing the prototype in a water filled vessel (dotted curve).

In particular, the biological load was obtained by keeping the applicator between
hand fingers, with the aim of a preliminary characterization close to the in-vivo
condition. The case ii) is shown in Figure 3.25. The impedance matching is good,
also changing load conditions. In the best load condition, the modulus of the
scattering parameter measured at the operating frequency f = 2.45 GHz was
|S;1] = —40 dB.

The applicator is put into a bovine liver and fed by a MW source with an average
power Fy,; = 10 W for 180 seconds, to carry out the ex-vivo validation. The
obtained thermal lesion, identified by the tissue discolouration caused by the el-
evated temperature, is shown in Figure 3.27. The decolorated area has longitu-
dinal length of b = 32 mm, diameter of @ = 19 mm, and axial ratio AR = 0.59,
in good agreement with simulations. The MW applicator designed provides good
results. Ablation zone with well-defined contours into the biological tissue can
be achieved by controlling the temperature increase. The surrounding healthy
tissues are not damaged by the ablation session, confirming that this method pre-
serves mini-invasive and patient wellness-oriented characteristics.

e

Figure 3.25 Experimental measurement of the scattering parameter modulus |S;;| of
14G MW applicator prototype [5].
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Figure 3.26 Characterization of the 14G MW applicator prototype, Figure 3.2b. Meas-
ured modulus of the scattering parameter S;; as a function of frequency f
for different biological load [2].

idation produced using a power supply of P,y = 10 W for t = 180 s. 14G
MW applicator prototype [2].

3.4.2 16G Applicator

The Micro-Coax UT-031-LL cable has been chosen for the 16G prototype fab-
rication. Its nominal diameter d.qj;, = 0.787 mm allows to fit it in the hypo-
dermic tube of 16 gauge.

The modulus of scattering parameter S;;, measured under different biological
load conditions is obtained by using the vector network analyser Field Fox
Keysight Technologies. Figure 3.28 shows the 16 G needle microwave
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applicator prototype connected to the VNA for characterization. Figure 3.29
shows the scattering parameter modulus |S;4| as a function of the frequency f
measured with the 16 G applicator prototype for different biological load condi-
tions.

Figure 3.30 shows the experiment pertaining to a thermal lesion of bovine ex-
vivo liver, produced with the 16G prototype by using a power supply of P =
20 W for t = 600 s. The thermal lesion (tissue discolored zone in Figure 3.30)
of 34 mm X 40 mm axial sizes is measured, in good agreement with simulation
result of Figure 3.21

Figure 3.28 Experimental measurement of the scattering parameter modulus |S;;| of
16G MW applicator prototype [4].
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Figure 3.29 Characterization of the 16G MW applicator prototype, Figure 3.20. Meas-

ured modulus of the scattering parameter S;; as a function of frequency f
for different biological load.
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Figure 3.30 Thermal lesion in bovine liver obtained during the experimental ex-vivo val-
idation produced using a power supply of P,y = 20 W fort = 600 s. 16G
MW applicator prototype [3].

3.5 Concluding remarks

An extensive analysis of various design solutions has been performed in order
to the fabrication of low-cost MW needle applicators for hyperthermia tumour
therapy. Electromagnetic and thermal simulations are performed; the thermal le-
sion shape dimensions are evaluated as a function of the ablation duration time
and for several values of the input power. Two prototypes of 14 gauge and 16
gauge have been designed, fabricated, and characterized. The experimental re-
sults are in good agreements with simulations. Their employment can be consid-
ered as a desirable alternative to surgical resection, reducing side effects to
healthy tissues and increasing patient wellness, as mini-invasive approach. The
14G applicator having relatively larger size is simpler to be constructed and al-
low a cost reduction during its mechanical assembling. The simplified geometry
allows a cost reduction also in the case of the most compact 16G version. In
addition, various metamaterial lenses based on Closed Loop Resonator are de-
signed and optimized to improve the performance of the 16G MW applicator.
The numerical results are an interesting preliminary study and show great poten-
tial for subsequent developments and improvement of the MW needle applicator.

Further point of investigation to be developed in the future consists in the
design of an optical fiber temperature sensor to be integrated with the MW ap-
plicator for an accurate thermal monitoring of the ablation session in real-time,
based, as example, on optical fiber sensor [132]. Further than improvements can
be achieved employing a double source system, e.g., by including a fiber laser
source in the medium infrared (Mid-IR) wavelength range, where the biological
tissues exhibit strong absorption [133-135].
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4.1 Introduction

In recent years, a raising demand of environmental and medical applications
has focused the academic research on ultra-wide band planar antennas for mi-
crowave imaging, tumour detection and ground penetrating radar [66,77-75].
These antennas offer a variety of advantages, not only in term of broadband but
also for the consistent radiation output, reduced sidelobe level, low cost, and
light weight. However, obtaining a printed antenna with both a high gain and
broadband end-fire capabilities proves to be a challenging task. In the literature,
various interesting approaches are introduced to enhance the radiation perfor-
mance of these antennas [54-65].

In the following, the design and optimization of metalenses to improve the radi-
ation performance of an antipodal Vivaldi antenna, operating in the f4,4 = 3 +
13.5 GHz band, are reported. The preliminary design of the metalens has been
performed with the S-Parameter Retrieval (SPR) method [117-118], and the op-
timization of the antenna with the metalens has been performed with full-wave
numerical simulations. Some prototypes have been fabricated with the PCB pro-
cess. The characterization of the fabricated prototypes shows good agreement
with the simulation.

4.2 Design overview

The metalenses are designed to improve a pristine AVA, consisting of two
symmetrical, exponentially tapered patch flares printed on the opposite sides of
the dielectric substrate. The equations reported in [70] has been used for the de-
sign of the exponentially tapered flares. The metalens modelling has been
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performed by means of the SPR method, based on the assumption of layer ho-
mogenization. The design has involved the following steps:

1) the S-parameters of the metalens have been numerically simulated with
the commercial EM simulation software, CST Studio Suite®

i1) the complex impedance Z,sf, the complex refractive index N,fy, the
effective electric permittivity €55, and the effective magnetic permea-
bility u. s have been calculated from the simulated S-parameters, using
the inversion algorithm based on the Kramers—Kronig relationship
[117-118]. The retrieved effective parameters have been used for the
preliminary design.

i) The metalens integrated into the antenna substrate has been optimized
in the full-wave simulations [118] to take into account coupling effects
between the metalens and the antenna.

4.2.1 Antenna design

The AVA is schematically illustrated in Figure 4.1. It is an exponentially tapered
three-flare patch antenna operating in the frequency range fays =3 +
13.5 GHz. The shapes of the flare edges allow an enhancement in compactness
[68]. In the design, the antenna optimization has been performed by numerical
simulations by varying 1) the flares widths w;, w,, w3, and 1i) the distances be-
tween the flares dq, d,.

The resulting geometrical parameters for the optimized antenna, allowing the
gain maximization to parity of bandwidth, are listed in Table 4.1.

The Rogers RO4350B laminate, with a dielectric permittivity of &, = 3.66 and
a loss tangent of tand = 0.0037, having a commercial thickness of t =
0.762 mm and standard copper cladding with a thickness of t, = 0.035 mm,
has been chosen.

Figure 4.2 shows the modulus of the scattering parameter S, and the gain G as
a function of the frequency f of the AVA simulated with the parameters of Table
4.1. The simulated frequency —10 dB bandwidth is about BW = 10.5 GHz, over
the frequency range fuy4 = 3 + 13.5 GHz, the gain is close to G = 10 dB for
frequencies higher than f > 7.5 GHz, and the maximum gain is about G4, =
10.3 dB at the frequency f = 8 GHz.
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Figure 4.1 Scheme of the AVA: (a) Top view, and (b) Bottom view [7].

TABLE 4.1

GEOMETRIC PARAMETERS OF AVA

Parameter  Value (mm) Description
Loyiv 73.7 Antenna length
Wyiv 48 Antenna width
Py 15 x-position of the inner point of the first tapered slot
Py, 22 y-position of the inner point of the first tapered slot
Py, 19 x-position of the inner point of the second tapered slot
Py, 58.4 y-position of the inner point of the second tapered slot
wy 5 First flare width
wy 5 Second flare width
w3 8.7 Third flare width
d, 5 Distance between the first and the second flares
d, 10 Distance between the second and the third flares




4 Design of metamaterial lenses for the improvement of ultra-
wide band planar antennas

Gain (dB)

Modulus of the scattering parameter S,, (dB)

-55

3 4 5 6 7 8 9 10 11 12 13
Frequency f (GHz)

Figure 4.2 Simulated modulus of the scattering parameter S;; and realized gain G as a
function of the frequency f of the AVA [7].

4.2.2 Metamaterial lens design

In order to improve the radiation characteristics of the AVA, in terms of gain
and directivity, without significantly affecting the bandwidth, some metalenses
are designed. First of all, a metalens based on a geometry well-known in litera-
ture, the Split Ring Resonator (SRR), and then a metalens based on a novel L-
shaped geometry, that allows a design with a high degree of freedom, have been
investigated.

4.2.2.1 Metalens based on Split Ring Resonator

The geometry of the unit cell consists of a modified version of the well-known
Split Ring Resonator (SRR), as shown in Figure 4.3a. Its equivalent resonant
circuit is shown in Figure 4.3b. When electromagnetic radiation propagates
through the metalens, currents, and local charges are induced on the metal rings.
Capacitive effects Cgpy;r Occur at the non-parallel capacitive gap. A metal dot,
placed in the center of the circular ring, induces the capacitive coupling effect
Ccoup With the ring, increasing the metalens global effective capacitance. Self-
inductance effects Ly;,4 occur along the circular ring. The metal inclusions are
placed on both sides of the substrate, so strong mutual coupling effects occur
between the top and bottom layer of the unit cell.
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The unit cell geometry has been optimized by numerical simulations when ar-
ranged in planar arrays integrated on the AVA substrate. The SRR unit cell
scheme, with the geometric parameters considered for the modelling and the
simulations, is shown in Figure 4.4. For the optimization, geometries with and
without the central dot have been considered by varying: i) the ring radius 7, ; ii)
the angular aperture of the split «; iii) the strip width w; and iv) the unit cell
lattice lengths d,, d,,, d,. The optimized geometric parameters of the SRR unit
cell are listed in Table 4.11.

To investigate the transmission properties of the designed metalens, numerical
analysis has been performed by following two different approaches.

1) In the first step, a single unit cell under appropriate boundary conditions,
as shown in Figure 4.5 has been considered. Starting from the simulated S-pa-
rameters of the structure of Figure 4.4, with the values listed in Table 4.11, the
metalens effective parameters have been calculated using the S-Parameter Re-
trieval method [117-118]. The simulated modulus of the S-parameters of SRR
unit cell as a function of the frequency f is shown in the Figure 4.6a. The re-
trieved effective parameters as a function of the frequency f: complex refractive
index Nf, effective electric permittivity &.5f, and effective magnetic permea-
bility p.rr are shown in Figure 4.6b, Figure 4.6¢, and Figure 4.6d respectively.

The modulus of the scattering parameter Sy, is smaller than —4 dB for frequen-
cies below f < 13 GHz, as shown in Figure 4.6a. The complex effective refrac-
tive index Nrr = Nesr + jkegy of Figure 4.6b shows a constant non-resonant
value in the whole bandwidth. These results, even if approximated, give valuable
information regarding a non-resonant and promising good behaviour for all the
considered metalenses over the bandwidth of interest [57,59].

1) In a second step, all the different metalenses, constituted by the actual
number of cells have been investigated too, with and without the AVA, confirm-
ing the feasibility of the chosen geometry.
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(b)
Figure 4.3 (a) Scheme of the designed SRR unit cell and (b) its equivalent circuit [7].

Figure 4.4 Scheme of the SRR unit cell: (a) Top and bottom view, and (b) 3D view [7].

TABLE 4.11

GEOMETRICAL PARAMETERS OF THE SRR UNIT CELL

Parameter Value Description
dy 3mm Unit cell lattice length along x —axis
dy 2.5mm Unit cell lattice length along y —axis
d, 3mm Unit cell lattice length along z —axis
T, 1.125mm Ring radius
Tdot 0.275 mm Dot radius
a 50° Angular aperture of the split

w 0.275 mm Strip width
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Figure 4.5 Simulation model and the boundary conditions for the effective parameters
retrieval [7].
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function of the frequency f: (b) complex refractive index Ny, () effective
electric permittivity €.¢5, and (d) effective magnetic permeability p,rs of
SRR unit cell [7].
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4.2.2.2 Novel L-Shaped Metalens

For the preliminary design, in the first step, an equivalent homogeneous layer
(EHL) has been considered in place of the metalens, with the aim of finding the
optimized values of the effective parameters &, and .5 to increase the gain
and maintain the bandwidth. As a second step, the design of the metalens unit
cell is performed in order to obtain values of the effective parameters &,7 and
Uers as close as possible to the optimized ones. This condition is verified via
SPR method [117-118]. Finally, in the third step, the full simulation of the an-
tenna and metamaterial is performed for the actual design refinement before the
antenna fabrication. The EHL is shown in Figure 4.7 as a green layer.

Figure 4.8 shows the full-wave simulation of the gain G as a function of the
frequency of the AVA (solid curve) and the AVA with EHL having a thickness
of dgyy, = 0.832 mm for the best values of effective permittivity &.r and ef-
fective permeability u.r (dashed curve). The thickness of dgy;, = 0.832 mm
corresponds to the sum of the substrate and the double metal strips thicknesses,
dgy, = t+ 2 X t.. A metalens having an effective permittivity of €55 yg =
5.75 and an effective permeability of uerr e = 1.5 could allow a maximum
gain (MG) improvement of about AG = 4 dB.

A metalens based on the novel L-shaped unit cell has been optimized. Figure
4.9a shows the investigated unit cell. The geometry consists of an arrangement
of L-shaped metal elements printed on both sides of the antenna substrate. In the
proposed unit cell structure, it is possible to recognize an external square ring
with four splits and two internal stubs. Different inductive and capacitive effects
are induced depending on the electric field orientation of the traveling wave with
respect to the metalens plane. Considering the electric field (E-field) polarized
along the x-axis, inductive effects along the metal strips and capacitive effects
at the gaps occur, as shown in Figure 4.9a. The equivalent inductors, namely L,
represent the self-inductance produced by the metal L-shaped elements. The
equivalent capacitances originate from the electric charges accumulated via the
splits, namely C;, and by the coupled charges between the adjacent metal L-
shaped elements, namely C,, C5, and C, [140]. The equivalent circuit of the L-
shaped unit cell is depicted in Figure 4.9b; its effective complex impedance Z, s ¢
can be fine-tuned by varying the geometries of the conductive metal inclusions,
the gap width between them, and the dielectric permittivity of the substrate
[112,141].
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Figure 4.7 Schematic of AVA with EHL (green region) in place of the metalens [6].
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Figure 4.8 Full-wave simulation of the gain G as a function of frequency for AVA
(solid curve) and AVA with EHL having a thickness of dgy; = 0.832 mm

for the optimized effective permittivity &5 ¢ and effective permeability
Uerf mc (dashed curve) [6].
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Figure 4.9 (a) Schematic of the designed L-shaped unit cell and (b) its equivalent cir-
cuit [6].

For the SPR method, the S-parameters simulations of the stand-alone unit cell,
i.e., before its integration with AVA geometry, are performed by considering the
same substrate of the antenna. The top and the 3D views of the L-shaped unit
cell with the relative geometric parameters are shown in Figure 4.10a and Figure
4.10b, respectively.

In the second design step, in order to retrieve the effective parameters of the
metalens, the unit cell illustrated in Figure 4.11 has been considered. In the sim-

ulation, the E E—plane of the unit cell corresponds to the Vivaldi xy-plane; see
Figure 4.1 and Figure 4.11. The plane EM wave excitation is obtained (see Fig-
ure 4.11) via the Waveguide Port 1, with open boundary conditions applied in
the propagation direction. The perfect electric conductor (PEC) and the perfect
magnetic conductor (PMC) boundary conditions are suitably applied.

The L-shaped unit cell geometry has been optimized in order to obtain a broad-
band gain enhancement to parity of the bandwidth [57-58]. The geometry of the
proposed unit cell offers a high degree of freedom for metalens optimization.
The inductive effects can be tuned in different ways, depending on the EM po-
larization, by varying the length of the L-element independently along the x-
direction, Ly, and y-direction, L,,. Similarly, the capacitive effects can be tuned
by varying the gap widths of the splits g, and g,,. Moreover, changing the metal
strip width w affects both the capacitive and inductive effects. Therefore, the L-
shaped unit cell resonant behavior has been evaluated by changing all the above-
mentioned geometrical parameters and the lattice lengths d, and d,,.

Table 4.11I reports the optimized values obtained in the third design step of the
unit cell of the metalens integrated into the antenna. To identify these
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parameters, the exact number and distribution of cells, described in the following
Paragraph 4.2.3, have been considered.

To give an insight into the metalens behavior, the simulated amplitudes and
phases of the S;; and S;, parameters of the L-shaped unit cell versus the fre-
quency are shown in Figure 4.12 for the optimized parameters of Table 4.111.

The average values of the real part of the effective electric permittivity
Re(&effav) = 4.98 and of the effective magnetic permeability Re(Ueff qv) =
0.75, retrieved with SPR method from the aforesaid S;; and Sy, curves, are close
enough to the theoretical optimized values €.¢r yg = 5.75 and pesr g = 1.5
identified in the first design step and provide an almost constant value of the

effective refractive index over the whole frequency range. It is reported in Figure
4.12c.

A congruent number of unit cells allows better results, taking into account the
couplings between adjacent unit cells [142]. Therefore, a single cell, 3 X 3, and
6 X 6 clusters of unit cells have been also investigated, obtaining practically the
same results. As a consequence, the frequency range f = 3 + 15 GHz can be
considered a potential operation region for the antenna. This means that the L-
shaped metalens can improve the antenna radiation performance in the whole
band [57-58].

Indeed, the designed lens has a higher average refractive index than that of the
antenna substrate, so a waveguiding effect is possible. The EM field is better
confined via the lens, enhancing the radiation beam in the end-fire direction. In
addition, the high refractive index region obtained with the metalens can be used
to change the EM wavefronts from spherical to approximately planar ones, re-
sulting in a more confined radiation pattern and higher directivity. This is ex-
plained by considering that the phase velocity of the wavefront in the central
region is smaller than that of the wavefront edges due to the higher refractive
index metalens.

The approximated equivalent circuit reported in Figure 4.9b models the pro-
posed unit cell behavior. By exploiting the Advanced Design System (ADS)
[142] and making use of the tuning module, the following set of values, L =
0.22nH, C; =16pF, C; =03pF, C3=12pF, C, =055pF, and R =
2.625 (), have been identified, leading to a modulus of the scattering parameter
|S11] in good agreement with that of Figure 4.12a.
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Figure 4.10 Schematic of L-shaped unit cell: (a) top view, and (b) 3D view [6].
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Figure 4.11 Schematic of the simulation model for the second design step of the L-
shaped unit cell [6].

TABLE 4.111

GEOMETRICAL PARAMETERS OF THE L-SHAPED UNIT CELL

Parameter ZZ{Z; Description
L, 1.40 L-element length along x-axis
Ly, 2.00 L-element length along y-axis
w 0.50 Metal strip width
Ix 0.40 Distance between two adjacent metal elements along x-axis
9y 0.25 Distance between two adjacent metal elements along y-axis
dx 6.00 Lattice length along x-axis
dy 6.60 Lattice length along y-axis

dz > 0832 Transversal thiclfness considerf:d for scattering parameters
- evaluation to be used in the SPR method
t 0.762 Substrate thickness
tc 0.035 Metal strip thickness
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Figure 4.12 (a) Magnitude and (b) phase of the simulated S-parameters and retrieved
effective parameters of L-shaped unit cell as a function of frequency. (c)
Refractive index Ness [6].

4.2.3 Antenna with metamaterial lens design

In the last design step, the metalens has been integrated into the substrate of the
antenna and placed close to the tapered slot in the end-fire direction for the op-
timization by numerical full-wave simulations in the frequency band f = 3 +
15 GHz, in order to refine the results, by improving the realized gain of the an-
tenna without reducing its bandwidth.

The optimized values, reported in Table 4.11 for metalens based on SRR and in
Table 4.1II for L-Shaped metalens, have been found via full-wave simulations
with a trial-and-error approach. Then, further optimization of the antenna with
metalens has been performed by varying, in the full-wave simulation, the
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number and distribution of the unit cells and the distance along the y-direction
between the metalens and antenna. Several configurations have been simulated
and compared.

4.2.4 Validation of the approach with the SPR method

In order to validate the chosen approach [117-118], the three following cases,
for which the effective volumetric material properties have been retrieved and
used for the modelling of the L-shaped metalens, are investigated:

(@) derr =3 xdy; dz=6mm

(b) depr =3 xdy; dz=1mm

(0  derr =3 xdy; dz=0.832mm

where dy is the cell length along y-axis, d,f is the effective thickness along

propagation direction used in the retrieval algorithm [118], dz is the transversal
thickness considered for scattering parameters evaluation to be used in the re-
trieval method. The dimensions of the L-shaped unit cell are as given in Table
4.111.

Figure 4.13 shows the schematic of the simulation model for the 3 X 3 unit cell
numerical characterization. The plane EM wave propagation is obtained via ex-
citation of the port 1 with the suitable boundary conditions (PEC, PMC, OPEN).
The &.5f, ey values are retrieved exploiting the scattering parameters of the
two-port network of Figure 4.13. It is worth noting that dz is the height of the
ports 1 and 2, see Figure 4.10b and Figure 4.13. This explains the €.5f, Uerf
dependence on dz. By increasing dz the scattering parameters are simulated with
increased air region thickness and PML conditions.

The retrieved parameters, by considering the 3 X 3 unit cell case, are:

1) Eepr = 1.62, err=0.94 for case (a) i.e., thickness dz = 6 mm;

i) & = 4.76, Uer=0.78 for case (b) i.e., thickness dz = 1 mm;

i)  &epp = 4.98, per=0.75 for case (c) i.e., thickness dz = 0.832 mm.

The full-wave simulations of AVA with EHL, having as electromagnetic param-
eters the average retrieved &.5¢ and e5r, and the specified thicknesses dgy;, =

dz used in the retrieval method, have been performed and compared with the
full-wave simulation of AVA with L-shaped metalens.
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Figure 4.14 shows the schematic of AVA with EHL (green region) introduced
in place of metalens for the three cases. The dimensions, in the x-direction and
y-direction of the EHL, are the same for the L-shaped metalens.

Figure 4.15 illustrates full-wave simulated gain G as a function of frequency f
of the AVA with L-shaped metalens (black curves), AVA with EHL having
thickness dz = 6 mm, &,5r = 1.62, oy = 0.94 (blue curve), AVA with EHL
having thickness dz = 1mm, &,r; = 4.76, uery = 0.78 (green curve), and
AVA with EHL having thickness dz = 0.832 mm, &,¢r = 4.98, p.rs = 0.75
(red curve). A very good agreement is evident, confirming the validity of the
followed approach.

POR
1 PEC 72

1 PMC

Figure 4.13 Schematic of the simulation model for the 3 X 3 unit cell numerical charac-

terization.
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Figure 4.14 Schematic of AVA with EHL (green region) introduced in place of metalens
(@) dz = 6mm, g,5r = 1.62, prr = 0.94

(b)dz =1mm, g5 = 4.76, iesr = 0.78
(c)dz = 0.832mm, €,5r = 4.98, err = 0.75
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Figure 4.15 Full-wave simulated gain G as a function of frequency f of the AVA with
L-shaped metalens (black curves), AVA with EHL having thickness dz =
6mm, g5 = 1.62, perr = 0.94 (blue curve), AVA with EHL having

thickness dz = 1 mm, €,¢r = 4.76, plorr = 0.78 (green curve), and AVA
with EHL having thickness dz = 0.832 mm, &.rr = 4.98, uerr = 0.75
(red curve).

4.3 Simulation results

4.3.1 Antenna with metalens based on SRR (AVA SRR)

Different configurations of metalenses have been considered. Three of the most
interesting and optimized antennas are shown in Figure 4.16. The antenna with
a triangular metalens, labelled as AVA SRR#1, is shown in Figure 4.16a. The
metalens, placed between the flares of the antenna in the end-fire direction, con-
sists of a triangular array of fifteen SRR unit cells.

The second antenna, labelled as AVA SRR#2 in Figure 4.16b, has been obtained
from AVA SRR#I by introducing a rectangular metalens at a distance h; from
the triangular one, with an air gap between them. The rectangular metalens con-
sists of sixty elements arranged ina N X M = 4 X 15 array.

For the metalenses of the third antenna, labeled as AVA SRR#3 in Figure 4.16c,
variable unit cells size has been exploited to have a good behavior for different
frequencies.
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In the design, the optimization of the AVA with these three different SRR
metalenses has been performed in the frequency range f = 3 + 13 GHz, vary-
ing:

1) the metalens position,

1)  the number of unit cells for both triangular and rectangular array,

iii) the distance between triangular and rectangular metalens hq,

iv)  the scaling factor k of the unit cells in the case of alternate rows, i.e.,
for AVA SRR#3.

The optimized geometric parameters of the AVA SRR antennas are listed in Ta-
ble 4.IV. An optimized scaling factor of k = 1.125 has been identified, after
several simulations, to scale up the unit cells of the alternate rows for both trian-
gular and rectangular metalenses of AVA SRR#3.

Figure 4.17 depicts the simulated modulus of the scattering parameter S;; as a
function of the frequency f. The optimized AVA SRR#1 (dashed curve) main-
tains the wideband pristine behavior of AVA. For the optimized AVA SRR#2
(dash-dotted curve) and AVA SRR#3 (dotted curve), the introduction of rectan-
gular metalens in addition to the triangular one, slightly reduces the —10 dB
bandwidth at high frequencies.

Figure 4.18 shows the simulated gain G (black curves) and gain increase AG (red
curves) as a function of frequency f. For AVA SRR#] a maximum gain of
Gmax = 10.8 dB and a maximum gain increase of AG,,,, = 1.7 dB at the fre-
quency f = 12.9 GHz have been simulated. Better gain performances are ob-
tained over the whole bandwidth for AVA SRR#2, with a maximum gain
Gmax = 11.2dB at f = 8.1 GHz and a maximum gain increase 4G4, = 2 dB
at f =11.8 GHz. AVA SRR#3 exhibits the highest gain only below f <
10.3 GHz with a maximum value G,,,, = 11.4 dB at f = 8.2 GHz and a maxi-
mum gain increase of 4Gy, = 2.1dB at f = 10.1 GHz.
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Figure 4.16 Scheme of the designed antenna with metalenses: (a) AVA SRR#1, (b)
AVA SRR#2, and (c) AVA SRR#3 [7].

TABLE 4.1V
GEOMETRIC PARAMETERS OF THE AVA SRR ANTENNAS

Value

Parameter (mm) Description
Lsrri1 92.15 AVA SRR#I length
Lsgra2 106.7 AVA SRR#2 length
Lsgr#3 106.7 AVA SRR#3 length
hy 15 Distance between triangular and rectangular metalens

h, 13 Rectangular metalens length
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Figure 4.17 Simulated modulus of the scattering parameter S;4 as a function of the fre-
quency f, for the AVA without metalens (solid curve), the AVA SRR#1
(dashed curve), the AVA SRR#2 (dash-dotted curve), and the AVA SRR#3
(dotted curve) [7].
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Figure 4.18 Simulated gain G (black curves) and gain increase AG (red curves) as a
function of frequency f, for the AVA without metalens (solid curve), the
AVA SRR#1 (dashed curve), the AVA SRR#2 (dash-dotted curve), and the
AVA SRR#3 (dotted curve) [7].
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4.3.2 Antenna with novel L-Shaped metalens (AVA L-shaped)
In Figure 4.19a, the metalens of the optimized AVA L-shaped#1 consists of an

array of 41 L-shaped unit cells integrated on the antenna substrate, increasing
the antenna length along the y —axis by L, = 47 mm. This antenna exhibited
particularly promising performance over the whole band, in particular at high
frequencies.

The AVA L-shaped#2, shown in Figure 4.19b, consists of an array of 67 L-
shaped unit cells integrated into the antenna substrate; the larger metalens also
requires a slight increase in the antenna substrate width along the x —axis. The
AVA L-shaped#2 allows better performance at low frequencies.

In Figure 4.20, the modulus of the simulated scattering parameter |S;4| as a func-
tion of frequency is illustrated for the AV A without a metalens (black curve) and
the AVA L-shaped#1 (magenta curve) and AVA L-shaped#2 (green curve)
metalenses. The bandwidth f,, 141 = 3 + 15 GHz of AVA L-shaped#1 is in-
creased with respect to fyy4 = 3 + 13.5 GHz of the AVA without a metalens.
The L-shaped#2 allows an improvement in impedance matching for frequencies
of f < 6.5 GHz but reduces the —10 dB bandwidth to the range of f,,q 142 =
3+11.8GHz.

In Figure 4.21, the realized gain G (solid curves) of the three antennas and the
gain increase AG (dashed curves) with respect to the gain without a metalens,
simulated as a function of the frequency, are reported, with the same choice for
the curve colors. For the AVA L-shaped#1, the gain increase can be observed
over the whole frequency range, with an average value of about AG,, = 2 dB
and a maximum of AG,,,, = 4.8 dB at a frequency of f = 15 GHz. The maxi-
mum gain is G4, = 14.1 dB at a frequency of f = 15 GHz. For the AVA L-
shaped#2, a gain increase of about AG = 2 dB is obtained for frequencies of f <
6 GHz and f > 8 GHz. The simulated maximum gain is G4, = 12.2dB ata
frequency of f = 15 GHz.

The L-shaped#1 metalens improves both the antenna bandwidth and the gain in
the whole band, especially at higher frequencies. The AVA L-shaped#1 at higher
frequencies irradiates a beam more confined than that of AVA L-shaped#2. The
L-shaped#2 metalens allows a better gain improvement at the lower frequencies
but reduces the bandwidth at higher frequencies.

The simulated E-field distributions in the xy-plane of the AVA without a
metalens and AVA L-shaped#1 at a frequency of f = 14 GHz are shown in
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Figure 4.22. As expected, the near-field of the antenna with a metalens exhibits
wavefronts that are flatter than those of the AVA without a metalens, and the
radiation in the end-fire direction is increased. Moreover, the L-shaped#1
metalens reduces the antenna back propagation. The simulated 3D view of the
normalized radiation patterns, at a frequency of f = 14 GHz for the AVA and
AVA L-shaped#1, are compared in Figure 4.23. The lens improves the antenna’s
directivity and reduces the half-power bandwidth (HPBW).

To verify the effects of the metalens on the antenna performances, the full-wave
simulations of the gain G as a function of the frequency for AVA L-shaped#1
(solid curve) and AVA with EHL, having a thickness of dgy; = 0.832 mm and
values of permittivity &, = 4.98 and permeability u, = 0.75 (dashed curve), are
compared in Figure 4.24. The dimensions in the x-direction and y-direction of
the EHL are the same for the metalens L-shaped#1, and the thickness dgy; cor-
responds to the sum of the substrate and double metal strips thicknesses. A par-
ticularly good agreement is evident.

To conclude, the L-shaped#1 metalens is chosen as an interesting solution for

prototype fabrication.
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Figure 4.19 Schematic of AVA with L-shaped metalenses: (a) AVA L-shaped#1, array
of 41 L-shaped unit cells, and (b) AVA L-shaped#2, triangular array of 67
L-shaped unit cells [6].
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Figure 4.20 Full-wave simulation of the AVA with different L-shaped metalenses:
modulus of the scattering parameter S;, as a function of frequency f [6].
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Figure 4.21 Full-wave simulation of the AVA with different L-shaped metalenses: real-
ized gain G and gain increase AG as a function of frequency f [6].
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Figure 4.22 Full-wave simulation of the E-field distribution in xy —plane at f =
14 GHz of (a) AVA without metalens and (b) AVA-L-shaped#1 [6].

Figure 4.23 Full-wave simulation of the normalized radiation patterns 3D view at fre-
quency f =14 GHz of (a) AVA without metalens and (b) AVA L-
shaped#1 [6].
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Figure 4.24 Full-wave simulation of the gain G as a function of frequency for AVA L-
shaped#1 (solid curve) and AVA with EHL, having thickness dgy; =
0.832 mm and values of permittivity &. = 4.98 and permeability p, =
0.75 (dashed curve) [6].

4.4 Measurements

Antenna prototypes, AVA, and AVA with metalens, have been fabricated with
Rogers RO4350B dielectric substrate, with &, = 3.66 and tand = 0.0037, by
using the easy and low-cost PCB fabrication process.

4.4.1 AVA SRR prototypes

Figure 4.25shows the antenna prototypes AVA, AVA SRR#1, AVA SRR#2, and
AVA SRR#3. The geometrical parameters are listed in Table 4.1 and Table 4.11.
They have been characterized with the N5224A PNA Microwave Network An-
alyzer and the Satimo StarLab Antenna Pattern Measurement System.

Figure 4.26 shows the measured modulus of the scattering parameter |S;1| as a
function of frequency f for all the AVA prototypes. The experimental results
confirm the —10 dB bandwidth over the entire band f = 3 GHz + 13 GHz in
all cases.

Figure 4.27 shows the comparison between simulated (solid curves) and meas-
ured (dotted curves) gain G as a function of frequency f for the four AVA an-
tennas. The experimental results agree with the simulations, confirming that the
designed metalenses allow a gain improvement over the entire band in the case
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of AVA SRR#1 and AVA SRR#2, and at low frequencies for AVA SRR#3. A
maximum gain of Gp,q, = 11.5dB at f = 13 GHz for AVA SRR#1, of G0y =
11.4dB at f =8.6 GHz for AVA SRR#2, and of G4 =12dB at f =
8.6 GHz for AVA SRR#3, have been measured.

Figure 4.28 allows an easier comparison between simulated (solid curves) and
measured (dotted curves) gains, illustrating the increase AG of the three AVA
with metalens with respect to the AVA without metalens. The measured curves
are close enough with the simulated ones. Table 4.V summarizes the main re-
sults.

Figure 4.29 shows the measured E-plane and H-plane radiation patterns of the
AVA with metalens compared to that of AVA without metalens at the frequen-
cies where the maximum gain increase AG occurs. The measured Half-Power
Beamwidth (HPBW) of the AVA is reduced over the entire band when the
metalenses are integrated on the antenna. The measured —3 dB beamwidth in
the H-plane is reduced from HPBW,,, = 46.36° to HPBWsgzpu1 = 40.70° for
AVA SRR#1 at f = 12.3 GHz, from HPBW,y,, = 51.27° to HPBWsgpy, =
33.6° for AVA SRR#2 at f =12 GHz, and from HPBW,,, = 62.91° to
HPBWsprus = 43.29° for AVA SRR#3 at f = 9 GHz.

VOBEOEOBEBOs O MO EE

DROBOOB VOO

() (b) (c) (d)
Figure 4.25 Fabricated prototypes: (a) AVA, (b) AVA SRR#1, (b) AVA SRR#2, and
(c) AVA SRR#3 [7].
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Figure 4.26 Measured modulus of the scattering parameter S;; as a function of the fre-
quency f, for the AVA without metalens (black curve), the AVA SRR#1
(magenta curve), the AVA SRR#2 (green curve), and the AVA SRR#3
(cyan curve) [7].
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Figure 4.27 Simulated (solid curves) and measured (dotted curves) gain as a function of
frequency f, for the AVA without metalens (black curve), the AVA SRR#1
(magenta curve), the AVA SRR#2 (green curve), and the AVA SRR#3
(cyan curve) [7].
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Figure 4.28 Simulated (solid curves) and measured (dotted curves) gain increase as a
function of frequency f, for the AVA SRR#1 (magenta curve), the AVA
SRR#2 (green curve), and the AVA SRR#3 (cyan curve) [7].

TABLE 4.V

SIMULATED AND MEASURED MAXIMUM GAIN Gy, 5y AND MAXIMUM GAIN INCREASE
AGpyax OF THE AVA SRR ANTENNAS.

Simulated Measured

Freq. (GHz) Gmax (AB) Freq. (GHz) Gmax (AB)
SRR#1 12.9 10.8 13 11.5
SRR#2 8.1 11.2 8.6 11.4
SRR#3 8.2 11.4 8.6 12

Freq. (GHz) AGpax (AB) Freq. (GHz) AGpax (AB)
SRR#1 12.9 1.7 12.3 2.3
SRR#2 11.8 2 12 2.4
SRR#3 10.1 2.1 9 2.5
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Figure 4.29 Measured E-plane (left column) and H-plane (right column) radiation pat-
terns of the AVA (solid curve) and (a) AVA SRR#1 (dotted curve) at fre-
quency f = 12.3 GHz, (b) AVA SRR#2 (dotted curve) at frequency f =
12 GHz, and (c) AVA SRR#3 (dotted curve) at frequency f = 9 GHz [7].
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4.4.2 AVA L-Shaped prototype

The prototype AVA L-shaped#1 is shown in Figure 4.30. The scattering param-
eter S;4, input impedance Z,,;, and voltage standing-wave ratio (VSWR) versus
the frequency of the two antennas have been measured with the Agilent Tech-
nologies N5224A PNA Network Analyzer. The calibration of the PNA has been
performed with an N4693A 2-Port Electronic Calibration Module, setting the IF
bandwidth to IFgy, = 1 KHz and the stimulus power to P, = —10 dBm. The
uncertainty in the measured S;; parameter is £0.04 dB for the magnitude and
+0.264° for the phase. The radiation performance characterization has been per-
formed with the antenna measurement system in an anechoic chamber, StarLab
SATIMO. The system has been calibrated in gain with reference horn antennas.
The uncertainty band of the instrument is ey4;, = £0.7 dB. For the measure-
ments, we have set a step of Af = 10 MHz for linear frequency distribution and
a grid size of 460 = A¢ = 4.5° for spatial resolution.

The simulated (solid curves) and the measured (dotted curves) moduli of the
scattering parameter S;; as a function of the frequency, for the AVA (black
curves) and AVA L-shaped#1 (green curves) are illustrated in Figure 4.31. The
metalens allows an increase in the antenna bandwidth at high frequencies. A
band of fyy4 = 3 + 13.5 GHz for the AVA and an increased band of f ;4 141 =
3 + 14.7 GHz for the AVA L-shaped#1 have been measured. The simulated and
measured curves are in good agreement.

The measured VSWRs of AVA and AVA L-shaped#1 prototype is VSWR < 2
in almost the whole operating frequency band. The introduction of the metalens
reduces the VSWR for frequencies f > 9.5 GHz. The measured antenna imped-
ance of both prototypes varies around the characteristic impedance of the feed
line Z, = 50 £2. The introduction of metalens slightly reduces the impedance
mismatch at high frequencies, in agreement with the measured parameter Sy,
reported in Figure 4.31.

The simulated and measured gain of AVA and AVA L-shaped#1 as a function
of the frequency is illustrated in Figure 4.32. A maximum gain G4, = 10.7 dB
at a frequency of f = 8.4 GHz for the AVA and G,,q, = 14.21 dB at a fre-
quency of f = 14.6 GHz for the AVA L-shaped#1 have been measured. The
AVA L-shaped#1 has an improved gain with respect to the AVA over the whole
bandwidth, especially for the frequencies f > 8 GHz, where the measured aver-
age gain increase is about AGg,; = 3 dB and the maximum measured gain
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increase is AGpq, = 4.8 dB at a frequency of f = 13.8 GHz. Additionally, for
the gain, a good agreement between the simulation and measurement is obtained.

The E-plane and H-plane radiation patterns of the antenna prototypes have been
measured and compared in the whole operating frequency band. The measured
E-plane (solid curve) and H-plane (dashed curve) half-power bandwidths of the
AVA (black curve) and AVA L-shaped#1 (green curve), as a function of the
frequency, are illustrated in Figure 4.33. The HPBW of the antenna with
metalens is reduced over the whole band in both planes, with a maximum HPBW
reduction of AHPBW,,,, = 31.3° at a frequency of f = 14 GHz for the E plane
and of AHPBW,,,,,, = 28.3° at a frequency of f = 5 GHz for the H plane. The
difference between the beamwidths in the E and H planes is reduced after the
insertion of the metalens, hence the radiation pattern is more symmetrical.

Figure 4.34 shows the E-plane and H-plane radiation patterns of AVA (dashed
curve) and AVA L-shaped#1 (full curve), measured at frequencies f = 14 GHz
and f = 5 GHz where the maximum HPBW reduction occurs.

Figure 4.30 Prototypes of antipodal Vivaldi antenna without and with metalens: (a)
AVA, and (b) AVA L-shaped#1 [6].
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Figure 4.32 Comparison between full-wave simulation (solid curves) and measurement
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curves): realized gain G and gain increase AG of frequency f [6].
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Figure 4.34 Simulated (solid curves) and measured (dotted curves) gain increase as a
function of frequency f, for the AVA SRR#1 (magenta curve), the AVA
SRR#2 (green curve), and the AVA SRR#3 (cyan curve) [6].
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4.5 Comparison with literature

A comparison between the proposed AVAs with metalens and other AVAs
reported in literature is shown in Table 4.VI. The comparison with the literature
is not trivial if size, bandwidth, and gain are simultaneously considered. How-
ever, by comparing the measured performances of the proposed AVA L-
shaped#1 with the state of the art, the size is smaller to parity of gain. As an
example, the size of the AVA with a metalens [54] is 120 X 260 mm, and a
director element is employed in addition to the metalens. The size of AVA L-
shaped#1 is 48 X 121 mm, without a director. Regarding the AVAs SRR, the
measured max gain is higher than that of [68,70,143-144] for similar operating
bandwidth. Moreover, the AVAs SRR of this work enable higher miniaturization
degree than that of [54-55,58-60]. The antenna reported in [54] allows a higher
max gain but it benefits of both a metalens and a director element requiring a
size increase.

TABLE 4.VI
EXPERIMENTAL RESULTS COMPARISON OF THE
METALENSES INVESTIGATED AND SIMILAR PUBLISHED WORK

Ref Site  pdidy MerGanG NG
(@ x D" (GHz) @8) (dB)
[54] 5.81 x 12.61 1+28 14.6 nr
[55] 531x2.50 241+ 285 14.0 nr
[58] 1.74 x 3.1 6+ 18 12.0 3.6
[59] 212 X 3.72 6+ 18 nr 255
[60] 3Ax 212 14+12 124 4
[66] 131x 144 0.7 =21 nr® 1.9
[68]  0.79Ax 0901 3.1+10.6 5.0 na®
[70]  132Ax 1654 25+ 14 10.0 na
[143]  130Ax 1524 3.7 =18 6.9 na
[144]  095Ax 1574  4.7+11 8.0 na
SRR#1 ~ 128Ax 2451  3+13 115 23
SRR#2  128Ax 2851  3+13 11.4 2.4
SRR#3 ~ 128Ax 2850  3+13 12.0 2.5
L-Shaped#l 144X 351  3+147 14.2 4.8

(D" 2 represents the wavelength at the center frequency of the operating bandwidth.
@ nr: not reported; @ na: not applicable.



4 Design of metamaterial lenses for the improvement of ultra-
wide band planar antennas

4.6 Concluding remarks

Metalenses have been designed and optimized in the frequency band of f = 3 +
15 GHz in order to enhance the radiation performance of an antipodal Vivaldi
antenna. Simulated and measured performances are in good agreement, confirm-
ing the improvement of the gain in a wide frequency range, preserving the oper-
ating bandwidth. A maximum gain of about G,,,,, = 12 dB and a maximum gain
increase of about A4G,,,, = 2.5 dB have been measured, for the AVA SRR#3
antenna. Moreover, the metalens L-shaped#1 improves both the pristine AVA
bandwidth and the gain, especially at high frequencies. A maximum gain in-
crease of 4G, 4, = 4.8 dB and a maximum HPBW reduction of AHPBW,,,,,, =
31.3° have been measured at the frequency of f = 13.8 GHz with respect to the
pristine AVA. A frequency band of f,,q 141 = 3 + 14.7 GHz, slightly larger
than that of the pristine AVA, has been measured. The metalens L-shaped#2 can
give better results at lower frequencies.



S Design of a Substrate-Integrated
Waveguide microwave device for
sensing applications

5.1 Introduction

This chapter reports the design and the optimization of a planar microwave
sensor based on Substrate-Integrated Waveguide (SIW) technology to detect wa-
ter presence in diesel. Currently, standard methods used in laboratories for water
contamination detection are relatively costly and lead substantial delays in anal-
ysis. An attractive alternative method is based on microwave sensors made with
microstrip technology, that allow real-time and low-cost water in fuel detection
[80-86]. In addition, microwave planar sensors are compact and highly inte-
grated devices, however, the microstrip technology is characterized by low elec-
tromagnetic field confinement and radiant losses. A possible solution is given
by SIW technology, that allows to reduce both the insertion and radiation losses,
thanks to its good electromagnetic guidance and, at the same time, to obtain low
profile and low-cost planar devices. Moreover, substrate-integrated waveguides
have higher power handling capability [98—102].

In the following, the design of a microwave SIW applicator for water-in-fuel
detection is reported. To the best of our knowledge, the microwave frequency
range f = 9 + 11 GHz is investigated to this aim for the first time, allowing the
creation of a very compact device. The sensor characterization, using a vector
network analyzer (VNA), confirms the simulation results with a quite good
agreement. These performances are intriguing when compared to the literature
results [87-88,95].
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5 Design of a Substrate-Integrated Waveguide microwave device
for sensing applications

5.2 Design overview

The aim of the design is to obtain a low cost, planar/low-profile and compact
(of few square centimetres) microwave applicator, providing good performance
in terms of sensitivity and resolution, even if operating at a single frequency, to
be employed in a simple online set-up, for example including a microwave
source and an MW power meter.

The employed dielectric substrate is Rogers RT/Duroid 5880 (&, = 2.2, tand =
0.0009) of commercial thickness hg,;, = 1.575 mm, whereas metallic parts
are made of copper (o = 5.8 X 107 S/m) with thickness h = 0.035 mm.

The design, optimization, and characterization of the SIW applicator is per-
formed with reference to both the air and water-in-diesel surrounding medium
(background). For the case of the water-in-diesel background, a preliminary
wideband investigation has been performed in order to obtain the real complex
dielectric constant of some fuel samples containing different concentrations of
contaminant water, as detailed in Paragraph 5.2.1 below.

5.2.1 Preliminary wide band investigation of fuel-water blend

The SIW microwave applicator is designed to work in the frequency range f =
9 + 11 GHz with CST Studio Suite® software. This frequency range has been
chosen by observing the behaviour of the complex dielectric permittivity of the
fuel-water blend, on the basis of a wide-band investigation performed with a
SPEAG DAK 3.5 probe [131] and a N9927A FieldFox Handheld Microwave
Vector Analyzer by Keysight [145]. This preliminary investigation has high-
lighted changes in complex dielectric permittivity at the aforementioned fre-
quencies, thus promising potential applications for sensing.

Five fuel samples have been prepared containing different concentrations of con-
taminant water. In particular, p = 0 ppm (pure diesel), p = 50 ppm, p =
200 ppm, p = 500 ppm, and p = 1000 ppm of water have been prepared. Wa-
ter concentrations higher than p = 500 ppm were not investigated because they
are not interesting for practical applications, as they are over the acceptable lim-
its regarding water contamination. The concentration p = 1000 ppm has been
taken into account to verify the characteristics slope for extreme contaminations.

Figure 5.1 shows the SPEAG DAK 3.5 probe-N9927A VNA characterization
set-up. For each sample, the dielectric constant measurement has been repeated
seven times. These measurement results have been averaged to reduce measure-
ment noise and fitted with a polynomial.
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Table 5.1 reports the order and the coefficient of determination R? of the poly-
nomial fitting the five measured dielectric constant curves. The fitting order has
been chosen to maximize R?. The measured complex dielectric constants for the
five samples as functions of the frequency are reported in Figure 5.2 (real part
¢') and Figure 5.3 (imaginary part €'").

It is worth observing that the real part €' increases as the water concentration
increases in a wide frequency range, f = 8 < 13 GHz. To obtain reference val-
ues for the ad-hoc designed water—diesel fuel blend SIW applicator, we directly
considered the SPEAG DAK 3.5 probe-N9927A VNA-measured characteristics.
In particular, by choosing different frequencies, e.g., f =9,10,11,12,13 GHz,
different sensing characteristics, i.e., regression curves, can be drawn, as re-
ported in Figure 5.4. At these frequencies, a direct proportionality between the
water concentration p and the real part &' occurs. Therefore, they are of interest
for sensing applications. On the contrary, the frequencies f < 7 GHz or f >
14 GHz are not considered. The characteristics are quite similar, even if with a
different coefficient of determination R?, indicating the proportionate amount of
variation in the response variable explained by the independent variable in the
linear regression model. We underline that this preliminary investigation has
been performed to roughly identify a frequency range where the variation in the
complex dielectric constant with water concentration promises potential appli-
cations to be investigated.

Table 5.11 reports the measured sensitivities for the five curves of Figure 5.4,
confirming this observation. The direct proportionality between the real part &’
and the water concentration p pave the way to design an ad hoc water in diesel
microwave sensor.

Figure 5.1 Characterization set-up with VNA Keysight N9927A FieldFox and DAK
3.5 probe [10].
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TABLE 5.1

ORDER AND COEFFICIENT OF DETERMINATION R? OF THE POLYNOMIAL
FITTING THE MEASURED DIELECTRIC CONSTANT CURVES.

Sample Fitting Order R? of the Polynomial Fitting
p = 0ppm 8 0.95
p =50 ppm 3 0.93
p =200 ppm 3 0.97
p =500 ppm 9 0.91
p = 1000 ppm 8 0.90
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Figure 5.2 Measured real part &’ of the dielectric constant as a function of the frequency
f for different water concentrations p in diesel [10].
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Figure 5.3 Measured real part &’ of the dielectric constant as a function of the frequency
f for different water concentrations p in diesel [10].
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Figure 5.4 Real part &' of the dielectric constant, measured with SPEAG DAK 3.5
probe-N9927A VNA, as a function of the water concentration p in diesel,
for different frequencies [10].
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TABLE 5.11

SENSITIVITIES OF THE SPEAG DAK 3.5 PROBE-N9927A VNA
AS A WATER-IN-FUEL SENSOR FOR DIFFERENT FREQUENCIES.

Sensitivity Ae,./Ap

Frequency (x 10~3 /ppm) R?
9 0.399 0.79
10 0.395 0.82
11 0.376 0.86
12 0.344 0.88
13 0.304 0.91

5.2.2 SIW sensor with air background. Single slot configuration

The first geometry, reporting the main parameters, is shown in Figure 5.5. The
preliminary values of the geometric parameters are reported in Table 5.111. The
geometry depicted in Figure 5.5 is obtained considering a SIW guide fed by a
microstrip line. The strip line sizes Wreoq and Lyeq are designed to ensure a
characteristic impedance Z, = 50 2 [146]. The vias diameter d, the center—cen-
ter distance s, and the other preliminary geometrical values are chosen following
[98-102]. The slot ensures the radiation of the EM field and its interaction with
the fuel samples.

Figure 5.6 shows the equivalent circuit of the single-slot SIW applicator
[122,147-148]. The distributed-constants network, modelling the input and out-
put microstrip transmission lines, includes the series impedance Z = R + jwL
per unit length and the shunt admittance Y = G + jwC per unit length. The in-
ductance Lg and the capacity Cs model the transverse slot [147-148].

Figure 5.7 shows the distribution of the modulus of the electric field irradiated
by the slot in the xy plane, i.e., at the upper metal layer. The discontinuity be-
tween the feeding microstrip line and the SIW tends to confine the electric field
near to the slot, as in a slotted resonant-like structure, improving the interaction
with the fuel samples.

The first optimization regards the SIW length Lgy,;4¢. Starting from the prelimi-
nary value reported in Table 5.1II, Lgy;q = 14 mm , larger values have been
simulated until Lgy;q, = 20 mm, by considering a change step ALgyigqe =
2 mm. The extreme of the range Lgy,;q. = 20 mm is arbitrarily fixed to guaran-
tee a high compactness degree. The modulus of the scattering parameters S;;
and S as a function of frequency f for different values of the SIW length Lgyqe
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has exhibited a bandwidth increase and an increased impedance matching at the
fixed extreme value Lgyiqe = 20 mm. The optimization of the radiating slot is
performed with the aim of further improving the device operation.

Figure 5.8 shows the modulus of the scattering parameters S;4 (solid curves) and
S,1 (dotted curves) as a function of frequency f for different values of the slot
width Wg;,:. As the slot width becomes smaller, a better impedance matching
can be observed. However, the extreme Wg;,; = 0.2 mm has been arbitrarily
fixed to allow a sufficient interaction between measurand background and EM
field. Many other optimizations have been performed by varying slot length
Lg0¢, center—center vias distance s, and vias diameter d, however, the perfor-
mances fell short.
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Figure 5.5 Scheme of the designed single-slot SIW applicator in air [10].

TABLE 5.111

MAIN GEOMETRIC PARAMETERS OF THE DESIGNED
SINGLE-SLOT SIW APPLICATOR IN AIR

Parameter Value (mm) Description
Leup 35 Substrate length
Weun 25 Substrate width
Lguide 14.3 SIW length
Wyuide 13.8 SIW width
Lfeea 10.35 Microstrip line length
Wreea 4.7 Microstrip line width
Lgiot 10.05 Slot length
W0t 0.3 Slot width
S 0.75 Centre-centre distance of vias

d 0.5 Vias diameter
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Figure 5.6 Equivalent circuit of the single-slot SIW applicator [10].
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Figure 5.7 Modulus of the electric field irradiated by the slot in the xy —plane, single-
slot SIW applicator in air [10].
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Figure 5.8 Modulus of the scattering parameters S;; (solid curves) and S,; (dotted
curves) as a function of frequency f for different values of the slot width
Wslot [10]-
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5.2.3 SIW sensor with air background. Cross slot configuration

The SIW applicator geometry is modified with the aim to improve the sensing
performances. Two half geometries, allowing half mode behaviour, of the pre-
vious applicator are placed in close position and coupled via a gap, named the
horizontal slot. The further, horizontal, slot is designed to enhance the interaction
between the EM field and the fuel samples. The new geometry, reporting the
main parameters, is shown in Figure 5.9. The preliminary values of the geomet-
ric parameters are reported in Table 5.IV. For this SIW applicator, asymmetric
input, and output microstrip lines are designed. This is justified by considering
that it is similar to the composition of two half-mode structures.

Figure 5.10 shows the equivalent circuit of the cross-slot SIW applicator
[122,147-148]. The equivalent circuit is composed by two circuits like the pre-
vious one. Each of them refers to one of the two half-mode structures. The prox-
imity coupling is modelled via the mutual inductance of M;,, the effect of the
cut on the half-mode structure is modelled by a properly high value load imped-
ance Z; .

The SIW length is again set at Lgy,;q. = 20 mm. The optimization has regarded
the parameters of slot width Wy, slot length Lg;¢, and gap width Wy,,,. For the
slot width Wy, the parametric investigation is performed in the range Wy, =
0.2 =+ 0.4 mm. The modulus of the scattering parameters S;; and S,; as a func-
tion of the frequency f for different values of slot width Wy;,; is simulated. As
the slot width Wy, decreases, the impedance matching increases. The best value
1s Wy0¢ = 0.2 mm. This value is a trade-off. A narrower slot is not investigated,
as previously discussed in Paragraph 5.2.2. Moreover, good impedance match-
ing with |S11| = —22 dB at the frequency of f = 9.6 GHz is reached. A further
decrease in the length of Wy, is not interesting and could cause an interaction
reduction with the background.

The gap width Wy, is varied in the range of Wy, = 0.2 + 0.4mm. Figure 5.11
shows the modulus of the simulated scattering parameters S;4 (solid curves) and
S,1 (dotted curves) as a function of the frequency f for different values of gap
width Wpq,. Additionally, the gap width modifies the applicator impedance
matching. The best value is W4, = 0.2 mm, ensuring the maximum transmis-
sion bandwidth and the minimum scattering parameter modulus |S;;|. The im-
pedance matching with |S;;| = —23 dB at the frequency f = 9.6 GHz is ob-
tained.
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The slot length Ly, is varied in the range of Ly, = 4.9 = 5.3 mm in order to
ensure the maximum interaction between the fuel sample and the sensor. The
modulus of the scattering parameters S;; and S,; as a function of the frequency
f has been simulated for different values of Lg;,;. As the slot length Lg,, de-
creases, the impedance matching increases, and the bandwidth becomes larger.
The impedance matching with |S;;| = —19 dB at the frequency of f = 9.6 GHz
is simulated for Lg;,; = 4.9 mm.
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Figure 5.9 Scheme of the designed cross-slot SIW applicator [10].

TABLE 5.1V
MAIN GEOMETRIC PARAMETERS OF THE DESIGNED CROSS-SLOT SIW APPLICATOR.

Parameter Value (mm) Description
Leup 35 Substrate length
Weun 25 Substrate width

Lyuide 20.3 SIW length

Wyuide/2 6.9 Half SIW width

Lfeea 7.5 Microstrip line length
Wreea 4.7 Microstrip line width
Lgiot 4 Slot length
Wiiot 0.3 Slot width
Wyap 0.3 Gap width

s 0.75 Centre-centre distance of vias

d 0.5 Vias diameter
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Figure 5.10 Equivalent circuit of the cross-slot SIW applicator [10].
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Figure 5.11 Modulus of the scattering parameters S;; (solid curves) and S,; (dotted
curves) as a function of frequency f for different values of the slot width
Wap [10].

5.3 Simulation results

After all the optimizations, the optimal geometrical dimensions for the cross-slot
SIW device are reported in Table 5.V. These values ensure a good impedance
matching and the wide bandwidth in the f = 9 + 10 GHz range. The device is
also compact and low-profile.

To evaluate the cross-slot SIW applicator performances as a water-in-fuel sen-
sor, the measured dielectric constants of the five samples have been imported
into the simulation CST Studio Suite® software. A similar investigation to that
reported in Paragraph 2.3 has been performed, showing that the same SIW
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structure could be employed with a water-in-diesel background, allowing a
promising performance without further refinement. In other words, the dielectric
constant of air and the real part &' of the diesel dielectric constant at the consid-
ered frequencies f are sufficiently close.

In fact, Figure 5.12 illustrates the modulus of the scattering parameters S;4 (solid
curves) and S,; (dotted curves) as a function of the frequency f for air (black
curve) and pure diesel (blue curve) backgrounds. The impedance matching with
S11 = —18 dB at the frequency f = 9.5 GHz for the diesel background is good
enough.

The percentage change on the modulus of the scattering parameter S,4, obtained
by simulating the diesel sample in contact and placed at the distance d,; =
0.1 mm from the top metallic layer, is below 4S,; = 9%. However, the distance
d i can be eliminated in practical application after an easy mechanical optimi-
zation.

The percentage change in the modulus of the scattering parameter S,; obtained
by simulating the diesel sample in contact with the top metallic layer and the
radiating slots filled with diesel and filled with air is of the order of A4S,; =
1.3%. Additionally, this error can be eliminated by a direct contact of the appli-
cator with diesel flux.

Figure 5.13a shows the modulus of the simulated scattering parameter S,; as
function of the frequency f for the five different water concentrations. Figure
5.13b is a magnified view of the matching frequency f = 9.5 GHz. It shows that,
as the water concentration increases, the modulus of the scattering parameter S,
decreases. The variation is quite linear. The values of the modulus of the scat-
tering parameter S,; for the five water concentrations at frequency f = 9.2 GHz
are listed in Table 5.VI. The simulated sensor sensitivity can be calculated as:

A|Sy,]|

A = 1.39 mdB /ppm @ 9.2 GHz

The coefficient of determination is R? = 0.85, which is quite good.
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TABLE 5.V

OPTIMIZED GEOMETRIC PARAMETERS OF THE CROSS-SLOT SIW APPLICATOR.

Parameter Value (mm) Description
Leup 35 Substrate length
Weup 25 Substrate width

Lguige 20 SIW length

Wouide/2 6.9 Half SIW width
Lfeea 7.5 Microstrip line length
Wreea 4.7 Microstrip line width
Lsiot 4.9 Slot length
Wit 0.2 Slot width
Wyap 0.2 Gap width

s 0.75 Centre-centre distance of vias
d 0.5 Vias diameter

Modulus of the Scattering parameters (dB)

25 F '_811‘ pure diesel B
---------- 321' pure diesel i
730 1 1 Il L L L Sre 1
8 8.5 9 9.5 10 10.5 11 1.5 12
Frequency (GHz)

Figure 5.12 Cross-slot SIW applicator. Modulus of the simulated scattering parameters
S11 (solid curves) and S, (dotted curves) as a function of the frequency f
for air (black curves) and pure diesel (blue curves) backgrounds [10].
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Figure 5.13 Cross-slot SIW applicator. (a) Modulus of the simulated scattering param-
eters S,4 as a function of the frequency f for different water concentrations.
(b) Zoom around f = 8.3 = 10.3 GHz [10].

TABLE 5.VI

CROSS-SLOT SIW. MODULUS OF THE SIMULATED SCATTERING PARAMETER S;1 FOR
THE FIVE WATER CONCENTRATIONS AT FREQUENCY f = 9.2 GHz.

Water Concentration p (ppm)

1S,1| @9.2 GHz (dB)

0
50
200
500
1000

—3.033
—3.718
—3.827
—3.930
—4.778
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5.4 Measurements

The cross-slot SIW prototype have been fabricated by employing the dielec-
tric substrates Rogers RT/duroid 5880 with &, = 2.2 and tand = 0.0009 by us-
ing a standard PCB process. Figure 5.14 shows the fabricated device.

The applicator has been characterized by using the VNA Keysight FieldFox,
considering as the background: 1) air, i.e., without the fuel sample to be detected,
and ii) the same fuel samples, characterized in Paragraph 5.2.1 and simulated in
Paragraph 5.3.

Figure 5.14 Constructed cross-slot SIW applicator [10].

5.4.1 Characterization in air background

The measured modulus of the scattering parameters S;; and S5, as a function of
the frequency f is shown in Figure 5.15 (solid curves) and compared with the
simulated parameters (dotted curves). The results are in agreement with the sim-
ulations. A right shift of about Af = 0.5 GHz can be seen for both S;; and S,4
curves. This behavior can be caused by the fabrication tolerance leading to a
little mismatch between the geometric dimensions of the fabricated device and
the nominal/optimized ones reported in Table 5.V.

5.4.2 Characterization in water-in-diesel background

The complete measurement set-up is shown in Figure 5.16a. It is composed by
the VNA Keysight FieldFox, connected to the constructed cross-slot SIW appli-
cator. Figure 5.16b shows the plastic bag with the fuel sample placed on the
applicator. Its stability is ensured by an appropriate support. The bag containing
the fuel samples is constituted by polyethylene.
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Figure 5.15 Cross-slot SIW applicator with air as the background. Modulus of the scat-
tering parameters S;; and S,4 as a function of the frequency f for measured
(solid curves) and simulated (dotted curves) [10].

(a) (b)
Figure 5.16 (a) Measurement set-up using the Keysight VNA N9927A FieldFox and the
constructed cross-slot SIW applicator as a water-in-fuel sensor; (b) magni-

fied view of one of the measured fuel samples [10].

Figure 5.17 shows measurements proving that it can be considered transparent,
allowing complete radiating field transmission, and does not affect the water-in-
diesel characterization.

Figure 5.18a shows the measured modulus and Figure 5.18b the measured phase
of the scattering parameter S;; as a function of the frequency f, for the five
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different water concentrations p. These curves do not allow us to easily obtain a
sensing characteristic since no change proportional with the water concentration
is observed.

Figure 5.19a shows the measured modulus and Figure 5.19b the measured phase
of the scattering parameter S,; as a function of the frequency f for the five dif-
ferent water concentrations p. As expected, no S,; phase shift can be observed
with variations in water concentration. On the contrary, the measured modulus
varies quite linearly, as predicted by simulations. It is affected by the radiated
power interacting with the sample, which allows the sensor operation. As for the
simulated parameters of Figure 5.15, the modulus of the scattering parameter S,
decreases as the water concentration increases, showing an inverse proportion-
ality. Table 5.VII reports the values of the measured modulus of the scattering
parameter S, for the different concentrations at a frequency of f = 9.76 GHz,
where the |S,;| is maximized for all the five curves.

Figure 5.20 shows the measured modulus of the scattering parameter S,; as a
function of the water concentration p. The proportionality is quite linear, so it is
possible to calculate the sensitivity as

A|S;4]
Ap

= 1.42 mdB /ppm @ 9.76 GHz

The coefficient of determination is R? = 0.94, which is in excellent agreement
with the simulation illustrated in Paragraph 4. Considering the VNA N9927A
resolution AS,; = 0.01 dB, the proposed set-up is able to measure a minimum
variation in water concentration of Ap = 7 ppm [145]. The SIW applicator is
intriguing for its compactness and performances even when compared with the
literature [87-88,95]. It could be employed with a single frequency source and
an MW power meter in order to obtain an online and low-cost system for diesel
quality detection.

The response of the microwave sensor is practically immediate due to the instan-
taneous interaction of the microwave with the sample. It is worth noting that a
potential industrial application for on-time / online measurement could be feasi-
ble if the water-in-diesel solution flowed in a microwave-transparent tube, in
contact with the sensor like the bag used in this work. In this case, the tube walls
should be continuously washed and in contact with the flow to be monitored,
thus allowing an instantaneous sensor response.

The influence of temperature on the applicator response is not significant for
relatively substantial changes. In fact, the thermal expansion causes a negligible



5 Design of a Substrate-Integrated Waveguide microwave device

for sensing applications 110

variation in the sensor size and, as a consequence, a negligible variation in the
chosen resonant frequency. This slight variation does not affect the applicator
performance since it can operate over the wide frequency range of f =9
11 GHz. Due to the temperature dispersion of the complex dielectric constant of
the samples, a calibration could be required for large temperature changes.

The main limitation of the proposed applicator is the low selectivity. Generally,
microwave sensors are characterized by a low selectivity, since they are based
on the dielectric constant variation of the measured sample. Dielectric constant
variation can depend on a number of potential contaminants/concentrations for
a given wavelength. However, water contamination is the predominant one oc-
curring in diesel production/supply chain, and the proposed microwave monitor-
ing is interesting in practical application.

Table 5.VIII reports the comparison between the proposed applicator and the
literature results. The proposed sensor exhibits the best sensitivity A[S,1|/ Ap
[87-88,95].
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Figure 5.17 Cross-slot SIW applicator. Modulus of the scattering parameters S; (solid
curves) and S,; (dotted curves) as a function of the frequency f measured
in air (blue curves), measured with polyethylene (red curve), and simulated
(black curves) [10].
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Figure 5.18 (a) Measured modulus of the scattering parameter S;; as a function of the
frequency f and (b) measured phase of the scattering parameter S;; as a
function of the frequency f for the five different water concentrations p
[10].
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Figure 5.19 (a) Measured modulus of the scattering parameter S,; as a function of the
frequency f and (b) measured phase of the scattering parameter S, as a
function of the frequency f for the five different water concentrations p
[10].

TABLE 5.VII

MEASURED MODULUS OF THE SCATTERING PARAMETER S,
FOR THE FIVE WATER CONCENTRATIONS AT A FREQUENCY OF f = 9.76 GHz.

Water Concentration p (ppm) [S21] @9.76 GHz (dB)
0 —6.17
50 —6.48
200 —-7.21
500 —7.68

1000 —8.49
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Figure 5.20 Measured modulus of the scattering parameters S,; as a function of water
concentration p at frequency f = 9.76 GHz [10].

TABLE 5.VIII

MEASURED MODULUS OF THE SCATTERING PARAMETER S5
FOR THE FIVE WATER CONCENTRATIONS AT A FREQUENCY OF f = 9.76 GHz.

Sensitivity A|S,1]/4p

References
(mdB /ppm)
[87] 0.4
[88] 0.6
[95] 0.0872
Cross-slot SIW applicator 1.42

5.5 Concluding remarks

A water-in-diesel sensor based on an SIW microwave applicator has been de-
signed, constructed, and characterized. This characterization has confirmed the
simulated performances in terms of bandwidth and impedance matching. Five
water contaminated fuel samples have been characterized in terms of dielectric
constant frequency dispersion with a SPEAG DAK 3.5 probe. The same samples
have been detected with the designed SIW applicator allowing a water-in-diesel
monitoring with a sensitivity of A|S,;|/ Ap = 1.42 mdB /ppm at a frequency of
f =9.76 GHz with a coefficient of determination R? = 0.94. The minimum
variation in water concentration with the proposed set-up is Ap = 7 ppm. The
applicator is interesting because it is low-cost and low-profile, and it could be
employed with a single frequency source and an MW power meter.



Conclusions

The design, fabrication, and characterization of different microwave resonant

structures in the field of the medicine therapy and environmental monitoring

have been performed. In particular:

i)

iii)

An SRR-based metamaterial has been designed to be used as a lens for a
SIW cavity backed patch applicator in superficial hyperthermia cancer
treatment. A prototype has been fabricated and characterized. The simu-
lated scattering parameter modulus of the antenna loaded with the bio-
logical tissue with and without metamaterial lens is |S;1| = —37 dB and
|S11] = —14 dB at the f = 11 GHz frequency, respectively. The meas-
ured minimum of the scattering parameter modulus |S;1| = —42 dB has
been measured at the f = 10.6 GHz frequency. The experimental results
are in good agreement the simulations and suggest that SRR lens can find
actual application to focus the electromagnetic field of the microwave
applicators for the thermal therapy of skin cancer.

An extensive analysis of various design solutions has been performed in
order to the fabrication of low-cost microwave needle applicators for in-
terstitial hyperthermia cancer treatment. Two prototypes of 14 gauge and
16 gauge have been fabricated and characterized. The experimental re-
sults are in good agreements with simulations. Their employment can be
considered as a desirable alternative to surgical resection, reducing side
effects to healthy tissues and increasing patient wellness, as mini-inva-
sive approach. In addition, various metamaterial lenses based on Closed
Loop Resonator are designed and optimized to improve the performance
of the 16G applicator. The numerical results are an interesting prelimi-
nary study and show great potential for subsequent developments.

Metalenses have been designed and optimized in the frequency band of
f = 3+ 15 GHz in order to enhance the radiation performance of an an-
tipodal Vivaldi antenna (AVA). Simulated and measured performances
are in good agreement, confirming the improvement of the gain in a wide
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frequency range, preserving the operating bandwidth. A maximum gain
of about G,,,,, = 12 dB and a maximum gain increase of about 4G4, =
2.5 dB have been measured, for the AVA with metalens based on SRR.
Moreover, the novel L-shaped metalens improves both bandwidth and
the gain, especially at high frequencies. A maximum gain increase of
AGpax = 4.8 dB and a maximum HPBW reduction of AHPBW,,,4, =
31.3° have been measured at the frequency of f = 13.8 GHz with re-
spect to the pristine AVA.

A SIW applicator for the detection of water in diesel has been designed,
starting from the dielectric characterization of water-diesel blends. A pro-
totype of the applicator has been fabricated and characterized. An exper-
imental sensitivity of A|S,;|/ Ap = 1.42 mdB /ppm has been obtained
at a frequency of f = 9.76 GHz with a coefficient of determination R? =
0.94. The applicator is interesting because it is low-cost and low-profile,
and it could be employed with a single frequency source and a microwave
power meter.

The obtained results have been in part published in the Proceedings of National

and International Conferences or on International Journals, as listed on page viii
of the thesis.
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