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Abstract
This thesis presents an innovative and practical approach to developing
planar resonant-based spectroscopy in microwave sensor technology. Resonant based microwave sensors have drawn attention for decades now in terms
of sensing and measuring materials dielectric properties because of demonstrating a higher accuracy, precision, and sensitive measurement compared
to non-resonant based sensors. This method has been mostly used on binary solvents due to their ability to display a highly delicate response to the
materials under test. This thesis presents a comprehensive analysis of the
sensor design and fabrication, sensor characterization, and testing samples
to achieve the materials’ frequency selective response.
Microwave resonator sensors are limited in their current form to a single
fixed resonant frequency, leading to issues in selectivity among materials
or mixtures with similar dielectric properties. The first study presents a
successful effort of achieving a frequency-tunable resonator circuit by utilizing the liquid metal and 3D printed microchannel with a modified split
ring resonator. The resonator utilizes liquid metal in a microfluidic channel
to change the resonant frequency of the resonator over a wide, continuous
spectrum by changing the effective capacitance of the sensor. In the second
study, highly sensitive interdigitated capacitive traces have been added with
the designed sensor structure for material sensing. The designed and fabricated sensor demonstrated an operating resonant frequency that could be
tuned between 2.1 and 2.8 GHz for both solid and liquid sensing. The sensitivity of the designed sensor structure is investigated by sensing standard
solid samples, and sensitivity variation was noticed due to the increased
reactive loading introduced by the liquid metal.
Experimental validation of the sensor and standard liquid mixtures confirmed that the frequency tunability enables similar dielectric materials to
be distinctly identified using multiple frequency spectra. Specific attention
was made towards materials with identical dielectric properties at specific
frequencies, simulated with the Debye model, and matched experimentally
with dielectric probe validation. The device enables multi-phase material detection with the ability to investigate dielectric properties over a frequency
iii
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spectrum rather than a single point.
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Lay Summary
This thesis demonstrates a successful approach to detecting materials
in different phases using a resonant based spectroscopy method. The designed structures were employed in multiple independent studies in order to
achieve material identification in different resonant frequencies. The initial
study discusses the frequency tuning capability of the designed structure
by utilizing the potential application of liquid metal in a 3D printed microfluidic channel. The second study shows a modification in the designed
structure and includes performance characterization of the designed sensor
by sensing standard solid samples in different tunable resonant frequencies.
In the third study, coaxial probe measurements indicate the liquid samples
that exhibit similar dielectric properties at a frequency, which defines the
inability to sense those samples using a single fixed resonant frequency. In
the final study, the designed tunable resonant structure was successfully
utilized to identify samples of identical dielectric properties in microwave
sensor technology.
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Chapter 1

Introduction
1.1

Motivation

Sensors play an important role in numerous modern industrial applications. The term “Sensor” generally refers to a device that detects events or
changes in its environment and then provides a corresponding output, typically electrical or optical signals, read by an observer or by an instrument.
Most sensors are electronic, but some are simple, such as a mercury-in-glass
thermometer, which provides visual data. The use of sensors has grown
beyond the most conventional fields of temperature, pressure, or flow measurement with developments in micro-machinery and easy-to-use microwave
platforms. The preferred choice of sensors is determined by different aspects such as sensor cost, size, complexity, and the form of measurement.
Microwave sensors have gained popularity regarding detecting and characterizing different materials of every state, such as solid, liquid, semi-liquid,
and gas. It utilizes the microwave portion of the electromagnetic spectrum that occupies the wavelength range from approximately 1m to 1mm.
Longer wavelength microwave radiation can pass through the cloud, wind,
dust, snow, and this property enables microwave energy to be detected under almost all weather and environmental conditions. Moreover, microwave
sensors are highly sensitive and can detect very small changes in the environment. Due to the characteristics, microwave sensors are widely used
to detect and characterize different materials dielectric properties. Every
material shows distinctive dielectric behavior based on the operating frequency due to their unique dielectric properties, thus transmitting different
dielectric responses at different frequencies. Furthermore, microwaves have
demonstrated other interesting sensing properties, such as low-cost, material interaction at various scales, compatibility with planar technology, and
robustness.
Microwave sensors can be divided into resonant and non-resonant methods for the identification and characterization of dielectric materials. The
non-resonant methods are based on wave propagation and suitable for broadband measurement. Resonant methods are more precise and appropriate
1
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for low loss material characterization; however, only a single frequency or a
discreet number of frequencies may provide measurement results. The combination of sensor size and performance of a resonant-type sensor is hard to
achieve with non-resonant methods. Compared to wide-band non-resonant
structures, resonance dependent sensors have higher resolution in their performance, even though limited in the monitoring of discrete finite frequencies. Resonant sensors have the advantages of providing higher sensitivity,
simpler signal processing, and lower cost compared to non-resonant sensors.
This inspires researchers to integrate resonators into sensing actions, often at
a single frequency, and extract the material’s dielectric properties in various
environments using the resonators behavioral variation. Recent investigations show a comprehensive versatile application scope of the microwave
resonators.
Since microwave resonator sensors have already been successfully prominent in sensing solid, liquid, and gas, the innovation of tunable resonance
optimizes the sensing technology more extensively. Tunable microwave resonator sensors can lower the cost much more due to its wideband performance and reusability. It also reduces the complexities of a microwave system by minimizing the number of circuits required for different operating
conditions. Researchers have utilized different modes (harmonics) of resonators to detect materials dielectric properties in multiple points instead
of one. This benefits in achieving more comprehensive data over multiple
resonant points and understanding the material behavior at different frequencies. However, this technique limits the accuracy of the measurement
when higher resonant modes are used to characterize the sample. In recent
years, researchers employed liquid metal filled fluidic channel in different
locations of a microwave resonator to tune resonant frequency into multiple
resonant points. Despite the advantage of highly accurate material characterization over multiple resonant points, this technique can only provide
two or three discrete resonant points over a wideband. Therefore, developing a continuously tunable microwave resonator would be very attractive
for resonant-based spectroscopy development. Through this work, a proof of
concept of developing a wideband continuously tunable microwave resonator
for the development of resonant based microwave spectroscopy in microwave
technology will be presented.
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Objective

This thesis aims to design a wideband continuously tunable planar microwave resonator sensor to develop resonant-based microwave spectroscopy
and utilize the resonant-based spectroscopy to sense materials of similar dielectric properties. The designed sensor should provide continuous tuning of
resonant frequency and detect materials in multiple operating points. Considering the aim of the thesis, the objectives of this thesis work are presented
below:
The first objective of this thesis is to design a planar microwave resonator
structure to achieve user-controlled continuous tuning of resonant frequency
over a wideband. To achieve this objective, the influence of liquid metal on
the planar resonator has been investigated. Subsequently, the advantages
of 3D printing technology have been fully utilized by creating 3D printed
microchannels to guide the fluid. The entire process contains a suitable resonator structure design, use of the 3D printed fluidic channel, liquid metal
integration, and optimization of the overall model to attain the desired aim.
The progress of this objective will be measured by analyzing and comparing the data collected from the experiment and structural simulation. The
achieved result should reflect continuous tuning of the resonant frequency
of the user’s interest over a wideband of frequency.
The second objective of this thesis is to utilize the developed resonantbased spectroscopy by tuning the resonant frequency to detect sample materials that exhibit similar dielectric properties. To achieve this objective,
the designed resonant structure was modified and integrated with a newly
fabricated 3D printed fluidic channel to guide the liquid metal and the material under test (MUT). Initially, solid samples of different dielectric properties were tested to characterize the designed sensor structure, followed
by preparing liquid samples of similar dielectric properties. The progress
of this objective was measured by analyzing the data collected from the
measurement. The achieved result would show successful implementation
of resonant-based spectroscopy of tuning the resonant frequency to detect
samples of similar dielectric properties.

1.3

Thesis Organization

This thesis contains six chapters where Chapter 1 discusses the motivation and objectives of the work. Chapter 2 outlines an introduction
to microwave technology and a discussion on different planar transmission
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lines. The discussion then continuous to different available measurement
techniques in microwave technology. Chapter 3 begins with the operating
principle of the planar microstrip resonator in addition to a background
investigation on different tuning mechanisms in microstrip resonator. The
benefits of microwave spectroscopy in terms of material characterization is
also identified and mentioned in this chapter. Chapter 4 presents the design
methodology of the tunable microwave resonator and RF characterization of
the designed resonator. The designed resonator’s performance was validated
by comparing the measured and simulated results and presented in this chapter. The developed tunable resonant structure was modified and utilized as
a tool to successfully distinguish between samples of similar dielectric properties and detailed in terms of the design idea, and RF characterization is
presented in chapter 5. Chapter 6 is devoted to the conclusion of the thesis that summarizes the thesis achievements and outlines some future study
directions.

4

Chapter 2

Introduction to microwave
technology, planar
transmission lines and
measurement techniques
This chapter starts with introducing microwave technology and is followed by presenting different planar transmission line structures. One of
the significant applications of microwave technology is material detection in
different environments, and the fundamentals of material detection in microwave technology are presented in this chapter. There are different measurement techniques available in microwave technology, and choosing the
best one depends on the material structure and the frequency of interest.
This chapter closes with a detailed discussion of different measurement techniques based on their operation, advantages and limitations, and frequency
range.

2.1

Introduction to microwave technology

Electromagnetic rays with frequencies between 300 MHz and 300 GHz
in the electromagnetic spectrum, with a corresponding electrical wavelength
between 1m to 1mm, are referred to as microwaves. As compared with the
waves used in radio broadcasting, microwaves are smaller. Their spectrum
ranges from radio waves to infrared waves. Microwaves travel by line of
sight, and the troposphere can impact them slightly. They do not require
any medium to travel. Microwaves are reflected by metals and are partly
transparent to nonmetals such as glass and particles [1].
Microwave is a portable communication line-of-sight platform that enables high-speed wireless connections to send and receive audio, video, and
data information using high-frequency radio wave beams. Microwave connections are commonly used for point-to-point communications because their
5
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short wavelength enables easily sized antennas to direct them into narrow
beams, directly guided at the receiving antenna. This allows microwave systems nearby to use the same frequencies without interfering with each other
as radio waves of lower frequency do [2]. Another benefit is that the high
microwave frequency has a very broad information-carrying capacity for the
microwave band; the microwave band has a bandwidth 30 times that of all
the rest of the radio spectrum below it. Figure 2.1 shows the electromagnetic spectrum to indicate the wavelength and frequency correlated with the
various bands.

Figure 2.1: Electromagnetic frequency spectrum and associated wavelengths. Copyright © 2008 Taylor & Francis Group, LLC. All rights reserved [3].

Over the years, microwave technology has experienced substantial growth
in terms of power consumption, scale, and cost due to the advancement of
solid-state devices, technology for printed circuit boards, and integrated circuit technology. In satellite communications, radar signals, phones, and
marine applications, microwaves are used most widely. Due to the enormous improvement in microwave technology, it is found to be utilized in
various industries such as communication [4, 5], manufacturing, processing for drying and curing [6–10], healthcare [11–13] and food industry [14].
The use of microwave technology in biomedical and pharmaceutical applications widens the range of possibility of early detection of deadly diseases.
Many important applications include detecting and monitoring food quality,
drug research, human tissue characterization for tumor and cancer detection
[15, 16], brain activities detection [17], concealed weapon detection [18] and
motion detection [19]. Researchers prefer microwave technology due to its
6
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low cost, robust, compact, non-contact, and label-free detection properties.

2.2

Planar transmission lines

In the early days, RF (radio frequency) and microwave systems depend
on waveguides, two-wire lines, and coaxial lines for the low-loss transmission
of power in high frequencies. Waveguides can handle high-power applications with low loss, but they are bulky and expensive. Two-wire lines are
low-cost, but they lack shielding [20]. Coaxial lines are shielded, but they
are a difficult medium to fabricate complex microwave components [20]. An
alternative, in the form of strip lines, microstrip lines, slot lines, coplanar
waveguides, and many other forms of similar geometries, is given by planar
transmission lines [21]. Because of the trend toward miniaturization and integration, most modern microwave circuitry is fabricated using planar transmission lines such as microstrips and stripline rather than waveguides [20].
These transmission lines are lightweight, cost-effective, and easily integrated
into active circuit devices to form integrated microwave circuits [20]. The
most fascinating feature of planar transmission lines operating in microwave
frequencies and beyond is that such lines can replace lumped elements, such
as capacitances and inductances, thus eliminating lumped components that
increase the complexity and costs of the circuit [21].
The configuration of the planar transmission line includes both the transmission line selection and the substrate. Each structure of the planar transmission line comprises a combination of metal and dielectric. In most cases,
the dielectric primarily supports the metal pattern, serves as a substrate,
and affects the wave’s propagation. In this section, different types of planar
transmission lines will be discussed.

2.2.1

Microstrip

The easiest structure to produce with a thin dielectric substrate with
metal on both sides is the microstrip. One metal sheet is held as the electrical ground plane, while the other is patterned by way of photolithography.
The metal is chemically etched to form a microstrip transmission network.
The cross-section of a microstrip transmission line is shown in Figure 2.2(a).
Under the current-carrying conductor traces, the ground plane avoids excessive field leakage and thereby reduces the radiation loss [22]. The presence of
a ground plane in the backside of the substrate effectively isolates the structure from the backside region and prevents it from potential interference
effects caused by other circuits or materials [21].
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Figure 2.2: Cross sections of different planar transmission line structures
where (a) microstrip, (b) coplanar waveguide, (c) coplanar strip and differential line, (d) stripline and (e) embedded differential line. Copyright ©
2019 by M.B.Steer. All rights reserved [22].

2.2.2

Coplanar waveguide

Coplanar waveguide (CPW) can be formed with the active metallization
and the ground planes on the same side of the substrate. Each side-plane
conductor is grounded, and the signal is carried by the center strip, so as
compared to the microstrip, much less field reaches the substrate. Due to
the center conductor’s presence and the proximity of the ground planes,
coplanar waveguides are especially useful for making active circuitry [20].
CPW’s may also be implemented with backside metallization (also known
as conductor backed CPW’s). However, due to the parasitic parallel-plate
waveguides present on both sides of the CPW axis, this backside metallization can cause leaky-wave propagation [21]. The cross-sectional geometry
of a CPW is shown in Figure 2.2(b). CPW does a good job of reducing
radiation; it has low-frequency dispersion and is preferred to microstrip for
large spatially distributed circuits at frequencies above 20 GHz or so. There
are disadvantages to it, including the increased area required and the need
to use field straps (compared with microstrips) [22].

2.2.3

Coplanar strip and differential line

This planar transmission line structure is simple and consists of two conductors in the same plane above the dielectric substrate. When one of the
conductors is grounded, this form is called coplanar stripline or coplanar
strip (CPS). CPS is used as an area-effective variation of CPW in this configuration. If neither conductor is grounded and the line is operated, the
8
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interconnection is called a differential line. A differential line is commonly
used in high-speed optical networks with RFICs, and essential networks
[22]. Both types have nearly similar electrical properties, with variations
from communicating with other metallic structures such as ground planes.
The cross-section of the coplanar strip and differential line is shown in Figure
2.2(c).

2.2.4

Stripline

Stripline is a planar transmission line that is well suited for integrated microwave circuitry, miniaturization, and photolithographic manufacture [21].
The geometry of the stripline is shown in Figure 2.2(d). A thin conducting
strip is centered between the two conducting ground planes, and the region between the ground planes is filled with a dielectric material. Stripline
is typically built on a grounded dielectric substrate by etching the center
conductor and then covering it with another grounded substrate [20]. In
comparison with the microstrip line, the stripline manufacturing process is
complicated because it requires multiple layers to support the embedded
trace between two ground planes [22]. The selection of the transmission line
depends on the need of the design [23].

2.2.5

Embedded differential line

This simple transmission structure shown in Figure 2.2(e), is created by
having only two conductors embedded in a substrate with no unique ground
plane. It follows the same manufacturing procedure as stripline, except
in embedded differential line, there are two conductors. This structure is
incidental to the potential presence of ground planes, and preferably these
should not impact the field pattern [21]. In multilayer boards, this trace
architecture is more convenient and has less attenuation and radiation than
in microstrips at higher frequencies [24].

2.3

Microwave technology in material detection

With industrial advancement, the modern industry depends on data obtained from an immense number of sensors in today’s date. These sensors
not only need to display sensitivity, selectivity, and high resolution in their
service, but they should also be able to withstand environments that are
harsh, inaccessible, and dangerous. Microwave technology can be easily
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implemented in sensing, and monitoring applications in unpleasant environments [25]. Microwave devices have recently shown significant efficiency in
detecting and observing solid, liquid, and gaseous materials [26–28]. These
devices have gained quite a popularity because of real time and highly accurate sensing.
The operating principle of material sensing in microwave technology utilizes the electromagnetic wave interaction between an input signal and the
material in the sensors local environment, which translates information into
a quantifiable electric signal [29]. This information can be used to characterize the material, allowing better processing and decision making of the
information [30]. In this case, the dielectric properties of the materials
play a vital role because of their unique characteristics. Coaxial probes,
waveguides, dielectric resonators, and planar microstrip resonators are the
microwave sensors in use, each following the general working theory of translating the dielectric properties (permittivity and conductivity) of material
into factors of impedance and scattering, to be analyzed by readout circuitry
[25, 31, 32].

Figure 2.3: A dielectric with polar molecule: (a) in the absence of an external
electric field Eext , (b) in the presence of an external electric field Eext and (c)
the induced electric field Eind inside the dielectric produced by the induced
surface charge Qi . Copyright © 2018 Rice University. All rights reserved
[33].
A material is categorized as “dielectric” if it can store energy while an
external electric field is applied. When a DC voltage source is applied across
a parallel plate capacitor, more charge is stored if there is a dielectric material compared to no material (vacuum) in between the plates. The dielectric
material between the plates increases the capacitor’s energy storage capacity
by neutralizing the electrode charges, which would usually contribute to the
10
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external field [33]. The effect of dielectric will be understood by gazing at
its behavior at the molecular level. In the absence of any external electric
field Eext , the electrical dipoles of the molecules are randomly oriented, as
shown in Figure 2.3(a). When the dielectric material is placed in an external
electric field, the dipoles align with the external field, as shown in Figure
2.3(b). Opposite charges on neighboring dipoles neutralize each other within
the dielectric volume, so there is no net charge within the dielectric volume
[33]. This, however, is not the case very close to the upper and lower surfaces
that border the dielectric (rectangular dash lines in Figure 2.3(b)), where
the alignment produces a net charge. The induced surface charges (+Qi and
−Qi ) produce an additional electric field Eind which opposes the external
field shown in Figure 2.3(c) [33].
The ability of a material to resist the electric field is called the permittivity of that material. The permittivity of free space is the resistance offered
by the vacuum between two conducting plates. Dielectric constant or relative permittivity indicates how easily a material can become polarized by
the imposition of an electric field on an insulator. Relative permittivity is
expressed as the ratio of a substance’s permittivity to the permittivity of
free space or vacuum.
r =


o

(2.1)

Where r refers to the relative permittivity and  is the permittivity of
the substance (F/m) and o is the permittivity of the vacuum or free space
(8.85×10−12 F/m). So, r > 1 indicates that a material can store more
electric energy in a volume that can be stored in a vacuum.
In general, permittivity is a complex number where the real part describes the energy storage and the imaginary part describes energy dissipation between the electromagnetic field and the material. Energy storage
represents the lossless component of energy exchange between the field and
the material, and energy dissipation occurs when electromagnetic energy is
consumed by the material [34]. The complex permittivity can be expressed
as,
r = 0 − j00

(2.2)

Where the real part (0 ) defines the dielectric constant and the imaginary
part (00 ) accounts for the loss in the medium. Dielectric material losses are
primarily caused by dielectric damping (ω00 ) and conduction loss (σ). A
related quantity of the interest is loss tangent, which can be expressed as,
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ω00 + σ
(2.3)
ω0
Where ω00 + σ is accounted for total effective conductivity. The term
loss tangent (tanδ) is also called by terms such as tangent loss, dissipation
factor, or loss actor.
Materials are usually characterized by these two properties (dielectric
constant and loss tangent), which are highly frequency dependent. Microwave sensor devices utilize these frequency-dependent dielectric properties to characterize the materials. Figure 2.4 quantitatively shows the
behavior of dielectric properties as a function of frequency [34].
tanδ =

Figure 2.4: Complex dielectric permittivity spectrum over a range of frequencies where 0 and 00 denote the real and imaginary part, respectively.
All rights reserved [35].
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2.4

Different measurement techniques in
microwave technology

The measurement techniques involve measuring the scattering parameters (S-parameters) using a vector network analyzer (VNA). The particular
method used depends on the frequency range of interest and the type of
target material. There are different measurement techniques available in
microwave technology. Four significant methods of material detection in
microwave technology will be discussed here.

2.4.1

Transmission/reflection (TR) line method

Figure 2.5: Measurement using TR method with a waveguide. All rights
reserved [36].

In a transmission/reflection (TR) line method, the sample material is
placed inside a portion of an enclosed transmission line. The line is typically
a section of the rectangular waveguide or coaxial line. The VNA connected
to the ports of the transmission line measures the S-parameters and records
both the reflected (S11 ) and transmitted signal (S21 ). This method requires
sample preparation (machining) so that the sample can fit tightly into the
13
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waveguide or coaxial line. Figure 2.5 shows a typical measurement using
TR method with a waveguide.
Calibration of the VNA must be taken out before making the measurement. After the calibration of the VNA, the prepared sample is placed in
a sample holder. To reduce the uncertainty of the measurement caused by
air gaps, the sample must be tightly fit in the sample holder. This method
is used widely for the extraction of complex permittivity of materials. For
instance, Costa et al. utilized this technique for electromagnetic characterization of materials because of wider bandwidth, but he also mentioned the
sample preparation complexity [37]. On the other hand, Maleki et al. used
the transmission line method to characterize the ferrite materials due to
easy implementation and no requirement to measure the phase [38].
This technique benefits to measure samples with medium to high loss
[36, 39, 40]. The disadvantage of this method is the limited measurement
accuracy due to air-gap effects. It also limits the accuracy when the length
of the sample is the multiple of one-half wavelength in the material [36].

2.4.2

Open-ended coaxial probe method

The open-ended coaxial probe method is widely used as a non-destructive
testing method. It is a modification of the transmission line method. This
technique calculates the dielectric properties from the phase and amplitude
of the reflected signal at the end of an open-ended coaxial line inserted into a
sample to be measured [41]. The main component of this method is the hightemperature probe, which includes a circular flange with an aperture in the
center. The properties of the sample material are measured by immersing
the probe into a liquid or touching a flat surface of a solid. The fields at
the end of the probe fringe into the substance and change when they come
into contact with the sample material. The reflection coefficient is measured
using a VNA. The setup for this type of measurement is shown in Figure
2.6. This technique is best suited for liquids, and semi-liquids [42].
Calibration at the tip of the probe must be performed before taking
the measurement. The calibration corrects the directivity, tracking, and
the source match that can be presented in the reflection measurement in
the VNA [42]. The standard calibration procedure requires a three-fold
(open, short and match) calibration [36]. The three known standards are
air, a short circuit, and distillate and de-ionized water [42]. As a calibration
norm, the referenced liquid is used and must be a liquid with ”known”
dielectric properties. The reference liquids are commonly selected as water,
saline, and methanol. To eliminate the measurement’s systematic errors,
14

2.4. Different measurement techniques in microwave technology

Figure 2.6: Experimental setup of an open-ended coaxial probe method. All
rights reserved [36, 42].

the difference between the predicted and actual values is used. There are
additional sources of error (such as cable stability, air gaps and sample
thickness) even after calibrating the probe that can impact the probe and
the measurement precision [42]. One needs to be very careful about cable
stability and air gap before taking the measurement.
The open-ended coaxial probe method is prevalent because it allows flexibility and permittivity measurements at high temperatures. Santos et al.
utilized this technique for permittivity measurements of liquid at high temperatures [43]. The open-ended coaxial probe technique is used to measure
snow water content in [44] by Mavrovic et al. One of the benefits of this
procedure is, after calibration, the dielectric properties of a large number
of samples can be measured within a very short time. This technique can
be utilized to measure the dielectric properties over a wide range of frequencies. For instance, the effect of different measurement probe on tissue
contact pressure was monitored in a wide frequency range from 0.5 to 2.5
GHz in [45]. While using this technique, cautions must be exercised because
errors are introduced at very low frequencies and very high frequencies, as
well as with low dielectric constant and loss factor values [41]. Limited accuracy under certain conditions is a drawback of the coaxial probe system
compared with the other methods such as transmission line, free space, or
resonant [42].
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2.4.3

Free space method

Free space techniques use antennas concentrating microwave energy on
or through a sheet of material or slab. As the sample is never touched or contacted, high-temperature measurements are simple to perform in free space.
It generally operates in wideband frequencies [42]. Besides, this can easily
be used for continuous monitoring and control in industrial applications.
For instance, Kraszewski et al. presented various aspects of measuring and
continuous monitoring of moisture content in solids and liquids using free
space technique [46].

Figure 2.7: Measurement of sample under test using free space method. All
rights reserved [36].

In a free-space technique, the sample is placed between a transmitting
antenna and a receiving antenna, and the attenuation and phase shift of the
signal is measured using a VNA, as shown in Figure 2.7. The measurement
requires the sample to be large and flat [42]. Initially, by positioning the
empty sample holder halfway between the two antennas, the s-parameters of
an empty sample holder is determined. The sample is then placed between
the antennas on the sample holder, and the s-parameter measurement is
16
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again performed. The VNA’s de-embedding function is used to cancel the
sample holder’s effect, and only the s-parameter of the sample can be calculated [36]. By utilizing this method, both the reflection and transmission
coefficient of the s-parameters can be determined.
Prior to measurements, calibration of the network analyzer is mandatory. It is not easy to calibrate the network analyzer for free space as they
are connector-less. Moreover, there are a variety of methods of calibration
which can be used, such as through-reflect-line (TRL), through-reflect-match
(TRM), and the line-reflect-line (LRL) [36]. However, The LRL calibration
method will generate the highest level of calibration [36].
This measurement technique benefits the characterization of materials in
high temperature, and hostile environment [47–51]. The free space method
can also be used over a wide range of frequencies. Hakansson et al. utilizes
this technique to measure the dielectric properties of polymerized films on
synthetic textile substrates over a wide range of frequency from 1-18 GHz
[52]. On the contrary, Trabelsi et al. accounted for multiple reflections,
mismatches, and diffraction effects at the edges of the sample, which are the
common drawbacks of this method [41]. Special attention must be paid to
the choice of the radiating elements, the sample holder’s configuration, and
the sample geometry and position between the two radiating elements to
improve the measurement accuracy [41].

2.4.4

Resonant method

The most accurate methods of obtaining the dielectric properties of materials are resonant methods because the resonant cavities are high quality
factor (Q) structures that resonate at specific frequencies [42]. The resonant
frequency and the Q-factor of the cavity are influenced by a piece of sample
material inserted into the cavity. The complex permittivity of the material
can be determined from these parameters at a single frequency.
Perturbation method and low loss measurement method are the two
types of resonant measurement methods which are widely used [36]. Perturbation methods are suitable for medium to high loss material measurement
whereas, and the low loss measurement method is a measurement of low loss
materials using a larger sample [36, 53]. In Figure 2.8, a typical setup of the
resonant method is shown where the perturbation method is utilized especially using a transverse magnetic (TM) cavity geometry to determine the
dielectric properties of a thin rod. Initially, the measurement of an empty
cavity is performed by measuring the resonant frequency and Q-factor. The
second step is to place the sample thin rod along the center of the cavity
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and record the new resonant frequency and the Q-factor in the VNA. With
the sample in the cavity, any field shifts can result in the measured resonant
frequency or Q-factor changing. Using the frequency, volume, and Q-factor,
the sample’s dielectric properties can then be computed [36].

Figure 2.8: Measurement of a thin rod using resonant method. All rights
reserved [36].

Resonant-based method is very popular for obtaining complex dielectric
properties of materials such as permittivity due to its non-contact, portable,
label-free sensing, and highly accurate measurement. Saeed et al. presented
the use of substrate integrated waveguide cavity resonators to accurately
characterize the material properties due to the attractive features such as
high sensitivity and high Q-factor [54]. In [55], Tian et al. proposed a microwave resonant cavity-based sensor for measuring the moisture content in
wet granules. The variable moisture content in the cellulose granule impacts
the resonant frequency and Q-factor differently. The frequency difference is
utilized as a signature to identify the different moisture levels.
Among the discussed measurement techniques in this section, the resonant based technique uses less expensive devices [56]. Machining the samples
to fit properly in the cavity is an essential part of the measurement since
a limited air gap can cause an error in the measurement. Microstrip line
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sensor can be utilized because it offers the advantages such as low-cost fabrication, portability, robustness, non-contact, small sample size, and ease of
integration with microfluidic chips [54, 57–62].
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Chapter 3

Planar microstrip resonator,
tuning mechanisms and
microwave spectroscopy
This chapter aims to address the operating concept of a planar microstrip
resonator and explore the wide variety of versatility in design. It is accompanied by a detailed discussion of various ways of tuning the resonant frequency
used in the past and particular attention given to tuning based on microfluidics. An inquiry into the advantages of microwave spectroscopy in material
detection has been described and provided in this chapter.

3.1

Planar Microstrip Resonator

Planar microstrip resonator is one of a kind of microstrip transmission
lines that is characterized by a resonant frequency (ωo ). This frequency
gives a rate of periodic exchange of electric and magnetic energy in the
system. Among the other transmission lines discussed in section 2.2, in
engineering, microstrip-based technology is well known to transmit signals
in the microwave regime, and this is mainly due to the compact nature
of the resonant microstrip circuits [63]. Planar microstrip resonators have
gained quite popularity in different industries like bio-medical, healthcare,
pharmaceuticals, food processing, agriculture, and communication due to its
easy fabrication, non-contact measurement, real-time response, robust and
high sensitivity [57–62].

3.1.1

Theory of operation

Microstrips are planar transmission lines that consist of a conducting
strip and a ground plane separated by a dielectric. In a transmission line,
inductance (L), capacitance (C), resistance (R), and conductance (G) are
evenly distributed along the length of the line [20]. It is convenient to
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model small segments of a transmission line in terms of lumped elements,
as presented in Figure 3.1. It helps to understand the model elements as
a representation of physical phenomena occurring in the transmission. The
inductance per unit length L0 describes the inductance associated with the
ground plane and the conductor. The capacitance per unit length C 0 originates from the immediate vicinity of the conducting layers. The resistance
per unit length R0 is the conductors’ resistance, and the shunting conductance per unit length G0 describes the losses in the dielectric layer.

Figure 3.1: Lumped element representation of an infinitesimal part ∆Z of
a microstrip transmission line where (a) the actual microstrip and (b) the
modelled microstrip. All rights reserved [63].

In practical applications, transmission lines exhibit low loss [64]. Using
the Telegraphers equations [20], the wavelength (λ) of the signals propagating along the transmission line can be determined by the equation,
λ=

2π
√
ω L0 C 0

(3.1)

The phase velocity (vph ) is given by the formula [20],
1
vph = √
(3.2)
L0 C 0
Two important quantities defining a transmission line are the characteristic impedance (Zo ) and the propagation constant (β), which can be defined
as,
r
L0
Zo =
(3.3)
C0
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√
β = ko ef f

(3.4)

Where ko is the propagation constant of the surrounding medium and
ef f is the effective permittivity of the surrounding medium.
When a time-varying electromagnetic signal travels through a transmission line, it generates electric and magnetic fields around it. The electromagnetic wave propagating on a microstrip line exists in two separate media: air
(above the conducting trace) and substrate (between conducting strip and
ground plane). The fields have to follow electromagnetic boundary conditions at the air-substrate interface. These boundary conditions contribute
to components of the longitudinal electrical and magnetic field. The electric and magnetic field lines of the microstrip exist in the dielectric layer as
well as in the surrounding medium, as shown in Figure 3.2. The effective
permittivity of the microstrip is given approximately by [20],

Figure 3.2: Electric (E-field) and magnetic (H-field) field distribution of a
microstrip line. All rights reserved [65].
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Where W is the width of the conducting strip and h is the thickness of
the dielectric substrate. The characteristic impedance (Zo ) of a microstrip
line is determined by its geometry and the effective dielectric constant,
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when (W/h ≥ 1),
Zo ≈ √

120π
Ω
ef f [W/h + 1.393 + 0.667 ln(W/h + 1.444)]

(3.7)

when (W/h < 1),
60
Zo ≈ √
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ef f
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Such a transmission line functions as a resonator, the length of which is
equal to half of its ground mode wavelength [20, 63, 65]. It is called a λ/2
resonator. It is convenient and common practice to model a resonator as a
parallel connection of a resistor, an inductor, and a capacitor in the vicinity
of the resonant frequency [20, 66–69] as shown in Figure 3.3. The lumped
element model of a transmission line resonant circuit is mainly based on the
book by David Pozar [20], and article of Martin [67]. The input impedance
Zin (Ω) of this circuit is given by,

Zin =

1
1
+
+ iωC
R iωL

−1
(3.9)

Where ω is the frequency and i is the imaginary part. The complex
input power Pin at the input of the resonators is given [68],

Figure 3.3: Lumped element model of a microstrip resonant circuit. All
rights reserved [63].
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Pin

1
= |V |2
2



1
1
+
+ iωC
R iωL

−1
(3.10)

Where V is the voltage, the 1/R term represents the energy (Wloss ) dissipated in the resistor. The complex terms define the stored magnetic (Wm )
and electric energy (We ) in the inductor and the capacitor, respectively.
Resonance occurs when the planar resonant structure is able to transform
the magnetic energy to electric energy and to fulfill this condition, Wm = We
must hold. Therefore, the resonant frequency (ωo ) of the structure should
be,
1
rad/s
(3.11)
LC
This is the frequency of the resonator’s fundamental mode. The resonant
frequency of the nth mode of the resonator is given by,
ωo = √

ωn = nωo = √

1
Ln C

(3.12)

where [67],
Ln = Ln2

(3.13)

and n≥1 is an integral number. Then the internal quality factor of the
resonant circuit is given by,
Qint = ωn

3.1.2

R
2Wm
=
= ωn RC
Wloss
ωn Ln

(3.14)

Resonant frequency and quality factor

Resonant frequency and quality factor are those parameters of a resonator that determines the performance of the resonator. Resonant amplitude is the maximum value of amplitude when the resonance occurs in a
resonator circuit. It is the maximum value of oscillation at which the resonant occurs in a resonant system. In the previous section, the basic theory
of calculating the resonant frequency and quality factor of a microstrip resonator is described as a lumped element model. One can also easily estimate
the resonant frequency and Q-factor from the structural design, and this will
be presented here.
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Resonant frequency
Resonant frequency is the oscillation of a system at its natural or unforced resonance. Resonance occurs when a system can store and easily
transfer energy between different storage modes, such as kinetic energy or
potential energy. Most systems have one resonant frequency and multiple
harmonic frequencies that get progressively lower in amplitude as they move
away from the center. A system tends to oscillate at maximum amplitude
at certain frequencies, known as the system’s resonant frequency. Resonant
frequencies are essential in both mechanical and electronic/electrical systems. Mechanical resonance can cause massive vibrations that can destroy
objects. On the other hand, electrical/electronic resonance is generally used
to tune a circuit. This may be parallel resonance used to maximize a signal
one wants, to select a radio signal, or cause an oscillation. Series resonance
may be used to absorb a specific signal. Combinations are used to filter
signals selectively.
For passive resonators, the length of the microstrip line plays a critical
role in determining the resonant frequency of the system. The resonators
usually are designed with the half-wave resonator concept; thus, the resonant
frequency can be estimated using the equation 3.15 [70].
fr =

c
Hz
√
2l ef f

(3.15)

Where l is the total length of the resonator microstrip line (m), ef f is the
effective permittivity of the materials in the resonator ambient environment,
c is the velocity of light (m/s) and fr is the resonant frequency (Hz). Since
the speed of the light is constant and effective permittivity varies slightly
with the material, the resonant frequency mostly depends on the length of
the resonator microstrip line. By varying the total length of the microstrip
line, the resonant frequency can be altered. So, it can be said from the
equation 3.15 that the higher the length of the microstrip line, the lower the
resonant frequency of that resonator.
Quality factor
A parameter which is closely related to the finesse is the quality factor
(Q) of a resonator, which is a measure of the sharpness of the resonance
[71]. For electronic circuits, the quality factor is defined as the ratio of
the stored energy over the energy dissipated in one cycle. Therefore, an
ideal resonator with no loss has an infinite quality factor [72]. The quality
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factor of a resonator can also be determined by the resonant frequency to
bandwidth ratio. The following equation is utilized to find the Q-factor of
a resonator.
fr
f0
=
(3.16)
∆f
f3dB
Where fr is the resonant frequency and ∆f is the resonant width, which
is the bandwidth over which the power of vibration is greater than half
power at the resonant frequency. Under this definition, Q is the reciprocal
of fractional bandwidth. The Figure 3.4 clarifies the formula to calculate
the Q-factor of a resonant circuit.
Q=

Figure 3.4: Quality Factor of a resonant circuit. Copyright © electronicsnotes.com. All rights reserved [73].
When dealing with RF tuned circuits, there are many reasons why Q
factor is important. Usually, a high value of Q is beneficial, but in some
applications, a defined level of Q may be what is required. With increasing
Q factor, the bandwidth of the tuned circuit is reduced. As the Q increases,
the 3dB bandwidth decreases and the overall response of the tuned circuit
increases, and the losses decrease. So, the higher the resonator’s quality
factor, the better the performance of the oscillator [74]. In many instances,
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a high Q factor is needed to ensure that the required degree of selectivity is
achieved.

3.1.3

Split ring resonator

The split ring resonator (SRR) is merely a transmission line formed in
a closed loop with a split. Resonator structures like the split ring resonator
(SRR) are commonly used to shape metamaterials as building blocks [75–77].
The SRR structure was first introduced by Pendry in 1999 [78]. Metamaterial is an artificial material in which electromagnetic properties (permittivity,  and permeability, µ) can be controlled. This is important because it
makes it possible for fields and waves to be controlled on a sub-wavelength
scale. In particular composite media, electromagnetic waves interact with
the inclusions, which produce electric and magnetic moments, affecting the
macroscopic effective permittivity and permeability of the bulk composite
medium. Since metamaterials can be synthesized by embedding artificially
fabricated inclusions in a specified host medium, this provides the designer
with an extensive collection of independent parameters such as properties of
host materials, size, shape, and compositions of inclusions. All these design
parameters play a significant role in getting the final result.

Figure 3.5: A simple split ring resonator structure coupled with feedline.

A simple split ring resonator structure is shown in Figure 3.5. The basic
circuit consists of the feed lines, coupling gap, and the split ring struc27
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ture. Energy is coupled into and out of the resonator through feed lines
and coupling gaps. The coupling gap plays a vital role in achieving a good
resolution of the circuit. A larger coupling gap between the feedline and
the ring structure is considered a loose coupling, which manifests the negligibly small capacitance of the coupling gap [79]. However, if the feedline
is pushed closer to the resonator, the coupling becomes tight, and the gap
capacitances are visible. This allows the circuit’s resonant frequencies to
deviate from the ring’s intrinsic resonant frequencies [79]. Hence, designers need to consider the coupling gap effect based on the application while
designing the structure.

Figure 3.6: (a) Resonator sensor structure implemented in HFSS for the
purpose of early detection breaches in pipeline coatings [57] and (b) open
split ring resonator structure (OSRR) [80].

Different configurations of split ring resonators were designed to perform different applications. The basic configuration, which consists of a half
wavelength, open ring microstrip structure in Figure 3.6(a) is reported in
[57]. The ring resonator was coupled to the input-output signal ports using
microstrip feed lines. The designed microwave resonance-based sensor was
used for detecting the cause of defects in pipelines, which is mainly driven
by coating failure. A double-ring resonator was proposed as the main component of getting real-time and hazard-free water quality monitoring in [81].
The strong capacitance between the two concentric rings helps the flow of
current along SRR configuration. S.S. Karthaikeyan et al. [80] designed
28

3.1. Planar Microstrip Resonator
an open split ring resonator (OSRR) back in 2010, which has a geometry of given kind in the Figure 3.6(b). The OSRR and wire arrangement
constructed the metamaterial cell. Scattering parameters determined the
complex permittivity and permeability of the metamaterial cell. Dual-mode
split ring resonator was also designed in [82] to eliminate relative humidity
impact. One of the resonators resonates at 0.552 GHz, and another resonator resonates at 1.03 GHz, and the latter one was used to calibrate the
potential measurement error.
There are different geometries of SRR used to realize artificial magnetic
materials. In Figure 3.7, different geometries of SRR is shown to understand
the wide range of design ideas. It can also be seen from the Figure that the
split ring resonator is not just only confined to the circular shape; instead,
rectangular shapes of the ring are also found in different investigations. So,
based on the application, designers have the flexibility to play with different
shapes and sizes of the resonators.

Figure 3.7: Some geometries of split ring resonator (SRR). (a) Double split
ring resonator, (b) Double split square resonator, (c) Singly split ring resonator, (d) Two-turn spiral (circular) resonator, (e) Two-turn spiral (rectangular) resonator and (f) Modified ring resonator. Copyright © Ali Kabiri
2010. All rights reserved [83].
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Tuning Mechanisms

The resonance of the constituent elements exhibits a narrowband frequency response in many electromagnetic devices, especially in metamaterial applications [84]. In this case, materials are characterized or monitored
in one single resonant frequency. RF designers estimate this particular frequency based on the MUT’s behavior and utilize the design parameters to
design a compact resonant structure. This technique is beneficial in providing higher precision in measurement but limits the measurement to only
one single frequency. In order to broaden the frequency coverage, a popular technique to resolve this issue is to add a tunable narrowband response.
Several tuning methods have been suggested, and an analysis of these is provided according to their overarching operating mechanism in the following
section.

3.2.1

External devices

In many different investigations earlier, it was proposed to incorporate
external devices such as capacitors, varactors, and micro-electromechanical
radio frequency systems (RF MEMS) into a resonator component to tune the
frequency response [84]. These variable components are often loaded with
the resonator structure, and by changing the values of the variable elements,
the resonant frequency can be tuned [85, 86]. In Figure 3.8(a), a resonator
structure is loaded with an external variable capacitor is presented. The
variable capacitor element is placed in different positions such as the gap
between two rings, the split of the outer ring and the split of the inner ring,
and by changing the value of the capacitance, the change in the resonant
frequency is observed [85].
Another way of tuning the resonant frequency is mounting varactor
diodes across the gap of a resonator structure. The desired frequency tuning
can be achieve by adjusting the bias voltage of the varactor diode [87, 89–
92]. This technique normally allows a large range of frequency tunability.
In [87], Nesimoglu et al. utilized this technique on an S-shaped resonator
structure, where 28% tunability was achieved by using reverse-biased varactor diodes at a critical location on the structure, the structure is presented in
Figure 3.8(b). Zhu et al. [92] proposed a varactor loaded split ring resonator
antenna where the designed antenna’s operating frequency was tuned from
365 MHz to 500 MHz by changing the bias voltage from 1 to 9 V. A relative
frequency change of 37% was observed during this investigation. However,
Biasing circuitries are introduced into the structure by the presence of varac30
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Figure 3.8: Tuning by the external devices. (a) SRR with capacitor loaded
[85], (b) Varactor loaded S-shaped resonator [87] and (c) RF-MEMS loaded
microstrip patch antenna [88]. Copyright © 2007 American Institute of
Physics, 2007 and 2016 IEEE.

tors in the resonator, resulting in additional losses/reflections/coupling [84].
Besides, it will interfere with the RF signal and will restrict the resonator’s
efficiency. Furthermore, this also enhances the complexity and scalability
limitations of manufacturing [84]. Ferroelectric varactors are found to maintain a relatively low Q and temperature-sensitive and can create distortion
in high Q-tunable filters [93–95]. This makes the varactors not suitable for
different environments.
Components of RF-MEMS were integrated with EM systems to achieve
frequency tunability in many applications [88, 96–99]. As shown in Figure
3.8(c), Erdil et al. [88] presented a reconfigurable microstrip patch antenna
integrated with RF-MEMS capacitors for tuning the resonant frequency. By
changing the actuation voltage from 0 - 11.9 V, the antenna resonant fre31
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quency can continuously be tuned from 16.05 GHz to 15.75 GHz. In [96],
Bougye et al. proposed a combination of 4-pole bandstop filter and split
ring resonator, which can digitally control the bandwidth due to frequency
shift by the on-off state of the RF-MEMS switches. By moving a cantilever
RF-MEMS bridge capacitor up or down, a metamaterial filter is electrostatically actuated as in [97], causing a high-frequency tunability. Although
RF-MEMS switches provide very fast tuning speed, fabrication of the RFMEMS is quite complex, especially while considering resonator arrays where
a huge number of RF-MEMS will be required [84].
Other techniques were utilized for tuning the operating frequency, such
as semiconductor switches, p-i-n diodes, and Yttrium iron garnet (YIG).
Semiconductor switches cannot handle much power, and it generates a lot of
distortion [100–102]. P-I-N diodes need biasing for achieving good linearity,
and as a result, it consumes high power [101]. YIG (Yttrium iron garnet)
enabled switches can maintain a very high Q and relatively low distortion.
However, due to high current consumption and magnet requirements, it
cannot be integrated into planar fashion. Therefore, YIG is not appropriate
for low-cost portable solutions [101]. Due to the solid-solid contact in MEMS
switches, it creates contact wear and heat generation, which result in a
reliability issue [103–105].

3.2.2

Microfluidic-based tuning

The appearance of microfluidics has led to the latest ongoing reputation of utilizing microfluidic innovation for reconfigurable RF components.
Ordinarily, RF component tunability is found to use either mechanical rotation, solid-state and varactor diodes, or RF MEMS, which experience the
ill effects of downsides of non-linearity, power losses, non-robustness, and
fabrication complexity. The headway in microfluidics has as of late permitted researchers to defeat these disadvantages and execute RF devices. By
the progress within the microfluidics fields, fluidic control can be utilized
to acknowledge highly linear devices and fluids/liquids to flow in channels
fit for dealing with high power RF inputs. Moreover, fluidic-based tuning
dispenses with the plausibility of surface damage and can be utilized in flexible, wearable devices. Besides, liquid metal components are fit for holding
their physical changes subsequent to expelling the activation power, killing
the need for consistent actuation. Furthermore, it offers the simplicity of
fabrication contrasted with other tuning mechanisms.
Table 3.1 shows a detailed analysis of different switching techniques available in microwave technology.
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Table 3.1: Comparison of different switching techniques

Temperature
sensitivity
Tuning speed
Biasing
Operating
frequency
Cost
Linearity
Maintaining
Q-factor
Planar

3.3

Liquid
metal

Semiconductor
switch

YIG

MEMS

low

low

high

low

ms
no need

ns
electric field

unlimited

limited

ms
magnetic
field
limited

µs
electric
field
limited

low
linear
possible

high
non-linear
additional circuit
yes

high
non-linear
impossible

high
linear
additional
circuit
yes

yes

no

Review of Microfluidic Applications

At current times, fluidic control for tuning microwave devices has pulled
in much consideration attributable to the points of interest offered by fluidic
control. The fluidic control can be divided into two major parts based on
absorption and reflection switching techniques [106]. Both techniques have
their merits and demerits. For high power applications, absorptive behavior
is more important than the reflective switching technique since the reflective
signal can adversely affect the circuit performance or lead to catastrophic
failures [107]. So, for low power applications, conventional reflective MEMS
switches are suitable.
Broadband absorption can be achieved by injecting liquid metal [110],
or water [111]. In microwave and sub-mm region, water is a relatively lossy
material with a complex dielectric constant, and it requires careful consideration to avoid losses. On the other hand, fluidic based tunable devices
take part in the action and substitute the liquid elements with a type of
liquid metal to ensure adjustability. Initially, mercury has been constrained
to deformable body-wearable antennas [112], frequency selective surfaces,
and metamaterials [113–115], since mercury is the only naturally occurring
metal that exists as a liquid at room temperature. Nevertheless, mercury
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Figure 3.9: Microfluidic based tuning. (a) Implemented prototype of the
microfluidic waveguide switch [108], (b) Reconfigurable CPW folded slot
antenna [109]. Copyright © 2015 and 2017 IEEE.

was not favorable to improve the RF devices in later days due to its high
toxicity. Accordingly, inferable from their high conductivity, non-toxicity,
and liquid state at room temperature, commercially available liquid metal
alloys, for example, Eutectic Gallium-Indium (EGaIn) and Galinstan (composition of Gallium, Indium and Tin) have pulled in much consideration for
microfluidic-based configurability.
While some of the examples of such work include liquid metal as a switch
to connect reactive loading elements to the circuit [108, 116, 117], liquid
metal itself as a variable reactive load [109, 118], use of liquid metal to
connect to short and open microstrip stubs [119]. In Figure 3.9(a), implemented prototype of the microfluidic waveguide switch is shown, which is
developed by Vahabisani et al. [108]. A slot antenna with a configurable
resonant frequency by changing the length of a liquid metal bridge over the
waveguide structure is also reported in [109] and the implemented prototype is shown in Figure 3.9(b). This approach did not enable continuous
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frequency tuning but operated in multiple fixed modes based on the complete filling or emptying of the liquid metal channels. Frequency tuning over
such a wide range can be utilized for frequency selective surfaces, blocking
or transmitting signals in a controllable way [120], or developing tunable antennas [112]. A configurable microstrip open stub resonator was developed
via liquid metal to change the filter frequency [121]. It is worth mentioning
that, unlike the solid-state and most of the MEMS switches that consume
power all the time, the liquid metal could retain its position without the
need to apply DC power. This could reduce DC power utilization, particularly for the applications that the switch requires to remain in one state for
quite a while.

3.3.1

Challenges and limitations of microfluidic based
tuning

Microfluidic control over tuning a microwave circuit has its advantages
and disadvantages depending on the purpose of use. Since there are challenges of employing fluidic control to achieve tunability, the challenges need
to be addressed to better respond to the circuit. The choice of liquid metal is
one of the very important selection considering its properties and microwave
performance. Upon selection, it is vital to understand its behavior towards
the employed fluidic channel and choose a suitable injection method. Below
are the three most significant challenges and limitations discussed to ease
the use of liquid metal.
Liquid selection:
Table 3.2 shows the comparison among the physical properties of the
available liquid metals with copper [122]. The only naturally available liquid metal mercury has a very low melting temperature. Due to highly toxic
and hazardous to the health and environment, the use of mercury has been
compromised. On that note, low melting temperature and non-toxic behavior of liquid metal alloy, EGaIn and Galinstan make its place to substitute
mercury. These liquid metal alloys not only avail high conductivity but also
stays liquid at room temperatures. In this thesis, Galinstan was used as liquid metal to incorporate the fluidic based tuning of the resonant frequency.
Skin and residues:
EGaIn and Galinstan also avail higher surface tension, which means it
shows a high tendency to oxidize with oxygen whenever it comes in con35
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Table 3.2: Comparison of physical properties of Copper, Galinstan, EGaIn
and Mercury © 2015 IEEE
Properties

Copper

Galinstan

EGaIn

Mercury

Melting point (°C)
Boiling point (°C)
Density (kg/m3 )
DC conductivity (S/m)
Viscosity (Pa.S)
Surface tension (N/m)

1085
2562
8960
5.96×107
-

-19
>1300
6440
3.45×106
2.4×10−3
0.718

15.5
2000
6280
3.4 × 106
2.0×10−3
0.624

-38.8
357
1353
1.0 × 106
1.5×10−3
0.487

Figure 3.10: A liquid metal plug sandwiched between the carrier fluid inside
the microfluidic channel [123]. Copyright © 2014 IEEE.

tact, bringing about the arrangement of a thin oxide film on the metal
surface [123]. The surface oxide layer made it regularly stick to the walls
of the tubing and the microchannel. While flowing liquid metal inside the
microchannel, this tends to leave skin residue and affect the device’s performance. Some carrier liquid is needed to eliminate the problem, which would
clear the residue of liquid metal and can work as a potential barrier to liquid metal oxidation. The RF property, viscosity, and toxicity of the carrier
liquid plays a vital role and have been studied [123, 124]. A strong acid or
base used as carrier liquid helps to remove the skin layer of the oxide [125].
However, the use of such strong chemicals for many practical applications is
undesirable. A safer alternative approach is to use either naphthenic base
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oil, Hydrocal 2400 [123, 126], and a low loss Teflon solution [127, 128]. In
[123], the proper orientation of liquid metal inside the microchannel followed
by the carrier liquid in both sides of the liquid metal is illustrated and shown
here in Figure 3.10. In this thesis, Hydrocal 2400 was used as a lubricator to
eliminate skin residue of the oxide layer, and it also benefits as a potential
barrier to liquid metal oxidation.
Injection control:
After the proper choice of liquid metal and the carrier liquid, it comes
to pushing the liquid metal inside the microchannel. It is a straightforward
process but needs proper implementation following the steps. There are
multiple ways of injecting liquid metal through a microchannel. One way is
to use a syringe and injecting the liquid metal inside the microchannel by
controlling the pressure using hands. Initially, both the channel and tube
need to be lubricated using the carrier liquid. The syringe should then be
filled with the desired amount of liquid metal and pushed through the tube
inside the channel. Once the channel is filled with liquid metal, more carrier
fluid should be pushed inside the tube. To encapsulate the liquid metal, one
can gently push or withdraw the carrier liquid by pushing in and out from
the inlet or outlet side.

Figure 3.11: (a) A mm syringe and (b) 11 Pico Plus Elite programmable
syringe to control the liquid flow [129]. Copyright © 2020 Darwin Microfluidics.
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Another way is to ensure automatic injection and positional control over
the liquid metal inside the microchannel is to integrate the micro-pump [112]
or electrochemical actuation [130]. In this thesis, liquid metal was pushed
through the microchannel using an 11 Pico Plus Elite programmable syringe
automated pump from Harvard instruments. The standard infuse/withdraw
method controlled the flow rate of liquid metal into the microchannel. In
Figure 3.11(a), a mm syringe is shown which can be used manually to control the flow of the liquid metal, and in Figure 3.11(b), an automated programmable syringe from Harvard Instruments is shown to control the liquid
metal flow.

3.3.2

Microfluidic Channel

Microfluidic channels are utilized to manipulate and provide a closed environment for the liquid sample exposed to electromagnetic fields. There are
different ways to implement microfluidic channels in microwave devices. In
different investigations, PDMS (Polydimethylsiloxane) is used to create the
microfluidic channel to flow different liquids. The microfluidics community
has embraced PDMS for many reasons. It allows simple, planar systems to
be replicated and produced easily. Complex 3D structures and microchannel networks can be fabricated easily in PDMS by multilayer prototyping
approaches. A 3D printed microchannel embedded in PDMS is reported in
[109] and [131] to realize a switchable dual-band slot antenna and reconfigurable CPW folded antenna, respectively. Fluid samples are injected to
the PDMS microchannel aligned with the resonator for dielectric characterization of the microfluidic samples [132]. Few more examples of recent
work include open stub resonator filter using pressure-responsive fluid inside PDMS [121], PDMS structure including the microchannel is bonded to
a filter to ensure reconfigurability of the SIW (substrate integrated waveguide) cavity filter [117], PDMS structure including one microchannel was
employed to place the MUT to implement wideband microwave interferometry sensor [133]. Since PDMS does not break but bend, researchers found it
more useful compared to glass. There are always cautions trying things with
glass as it is sharp and has disposal problems. Experts say that although the
material is attractive for quickly testing the fluidics of the new devices, it
has problems since there is no perfect material. In Figure 3.12(a), a PDMS
microchannel with the embedded tube is shown to transfer the liquid metal
EGaIn.
The fact that PDMS absorbs molecules is not a new discovery. The issue
with the PDMS includes absorption of organic solvents and small molecules,
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Figure 3.12: (a) EGaIn plug inside a PDMS [123] and (b) 3D printed structure utilized as a microfluidic channel [70]. Copyright © 2014 and 2018
IEEE.

its inherent hydrophobicity, and evaporation of water [134]. In some applications, it is considered useful that PDMS absorbs the solvent and evaporates
water [134]. Since microwave devices are very much sensitive, even a small
alternation of the electromagnetic field can widely impact the device’s performance. PDMS is pressure-sensitive, making it hard to fabricate a large
channel using PDMS [134]. While flowing fluids, it needs constant pressure
throughout the channel. Pressure inequalities can create bending of the
PDMS, which particularly can alter the response of the device. There is
always a risk of leakage due to channel-resonator bonding defects [135]. A
new approach not to substitute PDMS but can alternatively use for fluid
movement is 3D printing to overcome this problem. 3D printing is an emerging technology and can be useful to be utilized as a microfluidic channel.
In [70] and [136], a 3D printed microfluidic channel embedded with planar
microwave resonator was realized for RFID and liquid detection. In Figure
3.12(b), a 3D printed microchannel is presented [70]. In this thesis, a fluidic
channel was 3D printed and utilized to guide the fluids, allowing low cost,
non-contact, sensitive, and easily reusable properties.
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Microwave Spectroscopy

Microwave spectroscopy is the determination of those frequencies of the
microwave spectrum that are selectively absorbed by certain materials, providing information about the atomic, molecular, and crystalline structure.
This way, the complex dielectric properties (loss tangent and relative permittivity) of materials can be observed in a frequency spectrum. Since loss
tangent and relative permittivity are a function of frequency, the spectrum
brings out a clear picture of the material’s dielectric properties over a wide
range of frequency.

Figure 3.13: Dielectric spectra of soybean oil at 25°C temperature over
a broadband where (a) real part and (b) imaginary part. Copyright ©
Springer-Verlag London Limited 2011. All rights reserved [137].

In microwave technology, dielectric property measurement can be broadly
identified in two different methods such as resonant and non-resonant. Resonant methods are more reliable, accurate, and appropriate for characterizing
low-loss materials [138]. They can only provide measurement results in one
single frequency, or a number of discrete frequencies [139]. The non-resonant
methods such as the TR line method, coaxial probe method, and free space
method, can enable material characterization over broadband; however, they
are less accurate than resonant methods [138]. Calibration errors, connector
non-reproducibility limit the accuracy of TR line methods, and mismatching of impedance [140]. In [141], Narayanan et al. proposed permittivity
measurement of the dielectric substrate over broadband utilizing microstrip
transmission line method. The real (Figure 3.13a) and imaginary (Figure
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3.13b) part of a dielectric spectra of soybean oil at 25°C temperature is
shown in Figure 3.13 where author utilized the coaxial probe method to
measure the complex dielectric property of soybean oil in different temperature setting [137]. The free space method limits the measurement of
dielectric properties of materials that are large and flat. It is best for flat
sheets, powders and high temperature measurements [36, 41, 142].
Resonant based spectroscopy
In case of a single frequency resonator sensor, the resonant frequency of
the dominant mode highly depends on the material properties such that a
minute change in the liquid can be monitored. However, in that case, the
sensors do not provide any information on the material behavior across the
frequency and only act on the dominant mode and thus provide minimal information about the material. Initially, investigations from the researchers
found multiple ways to employ a spectrum analysis of the materials. Harmonic based sampling of the permittivity spectrum is realized as a microwave
dielectric spectrum to characterize material is reported in [139]. Authors in
[143] have considered harmonics to extract the permittivity of dielectric slabs
for LTCC (low temperature co-fired ceramic) characterization.

Figure 3.14: CPW folded slot antenna integrated with liquid metal to
achieve three different frequency bands of 2.4, 3.5 and 5.8 GHz. Copyright
© 2015 IEEE. All rights reserved [109].
Microwave spectroscopy has been used for various purposes. Few examples include the usage of microwave spectroscopy to discriminate between
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sub-populations of B lymphoma cell lines with a frequency of 40 MHz to 40
GHz [144] and used a coplanar waveguide (CPW) transmission line for the
dielectric characterization of HepG2 cells with a frequency range from 1 to
40 GHz [145]. In [109], CPW folded slot antenna employing liquid-metal as
capacitive loading is realized to achieve reconfigurability, and three different
frequency bands of 2.4, 3.5, and 5.8 GHz has been achieved by employing
liquid metal at different positions. The response is shown in Figure 3.14.
All these methods employ a discrete frequency spectrum where only a few
resonant points far from each other can be achieved. Frequency spectrum
achieved by continuously tuning the resonant frequency enables more resonant points within a narrowband. In chapter 4, a modified planar microstrip
split ring resonator structure was designed and integrated with liquid metal,
and 3D printed fluidic channel to achieve a continuous tunability of resonant
frequency. The continuous tuning of the operating frequency helps achieve
more resonant points close to each other within a narrowband and provides
a highly accurate resonant-based spectroscopy.
The urgency for accurate identification increases as microwave detection
and sensing becomes more common. This is an ongoing challenge, and the
unique ability of microwave sensors to sense and identify the dielectric properties of solid, liquid or gaseous materials can be hindered when the material
under test (MUT) is present in unknown or uncontrolled conditions. This
issue has not been adequately addressed in many previous studies, where
liquid detection has been performed in controlled environments where the
liquid and concentration are standardized [29, 146–149]. Similarly, selectivity issues arise in other sensing operations. A larger material with a low
dielectric constant may affect the resonant response in the same way as a
small material with a high dielectric constant, leading to misidentification.
One approach that can take advantage of the frequency dependency of
dielectric properties and avoid the overlap of dielectric properties is to take
multiple measurements of the same material and conditions at multiple frequencies, generating a unique spectrum of properties rather than a singular
data point. In this way, even mixtures that may have identical permittivity
and loss tangent at one frequency can be separated by tuning the frequency.
This idea of spectroscopy in the microwave frequency regime has been investigated before [150, 151]: Albishi et al. [152] developed a multiple resonator
system to address the problem, but this required multiple resonators in a
larger area, and measurements required a machine learning algorithm due
to complex coupling between them. The issue of selectivity has also been
dealt with by developing new resonator designs and finding empirical algorithms to detect sample size and chemical makeup combinations. Hosseini
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et al. [153] created a sensor that captures the concentration of mixtures by
analyzing multiple higher-order resonant modes, but this still measured at
fixed frequencies and required wideband detection from 1.4 to 4.3 GHz.
In this thesis, by combining the benefits of liquid metal, 3D printing,
and planar microwave resonators, aiming to improve upon earlier designs
to fully characterize the capabilities of a modified split ring resonator with
a simple and compact design that enables continuous frequency tunable
sensing and high selectivity for many types of materials. The developed
resonant based spectroscopy technique is utilized to detect and distinguish
between samples that exhibit similar dielectric properties in a frequency and
presented in chapter 4.
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Chapter 4

Adjustable Microwave
Resonator
This chapter outlines the design and simulation process of the adjustable
microwave resonator using a 3D printed fluidic channel and liquid metal. In
order to verify the results from the simulation, a fabricated resonator has
been tested, and results have been compared through RF characterization.
This work has been accepted for publication [154].

4.1

Design and Simulation

Figure 4.1 displays a pictorial diagram that explains the whole process
step by step from the design concept to result validation. The comparison of results from structural simulation, equivalent circuit model, and the
experiment has verified the assessment of the whole operation.

Figure 4.1: Pictorial depiction of the device development process.
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4.1.1

Design methodology of the resonator structure

SRR’s are small metallic rings or square loops with a split placed on top
of a dielectric substrate. SRR’s are among the first microwave resonators
focused primarily on metamaterials whose geometries are smaller than the
wavelength of exciting electromagnetic waves [155]. Up to now, extraordinary designs have been delivered within the discipline of metamaterials,
and the most traditional ones are circular and rectangular split-ring resonators. These have been investigated concerning distinctive performance
parameters, including sensitivity for sensing programs [156]. Rectangular
designs are capable of imparting better sensitivity while they may be utilized for sensing applications [156]. Although, circular SRR has improved
bandwidth over rectangular SRR, rectangular structures are more suitable
for miniaturization and dense packing than circular structures [156, 157].
A simple SRR gives maximum amplitude (resonant amplitude) at a frequency (resonant frequency) which can be determined by the geometry of
the pattered microstrip lines on a substrate. The resonant frequency is dictated by the Equation 3.15. The formula itself describes that the higher
the resonator’s wavelength, the less the resonant frequency. The resonant
frequency (fr ) can also be estimated in terms of capacitance and inductance
by the following formula.
1
√
(Hz)
(4.1)
2π LC
Where C and L indicate the value of the capacitance and inductance
of the overall system, respectively. The reactive elements play a vital role
in producing a tunable resonance, as no modification can be made to the
microstrip structure after the fabrication of the resonator patch. To tune
the resonant frequency, reactive elements need to be changed significantly,
which can be done by either external devices such as microfluidics. Many
conventional design ideas were simulated, and one of them is presented in
Figure 4.2 with results to understand the operating principle.
A simple SRR is presented in this design, and a channel filled with liquid
metal is added to the resonator consecutively to introduce a reactive load
to the device, as shown in Figure 4.2. It is realized that with each subsequent line of liquid metal added over the resonator, it provides another
path for the signal to travel. This causes the resonator to resonate at two
separate frequencies, resulting in the Figure 4.2(f) presenting two resonant
peaks. One resonance occurs due to the signal transmission through the
designed resonator structure and the other one is due to the added liquid
fr =
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Figure 4.2: Simple SRR integrated with (a) no microfluidic channel (MC),
(b) one MC, (c) two MC, (d) three MC and (e) four MC filled with liquid
metal, and (f) simulation result of different configurations of MC filled liquid
metal.

metal filled channels. The resonant frequency decreases because of external
reactive loading added by the introduction of liquid metal filled channels.
The discontinuity of the resonant frequency and less control over the frequency bandwidth makes this design not considered for tunable resonance
use.
The original intent was to design a single resonator structure. However,
in the design and simulation stage, it became clear that this requirement
made it significantly more challenging to achieve our goals (specifically the
widely tunable bandwidth and consistent resonant amplitude) using a planar
resonator’s constraints and a 2-port planar microfluidic channel. In fact,
there are benefits to using a coupled-resonator design, such as the ability to
perform differential sensing with one resonator acting as a reference and the
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other as a material sensor [158].
It is also believed that a single resonator approach should permit better
linearity, sensitivity and perhaps enable liquid metal length to be extracted
from either resonant amplitude or quality factor of the response. One of
our first design attempts at a tunable single resonator is shown in Figure
4.3. The below Figure 4.3 shows that the continuity adjustment was not
possible for a single resonator structure. The additional length of the liquid
metal filled channel impacts on the wavelength of the resonator structure.
However, our proposed design enables continuity because of the presence of
coupling between the resonator’s.

Figure 4.3: Frequency spectra of a simple SRR with varying liquid metal
inside the fluidic channel.
Instead of a single resonator, multiple resonators can be used by coupling
them electromagnetically [159]. Considering this idea, two resonator structures of similar configurations are designed and coupled with each other. As
a result, a highly coupled resonant structure is developed. The initial intent
was to design a coupled-resonator structure because the coupling can be affected by the liquid metal to achieve frequency tuning. The geometry of the
resonator consists of a half-wavelength, open ring microstrip structure. The
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designed structure can be considered as a single resonator with two unequal
splits. The designed highly coupled modified resonator structure is shown
in Figure 4.4 with dimensions. The corresponding values of the resonator
structure are given in the table 4.1. The geometry of the structure was
designed primarily through simulation. The structure of the design can be
manipulated based on user’s interest.

Figure 4.4: Designed highly coupled modified SRR structure with dimensions.

Table 4.1: Design parameters of the designed modified resonator structure
Symbol

a

b

g

s

W1

W2

d

Value (mm)

9.75

8.00

2.00

1.50

2.00

1.50

1.00

The designed resonator structure was coupled with a 50 Ω transmission
line where the width (W1 ) of the transmission line was calculated using the
following equation:
−

W1 = 7.48 × h × e



Zo


√
r +1.41
87

(m)

(4.2)

Where Zo , h, and r define the characteristic impedance of the transmission line, substrate height and the relative permittivity of the dielectric,
respectively. The splits in the structure were chosen and set to (s=) 1.5
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mm and (g=) 2.0 mm based on the simulation results and are presented
in section 4.1.3. The simulation dictated that these should be the values
selected.

4.1.2

Design methodology of the fluidic channel

As discussed in section 3.3.2, microfluidic channels have become very
prominent for guiding fluids in different applications within the microwave
technology realm. The appearance of 3D printing has seen a rapid increase
in the manufacturing and fabrication technology of 3D structures [160]. It
has garnered a high degree of acceptance among researchers as a promising
fabrication alternative. One of the most significant advantages of 3D printing technology is rapid prototyping. It is the ability to design, manufacture,
and test a customized part in as little time and cost as possible. Additionally, the design can be modified without adversely affecting the speed of
the fabrication process. Although it suffers from low resolution and high
equipment cost, high-end 3D printing machines can improve the resolution
immensely.
The structure, geometry and dimensions of the fluidic channel correspond with the microwave resonator. The design is created in Solidworks
design software. The designed microfluidic channel was aligned with the resonator covering the gap (g) in the XY plane. In Figure 4.5, the cross-section
of the designed channel is presented along with the channel width, length,
and height. Channel height (h) and width (w) are chosen to 1.5 and 2.0
mm, respectively. The length (L) of the channel is 3 cm, and the channel
interior is separated (d1 =) 50 µm from the structure to allow non-contact
measurement. Threaded connectors were designed in both the inlet and
outlet ports to ensure leak proof connection with the tubes.
The width and height of the microchannel play a vital role in achieving
a wideband tuning. The longer length (L) of the channel filled with liquid
metal introduces more loss by allowing the signal to transmit to the ground
and resulting in attenuation of the signal. Therefore, the length of the
microchannel was chosen to be 3 cm depending on the arm length of the
designed resonator structure.
The microchannel dimensions were optimized through structural simulation. It is realized from the structural simulation that increasing the height
of the microchannel did not impact the resonant profile of the designed resonator significantly as it does not impact the width or the distance between
the two parallel plates (liquid metal filled channel and the resonator). Simulations were performed with different values of w (width) for liquid metal
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Figure 4.5: (a) The cross-section of the designed fluidic channel, (b) channel
height (h=) 1.5 mm, width (w=) 2.0 mm and channel separation (d1 =) 50
µm and (c) channel length (L=) 3 cm.

amount of 20 mm, 26 mm and 32 mm; the results are included here within
Figure 4.6. Increasing the width of the channel slightly varies the frequency
and impacts the quality factor. By varying the width of the microchannel, it
affects the wavelength and enables a shorter path to the signal to transmit.
Hence, lower wavelengths increase the frequency and decreases the quality
factor.
Figure 4.6 shows the variation of resonant frequency in different widths
when the liquid metal has filled the channel by 32 mm, 26 mm, and 20 mm.
The widths are chosen to simulate 1.5mm, 2.5mm, 3.5mm, and 4.5mm.
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It can be depicted from the simulation result that the higher the width,
the more space it covers, and it creates an additional capacitance to the
ground, which allows more signal to transmit to the ground. In summary,
the microchannel dimensions (L,w,h) may vary depending on the resonator
structure and the application. Based on the simulation results, the length,
width and height of the fluidic channel are set to 3 cm, 2 µm and 1.5 µm,
respectively.

Figure 4.6: Resonant frequency shift at different widths when liquid metal
length is 32mm, 26mm and 20mm.

4.1.3

Structural simulation

For simulation and design purposes, Ansys HFSS (High Frequency Structure Simulation) is used. The resonator patch is made of a layer of copper
that is 35 µm in thickness. The structure is coupled to the input and output
signal ports using microstrip feedlines. The resonator structure is implemented on an RT/duroid 5880 dielectric substrate from Rogers, which has a
dielectric constant and loss tangent of 2.20 ± 0.02 and 0.0009, respectively.
The dielectric substrate has a thickness of 0.79 mm. The substrate’s bottom
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layer is covered with 35 µm thick copper as the ground layer. The designed
fluidic channel is integrated with the resonator structure.
To replicate a realistic scenario, a co-polyester with a permittivity of 2.1
and loss tangent 0.008 represents the channel. The material that symbolizes
liquid metal in the simulation is made of the actual characteristics of liquid
metal in real. Simulations used the HFSS software program with a mess size
of λ/10; the whole layout is covered with a vacuum airbox with radiating
boundary conditions. The input-output feedlines are connected to ports
with a full port impedance of 50 Ω. A parametric analysis was performed to
analyze the frequency response for a different amount of liquid metal inside
the microchannel. Frequency sweep from 2 GHz to 4 GHz with 2001 points
was performed initially.
Figure 4.7 shows the layout of the designed resonator integrated with the
designed fluidic channel. The resonator patch and the co-polyester channel
are separated by 0.1 mm to replicate a realistic scenario. There will always be a negligible airgap between any bonding. The microchannel is also
separated by 0.6 mm from the resonator patch to allow for non-contact resonance. Figure 4.8 shows different levels of separations to reflect a practical
scenario.

Figure 4.7: Layout of the designed resonator integrated with fluidic channel.

Initially, the simulation was performed for different gap sizes to understand the impact of gap size on the designed resonator structure. In order
to do that, the split, “s” was kept 1.5 mm, and the gap, “g” was varied
from 1.5 to 4.0 mm. The transmission spectra (S21 ) for different gap sizes
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Figure 4.8: Cross-sectional sideview of the designed resonator integrated
with fluidic channel.

is presented in Figure 4.9(a). The result displays one resonant frequency
when the gap sizes are equal. However, the structure exhibits two resonant
peaks close to each other for unequal sizes of gaps. It is realized from further
investigation that equal gap sizes limit the range of frequency tuning. As a
result, the final structure was designed with a gap size of 2 mm to allow a
sufficient coupling gap between two resonant structures.

Figure 4.9: Transmission spectra (S21 ) of the designed resonator structure
for (a) different gap sizes, g and (b) different coupling distances, d.
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Another critical parameter that contributes to the performance of the
resonator is the coupling distance (d) between the ring and the transmission
line. The losses would be smaller if a relatively small gap is used, but the
fields in the resonant system will also be more greatly affected. A wider
gap results in less field interference but greater losses [79]. The impact
of different coupling distances were analyzed through structural simulation
presented in Figure 4.9(b) and realized that the greater the coupling distance, the greater the effect on the resolution (quality factor) of the ring’s
performance. Considering the effect on the resolution, the effective coupling
area was increased, and the coupling distance was kept at 1 mm for optimum
performance of the designed structure.

Figure 4.10: Transmission spectra (S21 ) of the designed resonator structure.
The final design contains two unequal splits of 1.5 mm and 2.0 mm
in an SRR, and the coupling gap between the feedlines and the resonator
structure was chosen to be 1 mm. The transmission spectra (S21 ) of the
designed modified resonator structure with an empty fluidic channel is presented in the Figure 4.10. It exhibits two resonant frequencies of 3.52 and
3.57 GHz with a resonant amplitude of -24.06 and -23.00 dB, respectively.
The proposed resonant structure consists of two rings electromagnetically
coupled with each other. Electromagnetic coupling utilizes both the electric
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and magnetic coupling between the rings. At one resonance, the electric
coupling is dominant, and at another peak, magnetic coupling is dominant.
The overall response utilizes a superposition of both the couplings, which
reflects in the transmission spectra having two resonant peaks close to each
other.

Figure 4.11: EM field distribution plot of the designed resonator structure
from HFSS at a resonance of 3.52 GHz.

The EM field distribution is a necessary investigation when dealing with
microwave circuits. It helps to observe the electric and magnetic field intensity in different areas of the structure. EM field distribution of the designed structure was performed in HFSS at one resonance (3.52 GHz) and
presented in Figure 4.11. The electric field distribution was performed in
different planes of the structure. It is realized from the field distribution
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plot that there is a high electric field intensity in the gaps of the designed
structure, and the intensity is not only limited to the XY plane, but also
contributes to XZ and YZ plane.
From Figure 4.11, transmission feedlines and the resonator structure are
magnetically coupled with each other. The magnetic coupling between the
resonator and the feedlines are observed to be strongest when the coupling
distance is 1 mm. There is no contribution of the magnetic field between the
ring structures, which means only the electric field contributes to achieving
the resonance of 3.52 GHz. It is evident that any material in the ring gap
would affect the structure’s overall permittivity, and a change in the resonant
frequency will be observed.

4.2

Fabrication and Experimental Setup

This section will describe fabrication of the microwave setup as well
as how it was utilized in the experimental setup. The measured results
are compared with the structure simulation afterward to validate the idea
and concept. The designed resonator structure was fabricated using an inhouse fabrication process, and the designed fluidic channel was 3D printed
and outsourced. After the fabrication, elements were needed to connect
accordingly to perform the experiment and collect the datasets.

4.2.1

Fabrication of highly coupled resonator structure

Figure 4.12 shows the fabricated resonator on top of a high-frequency
substrate whose surface was covered with a thin layer of copper as the
grounding material. In this thesis, Rogers RT/duroid 5880 high-frequency
substrate was used to fabricate the designed highly coupled resonator structure and the input-output lines. The thickness and dielectric constant of the
high-frequency substrate were 0.79 mm and 2.20 ± 0.02, respectively, with
a loss tangent of 0.0009.
Rogers 5880 substrate has the advantages of low electrical signal loss,
effective-cost, lower dielectric loss, better thermal management and improved impedance control. A layer of copper was covered the surface of
the substrate with a thickness of 35 µm. The copper was selectively patterned to layout the micro-strip lines for the resonator. SMA (SubMiniature
version A) connectors are soldered with the input-output line to facilitate
the connections with the measurement device.
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Figure 4.12: Fabricated resonator structure on Rogers RT/duroid 5880 highfrequency substrate and SMA connectors are soldered with the feedlines.

4.2.2

3D printed fluidic channel

Figure 4.13(a) shows the fabricated PDMS microchannel and Figure
4.13(b) shows the fabricated PDMS channel integrated with the designed
resonator structure. A PDMS microchannel was initially designed based on
the fabricated resonator structure to guide the liquid metal. Due to the high
viscosity of liquid metal, the fabricated PDMS channel suffered mechanical
expansion and shifting, and the resonant response was affected. The high
pressure of liquid metal also consistently created leakages in the PDMS
channels, specifically at the inlets and outlets of the fluidic channel. As a
result, an alternative approach of 3D printed microchannel was considered
to facilitate the liquid metal flow.
The designed fluidic channel was outsourced, and a co-polyester NGEN
colorFabb was 3D printed, which has the permittivity and loss tangent of
2.1 and 0.008, respectively. The channel was mechanically fixed with the
resonator using plastic nuts and bolts. This allows more electrical stability
to attain higher precision and improved sensitivity. The channel was separated from the resonator by 50 µm to allow no contact with the resonator.
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Figure 4.13: (a) Fabricated PDMS microchannel and (b) the designed resonator structure integrated with the PDMS microchannel.

Figure 4.14: Fabricated resonator integrated with 3D printed fluidic channel.

Inlet and outlet tubes were attached to the microchannel to allow the liquid metal to transfer. Figure 4.14 shows the fabricated resonator integrated
with the 3D printed fluidic channel. The length of the channel is chosen
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3 cm based on the designed resonator structure. Microchannel width and
height are chosen 2 mm and 1.5 mm, respectively. The 3D printed channel
was cross-sectioned, and the surface profile of the embedded channel was
tested through a profilometry experiment.

Figure 4.15: Surface profile of the 3D printed fluidic channel along the length
A to C.
The surface profile of the 3D printed fluidic channel was inspected through
a Dektak XT Bruker Stylus Profiler. Initially, the experiment was performed
to measure the surface profile along the length A to C as indicated in Figure
4.15, and the measured result is presented in Figure 4.15. The displayed
result indicated three different color-coded regions where “B” represents the
embedded channel profile with an average surface roughness of ≈2 microns.
Additionally, the measured average surface roughness along the length A
and C were ≈9.58 and ≈0.5 microns, respectively. The surface profile across
the embedded fluidic channel was also tested, and the result is shown in
Figure 4.16. The result shows an average surface roughness of ≈7 microns.
Irregularity on the surface can create surface friction resulting in liquid metal
residues on the surface. This can immensely affect the performance of the
resonator. During the experiment, the presence of some liquid metal residues
was found inside the fluidic channel. To eliminate this issue, liquid metal was
injected and moved back and forth to collect the residues. Hence, the fluidic
channel shows excellent performance and perfectly performs fluid movement
without adversely affecting the resonator’s performance.
59

4.3. RF Characterization

Figure 4.16: Surface profile of the embedded channel inside the 3D printed
structure.

4.2.3

Experimental setup

The fabricated highly coupled resonator structure and the 3D-printed
channel are integrated using plastic nuts and bolts for mechanical stability.
Inlet and outlet tubes are used for the injection and subsequent withdrawal
of liquid metal. In order to have control over the injection of liquid metal,
11 Pico Plus Elite programmable syringe pump from Harvard instruments
was used. The standard infuse/withdraw method controlled the flow rate
of liquid metal into the microchannel. The input and output ports were
connected to port 1 and port 2 of the vector network analyzer (VNA) to
allow the signal transmission. The experimental setup was surrounded by
microwave absorbing foam (AN79) to limit mechanical and electromagnetic
noise from entering the system. The experimental setup is shown in Figure
4.17 to understand the overall setup.

4.3

RF Characterization

In this section, results from different platforms such as HFSS, ADS, and
experiments are analyzed and compared. Structure simulation results and
measured results were found in very good agreement. Few other parameters
are also analyzed and will be presented in this section.
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Figure 4.17: Experimental setup used to measure the S21 response of the
tunable resonator. The fabricated resonator filled with liquid metal and
microchannel implementation is shown in the top-left inset.

4.3.1

Scattering (s) parameter measurement

The scattering parameters of the structure simulation were performed
using a parametric sweep for the length of liquid metal from 10 mm to 28
mm, which covers the whole microchannel. The simulation was performed
for a linear count of frequency from 2 GHz to 4 GHz with 2001 equivalent
points. The result showed in Figure 4.18 describes the change in resonant
frequency (f ) in GHz and the amplitude (S21 ) in dB. When the liquid metal
started to cross the gap (12 mm), it was found that the resonant frequency
decreases with a fairly constant amplitude and quality factor. When the
liquid metal length is less than 12 mm, it does not impact the resonant
frequency because it does not alter the resonator’s coupling until it crosses
the gap. The Figure displays the resonant frequency decrease with the
incursion of liquid metal.
The transmitted signal (S21 ) was measured with a Fieldfox Vector Network Analyzer (VNA). The VNA’s output power and intermediate frequency
bandwidth were set to 0 dB and 100 kHz, respectively, and the measurements were accrued over 2001 evenly distributed frequency points. Each
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Figure 4.18: Frequency spectra from structure simulation for different liquid
metal amounts. Few of the instances of liquid metal inside the channel is
shown on the left side.

dataset has been collected a minimum of five times for consistent data and
a better understanding of system errors. The unloaded resonator had center
frequencies at 3.57 GHz and 3.52 GHz with resonant amplitudes of -23.00
and -24.06 dB, respectively. These resonant responses are highly dependent
on the length of liquid metal present in the microfluidic channel.
To tune the resonator, Galinstan (liquid metal) was pushed using the
pump from Harvard instruments. The standard infuse/withdraw method
controlled the flow rate of liquid metal into the micro-channel. One issue was
that Galinstan’s high surface tension made it regularly stick to the walls of
the tubing and the microchannel. To eliminate this problem, Hydrocal 2400
oil initially flowed through the tube and the microchannel as a lubricant,
and it also benefited as a potential barrier to liquid metal oxidation. The
microfluidic channel was filled to varying levels with liquid metal to tune
the circuit’s resonant response subsequently. This technique utilized the
reactive loading effect of the liquid metal on the ring resonator structure.
As a result of merely increasing the overall circuit’s reactive loading, the
frequency of resonator decreases in all simulations and was also recorded in
experiments.
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To investigate the effectiveness of the fabricated microwave circuit as a
tunable resonator, the S21 response was measured while varying the volume of liquid metal injected in the channel using the pump. The frequency
spectra for different liquid metal amounts were measured during the experiment. The length of the liquid metal analyzed during the experiment
and Figure 4.19 shows that a full channel length (28 mm) of liquid metal
gives the maximum frequency shift. However, it may be possible to achieve
more frequency shift by fabricating a longer fluidic channel depending on
the resonator structure.

Figure 4.19: Resonant S21 spectra recorded by the VNA as the volume of
metal inside the channel is varied. Few of the instances of liquid metal inside
the channel are shown on the left side.

Without any external reactive loading, the resonator introduces two
peaks very close to each other. By varying the reactive loading using the
liquid metal, we can increase the frequency shift while also keeping the amplitude variation ± 3 dB. A change in resonant frequency from 2.35 to 3.4
GHz (relative change: 45%) was measured during the experiment. The average sensitivity of the resonator as a function of liquid metal length was found
to be 375 MHz/cm. Additionally, one gap of the ring resonator was placed
electrically far away from the liquid metal, potentially leaving it available
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to act as a sensor for dielectric materials.

4.3.2

Equivalent circuit modeling

The LC circuit modeling is observed to be very useful to analyze and
control the behavior of the EM structure for final assessment. The equivalent
circuit model is designed based on the results of the simulation. Agilent
Advanced design simulation (ADS) software was used to design and evaluate
the equivalent circuit model results.
Considering the modified SRR to be mutually coupled with the input and
output (i/o) microstrip line, the i/o lines were modeled by mutual inductance
between the resonator patch and the i/o line. Each of the resonators are
represented by a R-L-C combination where R, L and C refers resistance,
inductance and capacitance respectively. Both the resonators are electrically
coupled with each other. The liquid metal acts as a single stub and enhances
the reactive loading by coupling with the resonator patch.

Figure 4.20: Equivalent circuit model overlaying the substrate, resonator
and liquid metal.

In Figure 4.20, the lumped element equivalent circuit model overlaying
the substrate, resonator, and liquid metal is presented. Lr , Cg and Rr
represents the inductance of the line, the capacitance between resonator
patch and ground, and resistance of the line, respectively. To consider the
loss in line and substrate, Rsub and Rr are modeled. The electrical coupling
between the resonators was modeled by capacitance Cr and Cr1 . The liquid
metal stub is modeled by a series LC circuit connection, which is represented
by C1 , L1 and C2 . In this case, the values are variable for LC combination
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because the liquid metal length defines these reactive elements’ values. In
table 4.2, the calculated values of the corresponding elements are presented.
Table 4.2: Defining the values of the parameters of the equivalent circuit
model based on the simulation results.
Symbol Value Unit Symbol
Value
Unit
Rr
Lr
Cr
Cr1
T

5.0
31.485
0.0357
0.031
7.66

Ω
nH
pF
pF

C1
C2
L1
Cg
Rsub

5-C2
0.28-2.90
9.60-30.21
0.02
54.3

pF
pF
nH
pF
Ω

Without the liquid metal stub, the calculated values are fixed for the
resonator. Incursion of liquid metal enables external reactive elements C1 ,
L1 and C2 to contribute to the resonator profile. Increasing the liquid metal
volume increases the capacitances and inductance. When liquid metal is very
close to the gap, the resonant profile begins to be impacted. Since liquid
metal before the gap does not impact the coupling between the resonators,
the resonant frequency change is negligible. Liquid metal acts like a bridge
that connects both the resonators and impacts the coupling. When liquid
metal starts crossing the gap, the resonant frequency starts to decrease with
a consistent amplitude and quality factor as characterized in the previous
section.

4.3.3

Results comparison

The designed resonator structure had a tuning range of 1.04 GHz, adjusting between 2.48 to 3.52 GHz. Structure simulation and equivalent circuit modeling of the designed channel with and without liquid metal in the
channel were performed, and results were compared with the experiment
in Figure 4.21. Figure 4.21(a) shows the empty channel results and Figure
4.21(b) shows the filled channel results. The results are similar but varied
slightly, possibly due to the lack of a standard liquid metal in the literature
or oxidation of the Galinstan upon exposure to oxygen in the channel during
the experiments.
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Figure 4.21: Comparison between the simulated (HFSS and ADS) and measured S21 frequency spectra for the resonator with the fluidic channel in a
(a) empty state and (b) filled state.

Figure 4.22: Resonant frequencies recorded for different metal lengths with
selected images included.
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Figure 4.22 presents the trend between liquid metal length and resonant
frequency shift found from both experiment and simulations. The blue cross
defines the values from the structure simulation, and the red circle defines the
measured responses from the experiment. Resonant frequency is dropping
with liquid metal length because of additional reactive loading added to the
resonator profile. The measured value confirms simulation as both are in
good agreement. Therefore simulation is validated.

4.4

Chapter summary

A tunable microwave resonant structure was created with a resonant
frequency that could be adjusted between 2.35 and 3.40 GHz by using the
logical capability of liquid metal as an adjustable capacitive source. Control
of the resonant frequency was conceivable by pushing various volumes of
Galinstan through a 3D printed microchannel situated over the resonator.
A resonant frequency shift of 1.05 GHz with a quality factor of 70 (±5)
was experimentally measured with insignificant (<3 dB) variety in resonant
amplitude. The designed structure has a tunable frequency, empowering
frequency-specific connections between resonator and sample using a single
resonator. This plan can be effectively executed to many frequency ranges
as a microwave filter or sensor and holds potential in the field of microwave
frequency spectroscopy.

67

Chapter 5

Resonant Based
Spectroscopy for multi-phase
material detection
In this chapter, resonant based spectroscopy has been utilized to differentiate between the samples of similar dielectric properties. The discussion
starts by stating the problem through the Debye model, followed by the design and simulation process of the microwave resonant sensor. The designed
sensor utilizes liquid metal to generate spectroscopic data for multi-phase
material detection. Experiments have been performed to characterize and
validate the designed sensor. The presented results are the collective presentation of more than adequate simulations and measurement efforts that have
sometimes been unsuccessful due to proper presentation and experimental
clarification.

5.1

Problem statement

Many studies have focused on sensing materials using microwave resonator technology, and by using these resonator sensors, materials with dissimilar properties can easily be identified, and distinguished [26, 161]. The
problem arises when the resonant properties of different materials are the
same at specific frequencies due to a combination of their size, shape, or
composition. Introducing a continuously tunable frequency spectrum using
a resonant-based structure could be a possible solution to eliminate this issue
because of the many factors in a material’s response are affected differently
by frequency variation.
To understand this problem in a microwave resonator sensor, two generic
materials, A and B, were created, and the dielectric properties of these
materials were analyzed with the Debye model. Debye model is used for the
MUT’s to consider the frequency dependence of the dielectric properties.
According to the Debye model, the real (0 ) and imaginary part (00 ) of the
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complex dielectric permittivity are calculated using the following equation:
0 = ∞ +

s − ∞
1 + ω2τ 2

(5.1)

(s − ∞ )ωτ
(5.2)
1 + ω2τ 2
Where s and ∞ define the permittivity at low frequency and high frequency, respectively. Operating angular frequency and the dielectric relaxation time are defined by ω and τ , respectively.
00 =

Figure 5.1: The calculated dielectric complex permittivity of material A
and material B at 23.7°C modelled by Debye method. The parameters for
material A were set to match water: s =76.58 ∞ =4.73 τ =9.3 ps. Material
B was defined by s =87.37 ∞ =68.13 τ =90.9 ps.

The designed materials are modeled using the Debye formulation, and
the real and imaginary part of the permittivity was calculated and presented in Figure 5.1. As shown in Figure 5.1, the dielectric permittivity and
loss factor for both materials (A and B) were found to intersect at 2.258
GHz frequency, which means both materials exhibit identical dielectric behavior at that frequency. This generates a critical problem for resonant
based methods in terms of sensing and characterizing the materials using
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resonant-based structure. Any microwave resonator sensor operating at this
frequency is unable to distinguish between the materials. However, upon
referencing the Debye model, deviating from the intercept point introduces
the possibility of detecting different values of dielectric permittivity of the
materials. Therefore, a resonator is demanded whose resonant frequency
could be adjusted to avoid the intercept.

5.2

Operating principle of the designed resonator
sensor

The previous design of the resonator structure presented in chapter 4
was modified by integrating an interdigitated capacitive sensor. Many different types of sensors structure are available in microwave technology, and
most of the sensors often work on sensing dielectric properties. The resistive and the capacitive techniques are immensely used for the fabrication
of the microwave sensors. The capacitive sensor provides low-temperature
dependence, miniaturization potential, small power consumption with possibilities of sensing a minimal variation in the materials properties [162–166].
Different capacitive structures are possible for the fabrication of the sensor,
such as parallel plates, co-axial cylinders, fringing fields [162]. However,
among them the co-planar interdigitated capacitive sensor is most widely
used in the microwave technology. Interdigitated capacitive sensors are a
non-destructive method of studying material properties such as conductivity, permittivity, and permeability [167].
The interdigitated capacitive sensor is implemented in this design to
sense the MUT within a large, highly sensitive area [167]. The impact of
the MUT in the sensitive region can be monitored via the effective dielectric
property variation in that sensitive region [168]. The large sensitive region
attained by the interdigitated structure enabled sensitive monitoring of permittivity and conductivity variation over a larger area [169]. The operation
of the interdigitated capacitive sensor is similar to a parallel plate capacitor
[162]. The interdigitated capacitive structure is designed to provide high
capacitance when coupled to the resonator, increasing frequency tunability.
The design also provides a large region with a high electromagnetic field to
help identify the MUT. The electric field travels around the resonator and
across the capacitor by penetrating the MUT, which changes the impedance
of the sensor. Therefore, by measuring the changing S21 transmission of
the sensor, the MUT properties can be evaluated over time. The relation
between the effective dielectric permittivity and the resonant frequency is
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presented in equation 3.15.
Tuning of the resonant frequency follows the similar principle of operation discussed in chapter 4. Liquid metal inside the fluidic channel contributes to the resonant frequency tuning by impacting the coupling between
the ring structures. The change in the relative permittivity of the resonant
profile due to the presence of the MUT alters the resonant frequency of the
resonator, and by calculating the frequency shift, materials can be characterized [26].

5.3
5.3.1

Design methodology and simulation
Structure design and tunable operation

Figure 5.2: Structural design of the proposed resonator sensor with dimensions.
The sensor structure consists of a highly coupled modified split ring
resonator integrated with an interdigitated capacitive sensor presented in
Figure 5.2. The resonator loop consists of two gaps (gap 1 and gap 2),
which made the rings highly electromagnetically coupled. This was further
improved by an interdigitated capacitive sensor region for material sensing.
The planar structure has resonant frequencies determined by the size and
shape of the designed microstrip lines. The modified structure allows the
resonator to exhibit two resonant peaks close to each other due to two unequal gaps in the ring structure. This was optimized in the previous channel.
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The dimensions of the sensor structure are shown in table 5.1.
Table 5.1: Defining the values of the parameters of the designed sensor
Symbol

Value (mm)

Symbol

Value (mm)

l1
l2
g1
g2
w1

8.00
9.75
1.50
2.00
2.00

w2
w3
w4
s
d

1.50
1.00
0.40
1.00
1.00

Figure 5.3: S21 response of the unloaded resonator from the HFSS simulation
software.

The resonator sensor structure was implemented in ANSYS High Frequency Structure Simulation (HFSS) software to study the liquid metal impact on the resonator and material testing. The S21 transmission of the
unloaded resonator from the HFSS simulation is presented in Figure 5.3.
The unloaded resonator resonates at 2.57 GHz with -14.84 dB and 2.75
GHz with -15.85 dB of amplitude based on the simulation result. The field
distribution of the designed structure is also analyzed in the HFSS platform.
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According to the field distribution plot, the higher resonance (fH ) occurs
at 2.75 GHz due to the magnetic field coupling between the resonator and
the sensor, and the lower resonance (fL ) occurs at 2.57 GHz due to the
electrical field coupling between the resonators. The field distribution plot
from the HFSS simulation is presented in Figure 5.4. Due to high electric
field intensity in the interdigitated capacitive area shown in Fig. 5.4, this
region is used in this design to sense the MUT over a large, highly sensitive
area.

Figure 5.4: Field distribution plot (a) Electric field distribution at 2.57 GHz
and (b) Magnetic field distribution at 2.75 GHz.

The designed resonator structure shown in Figure 5.2 was integrated
with liquid metal controlled microfluidic channel placed above gap 2. The
gap location and size relate strongly to the resonant frequency supported
and can be covered with liquid metal to increase the capacitive loading
of the resonator and decrease the resonant frequency [154]. Liquid metal
was injected in different volumes inside the microchannel to perform the
frequency tuning. To manage the controlled flow of liquid metal, the length
of the channel was measured at regular 3.5 mm intervals from 18-32 mm. In
practice, tuning could be done with any amount of liquid metal to target any
specific frequency. According to the simulation results, a frequency tuning
of 250 MHz with constant amplitude and quality factor was achieved. The
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layout of the sensor structure and the simulated result from HFSS when
the channel is filled with liquid metal in the length of 18-32 mm of the
fluidic channel are presented in Figure 5.5a and Figure 5.5b, respectively.
Additionally, the change in resonant frequency and resonant amplitude with
varying liquid metal length are presented in Figure 5.5c and Figure 5.5d,
respectively.

Figure 5.5: (a) Layout of the sensor structure from the HFSS software, (b)
simulations results from HFSS when the channel is filled with liquid metal
in the length of 18-32 mm of microfluidic channel referenced with unloaded
resonator response, (c) change in resonant frequency and (d) resonant amplitude with varying length of liquid metal.
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5.3.2

Sensitivity analysis of the designed sensor

Different permittivity standard solid materials
The sensitivity of the adjustable sensor was investigated through HFSS
simulation by changing the amount of liquid metal volume inside the microchannel and placing materials with different permittivity on the sensing
area. The testing material was placed over the microstrip lines due to high
electric field intensity in the interdigitated capacitance region. MUTs of
permittivity 4.3, 5.7, 6.8, 8.3, 10.0, 12.9, and 16.5 were used to analyze the
sensing capability for different amounts of liquid metal inside the microchannel. To perform this operation, the microfluidic channel was filled 25mm in
length with liquid metal, and standard materials with different permittivity
were placed individually in the sensing area. Each material demonstrates
a unique response based on its permittivity. The higher permittivity materials have higher frequency shifts, and the lower permittivity materials
have lower frequency shifts due to their expected interaction with the penetrating electromagnetic field. Materials with higher permittivity interact
more strongly with the electric field compared to the material with lower
permittivity [170].

Figure 5.6: (a) Simulations results from HFSS when liquid metal is filled in
the length of 25 mm of the microfluidic channel, and different solid materials
are tested and (b) scatter plot indicating the achieved resonant frequencies
over materials with different permittivity.
According to Figure 5.6(a), when the resonant frequency was adjusted
to 2.43 GHz, which corresponds to 25 mm amount of liquid metal, materials with different permittivity exhibited different frequency shifts, and that
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happens due to the change in the effective dielectric permittivity in the local
sensor environment. As shown in Figure 5.6(b), a material with a permittivity of 4.3 shifted to 2.349 GHz from 2.43 GHz and another material with
a permittivity of 16.5 moved the resonant frequency to 2.255 GHz.
Furthermore, the sensitivity was studied for various amounts of liquid
metal volume inside the microchannel to extract the sensitivity curve for
different settings, which has been demonstrated in Figure 5.7. The highest
frequency difference of 224 MHz was attained for material with permittivity
16.5 at the 18 mm liquid metal location. The lowest frequency difference,
49 MHz, was attained for material with permittivity 4.3 at the 32 mm
liquid metal location. According to the simulated results, lower resonant
frequency corresponded to a higher amount of liquid metal, demonstrating
less sensitivity to the same MUT, as expected based on equation 4.1. Thus,
liquid metal enables characterizing the materials at different frequencies so
that materials properties can be understood over a frequency band, much
like modern spectroscopic characterization techniques.

Figure 5.7: Frequency difference over different dielectric constant materials
when liquid metal is in different locations inside the microfluidic channel.
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Different loss tangent standard solid materials

Figure 5.8: Simulation results from HFSS while varying loss tangent of test
samples of permittivity 16.5, 10.0, and 5.7 at different liquid metal settings
inside the microchannel. Varying loss tangent of test samples varies the
amplitude of the sensor response while liquid metal is at (a) 18 mm, (b) 21.5
mm, (c) 25 mm, (d) 28.5 mm, and (e) 32 mm location. The magnification of
the amplitude difference is shown in the bottom right inset at every liquid
metal setting.
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To characterize the designed sensor structure, the impact of different
dielectric loss tangent for MUTs with the same real permittivity was studied with different amounts of liquid metal. MUT’s with r = 16.5, 10 and
5.7 were placed on top of the interdigitated capacitive region and simulated
with different values of loss tangents (tan δ = 0.005, 0.01, 0.015 and 0.02)
at different liquid metal configurations (18 mm, 21.5 mm, 25 mm, 28.5 mm
and 32 mm). With different loss tangents, the transmission amplitude response corresponds to the loss property of the MUT at resonance, while the
frequency remains unchanged. The S21 amplitudes of the sensor with varying MUT loss tangents are shown in Figure 5.8 under various liquid metal
conditions. Based on simulation results, a material with a permittivity of
10 and a varying dielectric loss tangent is reported in Figure 5.9 at different
liquid metal levels. The result shows a very stable linear response in terms
of amplitude and dielectric loss tangent sensitivity. As shown in Figure 5.9,
the sensor had less sensitivity at higher amounts of liquid metal, reflected
in the slope of the lines.

Figure 5.9: Amplitude difference compared against the loss tangent for a
MUT of permittivity 10 at different locations of liquid metal.
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5.3.3

Sensor performance analysis

Figure 5.10: Simulated result from HFSS while testing the materials at (a)
2.258 GHz and (b) 2.55 GHz of frequency.

The dielectric data was extracted from Fig.5.1 and imported into simulation software HFSS. The designed resonator with liquid metal was then used
to characterize the materials at a frequency of 2.258 GHz. The simulated
result is presented in Figure 5.10a. As shown in Fig.5.10a, both materials
have the same frequency response around 2.258 GHz because they have identical dielectric properties at the resonant frequency (Figure 5.1). Looking at
the material’s response, the resonant profile of both the materials is nearly
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identical, and as a result, the two materials cannot be distinguished. By
adjusting the liquid metal, the resonant frequency of the designed resonator
is moved to 2.55 GHz, and the same materials were simulated with the result
displayed in Figure 5.10b. The material properties no longer match identically at this frequency, and the sensor can accurately distinguish between
the two materials. Testing the materials at multiple frequencies can fully
characterize MUTs. Based on the presented results, a tunable resonator
with an adjustable resonant profile shows promising potential in enhancing
microwave resonator sensors’ selectivity compared to sensors with a fixed
resonant frequency.

5.4

Experimental setup and measurement
discussion

Several sensors were fabricated with different sizes and structures, and
the presented one was selected based on its performance. At first, the presented resonator sensor was characterized by measuring the sensitivity towards solid samples in the presence of the liquid metal. As explained in
chapter 4, different volumes of liquid metal were used to control and adjust
the sensor’s resonant profile with a focus on the resonant frequency parameter. Finding samples/mixtures with similar dielectric properties is one of
the essential parts of validating sensor performance. This has been done by
measuring the dielectric properties of liquid samples/mixtures through the
coaxial probe. Experiments were performed in three steps to achieve and
prove the benefits of resonant based microwave spectroscopy. The steps are
explained at length in the next sections to understand the overall measurement procedure.

5.4.1

Characterizing the designed resonator sensor

Fabrication of the sensor structure
To fabricate the designed resonator sensor and the input-output transmission line, a Rogers RT/duroid 5880 high-frequency substrate was used
with a permittivity of 2.20 ± 0.02. The thickness and the loss tangent of
the dielectric substrate were 0.79 mm and 0.0009, respectively. The substrate surface was covered with a coating of 35 µm thick copper, and copper
was specifically designed to model the microstrip lines of the resonator sensor and the input-output transmission lines. Copolyester was used in 3D
printing technology in a particular pattern to construct the microchannel
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for liquid metal transfer and solid sensing. The permittivity and the loss
tangent of the copolyester were 2.1 and 0.008, respectively.
Using plastic nuts and bolts, the channel was fixed to the resonator
to avoid instability and attain higher accuracy and sensitivity. The 3Dprinted microchannel was detached by 50 µm from the resonator structure
to ensure non-contact characterization. Inlet-outlet tubes were attached to
the microchannel to transfer the liquid metal to achieve frequency tuning.
To record the transmitted signal strength (S21 ), an N5222B vector network
analyzer (VNA) was used by setting the output power and intermediate
frequency bandwidth to 0 dBm and 300 Hz, respectively. The experimental
setup for this experiment is shown and labeled in Figure 5.11.

Figure 5.11: Experimental setup of the designed resonator used for testing
standard samples (solid) at different resonant frequencies. The magnification
of the sensor with MUT is inset in the top right corner.
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Measured results of standard solid samples detecting in different
resonant frequencies
Initially, the experiment was designed to tune the resonator to achieve
different resonant frequencies using only liquid metal and to introduce solid
materials in the sensing region for each resonant frequency to understand
the sensor’s behavior. Solid samples of permittivity 2.20, 6.15, and 10.02
and sizes of 0.79 × 10 × 10 mm were chosen for this experiment. Galinstan,
a liquid metal alloy of gallium, indium, and tin, were moved through the
microchannel to tune the resonant frequency. Since liquid metal requires
substantial pressure to move through the channel because of its high surface
tension, Hydrocal 2400 oil was initially passed through the microchannel as
a lubricator and anti-oxidation layer.

Figure 5.12: Measured response of liquid metal being at different locations
inside the microchannel resulting in tunable resonant frequencies.
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Different amounts of liquid metal were pushed through the microchannel, indicated as location 1 through location 4. Each of the locations was
characterized by the length of microchannel filled with liquid metal; with
location 1, 2, 3, and 4 containing liquid metal lengths of 18 mm, 21 mm,
24 mm, and 27 mm of liquid metal as shown in Figure 5.12. The measured resonant frequencies with liquid metal in location 1 to location 4 were
2.68, 2.50, 2.20, and 2.10 GHz, respectively. Figure 5.12 shows the different
locations and their responses regarding resonant frequency and amplitude.
The amplitude of the responses shown in Fig.5.12 decreased with the increased volume of liquid metal because the increased capacitive coupling
introduced loss mechanisms through the ground layer of the substrate. At
every recorded resonant frequency, solid samples were placed above the interdigitated capacitor, and the measured results are recorded.

Figure 5.13: Measured response of standard materials (r =2.20, 6.15 and
10.20) influencing resonant frequency of 2.68 GHz.

Different materials affect the resonant profile because of their varying dielectric properties. To understand the behavior of different materials on the
resonant response, Figure 5.13 presents measured results recorded for different test samples (r = 2.20, 6.15 and 10.20) while keeping the liquid metal
at location 1 corresponding to the resonant frequency of fr = 2.68 GHz.
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As expected, the higher permittivity materials result in a larger resonant
frequency change, and at location 1, the sensitivity was found to be 35.91
MHz / unit . As shown in Fig. 5.13, the sensor structure demonstrated
different sensitivity at different resonant frequencies, adjusted by the length
of the liquid metal over the ring. Resonant frequency-dependent sensitivity
can be attributed to the sensor’s inherent behavior, which originated from
the sensor’s initial capacitance. At low frequency, the sensor’s initial capacitance is larger than high-frequency capacitance leading to lower sensitivity
at low-frequencies. The measured response of the test sample (r = 6.15)
in the presence of liquid metal at different locations is presented in Figure
5.14.

Figure 5.14: Measured response of standard material (r =6.15) influencing
different resonant frequencies.

The material response presented illustrates that a lower volume of liquid metal has a higher sensitivity to the material than a high volume of
liquid metal inside the microchannel. The results are recorded and analyzed for the other samples at different resonant frequencies. The measured
frequency shift in different test samples’ presence was compared to the resonant frequency achieved by adding the liquid metal to the microchannel,
as presented in Figure 5.15. Considering frequency difference, ∆F = fH 84
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fL , where fH is the resonant frequencies achieved by adding liquid metal
with no material under test and fL is the frequency measured in the presence of test samples in those resonant frequencies. It was realized from the
measured results that when the resonant frequency was 2.68 GHz (liquid
metal at location 1), the test sample of permittivity 10.20 had the highest frequency difference of 330.4 MHz. The frequency difference gradually
decreases at the lower resonant frequencies as expected, due to their lower
relative capacitance. The effect of liquid metal on sensitivity was characterized, and the sensitivities were found to be 35.91, 24.66, 9.09, and 5.93 MHz
/ unit  in location 1, location 2, location 3, and location 4, respectively.

Figure 5.15: Sensitivity of the designed resonator sensor by testing samples
of permittivity 2.20, 6.15 and 10.20 in different resonant frequency.

5.4.2

Standard probe measurement

Measurement setup
The dielectric properties of a material are essential to know before they
can be accurately sensed and understood with a microwave resonator sensor such as the one designed. It also adds a greater scientific value to the
work presented. Dispersion (0 ) and absorption (00 ) parameters of materi85
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als display material characteristics over a range of frequency and can help
to understand the material behavior. There are several techniques capable
of measuring the dielectric properties of a material. The standard coaxial probe method is best suited for liquids and semi-liquid materials in this
context [42]. It is simple, convenient, and non-destructive [42]. In this experiment, samples of similar dielectric properties are extracted experimentally
by measuring the dielectric properties of pure and diluted alcohols.

Figure 5.16: Experimental setup of the coaxial probe measurement.
A high-temperature probe N1501A shown in Figure 5.16 was used for
the experiment, which can output and detect a wideband frequency of 10
MHz to 20 GHz. The VNA was connected to the probe for input reflection
co-efficient (S11 ) measurements. The frequency range, power, and IF bandwidth of the high-temperature probe was set to 2-4 GHz, 0 dBm, and 300 Hz,
respectively. Each of the readings was taken with 201 evenly distributed data
points. Coaxial probe measurements used a three-load standard calibration
procedure: open circuit, short circuit, and a broadband load. Deionized
water was used as the broadband load, and the temperature was recorded
at 23°C during the calibration. After the calibration was performed, the
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dielectric properties of liquid samples, ethanol, methanol, and isopropanol
(IPA) were measured.
Measurement results of the dielectric probe experiment
The dielectric properties of the materials can easily be extracted from
the literature available in scientific journals. However, in this case, the liquid
samples were tested and compared for every concentration to determine the
intersection point of their dielectric property. Referencing the data from the
literature will not help find the same dielectric permittivity of two different samples. The presented approach here to perform the dielectric probe
measurement helps identify the intersection of two different liquids in a particular frequency. The intersection point shows that two different liquid
samples exhibit the same dielectric permittivity in a particular frequency.
Different concentrations of liquid samples were made and tested using
the dielectric probe. After measuring the pure liquids, mixed solutions were
made with volumetric concentration differences of 5%, and the results were
recorded. This was done to find two different mixtures, or a mixture and a
pure substance, which have the same dielectric permittivity at a particular
frequency. The collected measured data from this experiment is shown in
Table 5.2.
Table 5.2: Measured effective permittivity of the sample liquid solutions
Concentrations(%)
Ethanol-water IPA-water
15
30
40
65
95

10
25
35
55
80

Frequency
(GHz)

Effective permittivity
(ef f )

3.13
3.94
3.70
3.22
3.49

68.72
52.59
45.97
26.49
10.48

The measured real (0 ) and imaginary part (00 ) of the complex permittivity is presented in Figure 5.17. There are samples and mixtures that
showed equivalent properties, making it impossible to distinguish between
such solutions looking at their dispersion property. However, it is possible
to distinguish between samples and mixtures by seeing the absorption property using the coaxial probe method. Nevertheless, the readout circuitry is
expensive and probably would not be used in everyday sensors.
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Figure 5.17: Measured real (0 ) and imaginary part (00 ) of the complex
permittivity of different solutions where (a) 15% ethanol-water and 10%
IPA-water, (b) 30% ethanol-water and 25% IPA-water, (c) 40% ethanolwater and 35% IPA-water and (d) 65% ethanol-water and 55% IPA-water.
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Less complex readout circuitry like oscilloscope or frequency demodulator can only operate with a single frequency input or only interpret a resonant frequency as its data collection [171]. Based on these limitations, loss
tangent would not be detected at all. The intersect points highlighted in the
relative permittivity over the frequency spectrum in Figure 5.17 create the
problem while distinguishing between the samples using a resonant-based
sensor. The collected measured data from the standard probe measurement
shown in table 5.2 is visualized in Figure 5.17.

Figure 5.18: Dielectric response of (a) 80% and 85% ethanol-water compared
with pure methanol and (b) 80% and 85% IPA-water compared with pure
ethanol.
For experimental simplicity, the effective permittivity of pure methanol
was compared with the effective permittivity of an ethanol-water solution.
The measured results are presented in Figure 5.18. It is found from Figure
5.18(a) that the effective permittivity of pure methanol lies between 80%
- 85% ethanol in a water solution. Such a solution highlights the inability
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to distinguish between pure methanol and concentrated ethanol (81%) for
the frequency range using only frequency-based methods. Similarly, Figure
5.18(b) describes equivalent behavior in comparing the effective permittivity
of pure ethanol and an IPA-water solution. Considering the measured results
from the standard probe experiment shown in Fig.5.18 and the achieved resonant frequencies, 81% ethanol-water solution and 83% IPA-water solution
was chosen by data interpolation method to compare with pure methanol
and pure ethanol, respectively.
The significance of dielectric probe measurements is very crucial to address the benefits of resonant based spectroscopy. By identifying the concentrations and their referenced frequency where different samples display
similar behavior from the probe measurement, the final step to address the
solution using a resonant-based spectroscopy sensor can be explained. Two
unlike liquids showed the same dielectric response at a specific frequency.
While specific solutions and frequencies were required to demonstrate the
problem, it could fit many real-world examples as microwave sensors strive
to fit more and more applications. Effectively, it is difficult to characterize and identify such liquids with a simple system. A frequency selective
microwave sensor provides the flexibility to measure a frequency selective
material’s dielectric properties in an effective manner. It is also beneficial
to understand the dielectric behavior of a material in different frequencies.
This allows us to identify the like materials using a simple microwave planar
resonator sensor.

5.4.3

Validation of the designed resonator sensor

In this section of the experiment, the performance of the designed resonator sensor will be validated experimentally. The designed microwave
sensor used for sensing solid samples to characterize the sensor has been
used for this experiment. A new microchannel was 3D-printed to sense liquid samples where two different paths have been designed. A straight path
was considered to flow the liquid metal through, and the U-shaped path was
made for the liquid samples to flow. Inlet and outlet tubes were connected
to the U-shaped path to allow the liquid samples to pass. The channel was
correctly aligned with the microwave sensor. A VNA was connected to the
resonator ports to record the transmitted power (S21 ). The experimental
setup and the 3D printed microchannel for this experiment are presented in
Figure 5.19.
Initially, four different positions have been marked in the microchannel
using a black marker to limit the liquid metal position. Hydrocal 2400 oil
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Figure 5.19: Experimental setup of the designed sensor used for sensing
liquid samples of pure methanol, pure ethanol, 81% ethanol-water and 83%
IPA-water solutions at different resonant frequencies.

was initially pushed through the microchannel to lubricate the tube and
the channel using an mm syringe. Galinstan was pushed next through the
microchannel till the second mark, which covers half of the gap and indicates a resonant frequency of 2.817 GHz. Each of the sample liquids has
been pushed through the inlet tube through the channel, and the responses
are recorded through the VNA. The channel and the tube were cleaned
properly by flowing water each time before testing different liquid samples.
Each sample reading has been taken three times to validate the response.
Following the same procedure, Galinstan was pushed to two other marked
locations, which indicate a resonant frequency of 2.719 GHz and 2.685 GHz,
respectively. The sample liquids have been tested about both the resonant
frequencies, and the results were recorded.
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Figure 5.20: Measured frequency shift due to the presence of pure methanol
and 81% ethanol-water at resonant frequencies of (a) 2.817 GHz, (b) 2.719
GHz, and (c) 2.685 GHz. The corresponding liquid metal position and
frequency shifts are shown in the top right inset and bottom right inset,
respectively.
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Figure 5.21: Measured frequency shift due to the presence of pure ethanol
and 83% ethanol-water at resonant frequencies of (a) 2.817 GHz, (b) 2.719
GHz and (c) 2.685 GHz.
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Sample liquids of pure methanol, pure ethanol, 81% ethanol-water, and
83% IPA-water solutions were prepared for testing. Each of the sample
liquids were moved into the channel in reference to the new liquid metal
locations and resonant frequencies, and the S21 responses are recorded in
the VNA. The channel and the tube were cleaned by forcing air through
the channel and then allowing 5 minutes of drying before testing the next
liquid samples. Each sample reading was taken three times to validate the
response.
The measured response of pure methanol was compared with the response of 81% ethanol-water. In contrast, pure ethanol was compared with
83% IPA-water. The measured resonant frequencies achieved by positioning
different amounts of liquid metal and the impact of sample liquids (pure
methanol and 81% ethanol-water) at those resonant frequencies have been
presented in Figure 5.20. The measured resonant frequencies are 2.817 GHz,
2.719 GHz, and 2.685 GHz. The resonant frequency shifts due to the presence of sample liquids (pure methanol and 81% ethanol-water) inside the
microchannel are presented in Figure 5.20(a), 5.20(b) and 5.20(c), respectively. The liquid metal position has been shown in the top right inset, and
magnification of the frequency shifts has been presented in the bottom right
inset of Figure 5.20. Similarly, in Figure 5.21, the transmitted power (S21 )
due to the presence of sample liquids of pure ethanol and 83% IPA-water at
different resonant frequencies have been presented. Figure 5.21(a), 5.21(b)
and 5.21(c) indicates the response at resonant frequency of 2.817, 2.719 and
2.685 GHz, respectively. From Figure 5.20 and 5.21, it is evident that the liquid samples have higher sensitivity at the higher resonant frequency (2.817
GHz) compared to the lower resonant frequency of 2.685 GHz, just like in
the solid sample tests presented in section 5.4.1.
The frequency differences due to the presence of liquid samples in different resonant frequencies were calculated and presented in TABLE 5.3.
Table 5.3: Measured frequency difference due to sample liquids presence in
microfluidic channel in different resonant frequencies.
Test sample liquids

Frequency differences, ∆f(MHz), when
fr =2.817 GHz fr =2.719 GHz fr =2.685 GHz

Pure Methanol
81% Ethanol-water

11.0
11.0

6.5
5.5

3.0
2.0

Pure Ethanol
83% IPA-water

9.0
9.0

5.5
4.5

0.5
3.0
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The measured frequency difference of pure methanol and 81% ethanolwater was found 11 MHz when the resonant frequency was set to 2.817 GHz.
So, at 2.817 GHz frequency, the sample liquids cannot be distinguished since
both samples provide the same frequency difference. The resonant frequency
was tuned to 2.719 GHz by adjusting the volume of liquid metal inside the
microchannel. The tested samples, pure methanol, and 81% ethanol-water,
provide frequency differences of 6.5 MHz and 5.5 MHz, respectively when
sensing at 2.719 GHz of frequency. The samples can be identified by looking
at their presented frequency difference. Similarly, the resonant frequency
was shifted to 2.685 GHz, and the provided sample response helped to distinguish between the samples.
Moreover, in pure ethanol and 83% IPA-water solution, the measured
frequency differences are similar at the frequency 2.817 GHz, and frequency
differences are dissimilar in other frequencies like 2.719 GHz and 2.685 GHz.
Other resonant frequencies can also be set for interest by adjusting the
amount of liquid metal volume inside the microchannel to achieve the required selectivity. Therefore, measuring the frequency difference at multiple, easily tuned resonant frequencies can be effectively used to distinguish
between similar permittivity samples. The presented approach successfully demonstrated a potential solution to address this issue by combining
high resolution and sensitive resonant-based solutions with a spectroscopy
method of sweeping the resonant frequency.

5.5

Chapter summary

Sensing materials over a continuous wideband frequency enables studying materials in more detail or investigating attractive surface or highfrequency properties. A microwave resonator sensor with a matching microfluidic channel was designed with sensitivities ranging from 36 to 6 MHz
per unit  depending on the state of the resonator. Additionally, while
permittivity is a unique material property, mixtures and compounds may
combine to have a non-unique permittivity at certain frequencies. The development of a frequency-tunable microwave resonator sensor has overcome
this by utilizing liquid metal to allow the resonator to operate at multiple
frequencies between 2.1 and 2.8 GHz. The presented dielectric probe measurements specified the intercept points of the relative permittivity of two
different liquid samples. The intercept points from the probe measurement
explained the identical dielectric permittivity of liquid samples at a frequency. Sensing these materials using a resonator sensor operating at that
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frequency will not help distinguish between the samples, and this clearly
demonstrated the challenges in microwave resonator sensors.
The sensor operated with a microfluidic channel that could introduce a
controlled amount of liquid metal to increase the overall capacitive loading
of the resonator circuit, adjusting the resonant frequency accordingly. With
HFSS simulations and dielectric probe measurements, the sensor was developed to selectively identify specific standard liquid mixtures of ethanol,
methanol, isopropanol, and water. Experimental results confirmed that
sensing at 2.817 GHz was unable to differentiate the two materials, but selectivity was achieved by tuning the sensor to 2.719 and 2.685 GHz. Identical
dielectric properties of mixtures could be challenging to predict and untangle in industrial or technical sensing. However, with tunable frequencies, it
becomes possible to quickly and easily obtain spectroscopic microwave data
to selectively identify materials. The presented results in table 5.3 demonstrate a successful approach towards a potential solution to address this
issue challenge by combining high resolution and sensitive resonant-based
solutions with a spectroscopy method of sweeping the resonant frequency.
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Chapter 6

Conclusion and Future
Investigations
6.1

Thesis outcome and conclusion

The main intention of this thesis is to design and develop a planar
resonant-based spectroscopy technique that can be employed in sensing materials in microwave sensor technology. The previously reported spectroscopybased methods perform well towards detecting and characterizing materials
in multiple frequencies. However, due to wideband performance and less
accuracy of the spectroscopy method, the application scope is limited. The
combination of resonant-based microwave sensors and the presented wideband continuous tunability technique based on liquid metal made it possible to achieve highly accurate and wideband frequency tuning in a compact
design. The operating theory behind this work was investigated, and a successful potential approach to developing resonant-based spectroscopy was
presented in this thesis.
A wideband continuously tunable planar microwave resonator over a frequency spectrum was developed by integrating microwave planar resonator
and liquid metal with a 3D printed microfluidic channel. The developed tunable resonator was utilized as a tool towards an approach to detect materials
of similar dielectric properties in planar sensor technology. The conventional
split ring resonator was modified into a highly coupled resonator structure
to create higher electromagnetic interaction. Among all the readily available
liquid metals, Galinstan was chosen to use for this investigation because of
its non-toxicity, high electrical conductivity, and environmental compatibility. A 3D printed microchannel lowers the cost and reduces the complexity of
design techniques and rapid access to the product. The designed resonator
structure’s performance for a different amount of liquid metal volume inside the fluidic channel was validated by comparing the measured results
with the structure simulation result and presented in subsection 4.3.1. The
study shows the great potential of designing SRR sensors with a tunable
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frequency, making a microwave frequency spectroscopy moving forward to
solve the selectivity challenge in microwave planar resonator sensors.
In order to enable material sensing, traces of interdigitated capacitive
structure was integrated with the designed structure. The designed sensor structure’s performance was characterized by testing the standard solid
samples of different permittivity and loss tangent. A clear concept of the
problem was addressed in subsection 5.1 by using the Debye model, and pure
liquids and mixtures that show similar dielectric behavior were determined
by standard probe measurements. The sample liquids of similar dielectric
properties were tested in different frequencies, and the measured results presented in table 5.3 shows multi-phase material identification. Finally, the
investigation throughout this thesis successfully demonstrated the presented
approach as a potential solution to distinguish between samples of identical
dielectric properties in microwave sensor technology.
The outcomes throughout the investigation of this thesis are as follows:
• A wideband continuous frequency tuning of 1.05 GHz with a fairly
constant amplitude and a quality factor of 70 (±5) was achieved.
• While characterizing the designed resonant structure, the resonator’s
sensitivity ranging from 36 to 6 MHz per unit  was observed depending on the state of the resonator. The sensor structure demonstrates
different sensitivity at different resonant frequencies, adjusted by the
liquid metal length inside the microfluidic channel.
• The coaxial probe experiment identifies that 81% ethanol-water solution and pure methanol exhibit the same frequency difference of 11
MHz at 2.817 GHz of frequency and 83% IPA-water and pure ethanol
exhibits the same frequency difference of 9 MHz at 2.817 GHz of frequency, indicating that the samples could not be distinguished using
a resonator operating at 2.817 GHz.
• A multi-phase material detection was achieved by using the resonant
based spectroscopy technique of sweeping the resonant frequency.

6.2

Future work

The presented thesis utilizes the concept of wideband frequency tunability of the designed resonant structure based on liquid metal as a tool to
develop planar resonant-based spectroscopy. Moreover, several topics have
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been highlighted as potential future work during the thesis investigation.
The suggestions for extending this research are as follows:
• In this thesis, frequency tunability using a liquid metal enabled microwave ring resonator is implied in a passive microwave resonator. A
potential future work can be an investigation of the concept in active
microwave resonators.
• The wideband and low-loss tuning performance of the liquid metal
integrated planar microwave resonator sensors encourages the further
expansion of liquid metal adaptation to the development of tunable
antenna sensors.
• Two highly coupled resonators have been designed for achieving tunability in this research, and the achieved frequency tuning was 1.05
GHz. Different resonant structures can be explored in the future to
achieve a broader range of frequency tuning.
• The mathematical model that can calculate the amount of liquid metal
volume to achieve a specific resonant frequency is not developed here
since the primary goal of this thesis is to develop the concept of a
continuously tunable microwave resonator. In that case, developing a
mathematical model to calculate the amount of liquid metal volume
to obtain a particular frequency can be a potential future study.
• During an investigation of this thesis, a higher volume of liquid metal
over the trace increases the capacitive coupling through the substrate’s
ground layer, introducing a loss mechanism that results in signal loss.
In the future, it can be investigated to eliminate this issue of signal
loss and can achieve a consistent signal strength.
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