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Abstract

This thesis focuses on two novel sensors that are designed, tested and characterized
with liquid solvents. The first dielectric resonator sensor is based on a dielectric res-
onator (DR) fed by a slot-coupling mechanism in the ground plane of a microstrip
transmission line. The second sensor fed by a parallel microstrip transmission line
is shielded by a metallic housing box to prevent radiation loss. The obtained de-
vices are fully passive sensors that a radio frequency signal can interrogate. The
cavity perturbation technique is used to study the impact of the liquid under test
on the resonant frequency and modal distribution; full-wave simulations corrobo-
rate the theoretical results. A prototype of the first proposed sensor tuned to work
in the 2.45 GHz band has been designed, manufactured and measured in different
ethanol concentrations. For the second sensor, the simulated results as well as the
theoretical concept are studied. Furthermore, the sensor has been fabricated and
tested without shield, showing high accuracy. Additionally, the thesis presents a
review on the recent metamaterial-based electromagnetic sensors, particularly on
the structures that integrate the metamaterials in antenna or transmission lines
for their further integration in measurement instruments. The approach followed
in the review is to highlight sensitivity and quality factor (Q-factor) as they are
crucial parameters in any sensor. For more insight into the metamaterial-inspired
sensors, an open complementary split ring resonator (OCSRR)-loaded monopole
antenna is used as a liquid sensor for discrimination of ethanol solvents with dif-
ferent concentrations. The sensor part is integrated with the electronic parts in-
cluding a voltage-controlled oscillator (VCO) and a zero-biased Schottky Diode
Detector (SDD) allowing the sensor to be low cost and portable. Indeed there
are some limitations on the sensitivity level of Metamaterial-inspired sensors and
saturation level of sensing by increasing the liquid percentage in the solvent under
test. Consequently, the approach toward DR sensors is much beneficial to higher
sensitivity and less loss as followed in this thesis.
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Resumen

Esta tesis se centra en dos sensores novedosos que se diseñan, prueban y carac-
terizan con disolventes líquidos. El primer sensor de resonador dieléctrico se basa
en un resonador dieléctrico (DR) alimentado por un mecanismo de acoplamiento
de ranura en el plano de tierra de una línea de transmisión de microcinta. El
segundo sensor, alimentado por una línea de transmisión microstrip paralela está
protegido por una caja de carcasa metálica para evitar la pérdida de radiación.
Los dispositivos obtenidos son sensores completamente pasivos que una señal de
radiofrecuencia puede interrogar. La técnica de perturbación de la cavidad se uti-
liza para estudiar el impacto del líquido bajo prueba en la frecuencia resonante
y la distribución modal; las simulaciones de onda completa corroboran los resul-
tados teóricos. Se ha diseñado, fabricado y medido en diferentes concentraciones
de etanol un prototipo del primer sensor propuesto sintonizado para trabajar en
la banda de 2,45 GHz. Para el segundo sensor, se estudian los resultados simula-
dos así como el concepto teórico. Además, el sensor ha sido fabricado y probado
sin escudo, mostrando una alta precisión. Adicionalmente, la tesis presenta una
revisión sobre los sensores electromagnéticos basados en metamateriales recientes,
particularmente sobre las estructuras que integran los metamateriales en antenas
o líneas de transmisión para su posterior integración en instrumentos de medición.
El enfoque seguido en la revisión es resaltar la sensibilidad y el factor de calidad
(factor Q), ya que son parámetros cruciales en cualquier sensor. Para obtener más
información sobre los sensores inspirados en metamateriales, se utiliza una antena
monopolo cargada con un resonador de anillo abierto complementario (OCSRR)
como sensor de líquido para la discriminación de disolventes de etanol con difer-
entes concentraciones. La parte del sensor está integrada con las partes electróni-
cas, incluido un oscilador controlado por voltaje (VCO) y un detector de diodo
Schottky con polarización cero (SDD), lo que permite que el sensor sea portátil y
de bajo coste. De hecho, existen algunas limitaciones en el nivel de sensibilidad
de los sensores inspirados en metamateriales y el nivel de saturación de detección
al aumentar el porcentaje de líquido en el solvente bajo prueba. En consecuencia,
el enfoque hacia los sensores DR es muy beneficioso para una mayor sensibilidad
y menos pérdidas como se sigue en esta tesis.
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Chapter 1

Introduction

1.1 Metamaterials and properties

Metamaterials (MTMs) were first introduced by Veselago in 1968 [1]. Veselago
introduced the idea of a left-handed (LH) triad for magnetic and electric fields
propagation, based on the electrodynamics properties of the materials. It was
a speculation on the existence of substances with simultaneously negative values
of permeability µ and permittivity ϵ; In contrast, conventional materials show a
right-handed electromagnetic field orientation. Due to the lack of practical proof
and experimental confirmation, the Left-Handed Materials (LHM)-based research
area was not explicit. First revolutionary attempts were made for discovering neg-
ative permittivity by the periodic wire medium, followed by artificially creating
negative permeability using an array of split ring resonators (SRR). Indeed, some
kind of complex structures, like periodic wire medium combined with SRRs, could
be modelled globally as they showed LH properties. Inspired by the experimental
analysis, LHM are also called negative refractive index materials. Eventually, after
30 years, the first LH material as an artificial effective material was experimentally
demonstrated by Smith et al [2]. This breakthrough lead to a vast variety types
of resonators based on metamaterial concept. In recent years, electromagnetic
metamaterials, defined as artificially effective structures, have attracted signifi-
cant attention among the microwave community [3–10]. The second turning point
in metamaterials (MTM) history was in 2005 when Smith discovered that the gra-
dient refraction index medium can be employed in the optical frequency range in
order to control wave propagation. The transformation from microwave to optical
frequency lead to a wide range of terahertz (THz) MTM resonators [11,12].

It is worth mentioning that the definition of MTMs, not requiring the negative
permittivity and/or negative permeability, can be extended beyond the LHMs;
i.e., the conscience of MTMs is controlling the electromagnetic (EM) waves ef-
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Figure 1.1: Topology of circuit models of (a) Split Ring Resonator (SRR) and (b)
complementary SRR and equivalent [16]

ficiently with a high quality factor (Q-factor), revolutionizing the right-handed
electromagnetic wave theory [13].

Indeed, MTMs can be defined as a periodic or non-periodic structure in a
macroscopic scale such that its functionality is based on the unit-cell structural
parameters and their constitutive materials. To satisfy the homogeneity theory,
the unit-cell size should be smaller than the guided wavelength (λg), better if less
than λg/10; thus MTMs are beneficial to decrease the size of structures efficiently.
As the MTM unit-cell functionality depends on its architecture, there is a great
controlling ability leading to the existence of a flexible functionally-viable struc-
ture which is not available in nature. These benefits can be considered as the
major advantages of MTMs [14]. Some unusual MTM properties such as negative
refractive index and backward wave propagation do not occur in the conventional
resonant elements.

Generally, MTM resonators can be categorized into microwave-, terahertz- and
plasmonic- metamaterials, depending on their operation frequencies [15]. Meta-
material resonators can be used in different configurations employed by TLs and
antennas.

For more insight into the metamaterial resonator functionality, split ring res-
onator with high Q-factor has a quick response to the field variation, shown in
Fig. 1.1. This resonator is excited by a magnetic field perpendicular to the res-
onator which acts as a magnetic dipole. The complementary SRR (CSRR) as the
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Figure 1.2: First experimental LH setup, structured by thin wires and SRR array
to create a simultaneous negative permeability and negative permittivity [18].

dual counterpart of the SRR can be excited by an electric field parallel to its axis.
This behavior is proved based on the Babinet principle [14]. According to the first
experimental left-handed setup, thin wires and SRRs were combined to constitute
a left-handed property. This structure is shown in Fig. 1.2. The resonance of the
SRR can be described by ω2

0r = 3pc2/ (π ln (2w/δ a3)) where p is the period, c is
the speed of light, w is width of the rings and δ is defined as spacing between the
rings of SRR [17]. It is expected that by decreasing the width of the resonator
when the other parameters are constant, the resonant frequency increases. It is
also important that as a result of larger overall currents and slightly different over-
lapping resonances, a second ring in the unit cell enhances the magnetic activity
and effective permeability as well as the bandwidth in the unit cell.

In MTM-inspired resonators, by increasing the frequency, the component di-
mensions are proportionally reduced leading to a sufficiently-negligible time delay
in wave propagation inside the element at resonant frequency. It is worth mention-
ing that the width of the resonator, size of substrate material, and the substrate
material itself can affect the resonance frequency. For the metamaterial compo-
nents, at microwave frequencies, the size of MTM components becomes less than
at least λ/10 and thereby reducing parasitic effects. According to the fundamen-
tal and originality of LH MTMs, they can be extended to 2D and potentially 3D
isotropic structures, due to having effective homogeneity [19]. In this thesis, we
study the planar configurations, compatible with planar transmission lines. The
MTM topology as homogeneous media can be described in the lumped-element
modeling of TLs including capacitance and inductance for each unit cell. Negative
refractive index (NRI) transmission-line MTMs are constituted by a transmis-
sion line (TL) loaded with series capacitors and shunt indicators, periodically. In
the microwave frequencies, the MTMs are fabricated with printed circuit boards
(PCB) on different commonly-used substrates such as FR4 and Rogers. In addi-
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Figure 1.3: Schematic of the dielectric resonator made up of the ceramic material
with permitivity ϵr.

tion, Metamaterials with a compact size much smaller than the λg benefit from a
high Q-factor [20]. The resulting small footprint makes them highly compatible
with MMIC-based components, with the net result that it is possible to design
very small devices, even including the RF front end [21].

Due to their unusual properties not found in nature, there has been an ever-
increasing use of metamaterials in many applications, for example sensors used for
cost-efficient and label-free detection approach [22, 23]. Metamaterial resonators
with high Q-factor and more compact size than that of ordinary resonators are
successfully applied to sensor application, especially in real-time identifications.

1.2 Dielectric Resonators (DR)

Dielectric Resonators (DR) are made up of ceramic materials and some commer-
cial polymers. The schematic of the DR cavity resonator is shown in Fig. 1.3. As
they have been used as oscillators, filters, and antennas for decades, these reso-
nant elements have a high dielectric permittivity, which allows them to store a
great deal of energy within the DR and cause low dissipation (loss) [24–27]. Re-
cently, DR with high efficiency, compact size and cost-effectiveness have attracted
the researchers’ consideration in sensing applications, however at very high fre-
quency ranges (Called as Whispering-Gallery Modes at THz and optical frequency
ranges) [26, 28–32]. At a given frequency, the size of the DR is inversely propor-
tional to the relative permittivity of its constitutive material. The higher the rela-
tive permittivity of the constitutive material of DR, the lower the size of the DR.
Contrariwise, the impedance matching and bandwidth are reduced by increasing
the permittivity constant [33] resulting in having a quite narrow bandwidth. This
narrow bandwidth is undesired in most applications, but this may be beneficial
in some applications such as sensors. The dielectric cylindrical cavity resonator is
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conceptually similar to a circular waveguide. The total energy corresponding to
the electric and magnetic fields are stored inside the cavity, affected by the dielec-
tric permittivity of the DR. Indeed, Frequency-domain-based sensors are favored
to work with narrow bandwidths and high Q-factor values.

1.3 Motivation and objective of the thesis

Microwave techniques can be effectively applied as a rigorous solution to charac-
terize and classify materials and solutions. These techniques are useful to indicate
the imbalances in the concentration of certain electrolytes in blood or urine such
as sodium chloride (NaCl) and glucose, and to discriminate blood alcohol, all in
comparison with typical level existing in healthy samples. Sensors working in the
radio frequency (RF) and the microwave regime are one of the best techniques
for sensing, characterize and classify materials due to their versatility, low-power
consumption, easy fabrication and cost effectiveness. Regarding the power con-
sumption, most of them are fully passive, which means that no batteries are needed.
To discriminate small variations of the material of interest, it is critically needed
to have a high resolution sensors. In order to achieve this goal, high quality and
low loss factors are prerequisites for sensor operation.

This thesis has been devoted to the design, implementation and measurement
of highly-sensitive sensors for discrimination of small percentages of liquids and
materials under test. These sensors are the first step towards a fully developed
product for biomedical applications in hospitals and laboratories and also they
are useful in the food industries to discriminate different materials with different
compositions. As the metamaterial sensors are limited by their sensitivity level and
their response will show saturation by increasing the value of the liquid/material
solvents, DR sensors are suggested to tackle this issue. The DR sensors, with
highly confined electromagnetic field inside of the dielectric and acting as a cavity,
are beneficial for discrimination of diluted ethanol, sugar, and salt concentrations,
even with very small concentrations. This property as well as their ability for
integration with electronic devices such as transceivers prompted DR sensors to
be studied for their application in biomedical research.

This work contributed to review on metamaterials-inspired sensors and their
classification, design and analysis of dielectric resonator sensors including mode
analysis for antenna-based DR sensor (DRA) and DR sensor housted by metalic
box (DRS). Asides, the permittivity and material parameters were extracted using
defined models and they were used in the simulation process. There is a good
comparison between measurements and simulations for the fabricated and designed
sensors. To achieve a handheld sensord device, electronic parts are suggested and
a detector has been studied, designed and practically used in this thesis.
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1.4 Organization of this thesis

This thesis is organized into six chapters; Chapter 1 introduces metamaterials
and their properties as well as their applications in the sensor field. Chapter 2
deeply concentrates on the literature review of the metamaterial sensors and how
different classes of MTM sensors work. Chapter 3 is based on the proposed sensors
in the field of dielectric resonators and the principle operation and modal analysis
are shown. Then the perturbation method has been applied and discussed to
explain the sensor functionality. In chapter 4, the simulated and measured results
corresponding to the proposed sensors are shown and discussed. Chapter 5 is
mainly focused on the portable application of the sensor using electronic parts such
as receiver and transmitter for reading the sensor response and a metamaterial
sensor has been applied to make a proof of this concept. Finally Chapter 6 is
specified to the conclusion, discussion and suggested future works.
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Chapter 2

Performance Analysis of
Metamaterial Sensors: Literature
Review

In this section, different types of metamaterial (MTM) sensors are explained in
detail and their functionalities are discussed. Different configurations as well as
advantages and disadvantages are shown and they have been summarized into
two tables for comparison. Metamaterial-based sensors, requiring neither pre-
nor post- processing phases in material characterization, can be used in real-time
sensing systems and they benefit from higher sensitivity and quality factor (Q-
factor) compared to the conventional resonators.

Material characterization can be carried out using several variational parame-
ters such as transmission or reflection coefficient, phase variation and changing in
coupling coefficient between resonators. Additionally, impedance variation mea-
surement is one of the conventional methods in this field [34].

As the MTM-based sensors represent a wide variety of highly-sensitive sen-
sors, the lack of proper classification may hinder access to clear comparison and
assessments. According to the reviewed papers in this thesis, the sensor’s readout
can be based on the notch-depth/peak-magnitude comparison between extracted
transmission frequency responses, or on discrimination of the frequency shift in
reference to the original frequency response in a real-time approach. In addition,
the perturbation of the symmetry plane can lead to a linear/angular asymmetric
response or change in the coupling coefficient between loaded resonators. To clar-
ify these differences, in this review chapter, MTM-based sensors are classified into
three main categories which correspond to the main sections of the chapter, and
then further subdivided based on the physical structures in subsections. The pro-
posed classification is the first comprehensive one of metamaterial-based sensors;
It is shown in Fig. 2.1. The diagram shows three main sets as follows:
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1. Frequency-variation sensors:
In the frequency-variation sensors, the material characterization is based on
the notch-depth or peak-magnitude comparison of the extracted transmission
response. This kind of sensors is mainly used for solid or liquid material
sensing.

2. Coupling-based sensors:
In the coupling-based sensors, the functionality is based on the perturbation
of the symmetry plane when the transmission line (TL) is coupled to the
resonator due to either a linear/ angular displacements or asymmetric di-
electric loading. The (material under test) MUT can be characterized when
the coupling coefficient between cross-coupled resonators changes while the
sample is placed over the resonators or positioned between them.

3. Frequency-splitting sensors (as so called differential sensors):
In differential sensors, the sensor response demonstrates a single notch when
two paths of the sensor (reference path and MUT path) are loaded with
same materials and two notches when the MUT path is loaded by different
material from that of the reference material.

Frequency-variation sensors

Coupling-based sensors Differential sensors

Metamaterial-based sensors

TL structure

Antenna structure

Microfluidic sensors

based on: 
 Bulk-material /submersible 

sensors based on: 

Resonator-coupled TL

MTM-based antenna

 Sensors based on: 

array structures

Figure 2.1: Classification chart of metamaterial sensors
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2.1 Frequency-variation sensors

In the frequency variation sensors, when coupled with a microstrip TL or coplanar
waveguide (CPW), the MTM resonator displays a particular pattern that identi-
fies a specific MUT. For example, in liquid samples, by increasing the impurities
percentage in water, the reflection coefficient decreases. This behavior is due to a
decrease in free water molecules and hence higher loss factor. The sample is ver-
ified and characterized based on the notch-depth or peak-magnitude comparison
in the measured transmission response; additionally, there is a shift in resonance
frequency due to a change in capacitance of the original structure. The change in
resonant frequency strongly depends on the thickness and permittivity of single-
/multi-layer dielectric samples placed over the resonator surface.

In addition, it is also possible to design submersible sensors. They can be used
for discrimination of different concentrations of liquids while the sensing part is
inserted into the liquid under test (LUT).

The geometry and orientation of the resonators play a crucial role in sensitivity
factor. Inserting the MUT/LUT over the sensitive areas of the resonators leads
to higher Q-factor and, consequently, higher sensitivity; i.e., in sensitive areas
of resonators, the electromagnetic fields are intensively confined and better elec-
tromagnetic interaction will be achieved, leading to sharper response and higher
sensitivity. Here, the sensitivity (%) has been defined as [35]:

Sensitivity =
∂ (freq)

∂ (ϵr)
≃ ∆f

∆ϵr
(2.1)

where ∆ϵr is the differential input of the sensor which is the difference between
relative permitivity of the MUT/LUT and the reference material (mostly air) and
∆f is the frequency shift corresponding to the change in the ϵr of the sample. It is
worth noting that in some studies, the frequency shift per percentage is considered
as sensitivity.

Frequency-variation sensors can be classified into three sub categories: bulk-
material detection and submersible sensors, microfluidic sensors and sensors based
on the array structures. The submersible sensors, dropped into the liquid or solid
content, can be used in the food industries and farms and also for multi-layer
dielectric samples with thick height. Microfluidic sensors identify small variations
of the MUT and benefit from a compact size and accurate responses. The principle
of operation is based on exciting the resonant frequency of the resonant element
when liquid samples, flowing through the microfluidic channel, are loaded over the
high electric field confinement areas of the resonators. Another strategy used for
increasing the sensitivity and Q-factor of sensors is designing the sensor using a
periodic (array) structure. In array structures, each constitutive element of the
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array can create a special phase shift [36], thereby the current waves have a phase
shifting behaviour from point to point along the array unit-cells leading to an
optimum phase response and therefore, a desired sensor response is obtained [37].
It is demanding that a reflection coefficient shows a deep notch at the resonant
frequency and higher quality factor which can be fruitful for the sensor application.
For the wave travelling on the array structure, the maximum quality factor may
depend on the propagation constant. As mentioned, a real-time change in the
propagation constant is using periodic structures which creates an appropriate
phase shifting whereby this concept can be interpreted as a change in equivalent
TL parameters and subsequent a change in variation of propagation constant [38].

Several studies have been conducted based on shift in the resonant frequency, as
reviewed in following subsections. Sensors reviewed in this section are summarized
in Table 2.1.

2.1.1 Bulk material detection and submersible sensors

In this section, the sensor structures are applied to bulk materials, i.e., the sensor
is either immersed into the liquid to be tested or a relatively big amount of solid
MUT is placed over the resonant element of the sensor. In this category, the sensor
is immersed into the solvent for the liquid characterization. Generally, this class of
sensors includes two different configurations: sensors based on resonator-coupled
TLs and sensors comprising metamaterial-inspired antennas.

Sensors based on resonator-coupled TLs

A submersible sensor based on two split ring resonator (SRR) resonators coupled to
a microstrip TL is used for detection of solid and liquid materials with permittivity
ranging from 2.45 for paraffin oil to 22.52 for acetone. It shows a good frequency
variation between 2.98% to 21.9% respectively [39]. In [40], a rectangular comple-
mentary split ring resonator (CSRR) etched on the ground plane of a microstrip
transmission line which resonates around 1.164GHz is used to sense different di-
electric materials such as Teflon, RO3003, FR4 with thickness of 2mm to 3mm
as shown in Fig. 2.3. Similarly, the permittivity and thickness of a multi-layer di-
electric substance are investigated in a non-invasive manner in [41,42]. Similar to
SRR resonators, complementary split ring resonators creates a bandstop (notch)
in transmission coefficient and can characterize the MUT based on the shift in its
resonant frequency. It should be considered that the narrower the stop band, the
greater Q-factor. In [41], a CSRR coupled to the microstrip transmission line is
used for the characterization of multi-layer dielectric samples.

It is worth mentioning that modifying conventional SRR resonators effectively
enhance the electric field confinement and the sensor efficiency. Some factors are
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straightforwardly contributing to the Q-factor of the SRR such as radiation loss so
that the fewer value is identified as the main aspect for achieving higher quality [43].
The distributed capacitances exist in the conventional SRR configuration, inducing
more radiating power from the element. By optimizing the SRR structures to a
spiral SRRs, the electric field within the split gap is highly lessened due to a
zero-potential difference at the conjunction, resulting in less radiation loss and
higher quality factor. In addition, broad-side coupled resonators benefit from
having parallel E and H fields establishing and no power radiation. Moreover, the
smaller resonator size in the planar arrays have smaller material loss and radiation
dissipation and consequence higher Q-factor [44].

Another important step in improving the sensor efficiency is establishing the
relationship between the value of coupling coefficient and physical structure of cou-
pled resonators which requires finding the physical dimensions and characteristic
frequencies. The coupling between two general resonators are shown in Fig. 2.2.

Figure 2.2: Electromagnetic coupling between two general resonators

According to the general theory of coupling [45,46], the coupling coefficient of
coupled radio frequency (RF)/microwave self-resonant elements may be defined as
the ratio of coupled energy to the stored energy between them which is mathe-
matically described as follows:

M =

∫∫∫
v
ϵE1.E2dv√∫∫∫

v
ϵ |E1|2 dv ×

∫∫∫
v
ϵ |E2|2 dv

+

∫∫∫
v
µH1.H2dv√∫∫∫

v
µ |H1|2 dv ×

∫∫∫
v
µ |H2|2 dv

(2.2)
Where E and H represents the electric and magnetic field components respectively
and M is defined as coupling coefficient. The indices 1 and 2 correspond to the first
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and second resonator. Accordingly, for a resonator coupled to a TL,the coupling
coefficient and quality factor are straightforwardly dependent on the spaced gap
between resonator and coupled line and also on the external quality factor of the
resonant element. This coupling is basically through fringe fields which exponen-
tially decay outside the region. This mutual coupling can be simulated by a mutual
capacitor or inductor (depending upon which E or H field is stronger respectively).
In addition, by modifying the resonator structure and hence improving the cou-
pling capacitor/inductor, the stored energy between resonator and coupled line
increases, leading to a stronger coupling ratio and consequently more sensitivity in
the sensor applications. Based on this concept, numerous modifications in SRRs
have been made and used in sensing applications. A Hexagonal Complementary
SRR is a different type of resonator with a principle of operation similar to the
CSRR. It is employed for measuring the complex permittivity of solid and liquid
materials [42]. However, it uses a liquid container for liquid samples which makes
it bulky. Another modified resonator is the S-shaped resonator which is coupled
to the microstrip TL. It has been tested for solid materials and creates resonant
frequency shift around 150MHz for FR4 and 100MHz for RO4003C when the
samples are placed over the resonator surface [47].

Figure 2.3: CSRR resonator etched on the ground plane of a microstrip TL [40]

In [48], a symmetrical split ring resonator is coupled to spur-line feed lines
with a coupling gap in both sides. The spur line acts as a filter rejecting undesired
harmonic frequencies, therefore the improved sensitivity and Q-factor makes this
sensor qualified for detecting and characterizing smaller variation of permittivity.
This sensor is applied to Rogers 5880, Rogers 4350 and FR4 films. Its structure is
shown in Fig. 2.4.

As a different resonator, [49] suggests a labyrinth resonator, in a broadside
coupling to the microstrip TL for testing the chemical liquids like ethanol- and
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Figure 2.4: Symmetrical Split Ring Resonator (SSRR) is applied to spur-line feed
lines [48]

methanol-water mixture with the frequency shifts of about 25MHz and 15MHz,
respectively. This structure is presented in Fig. 2.5.

Figure 2.5: Labyrinth resonator in a broadside coupling to the microstrip TL [49]

A flexible microwave sensor is designed and fabricated in [50]. It is composed
by a two-turn CSRR resonator etched on the conducting strip of a CPW TL. This
has been developed on PET substrate. This sensor is suggested to be used in a
robotic hand skin for material detection as it is flexible. This sensor is validated
experimentally for Rogers RO4003C, Nelco N4350-13, FR4, and Rogers RO3010,
attached to the CSRR.

Some attempts have been made to increase the coupling between the resonator
and the host line [51]. A microstrip split ring as a conventional half-wavelength
resonator resonating at 2 GHz is investigated in different orientations to determine
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the sensitive spot in the gap, shown in Fig. 2.6. The coupling between the line and
resonator increases when the gaps corresponding to the TL and resonator meet
each other. In this case, higher sensitivity is achieved by extending the inner part
of the gap. This sensor has been tested by measuring glucose concentration within
the range of 1 g L−1 to 15 g L−1 with steps of 1 g L−1 [51].

Figure 2.6: Half-wavelength resonator coupled to a microstrip TL in different
orientations [51]

A double-sided spiral-ring resonator (comprising four resonators) is proposed
in [52] for characterizing thin films and deionized water-ethanol/methanol mix-
tures. The proposed sensor structure is shown in Fig. 2.7. This sensor suffers
from complexity in fabrication as these four resonant elements on both sides are
connected using vias from top to bottom. The sensitivity of sensor is estimated
around 0.547% at 300MHz.

Figure 2.7: Attempts made to increase the sensitivity, double-sided spiral-ring
resonator [52].

Another approach for improving the coupling coefficient and hence, the sensitiv-
ity, is aligned-gap and centered-gap multi SRRs [53]. Generally speaking, the field
confinement of conventional SRRs can be enhanced by modifying the resonator
structures to detect any dielectric perturbation [54]. Increasing the split gap num-
ber, i.e., more capacitors in the SRR circuit model, is an efficient solution made
by aligned gap and centered gap. This structures are shown in Fig. 2.8. Increas-
ing the high-field region at the split of the proposed aligned-gap multi-ring SRR
results in an increment in the capacitance value; also, combining multiple SRRs in
the centered-gap SRR contributes to decreasing the whole size of structure. The
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(a)

(b)

Figure 2.8: Schematic view of the (a) aligned gap and (b) centered gap [53]

measurements of the paper show a considerable improvement in sensitivity and
Q-factor compared to the conventional SRR structures. In another approach [55],
a compact SRR-based sensor is surrounded by a square TL to make the sensor very
compact. This sensor is applied to the measurement of distilled water, alcohol and
acetone. The SRR sensitive part should be submerged in the MUT for testing the
chemical solvent.

An interdigital capacitor (IDC) connected to a spiral resonator as the consti-
tutive resonant elements is suggested in [56]. There is no change in the resonant
frequency after a specific thickness level and this is called saturation.

Another microwave sensor based on CPW uses a meander open complemen-
tary SRR (OCSRR) for liquid complex permittivity detection in a container im-
plemented on the sensing area [57]. Up to 58.7MHz shift in resonant frequency is
achieved while ethanol concentration was varied from 0% to 100%.

Sensors based on metamaterial-based antennas

Aside from TL-coupled resonators, in many practical cases, planar metamaterial-
based antennas have been analyzed and envisaged as sensors. An ultra wide band
monopole antenna loaded by three metamaterial unit-cells is proposed in [58],
for sensing the pH in solutions of NaOH and HCL, shown in Fig. 2.9. The pH
factor decreases when solution is concentrated by acidic substance leading to an
increase in dielectric constant. This behavior can be interpreted by noticing that
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the dielectric properties and the loss factor are affected by the change in the ionic
bonds between water molecules and dissolved ions. Two antennas placed on both
sides of the solution container measure the reflection and transmission coefficients.

(a) (b)

Figure 2.9: UWB monopole antenna loaded by three metamaterial unit-cells [58]

Instead of using two antennas separately, authors in [59] proposed a sensor
consisting of two monopole antennas which are coupled to the square- and circular-
split ring resonator, placed on the same substrate. It is used to characterize the
glucose concentration in blood plasma. The resonant frequency of the squared and
circular resonators are 8.3GHz and 1.9GHz respectively. A modified version of this
sensor is suggested in [60] in which the SRR, excited by two monopole antennas,
is used as a submersible sensor while the MUT permittivity ranges from 20 to
40 for four liquid samples such as acetone, propyl alcohol, methanol and ethylene
glycol. 23.52% relative frequency shift and wide dynamic range are achieved. This
structure shows improved results compared to the previous study [58]. The sensors
configurations are illustrated in Figs. 2.10a and 2.10b.

Another sensor using coplanar waveguide configuration, proposed in [61], con-
sists of an IDC which is implemented at the back surface of a patch- antenna. The
antenna resonating at 2.4GHz is suitable for the analysis of permittivity from 1 to
80 (air to water). This is useful for bulk liquid materials as a submersible sensor.
It is illustrated in Fig. 2.11. The application of IDC in sensors is also presented
in [62] where the IDC resonator and vias are employed in conventional printed
dipole antenna in order to decrease the size of antenna with a radiation pattern
similar to dipole antenna. In addition, [63] presents an IDC-based antenna in mi-
crostrip configuration for glucose monitoring. The measurement dynamic range is
narrow, between 1 to 4 g L−1. This IDC-based sensor is depicted in Fig. 2.11.

In [64], a circular SRR as a radiating element fed by a microstrip TL is used
for detection of breast cancer. In the simulations, samples such as MCF7, MDA-
MB-231, HS578T and T47D are investigated. The dielectric permittivity ranging
from 1 to 35.07 creates the maximum frequency shift of 30MHz per sample. This
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(a)

(b)

Figure 2.10: (a) Two monopole antennas coupled to the circular and square res-
onators; the yellow large surface shows defected ground plane [59], (b) The modi-
fied resonator is employed to improve the sensitivity [60]
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(a)

(b)

Figure 2.11: The IDC-based sensors suggested in [61] (a) and [63] (b) .

sensor has not been experimentally validated yet.
The possibility of multi-band planar microwave sensors is shown in [65] and [66];

the first one is based on different-sized CSRR etched resonators and the second one
comprises two pairs of concentric single ring complementary split ring resonators.
The different sizes of resonators create multiple resonant frequencies. The proposed
sensor in [66] as a quad-band sensor operates in the ISM and WiMAX frequency
bands (1.87GHz, 2.46GHz, 3.49GHz and 4.34GHz) and has been experimentally
tested with petroleum and edible oil samples.

In addition to multi-resonant responses, a novel approach is employed in [67]
for simultaneously identifying the permittivity and permeability. In this paper,
the highest intensity of electric and magnetic fields are localized in different areas
of CSRR resonator coupled to the TL. In this approach, these parameters can
be estimated by measuring the frequency response and Q-factor in two separated
areas of the MTM resonator.

Although many sensors show adequate shift in resonant frequency and high
sensitivity, the major drawback of this class of sensors is the quantity of sample
which is needed to cover the metamaterial resonant element. As the sample quan-
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tity is reduced, the corresponding capacitance will decrease leading to a negligible
shift and decreasing the response of the sensor. Therefore, these kinds of sensors
are mainly used in food-quality monitoring, soil properties and moisture identifi-
cation and every application in which the amount of MUT is not a problem. In
addition, in many structure designs, the sensitivity level is limited and even may
be saturated after passing a specific level as the sensitivity is straightforwardly
limited by the resonant constitutive part.

In some specific applications such as biological tests, sensors able to detect
a small amount of samples are needed. In the next subsection, the microfluidic
sensors tackling this problem, are reviewed.

2.1.2 Microfluidic sensors

This section is devoted to review microfluidic metamaterial-inspired sensors. The
microfluidic channel containing a liquid sample in micro/nano litres is placed on
the high electric field confinement areas of the resonant element, leading to a shift
in the resonant frequency of the sensing structure. This type of sensors with little
volumes benefits from a compact size and accurate response.

Several architectures are proposed in this class of sensors to measure the di-
electric properties of the liquids under test. This class of sensors is also beneficial
for hazardous chemicals [68]. This section is divided into two categories including
the microfluidic sensors based on the TL and the sensors based on the antenna
configuration.

TL-based microfluidic sensors

In order to increase the sensitivity, the ordinary TL has been replaced by a meta-
material TL [69]. For conventional coupled TLs, there is a challenging task to
achieve a broad bandwidth and tight coupling. The composite right-/left-handed
(CRLH) TLs are used as a promising alternative to ordinary TLs. The dispersion
diagram of the CRLH is shown in Fig. 2.12. In the balanced condition, metama-
terials can behave in a broad bandwidth such that there is no gap between the
backward and forward transitions, resulting in a wideband impedance matching
[19].
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Figure 2.12: Dispersion diagram for left-and right-handed transmission lines.
Dashed-dotted: conventional (right-handed) transmission line; dashed: idealized
left-handed TLM; solid: composite right/lefthanded TLM for the balanced case
(continuous line) and unbalanced (discontinuity at β=0) [70].

Regarding these facts, a metamaterial CRLH coupled-line sensor is proposed
in [69] which enables a significant sensitivity enhancement. Another trend toward
improving the coupling coefficient is using an IDC in the gap region of the SRR
to concentrate the fields in a larger area [71]. As one of the challenges in some
applications is the resolution of the sensor, the integration of IDC and SRR can
successfully increase the overall sensitivity. This sensor has been tested with a
glucose solution when the liquid is placed over the IDC gap of the SRR by a
microfluidic channel. Here, the transmission coefficient (S21) is normalized with the
unloaded sensor response to eliminate the impact of glucose losses. The estimated
sensitivity of the sensor is 2.60 × 10−2MHz/mgdL−1 which has been improved
compared to the reported work in [69]. The structures proposed in [69] and [71]
are illustrated in Fig. 2.13a and b respectively.

With regard to the advantages of the CSRR resonator and its strong coupling
ratio to the microstrip TL, a microfluidic sensor is studied in [72]. It consists of
a tube with mixtures of water and methanol, attached along the edge of a CSRR
resonator as the most sensitive area. This sensor is shown in Fig. 2.14.

In some structures like in [73], the microfluidic channel is inserted into the
resonator by drilling. Another multiple SRR resonators coupled to the feeding
microstrip TLs are demonstrated in [74]. The micro capillary filled by the solvent
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(a)

(b)

Figure 2.13: Attempts made to increase the sensitivity (a) CRLH-TL coupled to
the resonator [69], (b) extended-gap resonator [71]
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Figure 2.14: CSRR coupled to TL implemented by the microfluidic channel [72]

is placed over the sensitive gap of the resonator. It suffers from a long length
in addition to a difficult implementation as the microfluid vertically passes the
resonator by drilling.

In the CPW configuration, an IDC is proposed resulting in integrating the
microwave micro technology and microfluidic [75]. The microfluidic channel is
placed on top of the IDC. The de-ionized water and ethanol mixtures with the
permittivity ranging from 20 to 40, obtain a frequency shift between 16 GHz to
21 GHz.

The multiband sensing makes the sensor structure more flexible in many ap-
plications as they can codify multi-chemical material properties [76]. To this end,
different sizes of MTM resonators are used. To improve the sensor efficiency, the
coupling between individual MTM unit-cells must be eliminated. In addition, in
order to have a smooth liquid flow, a larger fill area and so higher Q-factor, a
meandering microfluidic line is implemented beneath the resonator as shown in
Fig. 2.15.

Antenna-based microfluidic sensors

In addition to the sensors constituted by resonator coupled to a TL, the sensing
properties can be extracted using variation in frequency response of an antenna.
In [77], the channel is implemented on the most sensitive area of metamaterial
CSRR resonator etched on a monopole antenna. The antenna reflection coefficient
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Figure 2.15: Multiband sensor including a meander microfluidic channel imple-
mented beneath the resonators in order to increase the sensitivity [76].

is changed for 10% ethanol concentration variation and is compared with the deion-
ized water and air as references. Antenna-based sensors can be a promising alter-
native to TL-based sensors in some applications, due to using one port in measure-
ment and also enabling an antenna-like structure remote sensing approach [78,79].
The representation of this antenna-based sensor is shown in Fig. 2.16.

Figure 2.16: Monopole antenna applied as a microfluidic MTM sensor [77]

2.1.3 Sensors based on array structures

Periodic structures represent a potential candidate for sensor applications as they
benefit from high resolution and accuracy [80]. As stronger left-handedness is
achieved by improving the loading shunt inductances and also series capacitances,
therefore, increasing the order of resonant elements and the number of MTM stages
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may enhance the transmission/reflection peaks/notches [81]. Researchers in [82]
proposed a structure creating a deep notch at the resonant frequency. Following
this strategy, a meta-surface made up of 44 rectangular spiral SRR with high Q-
factor is studied in [83] for characterizing different dielectric layers such as FR4
and polyimide. In [84], fractal SRRs are employed, leading to more compact sizes
compared to conventional SRR resonators. It operates as a dual band sensor at
0.1THz and 0.22THz and is used for thickness measurement.

An array structure comprising 10×10 unit-cells provides a sensitivity of 150MHz
per unit relative permittivity. It has been applied for solid samples of teflon, plex-
iglass, and Rogers with frequency shifts up to 1233MHz and also to liquid samples
of Iso-propyl alcohol, ethanol, methanol, and deionized water with frequency shifts
up to 130MHz [85]. Its functionality is based on creating a strong peak when a
lossy substrate or resistive liquid material is added to the resonant surface. For
more flexibility in the sensor function, a tunable metamaterial array structure is
proposed in [86] wherein a varactor diode is placed at the right side of split cor-
responding to split ring resonator. The resonant frequency can be changed by
the inverse voltage applied to the varactor diode. This sensor is used in the food
industry and has also been suggested for temperature and pressure sensing.

Although this class of sensors has a precise response and it benefits from good
accuracy, generally speaking, the major drawback of these structures is the amount
of MUT needed on the sensor surface. This is because the large area of array
structures. For instance, one antenna in array configuration is introduced in [87]
with trenches between resonators where the liquid should be inserted to change the
resonant frequency. As a consequence, a large-scale amount of liquid for sensing
approach is needed.

2.2 Coupling-based sensors

As mentioned before, this class of sensors operate on the basis of the variation of
the coupling coefficient between cross-coupled resonators when the sample is placed
on the sensitive resonant elements or between them. As depicted in Fig. 2.17a, a
sensor including two coupled resonators is proposed in [97] and the sample under
test is positioned between them. The electric coupling coefficient between res-
onators changes when the dielectric permittivity of MUT is altered. An analytical
scheme is presented in this study [97] for the estimation of the coupling coefficient.
This sensor has been experimentally tested with Diclad 880, Rogers 5870, Rogers
4003, TMM10i and Rogers 6010.

Based upon the coupling perturbation approach, another sensor is proposed
in [98] for glucose tracking in the range of 1.25% to 10%. The container, placed
on the gap region between resonators, needs 6 µL for the measurement process.
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This sensor is shown in Fig. 2.17b. By increasing the impurities in the solvent such
as glucose as a non-metalic material, there is a decrease in the effective dielectric
constant and consequently a decrement in load impedance. This trend affects
the reflection coefficient of the sensor straightforwardly; the reflection coefficient
follows a downward tendency.

(a)

(b)

Figure 2.17: Characterizing the MUT specifications using estimation of the cou-
pling coefficient between coupled resonators (a) for solid characterization [97] and
(b) for liquid characterization using a container [99].
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2.3 Differential sensors

To improve the microwave sensor functionality against environmental interferen-
tial aspects, one solution is using frequency-splitting sensors, commonly known
as differential sensors [89]. In differential sensors, the principle of operation is
based on the measurement of the cross-mode insertion loss created by the differ-
ence between the dielectric constants corresponding to the MUT and the reference
material. This class of sensors may be highly sensitive to any perturbation in sym-
metry behavior. This symmetry is achieved when the host TL is coupled to two
equal resonators. The resonator loaded with the sample under test creates a notch
different from that of the unloaded resonator. Consequently, the MUT is identified
using the information extracted by comparing the two notches; two non-identical
samples will create two different split notches in the frequency response.

Smith et al., in [88] demonstrate a differential sensor based on a microstrip TL
coupled to two identical SRR resonators. In this study, one resonant element is
loaded with a sample different from the reference one. This sensor is shown in
Fig. 2.18 and has been checked with solid materials.

Figure 2.18: Microstrip TL coupled to identical SRRs with two non-identical sam-
ples creating two split notches as a differential sensor [88]

It should be considered that in this approach, the negative effects of the cou-
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pling between resonators can be efficiently avoided by separating the resonators
through splitter/combiner divisions. Based on this concept, a sensor in differential
mode is studied in [89], wherein SRR resonant elements are coupled to a split-
ter/combiner with ethanol channels placed on top of the gap region of SRRs as
illustrated in Fig. 2.19. Two transmission zeroes arise from disturbing the symmet-
rical axis and the notch depth and frequency between these transmission zeroes
indicate the complex dielectric constant. In this reference, the structure has been
fabricated on Rogers 3010 with ϵr= 10.2 and tanδ = 0.0023.

Figure 2.19: Differential sensor using splitter/combiner and microfluidic channels
placed on top of the gap region of the SRRs [89]

In [100], an open complementary split ring resonator (OCSRR), resonating at
1.5 GHz is employed in a differential sensor, and [91] uses a squared-OCSRR for
sodium monitoring with a sensitivity of 4.3 dB/g/L and dynamic range around 80.
The usage of vias in OCSRRs resonator makes the fabrication more complicated
than that of [89]. Similar to [89], in [93] a splitter section is used to weaken the
disturbing coupling effects. This sensor, proposed by Su et al., consists of a splitter
coupled to two CSRRs resonating at 1.9 GHz for solid samples with 300 MHz shift
in the resonant frequency [93]. Both designs studied in [89] and [93] need an
optimization process for a precise design.

Since composite right-/left-handed (CRLH) TLs improve the sensitivity, two
CRLH TLs are employed in [94], in direct down conversion architecture. This
CRLH constituted by an IDC is loaded with the MUT directly, as shown in
Fig. 2.20. Compared to the sensors based on conventional TLs, this sensor demon-
strates improved sensitivity in a wideband operation (4.2–8 GHz). Using the
nonlinear dispersion characteristic of metamaterial TLs, this sensor can character-
ize the complex dielectric specifications. It is expected that when the number of
metamaterial unit-cells increases, the higher sensitivity is achieved, at the cost of
larger size. Moreover, by increasing the sample volume, the insertion loss will rise.
However, this creates a saturation behavior after a large enough volume leading
to an independency in the insertion losses. The sensor suggested in [94] has been
tested with solid materials and liquids such as ethanol and methanol.

As two different phase responses are emerged when the lines are loaded by
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different materials, there may be a relation between the phase variation and sen-
sitivity. Due to the specific features of metamaterial TLs, MTM-inspired sensors
provide higher phase difference compared to the conventional ones. According to
this, an interferometry sensor improved by two CRLH TLs is proposed in [95].
Its efficiency has been only tested with solid materials.

Following the differential concept, in [96], the sensitivity is analyzed using two
coupled resonators as Complementary Symmetric Split Ring Resonator (CS-SRR),
Complementary Asymmetric Split Ring Resonator (CAS-SRR) and Complemen-
tary Bi Split Ring Resonator (CBS-SRR). These sensors, providing dual notch
bands, has 34 to 45 percent sensitivity for solid materials. The relative permittiv-
ity ranges from 1.006 to 16.5. In more details, the sensitivity of CS-SRR sensor is
between 15 to 34 % and 24 to 56 % corresponding to the first and second resonances
respectively. The sensitivity of CAS-SRR sensor is between 11 to 25 % and 25 to
60 % for the first and second resonances respectively. The sensitivity of CBS-SRR
sensor is between 12 to 33 % and 18 to 40% for the first and second resonances
respectively. The proposed sensor configurations are shown in Fig. 2.21.

Figure 2.20: Improved sensitivity in a wideband operation(4.2 –8 GHz) using the
nonlinear dispersion characteristic of metamaterial TL [94]
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(a) (b)

(c)

Figure 2.21: Differential sensors based on (a) CS-SRR, (b) CAS-SRR, (c) CBS-
SRR etched on the ground plane of microstrip TL [96]

A summary of the differential sensor class is presented in Table 2.2.
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Chapter 3

Proposed DR Sensors: Theoretical
Analysis

In frequency-domain category, many structures have been applied to characterize
liquid materials and solutions. In many cases, this type of sensors such as sub-
mersible ones, require a big amount of fluid material as they should be merged
in the solution [39, 101]. In some applications such as biological testing, the ne-
cessity to afford this volume of material is squandering. To tackle this problem,
microfluidic sensors are proposed. Microfluidic sensors with low volumes and high
accuracy are promising as they can be developed in chip-based compact config-
urations [92], [102]. Compared to the submersible sensors, microfluidic sensors
suffer from more complexity and cost as a microfluidic channel is located on the
most sensitive area of the resonators. A comprehensive review was given in pre-
vious section. Although the aforementioned sensors demonstrate an acceptable
sensitivity and dynamic range, the detection of small variations in permittivity of
samples is limited by the resonant elements; especially in some structures, the sat-
uration behavior emerges after a specific level. Indeed, there is a limitation in the
range of capacitors in the planar resonators which can be incorporated as sensing
elements. As a result, the sensitivity is limited in the planar resonator-based sen-
sors. In addition, by decreasing the operation frequency, the size of structures gets
larger, considered as a serious concern. In order to increase the sensitivity, several
attempts have been made. For instance, substrate-integrated waveguide (SIW)
technology maintaining the functionality of conventional waveguides benefits from
high Q-factor and high power handling capability [103]. However, they suffer from
complexity in fabrication. The array configuration is another strategy for increas-
ing the sensitivity and Q-factor. This type of sensors with high performance suffer
from large surface area and hence, the need for a big amount of sample [104].

Dielectric Resonators (DR) are made up of ceramic materials and some com-
mercial polymers. Their high dielectric permittivity, leading to high stored energy
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within the DR cavity and low dissipation (loss) factor, makes these resonators
a promising alternative. These resonant elements have been applied to oscilla-
tors, filters and antennas for decades [24–27]. Recently, DR with high efficiency,
compact size and cost-effectiveness have attracted the researcher’s consideration
in sensing applications [26, 28–32]. As of now, this class of sensors work at very
high frequencies (Terahertz) and mostly use whispering gallery modes (WGMs).
Furthermore, a wide range of ethanol has not been studied yet.

This chapter is devoted to the dielectric resonator sensors in different configu-
rations and structures working in microwave frequency range. In each sensor, the
feeding mechanism is different according to the structure to get better efficiency.
In this chapter, two different Dielectric Resonator (DR) sensors are studied. The
proposed sensors consist of a DR in different configurations and feeding methods.
The modal analysis and analytical circuit model are given. The first sensor, named
Dielectric Resonator Antenna (DRA), is a novel DR sensor for liquid characteri-
zation. This is based on a cylindrical DR working in the 2.45-GHz band excited
by slot feeding (DR feeding mechanisms will be explained in section 3.1). This
feeding technique is based on a microstrip transmission line (TL) with a slot in
its ground plane. The DR is placed over the ground plane and coupled to the TL
through the slot. By creating a small pool on top of the DR surface, the liquid
under test (LUT) can be placed and sensed as a slight change in the resonant
frequency is induced. This frequency change depends on the dielectric character-
istics of the LUT, allowing an accurate determination of solvent concentrations.
The second sensor, named as DR shielded sensor (DRS), is excited by a parallel
microstrip transmission lines. The main property of this structure is hosting the
whole structure in a metallic box in order to avoid radiation loss. Unlike the DRA
sensor, this uses a filtering approach instead of an antenna framework. This may
make sensor more accurate and precise to any changes in the sample and it makes
it suitable for measuring of small variations of liquids.

By considering a cylindrical DR, as commonly used due to its symmetrical
structure and properties, different modes in different frequencies can be excited
and confined inside the DR. The fundamental resonating modes supported by a
cylindrical DR can be calculated with the following equations [105]:

(fr)TE,nmp =
c

2π
√
ϵrµr

√(
Bxnp

a

2)
+

(
(2m+ 1)π

2h

)2

(3.1)

(fr)TM,nmp =
c

2π
√
ϵrµr

√(
Bx′

np

a

)2

+

(
(2m+ 1)π

2h

)2

(3.2)

wherein Bxnp and Bx
′
np correspond to the roots of the mathematical Bessel

functions of the first kind and the relevant first-order derivatives, respectively. The
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radius(a) and height (h) as well as relative permittivity of the constitutive materials
for the DR have a strong impact on the resonant frequency of different modes.
The resonant frequency will increase as either the radius or height decreases. Next
section discusses different types of DR feedings.

3.1 DR feeding mechanism

In order to electromagnetically excite the DR, different feeding structures can be
applied to the DR as illustrated in Fig. 3.1. All these configurations are able
to feed energy to the DR while creating a significant impact on the resonant
frequency of the prominent excited mode and its Q-factor. These methods can be
generally classified into three different categories as: 1) direct transmission line
(TL) connection to the DR, 2) coaxial cable implemented into the DR by drilling
and 3) slot or aperture coupling by a microstrip TL or a coplanar waveguide
(CPW) transmission line. There are some advantages and disadvantages in any
feeding mechanism.

The coaxial feeding method is the most common one in DR feeding. However,
in this case different modes can be excited leading to a deformed radiation pattern
and co-existence of more than one pure DR mode and dissipating energy thereby.
This deficiency can be controlled somehow by changing the position of the probe
and increasing the coupling strength between DR and feeding line [106].

The microstrip fed line is mostly used in microwave circuits and is considered
as the simplest way for DR excitation and it can be placed directly over the TL
without the need for drilling or making an aperture into the ground plane. How-
ever, in this method, excitation of highly-undesired surface wave in the dielectric
substrate is inevitable.

By considering a CPW feeding line, a high frequency response can be achieved
as no parasitic discontinuities are in the ground plane in the form of all grounds
in the same plane as the connection strip. However, heat dissipation is the main
disadvantage of this technique.

The slot/aperture feeding scheme is used to tackle the mentioned problems.
This aperture can be implemented into the ground plane of a microstrip trans-
mission line and the DR can be excited using the coupling between the TL and
aperture. The coupling strength can be controlled by either adjusting the size of
the slot or moving the DR with respect to the slot. This method is attractive
for the integration of DR into the printed fed structures, although there might be
back radiation due to the aperture in the ground plane.
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Figure 3.1: Different common feeding techniques applied to DR: (a) direct feeding
using microstrip TL, (b) probe feeding, inserted inside the DR, (c) aperture feeding
method.

3.2 3D Electromagnetic simulator

This thesis focuses on the design and analysis of DR sensors using a 3D electro-
magnetic simulator. The CST MWS (Computer Simulation Technology Microwave
Studio) is a powerful tool for designing 3D structures, specially at high frequencies
and mm-wave frequency range. This simulation software is based on the finite ele-
ment method and as a feature, is very user-friendly. CST offers different modules in
several problems and different solver techniques such as transient solver, frequency
solver, and eigen-mode solver. The discretization of the structure, similarly to any
numerical solver, plays a crucial role and it is really important for obtaining an
accurate response, although at the cost of more time consumption for very fine
meshing. The S-parameter extraction is commonly used for comparing the results
and helpful in the optimisation approach. In this thesis, eigen-mode solver is used
to find the prominent mode in the DR that it has maximum energy and then the
frequency domain is applied to the solver for extraction of S parameters.

3.3 DR Antenna (DRA) design fed by an aperture

The topology of the proposed sensor is shown in Fig. 3.2. It consists of a microstrip
TL and a slot-fed cylindrical DR. The axis of the DR is aligned with the z axis
and the feeding microstrip TL (with width w and length l) is adjusted to 50Ω.
The port of the sensor is located at the beginning of the microstrip TL. The slot
is etched on the ground plane beneath the DR which is constituted by a dielectric
cylinder with the radius rd, height h and ϵr dielectric constant. The DR bottom
is fixed on the slot and the metallic ground plane. The dimensions of the slot are
wS and lS. A small cylindrical pool with radius rh and height hh is embedded on
top of the DR. This tank is used to allocate the liquid samples under test.

The dielectric cylindrical cavity resonator is conceptually similar to a circular
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Figure 3.2: DR Sensor (a) Front view, (b) Side view, with generic dimensions. The
prototype’s dimensions are reported in Table 4.2.

waveguide. The total energy corresponding to the electric and magnetic fields are
stored inside the cavity, affected by the dielectric permittivity of the DR. According
to Fig. 3.3, the cylindrical cavity resonator can be considered as a parallel RLC
circuit where R, L, and C1 are defined as the parallel resistance, inductance and
capacitance of the DR. Accordingly, the reflection coefficient Γin can be obtained
as

Γin =
Zin − Z0

Zin + Z0

(3.3)

where Zin is the input impedance of the circuit and Z0 is the intrinsic impedance
of the port.

The resonant frequency of the DR can be defined as ω0 = 1√
LC1

and the un-
loaded Q-factor of DR can be interpreted as Q0= ω0L

R
. In critical-coupled condition

wherein Z0 equals to Zin, the reflection coefficient approaches to zero. Through the
implemented slot, the DR is coupled to the excited electromagnetic waves inside
the microstrip host line. This is shown by the mutual coupling capacitor defined
as Cm. By loading the DR to the TL, the resonant frequency of the loaded DR and
subsequent loaded Q-factor are changed to ω = 1√

L(C1+Cm)
and QL= ωL

(Zin+Rloss)

respectively. Here, Rloss is defined as lossy resistance corresponding to the TL and
radiation dissipation.
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port
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L
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Figure 3.3: Circuit model of the DR coupled to the microstrip transmission line.
The cylindrical cavity resonator is modeled as a parallel RLC circuit where R, L,
and C1 are defined as the parallel resistance, inductance and capacitance of the
DR. The Cm capacitor is influenced by loading lossy liquids in the tank which is
located on the sensitive area of the DR and accordingly the equivalent capacitance
value (C1 + Cm) is changed.

The Cm capacitor is influenced by loading lossy liquids in the tank which is
located on the sensitive area of the DR where the electric and magnetic fields
confinement is strong. In particular, the total effective permittivity is perturbed
when the hole is filled by the liquid sample (LUT). Therefore, every change in
LUT leads to changes in ω and QL. Thus, this event makes changes in the Zin and
consequently the Γin changes. The changes observed in this parameter depends on
the LUT. As a summary, the resonant frequency of sensor depends on the LUT
and this is employed as the main sensing principle.

3.3.1 Modal analysis and perturbation method applied to
the DRA sensor

Using electromagnetic theory, we can analyze the behavior of the DR sensor. A
cavity electromagnetic model governs DR operation and the analysis of the con-
fined fields inside the DR can be conducted using the cavity resonator model. In
the simulations, first the Eigenmode solver in CST software is used to roughly
find the fundamental resonant frequency of the DR and the fields at that resonant
frequency. It is approximately considered that the outer surfaces of the cavity are
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perfect magnetic conductors (PMC) because of the high permittivity of the DR
and the high dielectricity of the structure. Therefore, all tangential magnetic fields
and the surface current density are set to zero. This property can be interpreted
as a high surface impedance. In other words, there is no way for electric cur-
rents (volume, surface, or edge currents) to flow into perfect magnetic conductor
boundaries, as it would violate current conservation laws [105]. In this approach,
the eigen equations can be applied for the prediction of the DR resonant frequen-
cies [28]. For practical purpose, pure TMnmp and TEnmp modes exist when the
fields do not depend on the angular coordinate. Otherwise, the propagating mode
is a combination of a TM and a TE mode, defined as Hybrid modes represented
as HEMnmp. The subscripts n, m and p are nomenclatures identifying the mode
classification. The lowest of them is HEM110 [107]. As the radius of DR increases,
the number of TE and TM modes and subsequently the hybrid modes number
increases. The HEM11δ mode, so-called dipole mode, is widely used in the DR
structures in which δ is a non-integer value less than unity.

For small values of rd, the field propagating outside of the DR can extend
for a long distance whereas the fields for a large-radius DR are stronger confined
closer to the DR. In this case, the phase constant β approaches to

√
ϵrβ0 when

the radius approaches to infinity considering β0 the phase constant in free space.
Therefore, the phase velocity is less than that of free space [105]. Unlike the fields
equations for TM and TE modes which include both cos(mϕ) and sin(mϕ), the
HEM modes have only either sin(mϕ) or cos(mϕ) components.

According to the previous explanation, HEM modes are excited inside the
DR used as the base of the proposed sensor (Fig. 3.2). More specifically, the
fundamental excited inside the DR is HEM 11δ [108, 109]. The resonant equation
corresponding to the understudy HEM 11δ, for the least value of δ = 0, simplifies
to [105]:

(fr)110 =
c

2rdπ
√
ϵr

×

(
1.71 +

rd
hd

+ 1.578

(
rd
2hd

)2
)

(3.4)

This resonant frequency corresponds to the unloaded equivalent cylindrical DR
(i.e., the sensor without liquid loading). When a small amount of liquid is inserted
in the cavity, the resonant frequency changes and an increment in the effective
permittivity causes it to descend, as explained by eq. 3.4. On the other hand, the
electromagnetic fields inside the DR remains almost unchanged. This can be also
explained through the cavity perturbation technique. This technique is an accurate
scheme which can be applied to analyse the change in the electromagnetic field
distribution inside the cavity when the sample volume is very small to produce
a negligible perturbation [110]. Here, the sample is considered as a thin-enough
cylinder occupying the proposed hole which can satisfy the accuracy requirements
for higher order modes. The fractional change in the resonant frequency due to
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the LUT can be rewritten as follows (refer to the Appendix for more details):
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(3.5)

where E and H are the electric and magnetic fields of the equivalent cylindrical
DR (without any tank), ω and ω

′ are the resonant frequencies of the DR before
and after placing LUT, respectively and ∆ shows the variation in permittivity
and permeability made by the LUT. According to Eq. 3.5, it can be clearly seen
that by increasing the permeability and permittivity, there is a decrease in the
resonant frequency, illustrating an increase in the stored energy in the resonant
cavity. Furthermore, the resonant frequency variation depends on the location of
the perturbation factor. In other words, this fractional change in the resonant
frequency is the result of interaction between electromagnetic fields inside of the
DR and the LUT.

3.4 DR shielded (DRS) sensor fed by a parallel
microstrip transmission line

In this section, another sensor is studied with the DR. As the fields extend beyond
the DR, these evanescent fields provide an external coupling to the vicinity of the
dielectric resonators. Based on this concept, another structure used as a sensor
is proposed in this section. This structure includes a DR coupled to parallel
microstrip transmission lines. In order to eliminate the detrimental environmental
effects, a metallic box surrounding the DR is employed to remove the radiation
loss. This leads to a great accuracy and high resolution, suitable for precisely
measuring small variations in concentration of material under test, especially in
biological samples.

The DR sensor in the box structure is studied as second sensor in this chapter.
This configuration is according to a a DR positioned in a shielded box and is fed
using a parallel microstrip transmission lines. This structure is commonly used to
work as an oscillator and this thesis is going through this DR- shielded structure
as a sensor. In the following, the sensor is explained in detail.

Similar to the previous sensor structure, the discontinuity between relative
permittivity of the DR and surrounding air leads to a large reflection coefficient
at the interface between these materials resulting in a standing wave inside of
the DR. This sensor is excited by a parallel microstrip transmission lines. The
sensor structure is shown in Fig. 3.4. The goal is to have the whole structure in a
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metallic box in order to avoid radiation loss. However, without the metallic box, it
is practically working, as the measured values prove this concept in the following.
In this approach, the liquid or the material under test (MUT) is placed on the hole

(a) (b)

Figure 3.4: Shielded DR sensor fed by a parallel microstrip transmission line (a)
Front view and (b) Side view, the dimensions are l = 30 mm, s = 17.4 mm, w =
2.95 mm, rd = 17 mm, rh = 4 mm. The same DR in DRA sensor is used.

at the center of DR. The coupling coefficient depends on the distance between DR
and TLs.

3.4.1 Modal analysis and perturbation method applied to
the DRS sensor

In this configuration, the shielded DR is operating in fundamental TE01δ mode
in which δ is a non integer lower than the unity. The electric E-field is intensely
confined at the center leading to an accurate response to any change in the field
distribution. According to the perturbation theory, tuning the distance between
the upper metal and the DR surface affects the stored electromagnetic energies of
resonant element, and subsequently changes the propagating modes inside of DR.
It should be considered that when the upper metallic plate comes closer to the
DR surface, the resonant frequency increases. It is because the total tangential
electric-field components are zero on the perfect electric conductor whereas the
magnetic-field components are strongly perpendicular to the metal surface. The
resonant frequency corresponding to the transverse electric (TE) can be written
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as [105]:
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wherein Xnp are referred to as the eigenvalues for the dielectric rod resonator. The
modal analysis is carried out using Eigen-mode solver in CST and the results are
illustrated in the next chapter.
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Chapter 4

Full-Wave Analysis, Simulation and
measurement

This section is devoted to the analysis of the performance of the proposed sensor.
The CST simulation and modal analysis as well as measurements are included in
this chapter.

4.1 DRA Sensor

A full-wave simulation of the DRA proposed sensor was performed by using CST
Studio Suite. Figure 4.1 shows the electric and magnetic field distributions of the
fundamental mode. The expected HEM11δ mode is excited inside of the DR in
which δ is a non integer lower than the unity. These field distributions are similar
to the ones of a conventional cylindrical DR [111]. The fields are confined in the
pool when a sample is placed, as it can be seen in Fig. 4.1(e) compared to Fig.
4.1(d). This last interaction produces the desired frequency shift depending on the
pool filling.

Parameter TL Substrate (FR4) DR (Zirconia)
ϵr 4.3 29.1
tan(δ) 0.025 0.0019

Table 4.1: Permittivity and tan(δ) of the transmission line (TL) substrate and the
DR used in the sensor.
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Variable Dimension [mm]
rd 17
h 8
rh 4
hh 2.5
w 2.95
l 74
ws 0.7
ls 32
lstub 6.65

Table 4.2: Dimensions for the fabricated sensor. Variables are referred to Figure
3.2.

Next, the sensor is tested with different ethanol-water solutions. Industrial
and consumer products use ethanol in large quantities. A variety of products are
made from ethanol, including drugs, plastics, lacquers, polishes, plasticizers, and
cosmetics. In medicine, ethanol is used as an anti-infective and as an antidote for
ethylene glycol or methanol overdoses. A variety of commercial products contain
ethanol, including beverages, perfumes, aftershaves and colognes, medicinal liq-
uids, mouthwashes, liniments, and some rubbing alcohol [112]. A description of
the methodology for operating the sensor follows.

First of all, the structure depicted in Figure 3.2 was optimized to obtain a sensor
working in the ISM 2.45-GHz band, chosen because this is a freely available band,
widely used in wireless applications, and with a handy availability of off-the-shelf-
components. CST Studio Suite was used to perform the electromagnetic analysis
of the sensor and the optimization of the DR and the coupling TL. The dielectric
characteristics of the sensor and the final dimensions used for the simulation and
fabrication are shown in Table 4.1 and Table 4.2.

Then several mixture of ethanol and water are placed inside a small pool made
in the DR (∼ 130mm3). Due to its design, the electric-field distribution is strongly
confined in the well region, interacting with the liquid under test (LUT) volume.
The simulated results of the S11 parameter (reflection coefficient of the sensor, Γin)
are shown in Figure 4.2.

It can be seen how the original sensor without LUT is resonating at 2.48 GHz
(dashed line). To emulate the loading with different ethanol-water concentrations,
results from the permittivity model described in Appendix B were used. Figure
4.2 also shows the behaviour of the sensor for the different solutions. As it could
be expected, the resonance frequency increases as the ethanol concentration does,
following the opposite trend of the disolution’s permittivity. This is, higher per-
mittivities are related to lower concentrations, of ethanol which, in turns, leads
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(a)

(b)

(c)

(d)

(e)

Figure 4.1: Electric and magnetic field distributions of the fundamental mode (a) E
field top view (unfilled sensor), (b) H field top view (unfilled sensor), (c) E field side
view (unfilled sensor), (d) H field side view (unfilled sensor), (e) H field side view (sensor
with water). 43



Figure 4.2: S11 simulated sensor response to different ethanol-water concentrations.
Lines indicate the percentage of ethanol in water.

to higher resonance frequencies, as expected by eq. 3.4. In conclusion, simulation
results are in agreement with the desired operation principle of the sensor.

4.1.1 Measurements and discussion for the DRA sensor

To evaluate the accuracy of the design outside of a simulation environment, the
sensor depicted in Figure 3.2 has been fabricated and tested in a laboratory envi-
ronment. A picture of the prototype can be seen in Fig. 4.3. The sensor has been
fabricated by CarboSystem [113] and the base PCB by Eurocircuits [114] using
standard processes, which helps in maintaining the cost of the sensor reasonably
low.

Figure 4.3: Picture of the manufactured prototype.

Measurements referred in the following are done using an Anritsu MS46122B
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Vector Network Analyzer (VNA) to extract the S11 parameter of the sensor in the
working band when placing ethanol/water concentrations in the range of 0% to
100% (taking steps of 10%) and without any LUT (air). The final sensor will be
fitted in an ad-hoc electronic transceiver similar to the one presented in [115].

To evaluate the design versus the simulation a series of 61 measurements per
concentration, summing up to a total of 732 measurements (from 0% to 100% con-
centration and including the air), cleaning the sensor between tests with distilled
water and drying it with a microfiber cloth. All the measurements were made
at laboratory average temperature, that is, between 20 and 25 degree Celsius, to
remove this variable from the study.
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(a)

(b)

(c)

Figure 4.4: Sensor response for different ethanol concentration. Simulated (red) versus
measured (the thick dashed line is the average of the 61 measurements done for each
concentration, that are drawn in thin colored lines). (a) 0% ethanol, (b) 50% ethanol,
(c) 100% ethanol.
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Figure 4.4 shows a comparison of the S11 parameter for the simulated and
fabricated sensor. Measurements on the fabricated sensor are done using different
concentrations of ethanol and water. Figure 4.4(a), (b) and (c) shows the behaviour
with distilled water (i.e., 0% ethanol), 50% of ethanol in water and 100% ethanol,
respectively. Figures show colored lines with the different measurements taken, on
top of them there is a black-dashed line indicating the median curve (here median
represents the middle value of datasets) and a red-dotted line with the simulation
result, for comparison.

It is worth to notice that, although the resonant frequency shifts and is different
from the nominal frequency of 2.4GHz, the changes are relatively tiny; using
(eq. B.1 and eq. B.2) the maximum permittivity variation due to the frequency
shift can be assessed as a mere 0.3 in absolute value. This implies that the change
in resonance frequency is fundamentally due the percentage change in the LUT,
as expected.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%
100% Air

Concentration of ethanol in water

2.36

2.38

2.4

2.42

2.44

2.46

2.48

R
es

on
an

ce
 fr

eq
ue

nc
y 

[G
H

z]

Simulated

Figure 4.5: Statistics of the resonance frequency as a function of the ethanol
concentration. Boxplots are for measured data (mean value and standard variation
over 61 experiments per concentration) while the line is for the simulated sensor.

As it can be seen, although there are some variations in the measurement (due
to the sensitivity of the DR and the possible differences in LUT quantities applied),
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the overall trend is consistent. In addition to this, the position of the resonance
in the simulated and average-value curve is in good agreement.

There exist a small discrepancy in the depth of the resonance, which can be
attributed to a mismatch in the tan(δ) value used in the simulation and the actual
value for the DR.

To provide more detail about the repeatability of the measurements, Figure 4.5
shows a boxplot representation of the position resonance frequency for different
concentrations. It can be seen how the statistics of the measurements are in
good alignment with the simulated results, as the mean measured values (red line
inside the box) are very similar to the simulated results (green line). This same
figure shows a consistent trend in the resonance frequency change as a function
of the concentration for both measurements and simulations. With respect to the
sensitivity of the DR sensor, looking at the slope of the line in Figure 4.5, it can
be approximated to 718 kHz per percentage of ethanol in water.

4.2 Full-wave analysis and CST results for DRS

This section is devoted to the analysis of the performance of the DRS proposed
sensor. The DRS is simulated with different water-based ethanol solutions. The
CST Studio Suite was used to perform the electromagnetic analysis of the sen-
sor and the optimization of the DR and the coupling TL. The shielded metal on
top of the sensor is considered as the boundary condition in the simulated anal-
ysis, modeled by a perfect electric conductor. DR sensor in coupled-line feeding
configuration without metal shield is shown in Fig. 4.6.

Figure 4.6: DR sensor in coupled-line feeding configuration without metal shield.

The TE mode has the most energy concentration and it is used as the main
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prominent mode in this structure. The TE mode supported inside the DR is shown
in Fig. 4.7.

(a)

(b)

Figure 4.7: DRS TE mode supported by the shielded structure, (a) Electric field
confinement and (b) H magnetic field inside the DR

The simulated results for different ethanol concentrations are shown in Figs.
4.8 and 4.9. Based on the achieved changes, the discrimination of ethanol should
be feasible. The accuracy in this protected DR is promising in the simulated
results and accuracy and high quality factor shows that this sensor can be a good
candidate for biomedical application and sensor devices.
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Figure 4.8: The frequency shift corresponding to the CST simulation of the DRS
sensor for different ethanol concentrations

It can be clearly seen that by increasing the ethanol concentration, as higher
permittivities are related to lower concentrations of ethanol, the resonant frequency
follows an upward tendency and because of increasing loss factor, the minimum
value of reflection coefficient has a downward trend, leading to subsequent less Q
factor.
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(a) 

(b) 

(c) 

Figure 4.9: Full-wave simulation results for the DRS, (a) frequency shift versus
different ethanol concentration, (b) minimum reflection parameters and (c) Q-
factor of the sensor, normalized by the sensor response without LUT
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4.2.1 Measurements for the DR sensor by removing the
metal shield

Aside from covered DRS by a metal shield that has been simulated, the DR sensor
without metal container has also been measured. Due to some complexities in
the measurement process and to better understand the sensor functionality, the
shield was removed. The sensor structure is shown in Fig. 4.6. As can be seen,
two microstrip transmission lines couples to the DR, are connected to the vector
network analyzer (VNA) and the scattering parameters are extracted and analysed
in MATLAB. This sensor showing good sensitivity is able to sense the small values
of ethanol. The measured results are demonstrated in Fig. 4.10 for different ethanol
concentration as well as its small ethanol values in the solvent.

This experiment shows good results for ethanol concentrations from 0 to 96 %
wherein very small concentrations of ethanol from 1 to 5 % show a clear shift in
the resonant frequency. This sensor having a high sensitivity can be a promising
device for detection of biological samples which need high accuracy. According to
the Fig. 4.11, this sensor has a resolution of 8 MHz for 10% ethanol.
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Figure 4.10: Measured scattering parameters of the un-shielded DR sensor for
ethanol concentrations, each experiment has been repeated 5 times and the green
line shows the mean value

and the frequency shift plot is shown in Fig.4.11
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Figure 4.11: Sensor response for different ethanol concentrations.
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Chapter 5

Metamaterial Sensors Applied to
Electronic Part Design For Portable
Applications

In several research papers that we have studied so far, the sensors have been used
to characterize some different materials (constant permittivity and one specific
concentration). In addition, discrimination of different chemical mixtures based
on a fixed resonant frequency can be only conducted by the frequency shift ap-
proach whereas the dual-frequency measurement methods may be a promising and
more reliable scheme enabling the chemical identification with different dielectric
properties at different frequencies. Moreover, in medical and biological applica-
tions, there is an intensive need for a high-resolution sensor for different assays in
laboratories.

On the other side, the common approaches for dielectric spectroscopy need vari-
ous bulky and expensive complex measurement setup such as, for example, a vector
network analyser (VNA) connected to the sensor part for the frequency response
extraction. Due to the VNA complexity, it cannot be a suitable spectroscopy sys-
tem for a handheld and on-board sensing device. In [94] the sensor is integrated
with the electronic elements to be feasible as a portable device; the phase varia-
tions caused by the material/liquid under test (MUT/LUT) can be detected by
different output power or output voltages in interferometry-based configurations.
In a different approach, the electronic parts can also be integrated with a signal
transmitter and a receiver consisting of a detector; for example, in [116], the sensor
is stimulated in a wireless way and employs a Schottky diode detector (SDD) for
dielectric characterization of oils’ permittivities ranging from 2.45 to 5.77. The
SDD produces a low-frequency periodic signal related to the sensor response and
operates in a very narrow band (from 1.55 GHz up to 1.95 GHz) resulting in
ambiguity in indicating the binary or multi-phase liquid mixtures; to resolve the
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ambiguity, a detector working in different frequencies is needed.
In this section, a monopole antenna, loaded by a metamaterial (MTM) open

complementary split ring resonator (OCSRR), is proposed as the sensor part
to measure different concentrations of ethanol and the sensor is integrated to a
voltage-controlled oscillator (VCO) and a SDD wherein both are operating in a
dual-band approach. The wide-band operation of the whole system makes the
sensor sensitive for dielectric spectroscopy in 2-2.5 GHz and 4-5 GHz frequency
ranges. The second band (4-5 GHz) is used for discrimination of ethanol per-
centages that may show similar output voltages at the first frequency band. The
structure of this chapter is descried as follows: First, the sensor operation principle
is discussed and the sensor part is tested with ethanol solvents. The next part is
devoted to the design of signal generator and detector employed by the sensor to
be feasible as a handheld device.

5.1 Sensor Design and Operation Principle

The main part of the proposed sensor structure is a monopole antenna loaded by
an OCSRR MTM resonator in the CPW configuration, as shown in Fig. 5.1. The
OCSRR MTM resonator is etched on the low-impedance section of the sensor and
the OCSRR is perpendicular to the direction of the wave propagation.

By inserting the sample on the OCSRR, the excited electromagnetic waves en-
counter a lossy material, leading to higher insertion loss. In addition, the total
effective permittivity is perturbed by the sample. This event creates a shift in
the resonant frequency of the OCSRR, which is employed as the sensing princi-
ple. This event can be interpreted by the perturbation theory. The perturbation
technique is an accurate method that can be applied to analyze the change in the
electromagnetic field distribution in a resonant structure when the sample volume
is very small to produce a negligible perturbation [110]. The fractional change in
the resonant frequency due to material placed on top of the resonator follows the
perturbation method as written in eq. 3.5.

The sensor structure has been simulated using the CST commercial software.
The low-cost substrate FR4 with the 1.5 mm height has been used for the sensor
part and the feed line is matched to 50 ohms. As shown in Fig. 5.2, there are two
different resonant frequencies in the frequency response of this dual-band sensor.
The first one corresponds to the length of the monopole at 2.45 GHz and the second
one is controlled by the OCSRR resonant frequency at 4.74 GHz; this sensor has
a very good impedance matching from 2.3 GHz to 2.6 GHz and also from 4.2 GHz
up to 6 GHz frequency ranges.

In order to achieve the best functionality, i.e., the maximum frequency shift,
the most sensitive area of the resonator, in which the electric waves are intensively
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Figure 5.1: (a) Schematic layout of sensor, (b) OCSRR loaded as the sensitive
area and (c) current distribution at the resonant frequency of OCSRR (i.e., at
4.74 GHz). The dimensions in mm are: W = 5.85, Lm = 21, Wg = 13.5, g0 = 0.5,
d = 12.5, Wf = 2.44, g = 0.25, s = 0.25, Lr = 2.3.

confined, should be used for the detection. The sensitive area of the OCSRR
resonator is used as the sensor part. This fractional change in resonant frequency
is the result of interaction between electromagnetic fields and the LUT. The electric
field is stronger at the edges of the OCSRR resonator, making this regions suitable
for high sensitivity to the dielectric changes.

5.2 Electronic parts integrated with the sensor

The electronic system to interrogate the sensor includes two different blocks: a sig-
nal generator and a signal detector. The sensor is connected to these components,
all together as a portable and cost effective device. The signal generator uses a
VCO, performing in two different frequency ranges between 2-2.5 GHz and 5-6
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Figure 5.2: Measured reflection coefficient of the sensor part

GHz. On the other side, the signal detector as a Schottky diode detector produces
a reasonable voltage which can be detected by a handheld voltmeter. They are
explained in the following subsections.

5.2.1 Signal Generator

The signal generator, mainly based on a VCO can generate oscillating signals
with variable frequencies. The produced signal is sent to the sensor and the wave
electromagnetic properties are changed when encountered with the LUT. The VCO
oscillation frequency is instantaneously controlled using a tunable input voltage
which is generated by a simple DC-voltage supplier. The proposed VCO in this
study, benefits from two working frequency bands which are controlled by switches.
The first band ranging from 2-2.5 GHz and 5-6 GHz. The signal generator module
is connected to the sensor by a circulator and is shown in Fig. 5.7. The circulator
used in the system has insertion losses of 0.2 dB, an insulation ratio of 27.7dB
and a VSWR of 1.1 dB. Its main objective is to separate the input and reflected
signals of the sensor as the detector is connected to the circulator as well.

5.2.2 Signal Detector

The schematic layout of the dual-band signal detector comprising a zero-biased
Schottky diode along with its equivalent circuit model are shown in Figs. 5.3a and
b.

The SDD produces an output voltage proportional to the power of the signal
received from the sensor part. The SDD is fabricated on a low-cost substrate with
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(a)

(b)

Figure 5.3: (a) Schematic layout of the SDD and (b) SDD circuit model. The
optimised dimensions and circuit elements are: w1 = 1.14, w2 = 1.6625, w3 = 0.3,
w4 = 1.6, w6 = 1.14, w7 = 1, w8 = 1.2, w9 = 4.6, w10 = 1.14, w11 = 1.7,
w12 = 0.32, w13 = 0.6, w14 = 1.14, w15 = 4.6, l1 = 2, l2 = 2.45, l3 = 30.125,
l5 = 1.35, l6 = 12.6, l7 = 11.46, l8 = 4.3, l9 = 35.3, l10 = 1.7, l11 = 35.3, l12 = 3,
l13 = 4.35 R = 50Ω, C1 = 3pF, C2 = 0.3 pF, C3 = 1nF (all dimensions not
explicitly set are in mm).

relative permittivity ϵr = 3.45 with tan δ = 0.0023, thickness h = 0.508mm and
copper thickness of 18 µm. The zero-biased Schottky diode model is SMS-7630-
079LF by Skyworks. The SDD is based on a series configuration, operating as a
rectifier. The working principle is based on the envelope detection of the incoming
signal depending on the input RF power or the power from the sensor, in the
signal-rectification process. The simulated output voltage versus input voltage
applied to the detector is shown in Fig 5.4

In a broad bandwidth, the system impedance matching is always as a chal-
lenging task. To tackle this problem, a 50Ω resistor is added to the input circuit
to give a good matching within the whole desired pass band. In addition, due to
the trade-off between the impedance matching and sensitivity of the detector, the
element values should be selected precisely. The design is carried out in Advanced
Design System (ADS) software using large signal simulation and harmonic balance
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Figure 5.4: Simulated Output voltage of the SDD versus input power.

scheme [117]. The schematic of the circuit model of the designed SDD is shown in
Fig. 5.5. The Schottky diode is simulated as a two-port network which is modeled

SMS7630-079LF, Skyworks

Figure 5.5: The schematic of the designed SDD using Advanced Design System
(ADS). The harmonic balance and LSSP are used for harmonic analysis and scat-
tering parameters extractions

according to the measured scattering parameters extracted by the manufacturer.
The measured reflection coefficient of the SDD is shown in Fig. 5.6a. According to
Fig. 5.6b, the detected voltage can sweep between 30mv and 100mv for an input
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power between −10 dBm and 0 dBm respectively which proves a good sensitiv-
ity in addition to being suitable for detecting a wide dielectric range. As can be
seen, there is a general good agreement between the ADS simulated results and
measurements.

Figure 5.6: Frequency response (scattering parameters) of the SDD.

5.3 Sensor setup, Experimental Results and Dis-
cussion

Figure 5.7 shows the schematic of the whole sensing system as well as its block di-
agram. The proposed sensor is attached to the VCO signal generator and the SDD
by a circulator. The input of the VCO is connected to the DC power supply and
the output of the SDD is used as the output voltage and is read by a multimeter.
Some containers are used for ethanol liquids with different concentrations.

In order to verify the sensor functionality, water-ethanol mixtures are tested
by the proposed sensing system by placing a drop of the LUT over the sensor.
The percentage of ethanol concentration changes from 10% up to 100% placed
on the sensor part. As can be clearly seen in Fig. 5.8, at 2.45GHz, the output
voltage detected by the SDD ranges from 30mV when the sensor is not loaded
with any LUT and to 160mV for the 50% ethanol. The output voltage decreases
when the ethanol increases reaching to 40mv for 100%. The second frequency
band resonating at 5.8GHz can be a beneficial and auxiliary band to discriminate
the different concentrations of the LUT which shows similar output voltages at
the end of SDD. For instance, the SDD shows 142mv for both 10% and 60% at
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2.4GHz whereas it shows 100mV and 138mV at 5.8GHz, corresponding to these
percentages respectively.

(a) (b)

Figure 5.7: (a) Complete experimental setup including the VCO, SDD and sensor
part attached to a circulator and (b) its block diagram.

Separately, the sensor behaviour at 5.8GHz can be interpreted as the output
voltage and follows an upward trend from 100mV for 10% ethanol to 140mV for
40% ethanol and begins to descend to 110mV for 100% ethanol. In this viability
assessment phase, the experiment has been repeated several times with consistent
results in each run; a more formal characterization is planned for the future.

Figure 5.8: Measured SDD output voltage for different ethanol percentages at two
different frequencies.

62



Chapter 6

Conclusion and Future Work

Nowadays, highly-sensitive sensors are necessarily needed in biomedical applica-
tions, food industries, environmental monitoring and etc. To characterize very
small variations in the material properties, microwave sensors can be used. This
thesis focuses on designing sensor structures, suitable for quantitatively measuring
solvent concentration of chemical dilute in small quantities (drops) of water, such
as ethanol, glucose, salt and more useful for blood examination in the laboratories.
To this aim, different structures of sensors were studied and their advantages and
disadvantages have been investigated. First, a review on the metamaterial-based
sensors has been conducted. Due to higher quality and efficiency of the metamate-
rial (MTM) resonators compared to the conventional resonators, the MTM-based
sensors can provide requisites for sensing applications. After a comprehensive
study of more than 200 recently-published papers in the MTM-based sensor field,
they have been classified into three main categories and they have been summarized
into tables, presenting the sensors details for comparison. The MTM structures,
explained in chapter 2, start with submersible sensors. The submersible sensors
are promising in the applications with no concern about the amount of MUT and
therefore, are useful in industries and soil engineering and so on. In the second
class, the microfluidic sensors are compared; particularly in biomedical laborato-
ries due to their accuracy and the small amount of needed sample. However, the
submersible sensors acting as probes are considered to be more cost-effective and
effortless instruments compared to the microfluidic-based sensors.
The array-configured sensors are large in size; however, the functionality of MTM-
based sensors is improved by increasing the number of unit-cells. Although these
sensors suffer from a large surface area, they are promising as a high-performance
alternative when small size is not a concern.
The coupling-based sensors detect the MUT based on the perturbation of the sym-
metry plane by either asymmetric dielectric loading. This class of sensors could be
beneficial to decrease the size of structure, however there is still room for improve-
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ment as future work. According to the application, each category may be efficient
and several MTM-inspired sensors in different types have been developed so far.

The main contribution of this thesis is presenting a new technology to develop
highly-sensitive passive liquid sensors in the RF and microwave regime with a
small size and high accuracy at the same time. Two sensors are proposed in this
thesis and they are based on a cylindrical DR, one fed through a slot-coupled
microstrip TL (DRA) and the other a parallel TL (DRS). In the DRS structure,
in order to avoid the environment interference, we have proposed a metal house
surrounding the DR and feeding lines. These sensors are explained in chapter 3
and 4, comprehensively. In the DR, a small pool is used for allocating the liquid
under test (LUT), in which the sensor operates by shifting its frequency according
to the electric permittivity of the liquid/material under test (LUT/MUT). This
has been demonstrated by using an equivalent circuit approach and modal analysis.
The cavity perturbation technique was used to study the impact of the LUT on
the resonant frequency and modal distribution. Moreover, full-wave simulations
were performed to check this theory. All the theory and simulations are consistent
with the operation principle. The fundamental mode of a sensor involving the
most energy portion of the wave, similar to the corresponding fundamental mode
for a cylindrical DR, is dependent on the feeding structure and sensor. When the
electromagnetic fields interact with the LUT in the pool, this produces a shift
in the resonant frequency based on the permittivity of the LUT. The proposed
technology was tested with a complete set of ethanol-water solutions for DRA and
shielded-free DRS. A comprehensive method to characterize the mixture set was
also presented in this thesis, included in the appendix part. In all cases, simulations
have been carried out for assessing the performance of the sensor technology before
manufacturing any prototype.

Both DRA and DRS prototypes, working in the low-GHz regime were designed,
manufactured and measured. These sensors can be categorized as the first DR sen-
sors working in the low-GHz band with higher sensitivity, and higher temperature
stability. These DR sensors with less complexity compared to micro-fluidic sensors
are smaller than the array MTM configurations. These sensors are useful to sense
small volumes of samples like biological measurements and some industrial applica-
tions like food or chemical industry such as oil characterization. These are passive
structure and no batteries are needed, thus all these characteristics make them
good candidates for sensing small-volume liquid samples in mass applications.

Asides, trend toward 3-D printing techniques in electromagnetic applications is
dramatically increasing as a low-cost alternative to expensive fabrication processes
for small scale prototypes. The 3-D printing based on extrusion deposition tech-
nologies has been applied in designing the microwave components such as dielectric
antenna. Different materials such as polymers can be printed. The DR with poly-
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lactide acid (PLA) material can be employed in the form of sensor. Comparing the
ceramic materials applied to realize the DR resonators, the PLA can be an efficient
alternative. Although the lower permittivity of this kind of material makes the
structure larger with less quality factor than that of the ceramic ones, they are
simple-to-fabricate, and cost effective. The PLA-based resonators can be analyzed
as similar manner as other DRs. This topic can be applied to a commercially-used
sensing process in the future work.

In chapter 5, a new discussion was made related to the sensor portability. The
common approaches for dielectric spectroscopy need various bulky and expen-
sive complex measurement setups such as, for example, a vector network analyzer
(VNA) connected to the sensor part for the frequency response extraction. Due to
the VNA complexity, it cannot be a suitable spectroscopy system for a handheld
and on-board sensing device. The proposed sensors in this thesis can be inte-
grated with the electronic elements to be feasible as a portable device; the phase
variations caused by the MUT/LUT can be detected by different output power or
output voltages in an interferometry-based configurations. In a different approach,
the electronic parts can also be integrated with a signal transmitter and a receiver
consisting of a detector. Part of this thesis focuses on a dual-band metamaterial
open complementary split ring resonator (OCSRR) loaded by a monopole antenna
that has been used as a sensor. In order to make the sensor portable and cost-
effective, the sensor has been integrated with a voltage-controlled oscillator (VCO)
and a Schottky diode detector (SDD) electronic devices which are working in two
bands. The proposed sensor has been experimented using the ethanol-water mix-
tures. The output voltages of the SDD, measured by a multimeter. This device as
a handheld sensor can be useful for detecting binary mixtures and can be used in
the biological applications and food industries.

As a result of this concept, DRA and DRS sensors can be integrated with the
electronic parts used in the future road in order to be handheld and widely used
by customers.
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Appendix A

Extraction of frequency variation
formula of the sensor

By considering E and H as the electric and magnetic fields of the original DR
(without any hole) and E

′ , H ′ as the perturbed electromagnetic fields, respectively,
the Maxwell equations are satisfying

▽⃗ × E⃗ = −jωµH⃗ (A.1)

and
▽⃗ × H⃗ = jωεE⃗ (A.2)

When the material filling a small part of the cavity resonator the Maxwell curl
equations can be written as:

▽⃗ × E⃗ ′ = −jω
′
(µ+∆µ)H⃗ ′ (A.3)

and
▽⃗ × H⃗ ′ = jω

′
(ε+∆ε)E⃗ ′ (A.4)

Wherein the ω and ω
′ are the resonant frequency of original and perturbed one

respectively. The change in the permittivity and permeability are respectively
noted as ∆ε and ∆µ. By conjugating the Equation A.1 and then multiplying by
H⃗ ′ and similarly, by conjugating the Equation A.4 and then multiplying by E⃗∗,
we have:

H⃗ ′ · ▽⃗ × E⃗∗ = −jω
′
µH⃗ ′ · H⃗∗ (A.5)

and
E⃗∗ · ▽⃗ × H⃗ ′ = jω

′
(ε+∆ε)E⃗∗ · E⃗ ′ (A.6)

By subtracting these two equations according to the vector identity equation
of (▽(A⃗× B⃗) = B⃗ · ▽⃗A⃗− A⃗ · ▽⃗B⃗), we have:

▽⃗ · (E⃗∗ × H⃗) = jω(µ)H⃗∗ · H⃗ ′ − jω
′
(ε+∆ε)E⃗∗ · E⃗ ′ (A.7)
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Similarly, this procedure should be applied to the eq. A.2 by multiplying E
′

and H∗ which gives:

▽⃗ · (E⃗ ′ × H⃗∗) = −jω
′
(µ+∆µ)H⃗∗ · H⃗ ′ + jωεE⃗∗ · E⃗ ′ (A.8)

By adding the last two equations, and using the divergence theorem, and defin-
ing the integral over the resonator volume, the following equation is achieved as:∫∫∫

V

▽⃗ · (E⃗ ′ × H⃗∗ + E⃗∗ × H⃗ ′)·dv =∫∫
S

(E⃗ ′ × H⃗∗ + E⃗∗ × H⃗ ′)·ds = 0

(A.9)

And after rearrangement it gives:

j

∫∫∫
V

[ωε− ω
′
(ε+∆ε)](E⃗∗ · E⃗ ′)+

[ωµ− ω
′
(µ+∆µ)]H⃗∗ · H⃗ ′)dv = 0

(A.10)

Based on image theory, the sum of tangential electric fields on the ground plane
are zero, i.e., n̂× E⃗ ′ = 0, According to the perturbation theory, it is expected that
the electromagnetic fields are not greatly different from unperturbed ones when
∆ε and ∆µ are small and the material under test is concentrated in a partially
small volume. This approximation can be follows by assuming E

′/H ′ equals E/H
respectively, as the E

′ and H
′ fields are practically unknown. Consequently, the

fractional change in resonant frequency is obtained as follows:

ω
′ − ω

ω
=

−
∫∫∫

v
(∆ε

∣∣∣E⃗∣∣∣2 +∆µ
∣∣∣H⃗∣∣∣2)dv∫∫∫

v
(ε
∣∣∣E⃗∣∣∣2 + µ

∣∣∣H⃗∣∣∣2)dv (A.11)
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Appendix B

Mixture permittivity extraction and
characterization

The proposed DR sensor is utilized for characterizing different solutions of liquids.
In particular, an ethanol-water solution was used to test the proposed sensor. In
order to model the effective permittivity of binary mixtures, several formulations
are used [118]. Maxwell Garnett model [119] with a simple appearance is widely
used in vast-variety applications [118] which is written as

εeff = εr1 + 3 |m| εr1
εr2 − εr1

εr2 + 2εr1 − |m| (εr2 − εr1)
(B.1)

wherein ϵr1 and ϵr2 are the dielectric constants of mixing two liquids with the mix-
ing ratio of (1-|m|) and |m|, respectively, while |m| ≤ 1. It should be considered
that for large dielectric constants, there is a very nonlinear function for effective
permittivity. Before using this model, the permittivity of each liquid should be
extracted separately. As the dielectric permittivity depends on the operation fre-
quency, Debye-Γ relaxation model is used as an efficient tool for the permittivity
extraction of ethanol at the desired frequency and T = 25 ◦C (room temperature).
The model equation is defined as

ε = ε∞ +
ε∞ − εs

1 +
jf

fr

− jfΓ (B.2)

where εs and ε∞ are defined as static permittivity and infinite permittivity re-
spectively. Furthermore, f and fr are corresponding to the desired frequency and
resonance frequency respectively.

The resulting dielectric properties of the binary ethanol-water mixture are
shown in Figure B.1.There is a decrease of the relative permittivity and increase
of the losses when the percentage of ethanol increases. These results make sense
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because the relative permittivity and tan δ of ethanol are much smaller and more
higher than those of distilled water, respectively.

Figure B.1: Dielectric properties of the ethanol-water solution at 2.45 GHz.

This model is also applied to the permittivity and loss factor corresponding
to the glucose and NaCl solutions as two commonly-used materials for sensing
approach. The relative graphs have been shown below:

Figure B.2: Dielectric properties of the Glucose-water solution at 2.45 GHz.
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Figure B.3: Dielectric properties of the NaCl-water solution at 2.45 GHz.
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Appendix C

Publications

1) M. G. Mayani, F. J. Herraiz-Martínez, J. Matanza. Domingo and R. Giannetti,
"Resonator-Based Microwave Metamaterial Sensors for Instrumenta-
tion: Survey, Classification, and Performance Comparison," in IEEE
Transactions on Instrumentation and Measurement (Q1), vol. 70, pp. 1-14, 2021,
Art no. 9503414,
doi: 10.1109/TIM.2020.3040484.

This review’s purpose is to focus on recent metamaterial-based electromagnetic
sensors, particularly on the structures that integrate the metamaterials in antenna
or transmission lines for their further integration in measurement instruments.
The approach followed in the review is to highlight sensitivity and quality factor
(Q-factor) as they are crucial parameters in any sensor; the corpus of literature
analyzed leads to the finding that the adoption of metamaterials is a key factor in
successfully decreasing the size of the structures while maintaining a high Q-factor
value and reducing losses. In addition, a new metamaterial-based sensors’ taxon-
omy is proposed to classify them into three main categories: frequency-variation
sensors, coupling-based sensors, and differential sensors. A tabular comparison of
the specifications of different sensors provides further insights into their different
capabilities and will allow future researchers to efficiently find and compare their
prototypes with state-of-the-art devices.

2) M. G. Mayani, F. J. Herraiz-Martínez, J. Matanza. Domingo, R. Giannetti and
C. Rodriguez-Morcillo. García, "A Novel Dielectric Resonator-Based Pas-
sive Sensor for Drop-Volume Binary Mixtures Classification," in IEEE
Sensors Journal (Q1), vol. 21, no. 18, pp. 20156-20164, 15 Sept.15, 2021,
doi: 10.1109/JSEN.2021.3094904.

In this study, a dielectric-resonator-based sensor is presented to characterize liq-
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uids. The sensor is based on a dielectric resonator (DR) fed by a slot-coupling
mechanism in the ground plane of a microstrip transmission line (TL). The ob-
tained device is a fully passive sensor that a radiofrequency (RF) signal can in-
terrogate. A small hole was drilled on the DR surface to allocate a drop of the
liquid under test (LUT); as a consequence, the resonant frequency of the sensor
will depend on the electromagnetic characteristics of the LUT. The device is mod-
eled both with an equivalent circuit model and through an electromagnetic modal
analysis. The cavity perturbation technique is used to study the impact of the
LUT on the resonant frequency and modal distribution; full-wave simulations cor-
roborate the theoretical results. Finally, a prototype of the proposed sensor tuned
to work in the 2.45 GHz band has been designed, manufactured, and measured.
The device is cost-effective given the small size and practical to use, thanks to the
minimal volume of the pool, which calls for quantities of LUT in the order of 0.13
µl . The prototype has been tested with an ethanol-water solution set. The ex-
perimental results match well with simulations and show good repeatability. The
sensitivity of the prototype resulted in being 718 kHz per percentage of ethanol in
water.

3) M Gholami Mayani, FJ Herraiz Martínez, J Matanza Domingo, R Giannetti;
Highly sensitive dielectric resonator sensor for liquid characterization;
URSI conference, Malaga, Spain, 2021.

This article describes a novel 2 GHz dielectric resonator sensor (DRS). The dielec-
tric resonator is made of ceramic material and is fed by a microstrip transmission
line, using the aperture-feeding method. The sensor shows a high quality factor
(Q-factor) with an associated high resolution. As a test, the sensor is used in an
application for the characterization of liquid solvents such as Glucose and Ethanol
at different concentrations.

4) M. G. Mayani, F. J. Herraiz-Martínez, J. Matanza. Domingo, R. Giannetti
and C. Rodriguez-Morcillo. García, "Dual-Band Metamaterial-inspired Mi-
crowave Sensor For Liquid Dielectric Spectroscopy," 2021 IEEE Interna-
tional Instrumentation and Measurement Technology Conference (I2MTC), 2021,
pp. 1-5,
doi: 10.1109/I2MTC50364.2021.9460055.

In this paper, an open complementary split ring resonator (OCSRR)-loaded monopole
antenna is used as a liquid sensor for discrimination of ethanol solvents with dif-
ferent concentrations. The resulting dual-band sensor is working at 2.45 GHz and
4.74 GHz and has been fabricated on the FR4 commercial substrate. The sensor
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part is integrated with the electronic parts including a voltage-controlled oscillator
(VCO) and a zero-biased Schottky diode detector (SDD) allowing the sensor to be
low cost and portable. The proposed sensor has been find capable to discriminate
a wide range of dielectric variations for ethanol concentration detection.

5) Lecture "Highly-sensitive dielectric resonator sensor for liquid characterization"
15th Workshop on Industrial Systems and Energy Technologies - JOSITE’2020.
Technological Research Institute. Comillas Pontifical University . Madrid, Spain.
Jul 2020.
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