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Abstract

Microwave resonators have proved their capability as sensing devices in a wide range of
applications such as lab on chip, environmental sustainability, and industrial applications, not only
for analysis in the solid and liquid phase, but also recently in gaseous environments. Planar
microstrip resonators made from split ring resonators (SRRs) have shown relatively sharper
resonances and simultaneously increased sensitivity due to their higher coupling to the surrounding
signal lines. These sensors are amenable to miniaturization, automation, mass production, and

wireless interconnection due to CMOS compeatibility, low cost and a facile fabrication process.

Such microwave resonators also offer noninvasive sensing through contact-less probing,
which adds to their flexibility of usage and maneuverability for in situ characterization. For certain
industrial applications such as material characterization in microfluidic channels, it is crucial to
use a highly sensitive device which identifies small variations in concentration. There are many
approaches to increase the sensitivity of the microwave resonators. Two passive methods are
proposed in this work: gap extension of the SRR, and embedding material under test (MUT) inside

the substrate.

To investigate the effect of gap extension on microwave planar resonators’ sensitivity,
microstrip split rings are utilized as conventional half-wavelength resonators with sensitive spot
for dielectric sensing in the gap. The sensor is configured in three different mixed electric and
magnetic couplings and the sensitivities, in terms of frequency and amplitude variation, are
analyzed under exposure to given materials. The passive resonators at ~2 GHz are simulated with
permittivity values of samples ranging from 5 through 30. The resonator gap is engineered with

an inward extension for higher sensitivity, where a uniform enhancement up to more than 20% in
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change in frequency

frequency-sensitivity is obtained to reach = 6.17MHz for all coupling

change in permittivity
configurations, while the amplitude based sensitivity is preserved. An experimental application of
the highly sensitive sensor is introduced in non-contact concentration measurement of glucose

within wide range of 1-15 g/dL with steps of 1 g/dL.

In this work, microwave planar sensors are discussed for liquid characterization, mainly
microfluidic application. Three common sensors are implemented in complementary split ring
resonator, extended gap split ring resonator, and conventional circular split ring resonator
resonating at 1.7, 1.9, and 3.6 GHz, respectively. Sensitivity of material on top of the resonator is
analyzed, and is modified with respect to the volume of material under test for more comprehensive
evaluation of sensor’s performance. Circular resonator is found to be the optimum in terms of

sample volume and offers up to 50% higher sensitivity for permittivity range from 1-30.

This sensor is further developed into embedding the material under test inside its substrate
and the sensitivity is also enhanced on average by ~ 45% for bulk material sensing of the same
permittivity range. In practical verification of the embedding concept, water sample concentrated
with 10%-50% methanol is placed above/inside substrate and remarkable improvement of 360%
in sensitivity is observed for the latter when PTFE tubes are installed. Finally, microfluidic
channels are uniquely implemented inside the substrate of circular split ring resonator and distinct
signatures are detected, which proved the concept of sensitivity enhancement in resonators while

minimizing the sample volume.

In addition, the proper instrument is needed to capture the data from microwave resonance-
based sensors in the field. Vector Network Analyzer (VNA) is the major equipment that is vastly

used to measure and monitor the performance of RF devices. VNAs are multifunctional and very
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accurate tools that are used for various applications in this field. Due to their many features and
capabilities, they are often bulky and expensive equipments that consist of different RF modules.
This study also focuses on developing a compact, cheap, and yet accurate RF sensor read-out
system to capture the amplitude of transmission response of SRRs; this novel circuitry is the first
step in revolutionizing the practical use of microwave and RF sensors that focuses on
miniaturization and performance of such high-demand equipment. This study focuses on
sensitivity enhancement of passive SRRs, integrating them with microfluidic channels, as well as

developing a read-out system to measure amplitude of transmission profile of the SRRs.
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1 Introduction

1.1 Motivation

Despite the variety in microwave resonators and their applications in industry, sensitivity
enhancement is a challenge that yet to be solved by scientists and engineers. This work proposes
a simple approach to increase the sensitivity of a conventional SRR for material characterization
purposes. A slight geometric modification in SRR structure allows for better sensitivity in
measuring vital biomedical compounds such as glucose. According to lab measurements, this
small variation in the shape of the SRR leads to a uniform enhancement of 20% in frequency

sensitivity which is translated in 6.17MHz.

To further investigate the ways to improve the performance of such sensors, three
microwave resonance-based sensors are compared, complementary split ring resonator (CSRR),
the proposed geometrically modified SRR, and conventional circular SRR. Then using the most
sensitive out of three, the placement of MUT on top or embedded inside the sensor is investigated
for further performance enhancement. It is concluded that embedding the sample material inside
the substrate of the device improve the sensitivity by 45%. In this study methanol was used as the
substance of interest. In brewing and distillery industry, it is crucial to monitor and control the
concentration of methanol to produce a high quality alcoholic beverage. Hence, this work focuses
on liquid characterization using high sensitive microwave sensors integrated with microfluidic

channels for small volume sample materials.

One popular measuring equipment in the field of RF and microwave engineering is Vector
Network Analyzer (VNA). VNAs are used at various stages of developing a product or a system;

Engineers use VNA repeatedly to verify the performance of their designed components such as



filters, antennas, resonators, couplers, etc. This powerful tool is not only used by engineers, but
also, by manufacturers. In the production line VNAs are used to ensure all the products meet the

design specifications. They are also used for troubleshooting RF and microwave systems.

Although VNASs are in high demand both in academia and industry, their disadvantages are
primarily the bulkiness and expensive cost. To solve this issue, this work proposes to design and
develop a cost-effective, compact and efficient alternative system that is capable of measuring the
frequency response of a device under test (DUT) in real-time and providing features such as
plotting S21, calculating the quality factor (Q-factor), and indicating the resonance frequency and
amplitude. This systems comes with a user-friendly GUI (Graphical User Interface) and a built-in
calibration. This is a novel study that steps into revolutionizing VNA industry. This work promises
and delivers a miniature system on a PCB that performs as well as a conventional massive VNA
which costs a few thousand dollars. These projects will be discussed in full details in the next

chapters of this thesis.

1.2 Objective

The main focus of this thesis is to investigate high RF devices, namely microwave resonance
based sensors and their sensitivity. Based on proposed methods above and the importance of
sensitivity enhancement of such devices for liquid sensing applications, this thesis aims to use
simple but effective approaches to improve the performance of these sensors. The modified sensors
then are tested in experimental procedure to verify the sensitivity enhancement. This work is
expected to show how simple geometric modification as well as placement of MUT can impose

better functionality and introduce a wider range of application for microwave planar resonators.

In addition, this work focuses on design and implementation of a RF readout circuitry

which is capable of plotting the frequency response of a microwave resonator as DUT. A user
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friendly GUI is designed for such system so user can enter the operating frequency range and
number of points to sample. This system is an alternative to bulky expensive VNA and is expecting
to replace the conventional readout instrument by showing promising and comparable results,
small and compact size, and cheap cost of preparation. This system anticipate to be used in the test
fields where RF and microwave devices are utilized for various sensing applications, and there is

a demand for such readout system that is mobile and easy to use.

The main goal and objective of this work is to study the potential of enhancing the
sensitivity of simple and conventional SRRs and use them in small sample volume liquid sensing
applications such as microfluidics. In addition, this work promises a novel, state-of-the-art, and
convenient alternative network analyzer readout system for RF and microwave devices. To achieve
these goals, first, planar microstrip microwave resonators are studied and compared in terms of
functionality and performance in liquid sensing applications such as glucose and methanol
concentration measurements. Later, the most sensitive device is then integrated with a microfluidic
channel in a non-conventional fashion of embedding the MUT inside the substrate. This method
shows promises of integrating the humble microwave resonators with sophisticated structures as

microfluidic channels for various applications.

Furthermore, the RF readout system is composed of RF modules such Voltage Control
Oscillator (VCO) and Power Detector (PD) as well as a microcontroller (MC) as the brain of the
system. The promise of a compact and cheap alternative VNA is fulfilled by using these trivial yet
effective components. To further illustrate the capabilities of such system, the sensing

measurements are performed using the proposed system.

1.3 Thesis Outline

This thesis is composed of six chapters.



An introduction to the motivation objective of this study is mentioned in Chapter 1.
Chapter 2 will be an introduction and a literature review of existing microwave resonators
for liquid sensing applications their advantages and disadvantages, followed by a brief
literature review of RF systems for reading and monitoring RF devices.

Chapter 3 describes the design, fabrication, and measurement procedure of a highly
sensitive SRR tested for glucose sensing applications.

Chapter 4 is a comprehensive comparison between three types of planar microwave
resonators in terms of their sensitivity. In this chapter the most sensitive resonator is
selected to be further examined in terms of MUT placement and integration with
microfluidic channel for small volume liquid sensing application, namely methanol
concentrations in water.

Chapter 5 introduces a new RF system as a readout circuitry for RF devices and microwave
resonators. This chapter describes the building blocks of such systems, and explain each
component’s functionality in depth. The design, implementation, debug and troubleshoot
process of this circuitry is explained as well as the measurements and results. The sensor
used in Chapter 3 is tested under the new proposed readout system and the resulting
frequency response verifies the validity of this system.

At last, Chapter 6 summarizes the conclusions of this thesis and outlines the possibilities

of future research in this field.



2 Literature Review

2.1 Sensors Overview

Sensors are vastly used in our daily lives; from the personal cell-phone mobile, to cutting-
edge nano electronics technology. The modern techniques used in today’s sensing applications are
raising interest for many researches around the world. Manufacturers are competing to provide the
most novel, innovative, efficient and sophisticated sensors to industries. Several types of sensors
that are used in industry are strain gauges, accelerometers, ultrasonic sensors, passive acoustic
sensors, etc. These sensors are expensive, difficult to mount on large targets for structural health
monitoring (SHM) applications, easily damaged in harsh environments, and cannot continue to

operate for long time intervals [1].

Other current methods used in various sensing applications are optical and THz sensors.
The disadvantages of optical sensors are low reproducibility, high insertion losses, and complex
fabrication process which can compromise the resolution of such sensors for high-accuracy
applications [2]. On the other hand, THz sensors used in substance detection especially explosive
materials, show many limitations in this application. For instance, some of the explosives have
similar absorption frequencies as some ordinary substances and that makes these sensors effective
enough as they show large number of falls positive. High atmospheric humidity during
measurements, opaque packaging, and inhomogeneity of the substance surface also lead to low
efficiency [3]. To compensate for the existing challenges, a fast-growing research in microwave

sensors is under study worldwide.

Microwave resonance-based sensors have been chosen over the prevailing sensors due to

their planar structure which allow for simple fabrication process, low manufacturing cost, CMOS



compatibility, and flexible configuration. In addition to their compact structure, the presence of
electromagnetic field lines in the sensor’s proximity leads to non-contact sensing applications for
situations where maintenance of testing materials is crucial and also where the material under test
is toxic or contaminating and can cause damage to the sensor [4], [5], [6]. Therefore, microwave
sensors are a great candidate for non-contact sensing applications to monitor the variation of the
dielectric properties of material under test, especially in harsh environmental conditions [7]. On
the other hand, microwave sensors are able to translate the changes in the MUT and the
environment of study into measuring quantities in a very short amount of time, almost instantly.

Hence, these sensors can be used for spectral and real-time measurements [8].

In addition, Microwave sensors have higher operational range of frequencies as opposed
to low frequency sensing systems. This immunes microwave sensors from noise interference with
the high frequency system. In addition, at high frequencies microwave resonators are favorable
over low frequency sensing methods as they can measure the capacitance of the resonating element
as a sensitivity measure whereas evaluating the capacitance at higher frequencies using
conventional methods is not possible [9], [8], [10]. The basic operations, applications and the

physics of such microwave resonators are discussed in the next section.

2.2 Microwave Resonators Overview

A resonator is a structure that at a particular frequency, it will have oscillations with the
maximum amplitude. Due to this feature, microwave resonators can be used as filters, oscillators,
frequency meters, tunable amplifiers, and microwave sensors [9]. Microwave sensors divide into
two categories, planar structures and microwave cavities such as waveguides. The former exhibits
more advantages compared to microwave cavities which are not the focused of this work. Planar

microwave sensors are compact in size and due to their flexible structure, they can be mounted in



various objects such as pipelines in oil and gas industry, or human body to monitor vital bodily

fluidics such as glucose for biomedical applications.

2.2.1 Planar Microwave Resonators vs Microwave Cavities

Despite the high-quality factor that waveguides provide, the bulky and large size of this
resonators eliminate them for various sensing applications that are size-sensitive. Substrate
integrated waveguides (SIWs) are in great interest as they not only provide a high-quality factor
as conventional waveguides, but also, they maintain a planar structure. The drawback of SIWs is
the cost and complex fabrication process. Among different types of resonant sensors, planar
resonators are most common due to their low profile, CMOS integrability, robust and compact

design, low-cost fabrication, and flexible to be printed on non-uniform surfaces [9], [8], [10].

2.2.2 Basic Operation of a Conventional Open Loop Microwave Resonator
In order to understand the sensing principle of microwave resonance-based sensors, a half-
a-wavelength conventional split ring resonator (SRR) is studied in terms of its equivalent circuit

model, resonance frequency, and the existing coupling that enables the sensing applications.

Planar microwave resonators consist of a resonating element that is edge coupled to a

microstrip transmission line (TL). In this configuration, small variations in the environment
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Fig. 2-1 A conventional split ring resonator (SRR) [5] and its lumped-element equivalent circuit model



reflects on the resonance properties of the resonating element, and it is shown as a shift in

resonance frequency defined according to (2-1).

1
fresonator = 2mVLC (2-1)

Fig. 2-1 shows the lumped-element equivalent circuit model of the SRR, where Cc indicates
the coupling capacitance by the ring and TL, Cg is the capacitance created by the gap of the ring,
and Cp indicates the capacitance between the ground plane and microstrip line and the dielectric
region of substrate in the middle, and the resistors indicate the resistive properties of the sensor
[5], [11]. The sensitivity due to frequency shift is limited by the coupling between the resonator
and the adjacent TL. This coupling is shown in Error! Reference source not found. and it is
odeled as a capacitance called Cc [10], [5]. This equivalent coupling capacitance Cc along with
the capacitance due to the gap of the resonating ring (Cg) creates an effective capacitance that has
a significant effect on the resonance frequency of the coupled system. The effective capacitance is
substantially impacted by sample material’s permittivity. Hence when the permittivity of material
under test is changing the resultant capacitance seen by the resonator is changed, which results in
a shift in frequency. It is also worth mentioning that, once the capacitance is changed, the loading
of the circuit is different and this also results in a shift in amplitude of the transmission profile of

the microwave circuit.

2.3 Applications of Microwave Resonators

Microwave spectroscopy is used in sensing applications, this state-of-the-art measurement
technique has its own drawbacks. The Vector Network Analyzer (VNA) used for this method is
very expensive and not viable for most application. In addition, the open-ended dielectric prob

used for such measurements must be in-contact with material under test (MUT) which disqualifies



this method for non-contact, and real-time sensing [12]. As oppose to spectroscopy, the resonant-
based sensing nature of microwave sensors makes them a great candidate for non-contact

measurements

Microwave resonators have been used in a wide range of applications for sensing purposes,
such as material characterization [13]-[15], [4], liquid [7], [16]-[18], and gas detection [2], 8],
[9], [10] biomedical application [3], [9], [19]-[22], pipeline and coated metal sensing [12], [23],
[24] etc. Microwave sensors have various features that are significant for sensing applications
including non-contact measurements and material characterization. Fig. 2-2 shows a few example

of planar microwave resonators [5], [25]-[27].

Fig. 2-2(a) Asymmetric SRR [22], (b) conventional SRR [23], (c) DSRR [24], (d) co-planar sensor [25]

2.3.1 Material Characterization

The most significant feature of microwave planar sensors that separates them from other
devices is their contactless working operation. This feature allows planar microwave sensors to
detect highly toxic and dangerous chemicals with no contact and also can cope with situations
where no direct access between MUT and sensor is available such as blood in body [1]-[3], [8],
[9], [7], [10], [13], [16], [17], [19]-[21], [15], [19]. The working principle of most microwave
sensors is based on the variations in frequency response due to change in materials’ complex

permittivity. Hence, the selectivity makes it possible for microwave sensors to distinguish between
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many materials and/or chemicals that are present in the ambience under test. This leads to multi-
material sensing studies such as human bodily fluids, and concentration monitoring of certain

compounds in food and drinks [3], [9], [19]-[22].

Therefore, multi-material sensing is significant for healthcare and biomedical applications
as well as food and beverage industries. The other feature that makes these sensors convenient is
integrated sensing. For many biological applications, it is required to characterize and determine
the content/ingredients of certain liquids/mixtures. To acquire accurate measurements, radio
frequency (RF) interactions with microfluidic systems have been encountered, and that leads to

integrated sensing using planar microwave resonators [13], [28]—[34].

2.3.2 Liquid Sensing in Oil and Gas Industry

In many industrial processes, it is vital to detect the concentrations of constituent liquids.
A microwave-based sensor to detect solution type and its concentration has been the research topic
of many scientists and engineers. One of these studies is done by Korostynska et. al. in [35]. Their
proposed sensor is primarily used to measure NO3 concentrations and chemical oxygen demand
(COD) as a quality measure of the treated wastewater. This work proves the microwave resonator’s
ability to distinguish between different solutions (NO3 ) at different concentration levels. This type
of device has the advantages of non-destructive, real-time response, non-ionizing radiation, and

no additional chemical was required during the measurements.

Zarifi et al. introduces a liquid-liquid interface detection sensor based on microwave split
ring resonator for oil and sand industry [36]. In this study, planar resonators are chosen over the
other techniques due to their easy implementation, ability to perform in non-contact fashion, and
moderate sensitivity to changes of the ambient environment. It is observed that as the sensor moves

along the immiscible sample of two liquids, results in resonance and Q-factor variations. These
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variations are due to the change in permittivity of different liquids and their loss factor.
Furthermore, the great advantage is that the microwave resonant sensor is also responsive even

with the existence of a lossy medium, e.g. water.

Karimi et al. experiment a water cut (WC) sensing method using an open shunt stub (T-
resonator), which provides open circuit transmission and is usable for various pipe sizes [16]. The
advantages of this design are low cost fabrication and obtaining minimum repeatability. However,
WC sensors are not the most effective methods for real time monitoring of water content during

oil production.

2.3.3 Liquid Sensing for Biomedical Applications

In addition to oil and gas industry, microwave resonant sensors have been studied by many
researchers in chemical, biology and medical applications. For instance, ethanol is used in various
fields such as the pharmaceutical, medical diagnosis, academic, and beverage industries to name
a few. Therefore, ethanol concentration sensing is one of the subjects that researchers have
investigated. Salim et al. propose a sensor using two concentric CSRR [37]. The sensitivity of this
design is tested for various concentrations of ethanol in deionized (DI) water. The results suggest
that microwave resonator is low-cost, reliable, reusable, and effective for low concentration

measurements.
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Despite the easy and low-cost fabrication of microwave resonators for biomedical
applications, low sensitivity is a challenge for biosensors. In addition to the planar structure of
resonant based sensors, co-planar type structures are other version of microwave sensing devices
with major impacts on biomedical applications. For instance, to investigate the fluid properties in
biomedical applications, a co-planar microwave resonator has been put to test by Mason et al. in

[27]. Fig. 2-3 shows the schematic of the proposed co-planar resonator in this work. This method

Discontinuity
for enhanced
field density

I:I) 35 70 (mm)
Fig. 2-3 Schematic design of co-planar microwave resonator [27]

is done in a non-contact interaction of non-thermal intensity microwave signals with the sample
solution. This paper demonstrates the sensitivity of the sensor to glucose dilutions. To study this

structure, various concentrations of glucose are tested using this sensor.

Measuring size, volume and dielectric property of liquids are significant in medical and
chemical applications [29]. In this paper, a modified split ring resonator (double split-ring
resonator, DSRR) as shown in Fig. 2-4 is used. This work investigates the effect of gap size in
DSRR sensing behavior. To extract the segment length and speed, the relation between sensor
response and time is studied. Knowing the length of the liquid and radius of the tube, one can

easily calculate the volume of the liquid segment. Permittivity can also be calculated using the
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shift in resonant frequency and changes in bandwidth. This technique is suggested to be adaptable

for medical, biological, and chemical real-time and lab-on-chip applications.

Diabetes is one of the most common chronic diseases in the world that could lead to death

Fig. 2-4 Schematic design of DSRR used in [29]

or blindness, heart failure, kidney failure and physical disability [38], [39]. This metabolic disease
happens when blood glucose level is outside of the normal range (0.89 mg/mL to levels exceeding
3.5 mg/mL) [37]. Patients with diabetes need to monitor their blood glucose on a daily basis, and
in some cases they need to take medications in order to control their glucose level [40]-[42].
Hence, early diagnosis and blood glucose monitoring is crucial for patients and healthcare

providers to effectively tackle this disease [38], [43].

This requires a major need for an accurate, highly sensitive, and stable method for glucose
sensing in clinical monitoring [44]. The most common glucose monitoring method that is widely
used at home consists of a monitoring system that requires a drop of blood for glucose
concentration evaluation. This process has to be repeated several times during a day, which is time
consuming and uncomfortable for patients. In order to alleviate the diagnosis process, there has
been a growing interest in designing a device that is capable of non-invasive and continuous

measurement conditions [42].
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For one, open-ended coaxial probes are used to measure the complex permittivity of
biological analytes and liquids, while large size, high cost, and low penetration depth are among
their drawbacks [40]. In addition, commercialized glucose biosensing techniques based on
electrochemical, optical, piezoelectric, thermal, or mechanical principles are invasive, thus not

suitable for in situ measurement conditions [39], [44].

On the other hand, microwave planar sensors that exploit various types of sensing elements
have attracted the attention of many researchers due to their compact size, accurate, non-invasive,
label-free, and real time measurements of biological or chemical MUT, e.g. here glucose [43]. The
resonant-based sensors employ a resonator with hotspot that is sensitive to dielectric property of

its environment and is specialized for dielectric MUT sensing in non-contact fashion [45].

2.3.4 Liquid Sensing for Structural Health Monitoring

Electromagnetic waves lose energy as they propagate through a lossy medium, due to low
conduction. Hence, sensing in a lossy medium has always been a challenge in the field of
microwave sensors. Engineers have further investigated the effect of microwave resonators in
lossy media such as fluid carrying water. Water penetration in an infrastructural insulating coating
is a rising concern in the industry, as it will eventually lead to corrosion. Hence, it is of a great
importance to develop a method to monitor water diffusion in coatings. In one study done by
Khalifeh et al. [37], an open microstrip resonator is designed to monitor water diffusion in organic
coatings. In another research, real-time measurements using microwave microfluidic sensor are

studied to monitor size, speed, and dielectric property of liquid segments.

2.4 RF Readout Circuitry

In general RF readout systems are the most important equipment to measure RF and

microwave devices in both academic labs and industrial manufacturing companies. This
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equipment is capable of providing the performance and functionality of RF networks. By sending
a high frequency excitation to the device under test, the RF readout system is able to monitor and
measure the response. This helps researchers and designers to verify the operation of the designed
network and compare with the simulated version [46]. The wide range of operational frequency of
such devices make them ideal candidate for RF and microwave devices in various applications.

This emphasizes on the high demand and popularity of RF readout systems.

There are many types of RF readout systems, each designed to measure a specific parameter
or a feature of device under test. The three types of RF readout systems are: Scalar Network
Analyzer (SNA), Vector Network Analyzer (VNA), and Large Signal Network Analyzer (LSNA)
[46]. SNA is the simplest type of RF network analyzers that is designed specifically to measure
the scalar properties of the network, such as the amplitude properties of the device under test.
Whereas, LSNA is the most sophisticated instrument among the RF analyzers. This instrument is
able to measure various properties of DUT under large signal condition. For instance, LSNA
provides full analysis despite the harmonics and non-linearity of a network. However, VNA is the

most useful and popular among researchers and engineers.

2.4.1 Working Mechanism of VNA

Among many features of the VNA, measuring transmission and reflection responses when
DUT is excited are the most sought-after features. Monitoring reflected and transmitted waves
over the operating frequency range provides insightful information about the characteristics of
DUT. The VNA uses a source to generate an excitation, and a set of receivers to capture the

changes to the excitation signal caused by DUT.
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The excitation signal, or technically known as incident wave, enters the DUT, and the VNA
measures the reflected wave from the input side, as well as the wave that goes through the DUT,
known as transmitted wave. VNA calculates the resultant wave and compares it to the incident
wave. This is how the characteristic of DUT is determined by a VNA [47]. Fig. 2-5 illustrates a
simple schematic of working mechanism of a VNA, with incident, reflected, and transmitted waves
[46]. Although the VNA provides both phase and amplitude information, this chapter focuses

mainly on amplitude measurement with respect to frequency variations, i.e. transmission profile.

Incident Transmitted
power . power
il Device under T
test

Reflected
power
. Incident
Transmitted
o : power
power il Device under T
test
Reflected

power

Fig. 2-5 Basic concept of a vector network analyzer [46]

2.4.2 S-Parameters

Measuring the voltages and currents at the microwave frequencies is problematic as direct
measurements involve magnitude and phase of the high frequency wave in a certain direction. To
resolve this, a representation that is more compatible with direct measurement, the concept of

incident, reflected and transmitted waves is defined, scattering matrix [48].

Scattering matrix provide insightful description of the microwave network as seen through
its ports. This matrix relates the voltage wave incident on the ports to the reflected waves from the
ports. These scattering parameters (S-parameters) of a microwave network can be directly

measured using a VNA. Since, in this thesis all the microwave resonators have one input and one
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output, the scattering matrix calculations are written for a 2-port network. (2-2) shows the
scattering matrix for a 2-port network and its relation with incident and reflected voltage waves.
In this equation V;”indicates the amplitude of the voltage wave reflected from port i, and V;*is the
amplitude of the voltage wave incident on port i [48]. Hence [S] is referred to as scattering matrix

which contains the S-parameters.
-t sk
Vy Sa1 Szl LV
In practice, it is not common to calculate the whole matrix when measuring a microwave

network; but calculating some individual scattering entities gives important information on the

characteristics of the network. A specific S-parameter is determined as

_Y
Sij = V?'V,:for k#j (2-3)

(2-2) indicates that S;;is determined by calculating the ratio of voltage wave reflected from port i
and voltage wave incident on port j. This is done when port j is excited by an incident wave of
Vj+ and the incident waves on all other ports except j are set to zero, which translates in terminating
all other ports by a matched load to eliminate the effect of reflection from unwanted ports [48]. In

this analogy, S;; represents the reflection coefficient seeing through port i, and S;;is transmission

coefficient from port j to port i.

Therefore in the case of a 2-port network, S;; and S,; are reflection coefficient of input
and transmission coefficient from input to output, respectively. The main focus of this thesis is
determining only the amplitude of S, of the designed microwave resonator; because investigating

the transmission coefficient of the DUT provides insight to how this resonator transmits the wave
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through output when input is excited. Hence S,;determines the characteristics of the microwave

network under test. Chapter 5 explains in detail how amplitude of S, is calculated in this thesis.

Due to rising need in a portable, accurate and inexpensive network analyzers, authors of
[49] proposed a novel VNA design that is made of a standing-wave probing device and a tunable
phase shifter. This design uses one power detector (PD) as oppose to conventional VNAs that
operate based on multiple power measurements. The proposed system is designed for an X-band

(8.2-12.4 GHz). Despite being cost effective, this design has struggled to solve the issue with size.

In this thesis, a portable, accurate, compact and small RF readout circuitry is proposed
which can measure the transmission profile of a resonator-based microwave sensor as well as
material characterization sensing measurements. This novel and simple design is made of readily-
available off-the-shelf components, such VCO, PD, microcontroller (MC) board, and a power
board. This is a narrow band RF sensor readout circuitry whose result is compared with a high end

Cobalt VNA from Copper Mountain. The details of this design is fully discussed in Chapter 5.
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3 Sensitivity Enhancement Using Gap Extension

In this study, a simple SRR and a modified SRR with extended gap, as metamaterial
inclusions, are found to be sensitive to surrounding media’s dielectric property. Simulations of
three different orientations with respect to the I/O transmission lines are discussed to investigate
the most effective design. Thereafter, the optimum sensor is designed in HFSS and
fabricated. Solutions with different glucose concentrations are prepared to investigate the

frequency response of the sensor in dealing with the external material.

Sensitivity enhancement of microwave resonance-based sensors has always been a challenge
for researchers and engineers. These sensors are vastly used in various fields of applications;
therefore, it is crucial for microwave sensors to provide high accuracy and sensitivity, especially
in biomedical, food and beverage applications. In these fields, where small liquid samples are
under test, the sensitivity of the device plays an important role. This is the main motivation of this
study to work on boosting the performance of microwave split ring resonators (SRRs) in liquid
sensing applications. Two approaches to increase the sensitivity is proposed in this thesis. The firs
one is geometrically modifying the gap of SRR to change the electromagnetic field distribution,

and hence the sensitivity of the device. This study is done for glucose sensing applications.

The other approach is embedding the material under test (MUT) into the substrate rather than
placing on top of the device. This technique is done for methanol sensing and further investigations
have been done for small volume of samples by introducing microfluidic channel in the set-up.

The second method is discussed in Chapter 4.
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3.1 Simulations

3.1.1 Simulation of SRR

In this section, a simple SRR has been simulated using ANSYS HFSS in three different
orientations with regards to I/O microstrip transmission line. Then, the modified SRR with the
extended gap is introduced and simulated. In these simulations, frequency and amplitude variations
with respect to changes in electrical properties of MUTs, mainly complex permittivity, are studied.
Fig. 3-1 shows the three placements of the SRR on a Rogers 5880 substrate with permittivity of

£, =22 and dielectric loss tangent of tans=0.0000, whose thickness measures 0.8 mm. The

dimensions of the SRR are 20mm in long side, 15mm in short side, 2.4mm in microstrip width,
and 0.5mm in spacing between transmission line and ring resonator, which leads to a resonance

frequency of 1.863 GHz.

All the simulations in this study are done for a sample material with size of 2mm x 4mm x

MUT
MUT

MUT

|
(a) (b) (c)

Fig. 3-1 (a-c) Casel, Case 2, Case 3, three different SRR orientations (gap = 1.5mm)

2mm and its permittivity value varying from 5 to 30 in step size of 5, this also includes air as the
base line. Also the gap size for this design is 1.5mm. Fig. 3-3 illustrates the frequency and
amplitude variations in regards to different permittivity values, where fo and Ao present resonant

frequency and amplitude, respectively.
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Fig. 3-3 Frequency (a) and amplitude (b) variations in SRR structure due to different permittivity
values

According to the simulation, Case 1 is the most responsive in terms of amplitude variations,
while the frequency profile of this structure does not show significant variations. In pursuit of a

design for higher sensitivity we have engineered the configuration of the gap to interfere more
with the MUT. Hence, SRR with extended gap is introduced.

MUT MUT
m E/ h
I | [

I [ ] [
(a) (b) (©)

Fig. 3-2 (a-c) Case 1, Case 2, Case 3, Three models for extended gap SRR in different orientations
(gap = 1.5mm)
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3.1.2 Simulation of the Extended Gap SRR

The modified SRR with three different rotations is shown in Fig. 3-2. This structure is
preferable over simple SRR because the gap extension provides more interaction between the
MUT and microwave resonant power, whose perturbation would change the resonant frequency,
hence results in better sensitivity in the structure. Fig. 3-4 illustrates linear relationship between
permittivity values and frequency response in terms of resonant frequency and amplitude of the
structure.

0.0

—a— Ext. G SRR Case 1 (f0 = 1.944GHz)

200 1 —o— Ext. G SRR Case 2 (f0 = 1.949GHz) 20.2-
—4— Ext. G SRR Case 3 (f0 = 1.954GHz) _— .

-0.41
-0.6 1

AA (dB)

-0.8

-1.0 | Ext. G SRR Case 1 (A0 = -8.7868 dB)\\-
—e— Ext. G SRR Case 2 (A0 =-17.2865 dB)
-1.2 J—*—Ext. G SRR Case 3 (A0 =-11.8102 dB)

0 5 10 15 20 25 30
(b) €

r

Fig. 3-4 Frequency (a) and amplitude (b) variations in extended gap SRR structure due to different
permittivity values

In comparison between the conventional and the proposed sensors, not only the amplitude
variation of Case 1 is superior both in the simple and modified SRRs, but also in frequency, a

frequency-based sensitivity enhancement of up to 20% is obtained for &, = 30, where
modified SRR is employed and according to Table 3-1, g is improved from 5.07 MHz up to 6.17

MHz (which translates into ~ 0.3 % sensitivity with respect to initial resonance frequency).
Error! Reference source not found. again confirms that the amplitude sensitivity is preserved at
its original value. This structure is then with different concentrations. The experiment procedure
and the results are discussed in details in the next section. The dimension of the inward extension

1s 5.2mm.
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Table 3-1 Frequency and amplitude sensitivity with respect to permittivity variations

Frequency Sensitivity Amplitude Sensitivity

(Af/Ae;) MHz (AA/Ag) dB
Ag Conventional Gap Ext.  Conventional Gap Ext.
SRR SRR SRR SRR
5 6.93 7.45 -0.037 -0.041
10 6.33 7.31 -0.036 -0.042
15 6.05 7.01 -0.034 -0.040
20 5.72 6.68 -0.035 -0.039
25 5.27 6.40 -0.034 -0.037
30 5.07 6.17 -0.034 -0.035

3.2 Experiments and Measurements

A modified SRR with extended gap proposed in this study is used for measurements (Fig. 3-3
(a)). The gap size is chosen to be 2.5mm in this experiment due to practical size of the tube that is
intended to fit within the gap. NI PXIe 5632 VNA is used to collect data regarding frequency and
amplitude profile. Glucose solutions are prepared by mixing 30g of glucose with 100mL of
deionized water (DI). Two pumps are used in this experiment in order to dilute the prepared
glucose sample. The high-concentration glucose solution (30g/dL) with stepwise flow rate of 3.33
mL/hr increments is diluted with 50 mL/hr constant flow rate of DI water. The test is performed
for second time to ensure the repeatability. All the liquid solutions are injected through PTFE
tubes, with inner diameter (ID) of 1/16” and outer diameter (OD) of 1/8”. Fig. 3-6 illustrates the

experiment set-up for glucose sensing using modified SRR.
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Fig. 3-6 Experiment set-up for glucose sensing using modified SRR

As concentration of glucose increases, the frequency and amplitude response of the proposed
sensor vary, accordingly. Frequency and amplitude variations are given in Fig. 3-5 (a) and (b),

respectively. Based on these results, it is observed that both profiles exhibit smooth and linear

responses.
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Fig. 3-5 Experimental frequency (a) and amplitude (b) shift of the proposed sensor at various glucose
concentrations
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In addition, it is shown in the Fig. 3-5 that the proposed structure can detect up to 1.6 MHz
shift in frequency and 0.63dB shift in amplitude for concentration variations of 1-15 g/dL. This
suggests that the proposed sensor can be used for glucose sensing in low concentrations by
monitoring the amplitude profile of the device due to its abrupt changes. However, the amplitude

of the sensor reaches saturation at higher concentrations, i.e. higher than 10g/dL.

The saturation can be explained by understanding that at higher concentrations, the
permittivity of the material is increased. At higher permittivity values, material act as a lossier
medium where electromagnetic field propagation attenuates, and therefore the sensitivity of the
microwave sensor decreases and reaches saturation. This can be explained by considering the wave

velocity in a medium which is defined as [6], [7]:

Cc

v Eeff

v =

(3-1)

where c is the speed of light (3 x 108m/s) and Eerf 18 the effective permittivity of the wave
propagation environment. With the increase of permittivity the wave velocity decrease which
translates into slower wave propagation and hence lossy medium. Less electromagnetic wave
propagation in microwave sensors results in less sensitivity to variations in sample materials in
terms of their permittivity properties. In addition, another way of determining resonance frequency

of microwave resonators is as follow [7]:

fr (3-2)

Cc
- ZAg [Eeff

where Ajrepresents the guided wavelength. According to this relation, higher permittivity values
have less significance on the resonance frequency of the microwave sensors, which results in less

responsivity from such structures.
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On the other hand, frequency profile behaves in linear fashion as well. Therefore, when
sample material experiences high concentrations of glucose, frequency profile is investigated
instead of amplitude of the sensor. Also, the provided experimental data could be fitted with
exponential expressions as given inside the graphs, which is useful to resolve intermediate

solutions.

The advantages of the modified SRR sensor suggested in this work is both low and high
glucose concentration detection using amplitude and frequency response, respectively. However
the drawback of this design is experiencing noise in frequency profile, hence poor resolution,
which is typical characteristic of passive sensors specifically in approaching limit of detection in
sensing. Future work revolves around improving the sensor’s resolution using an active feedback
loop to compensate for any electrical loss and to boost the resolution of the system, where

preliminary steps are taken in [23].

3.3 Summary

In this study, microwave split ring resonator is utilized as a passive planar sensor for material
characterization. The transmission profile of the two-port sensor is monitored for resonant
frequency and amplitude variations. Three planar configurations in couplings with SRR are
analyzed in the resonant frequency of 2 GHz. Then, the gap of resonators is modified in geometry
with an inward extension to enhance the sensitivity. The same analysis of material characterization
is done over the newly developed sensors and 20% enhancement in frequency based sensitivity is

achieved for materials with &, = 30 with no degradation in amplitude based sensitivity.

The best configuration is selected to be used in sensing for biomedical applications of glucose
concentration sensing. Different portions of sensing are resolved using whether amplitude or

frequency within wide range of 1-15 g/dL. Considerable sensitivity in frequency is recorded with
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the passive sensor. Higher resolution in sensing is under exploration for next generations of the

proposed sensor in future work.
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4 Sensitivity Enhancement by Embedding MUT into Substrate and
Integration with Microfluidic Channel

4.1 Introduction

To further extend the sensitivity enhancement investigations, two simple SRRs and a
complementary SRR (CSRR) are compared in terms of their sensitivities in this chapter. The most
sensitive design is then picked to be examined further in terms of MUT placement. Aside from
extending the SRR’s gap explained in previous chapter, the other approach to enhance the
microwave resonators’ sensitivity is embedding the material under test (MUT) into the substrate
rather than placing on top of the device. This technique is done for methanol sensing and further
investigations have been done for small volume of samples by introducing microfluidic channel in

the set-up.

Microwave resonant-based sensing is a recent developing technology that is being
investigated by many researchers over the past decade. Microwave resonators are used in
numerous industrial, medical, and biomedical sensing applications ranging from material
characterization, environmental system monitoring, biomolecule detection, and concentration
study [5], [50], [51], [52]-[58]. Among various types of microwave resonators, planar structures
have proven to be the ultimate candidate for sensing purposes due to their simple and low-cost
fabrication, compact size, non-contact sensing, and CMOS compatibility [29], [45], [51], [59]—

[62], [63].

In terms of performance, microwave split-ring resonators (SRRs) have proven to have good
sensitivity due to high coupling between the resonator and the transmission line (TL) [50], [8],

[59], [64]-[66], [67]. Relatively high quality factor of such resonators makes them suitable for
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characterizing lossy medium such as liquid and gas [68]-[72], [6]. Material characterization with
SRRs have been a topic-of-interest among many researchers. Mason et. al. proposed a microwave-
resonant sensor to determine the physiological levels of glucose for biomedical applications [27].

Non-contact liquid sensing with microwave resonators was shown in [73], [74].

Integrating active sensing with machine learning algorithms for higher sensing resolution
was introduced by Abdolrazzaghi et. al. [6]. Humidity and moisture detection in environmental
systems using SRRs was investigated by [4]. Organic-vapor sensing and detection of volatile
organic compounds using microwave sensors with high selectivity and sensitivity were

investigated by [8], [10].

4.2 Qutline

Despite all the studies, the battle between sensitivity and simplicity of the sensors continues
to challenge the researchers. The objective of this study is to optimize liquid characterization with
respect to sensitivity and sample size using microfluidic channel. To do that, sensitivity of three
most common microwave resonant-based sensors shown in Fig. 4-1Error! Reference source not
found., namely, complimentary split ring resonator (CSRR), SRR with extended gap (EG-SRR),

and Circular-SRR, are compared with concentrations of liquid solutions.

<« L—» <—Lir :gg;:
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Fig. 4-1 Layouts and dimensions [mm]: (a) CSRR: w=1,g=1,L;=35,L,=35; (b) EG-SRR: w=24, g
=1,s=0.5,L; =18, L,=12,L3=17.6; (¢) Circular-SRR: w=5,s=1.5, g1=4, &=1,1n=14,n="17.5

This study then proposes embedding the sample within the substrate of the sensor, resulting

in modified structure (Carved-SRR) that enhances the sensitivity for small-scale measurements. A
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unique configuration of microfluidic channel inside the sensor is examined that demonstrates the

concept of integrating SRRs with materials under test for highly sensitive performance.

It is shown that the proposed technique of de-embedding the liquid in the resonator substrate
is preferred choice for microfluidic sensing. In an attempt to exploit the functionality of the sensor,
methanol is chosen to be used in concentration study due to its extensive application in numerous

applications.

4.3 Applications of Methanol Sensing

Methanol concentration sensing is used in developing direct methanol fuel cells (DMFCs).
Concentration of methanol in DMFCs plays an important role, as it affects their electrical
performance and efficiency. Higher methanol concentration in DMFCs increases fuel loss and
reduces the efficiency [75], [76]. Monitoring methanol and water concentration in DMFCs

facilities has a crucial role in design improvement and performance enhancement [77].

Also determining methanol concentration is significant in food and beverage industry. When
fermenting alcoholic drinks, methanol is naturally produced, which is toxic for human
consumption. Moreover, it is crucial to identify the precise methanol content, as its tolerance limit
varies for different types of drinks. Hence, a highly sensitive method is needed during the quality-

control process of food and beverages [78], [79].

4.4 Simulation and Analysis
In this study, three planar microwave resonant-based sensors are compared in terms of
sensitivity. Because the configuration of the material under test as well as the sample volume is

different from one sensor to another, one traditional and two modified SRRs are designed and
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compared in this paper [26], [80]. Conventional CSRR, SRR with extended gap (EG-SRR), and a

circular-SRR are the candidates for this concentration study.

The configuration of these sensors and their dimensions are illustrated in Fig. 4-1. Unlike
the case of circular-SRR and EG-SRR, where the microstrip traces are designed on top of 0.8 mm-
thick Rogers 5880 substrate, resonating element in CSRR configuration is etched from the ground
plane at the bottom of the substrate, while transmission line is printed on top. In transmission
profile of these resonators, a notch is expected for CSRR and circular-SRR due to continuous TL,

while EG-SRR demonstrates a peak for transmission profile, S21.

In either case, the sensing parameter is frequency (not amplitude), therefore, this apparent
difference in sensors’ response is ignored when discussing their sensing functionality, which is
mainly based on resonance frequency variation. Moreover, 0.8 mm-thick Rogers 5880 is used as
the substrate of CSRR and EG-SRR, where in the circular SRR a thicker one (3.18 mm) is

employed as it will be discussed more in following sections.

The choice of CSRR slot-width is based on simulation analysis (not given for brevity) to
achieve the maximum sensitivity. In addition, rectangular SRR is found to be more sensitive to
MUT when its gap is extended. In this situation, higher coupling is produced, and more capacitance
undergoes variation. Moreover, since the circular SRR is patterned on thicker substrate, thicker
transmission lines are also required for 50-Ohm realization. Considering these notes, the initial
resonance frequencies of the sensors are 1.7, 1.9, and 3.6 GHz for CSRR, EG-SRR, and circular

SRR, respectively.
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Fig. 4-2 Tangential electric field distribution: (a) CSRR; (b) EG-SRR; (¢) Circular-
SRR

4.4.1 Electrical Field Distribution

To identify the most sensitive region, the “hot-spot”, of the planar sensors, it is crucial to
study the electric field distribution near the resonating element. The sensing mechanism is based
on interactions of the electromagnetic fields with the MUT whose dielectric loss tangent is 0.01
and permittivity is variable over the range of 1 to 30. It is shown that when an MUT is placed on
the resonator’s hot-spot, there will be a frequency shift in the transmission profile (S21) of the
sensor. This shift is caused by variations in effective dielectric properties of the region close to the
hot-spot. The resonator can be modeled as a parallel RLC circuit, whose capacitance (C) is affected
by permittivity of MUT and the substrate itself; leading to a change in the resonance frequency of

the resonator as formulated below:

1

fresonator = Z”\/ﬁ 4-1)
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where L, and C; are inductance and capacitance of the resonator circuit model, respectively.

Based on simulation results in Fig. 4-2, the areas with the highest intensity of electrical field
distribution holds the maximum sensitivity, also known as hot-pot. The blue-colored areas
indicates the presence of the metal conductor, and this is as expected since tangential electric field
is theoretically zero on a conductive surface. The electric field distribution of these three sensors

and their hot-spots are illustrated in Fig. 4-2, which is desired for MUT placement.

4.4.2 Comparison of Sensors with MUT on Top

Based on this information and using ANSY'S HFSS software, S21 profile and sensitivity of
these sensors to permittivity variations for some MUT are investigated. The frequency shift of
these sensors is studied for wide range of relative permittivity from 1 (free space) to 30 (lossy
medium approximation). Fig. 4-3 shows the HFSS model of the sensor loaded with MUT with
square cross section of 3.18 mm x 3.18 mm to model PTFE tube with outer diameter of 3.175 mm

which will be used in measurements.

(a) (b) (c)

Fig. 4-3 HFSS model of the sensors from MUT sensing analysis: (a) CSRR; (b) Ext-GSRR; (¢) Circular-
SRR

A quantity that helps us compare the sensors with each other regardless of their geometrical

differences and even frequency of operation is sensitivity that is defined as follows:

_& -
S_fo (4-2)
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Fig. 4-4 Frequency shift (a-c) and sensitivity comparison (d) of sensors with respect to
relative permittivity that varies from 1 to 30

where fy indicates the resonance frequency and Af is the frequency shift of the resonator when
facing various permittivities. Although the selected sensors operate at different resonance
frequencies, the results shown in this paper are normalized to the corresponding frequency to allow
for better and accurate performance comparison. Fig. 4-4 (a-c) shows the frequency shifts in
insertion loss in parametric study of these structures for various permittivity values that ranges
from 1 to 30. Fig. 4-4 (c) shows two resonances for Circular-SRR, which are due to the presence
of two resonating rings in this specific structure. For the purpose of this paper the higher resonance
frequency is considered to be the resonance frequency, which for the case of free space (&, = 1)
is 3.681GHz. It is also to note that the graphs plotted in Fig. 4-4 (d) are normalized to their

individual resonance frequencies.
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This graph demonstrates the conventional definition of sensitivity, which is usually applied
for single sensor; however, in the stated discussion, a comparison between different configurations
is put forward. Hence this definition is not comprehensively describing the functionality of the

sensor since it conveys no explicit information regarding the volume (V) of sample.

Volume is an important factor in sensing high-tech applications where the sample size is
crucial, for example biomedical analytes. In addition, emphasizing on the volume reduces the
impact of the size of the resonator. Therefore, normalization to sample volumes need to be taken
into account when comparing the sensitivity. This provides useful information on device
performance with smaller sample size which is applicable in commercial and pharmaceutical
applications. Table 4-1 summarizes the corresponding sensitivity values for each resonator in

Fig. 4-4 (d).

Table 4-1 Sensitivity comparison with respect to permittivity

Permittivity Sensitivity (5 = 2/)
CSRR (f0=1.719GHz) Ext-GSRR (f0=1.904GHz) Circular-SRR(f0=3.6810GHz)

I 0 0 0

5 0.17743 0.11811 0.11763
10 0.35777 0.21627 0.20158
15 0.43514 0.28714 0.2627
20 0.49215 0.34278 0.31242
25 0.5381 0.38583 0.35615
30 0.56254 0.41942 0.39093
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Although Fig. 4-4 (d) and Table 4-1suggest that CSRR provides higher sensitivity, the effect
of volume under the test needs to be considered. Therefore, these results are normalized to the

volume of the MUT as shown in Fig. 4-5 and Table 4-2 with the definition given below:

A
Smod = 75 (4-3)

where Simoq represents the modified sensitivity as a function of volume of the material.

Table 4-2 Modified sensitivity comparison with respect to permittivity

Permittivity Sensitivity (Symoq [MLL])
CSRR (f0=1.719GHz) EG-SRR (f0=1.904GHz) Circular-SRR(f0=3.6810GHz)
1 0 0 0
5 0.5 0.66653 0.87134
10 0.9 1.20033 1.49315
15 1.2 1.5812 1.94593
20 1.3905 1.88994 2.31419
25 1.52035 2.12366 2.63817
30 1.58938 2.31121 2.89575
3.0
uL 1
2.5
=) 1
< 1.5-
< .
n_1.0
‘g’ _
o 0.5- m— CSRR (f, = 1.719GHz)
, == EG-SRR (f, = 1.904GHz)
0.0 - =@=Circular-SRR (f, = 3.681GHz)

0O 5 10 15 20 25 30
e

Fig. 4-5 Normalizing the sensitivity of sensors to volume under the test (Vcsrr=353uL, Vec-skr = 182 uL,
Vcircutarsrr = 135 pL; V = cross section area of tube x resonator’s gap)
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Volume of the MUT is defined as sample volume seen by the sensitive region of the
resonator. It is shown in Fig. 4-2 (a-c) that this region is in fact the gap for EG-SRR and Circular-
SRR and the length of cavity in CSRR. According to this figure, EG-SRR and Circular-SRR both
provide higher sensitivity up to 50% improvement compared to CSRR. However, since the
minimum volume required of the Circular-SRR is less than EG-SRR (Vcircutar-skr = 135uL and
VEiG-srRr=182.02uL), the former provides better overall performance, especially for small sample

measurements in microfluidic application.

As a result, the performance of Circular-SRR is further investigated in this section. In
addition, Fig. 4-5 proves that the Circular-SRR provides a promising trend for sensitivity as
permittivity increases. Although eventually these graphs approach a steady state at higher
permittivity values, the most responsive and sensitive resonator reaches this state at a higher
permittivity (> 30). This is the reason that Circular-SRR is chosen to pursue the investigation

further in this paper.

4.4.3 Embedding MUT inside the Substrate

The aim of this section is to add to sensitivity of the Circular-SRR. It is shown in literature
that a great amount of electromagnetic energy is stored within the substrate; therefore, placing an
MUT inside the substrate is expected to increase its electromagnetic interactions with the

resonator, and ultimately leads to enhanced sensitivity [24], [81].

The depth to which the MUT is embedded into the substrate is not a factor when the cross
section of the substrate is uniform. This is because the parallel plate capacitance seen by the MUT
is from the resonator to ground plane. To enhance the sensitivity of Circular-SRR, the MUT is
embedded in substrate (placed between resonator and ground plane), which is called, hereafter,

Carved-SRR.
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This arrangement is illustrated in Fig. 4-6 (a) and (b), and enhanced sensitivity due to this
configuration is observed in HFSS simulation plotted in Fig. 4-6 (c). It is evident that the resonance

frequency for such configurations depends on relative permittivity of the substrate (&, , ), as well

as relative permittivity of MUT (&;.,,,.-), which can be described as:

Cs = f(grsubi STMUT) (4'4)

where C; acts as the effective capacitance in parallel RLC resonator in (4-1).

Substrat ’ . N . ? — MUT-Embedded
Substrate | . = = = MUT-Top

PTFE T 0 5 10 15 20 25 30
(c) €

Ground Plane r

(b)

Fig. 4-6 Embedding MUT into the substrate and cross section of the structure (a-b) and sensitivity
comparison of Circular-SRR when MUT is on top and embedded inside the substrate (Carved-SRR) (c)

S21 (dB) Circular-SRR

20 25 3.0 35 4.0 45 50
Frequency (GHz)

Transformed via magnetic coupling

() (b)

Fig. 4-7 Equivalent circuit model for Circular-SRR (a), S21 profile in HFSS and ADS (b)
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Table 4-3 Lumped elements of Circular-SRR

Parameters Values

Ports P, = P, =50Q

Resistors Ry = R, = 1mQ; R; = 115.91mQ
Inductors L, =1pH; L, = 10nH; L; = 214.916pH
Capacitors C; = 229.616fF; C, = 9.44265pF

In addition, Fig. 4-7 (a) shows an equivalent circuit model of Circular-SRR and its lumped
elements. This structure consists of two asynchronous ring resonators due to their different sizes.
The dashed red outline RLC circuit (C3,R; 3,L, 3) represents the magnetic coupling transformation
by introducing the inner ring resonator. Also, C; represents the capacitance due to the gap of the
bigger ring as well as the spacing between the rings. The other elements are lumped elements of

the transmission line of the resonator.

Fig. 4-7 (b) shows the magnitude of the transmission profile (S21) for Circular-SRR. This
figure compares the profile obtained from HFSS model with the equivalent circuit modeled in
ADS. It is clear that this circuit with lumped elements indicated in Table 4-3 is a close
approximation to model Circular-SRR as ADS simulations are aligned with HFSS. Also, two notch
resonances from two ring resonators represent themselves in Fig. 4-7 (b). The outer resonator,
however, is electrically connected to the input/output transmission lines, thus more external

loading is on it and less equivalent quality factor is resulted.

Better Q-factor at the higher resonance frequency makes it ideal for sensing application,
and hence 3.68 GHz is used rather than 3.13 GHz. This can be shown in the following calculations

where quality factor is the ratio of resonance frequency to the difference of +3dB frequencies in
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(4-5) where fy345 1 and fy34p i are 3dB above in amplitude compared to resonance value. fy34p 1

and fi34py are lower and higher frequencies between the resonance notch frequency, f,.

Q= fo (4-5)

f+3aBH—f+3dBL

nght Resonance. fo = 3.68 GHZ, f+3dB,L = 3.709GHZ, f+3dB,H = 3.718 GHZ, Q = 4‘09
Left Resonance: fo = 3.134 GHz, f,345, = 3.104GHz, f,345 y = 3.152 GHz,Q = 65

This clearly proves that the notch at higher frequency has better Q-factor, and hence better

sensitivity.

As shown in (4-1), the resonance frequency depends on L, and C; of the circuit, and by
placing MUT inside the substrate, the dependency of capacitance Cs on MUT maximizes that
affects the resonance frequency and sensitivity significantly. Even though embedding a channel in
substrate may imply challenging fabrication procedure, design and building this sensor can be

simply done by prevailing innovative 3D-printing technologies.

4.4.4 Permittivity Analysis

It is required to understand the changes in effective permittivity (&.57) and loss tangent
(tand) of water-methanol mixture at ~2 GHz and ~4 GHz (range of operation for the sensors).
First, it is necessary to obtain the complex dielectric constant of methanol and water at frequencies
of interest. According to [82], the frequency-dependent complex dielectric constants of water and

methanol are approximated as governed by Maxwell-Garnett expression as follows:

14+2f
ept——(&i—¢n)
EMG = €n —131‘ (4-6)
ept=5~(&i—€n)
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which approximates the effective permittivity of a mixture [83]. In this formula &, stands for the

approximated effective permittivity, f'is the volume fraction of the mixing substances, €, and ¢;

are the host’s and inclusion’s permittivity values, respectively.
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Fig. 4-8 Effective permittivity and loss tangent of the water-methanol mixture at two operating frequencies

shown in (a) and (b) respectively

Table 4-4 Complex dielectric constants of water and methanol [82]

Substances Frequency
2 GHz
Water 79 — j8.5 76.5 —j16.5
Methanol 24 —j13.5

Using the complex dielectric constants shown in Table 4-4 and Maxwell-Garnett

approximation given in (4-6), the effective permittivity and loss tangent of methanol-water mixture

at different concentrations are plotted in Fig. 4-8 (a) and (b) respectively. Fig. 4-8 (a) signifies the

range of permittivity corresponding to 0-50 % concentration of methanol in water that brings about

relative permittivity within range of (42-77) at 4 GHz and (48-80) at 2 GHz.



In addition, Fig. 4-8 (b) shows that as the concentration of methanol increases, the loss
tangent of the mixture also increases, and hence at higher concentrations the medium under the
test becomes lossier. It is noteworthy to mention the effect of frequency on both plots that the
mixture’s effective permittivity drops faster with concentration at higher frequencies. Moreover,
the solution is lossier at higher frequency, and this even becomes amplified for higher

concentrations of methanol.

4.5 Measurements and Results

Three microwave resonant-based sensors are studied in this paper to compare their
sensitivity to methanol concentration variations in water at room temperature (25°C). These
sensors are fabricated with the dimensions stated in Fig. 4-1 (a-c) as shown in Fig. 4-9 (a-c). First,
the proof of concept will be verified for PTFE tubing and later it will be examined on microfluidic

channel made up from quartz.

[

Fig. 4-9 Fabricated structure of sensors: (a) CSRR; (b) EG-SRR; (c) Carved-SRR

4.5.1 Measurements Using PTFE Tubing

In this experiment, PTFE tube with outer diameter of 3.175 mm, wall thickness of 1 mm,
and relative permittivity of 2.2 is used to contain methanol-water mixture. Sample configuration
will be similar to what is shown in Fig. 4-3, where the cubes are replaced with cylindrical tubes.
As discussed in pervious section, the sample material is placed inside the substrate for Carved-

SRR, and for this experiment, two Rogers 5880 substrates with thickness of 3.18 mm are used to
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encapsulate the tube which is covered by resonator and ground sheets from top and bottom,

respectively.

The experiment set-up for concentration sensing using the three SRR sensors is shown in
Fig. 4-10. Samples with total volume of 50mL for each test are prepared before injection into the
tube according to the ratios given in Table 4-5 for required concentrations. For instance, to get a

sample with 30% methanol concentration, 15mL methanol is mixed with 35mL of water.

Analyte

‘i” Sensor W;ste

&—® RF Cable
——¢ Data Cable

—>) PTFE

NI PXIe

Fig. 4-10 Experiment set-up for methanol concentration sensing

Table 4-5 Mixture of methanol and water

Methanol Mixture of Water (w) and Methanol
Concentration (m)

10% 45 mL (w) + 5 mL (m)

20% 40 mL (w) + 10 mL (m)

30% 35 mL (w) + 15 mL (m)

40% 30 mL (w) + 20 mL (m)

50% 25 mL (w) + 25 mL (m)

Fig. 4-11 shows the measured results for each sample and the error bars are computed as
an averaging from three measured values. Error bars shown on the plots indicate that sensing with

CSRR (with notch, Fig. 4-4 (a)) conveys more error in center frequency readout. The reason can
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be the large portion of the tube interacting with the sensor, and apparently the changes in the

concentration of the liquid under test is affecting different parts of the resonator differently. This

makes the sensor output not stable unless a very huge material size would be used.
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Fig. 4-11 Limit of detection for: (a) CSRR; (b) EG-SRR; (c¢) Carved-SRR

Whereas Carved-SRR (with notch, Fig. 4-4 (c)), similar to EG-SRR (with peak, Fig. 4-4
(b)), provides higher accuracy in frequency detection, and hence concentration detection. This
indicates that Carved-SRR and EG-SRR are more reliable and repeatable than CSRR.
Furthermore, it can be observed from Fig. 4-11 (a), that CSRR reaches saturation for methanol

concentrations higher than 30%, which confirms the poor performance of this structure.

On the other hand, EG-SRR and Carved-SRR exhibit a linear performance from 10% to
50% methanol concentration. Also, Table 4-6 shows detailed information on resonant frequencies
and frequency shifts due to analyte (6f), and the normalized frequency detection error for each
structure. It is evident that the normalized error for carved sensor is an order of magnitude lower

than its counterparts, a benefit of the proposed design for highly sensitive applications.
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Fig. 4-12 Measured normalized frequency variations in three sensors due to different methanol

concentrations

Fig. 4-12 shows the sensitivity variations with methanol concentration which indeed would

translate into much smaller absolute permittivity changes. Hence it would be more reliable to study

the effect of methanol concentration on the sensitivity of the device under test (DUT). In Fig. 4-6

the plot reaches a steady state for higher permittivity which for methanol and water is roughly 30

Table 4-6 Normalized Frequency Error
CSRR EG-SRR Carved-SRR

Methanol f x1058f . 4Of f x10%8f 4 Of f x10%sf . s8f
Concentrations  (GHz) (kHz) f (GHz) (kHz) f (GHz) (kHz) f

10% 1.7804 5 2.808 1.870 2.5 1.336 4.066 2.5 6.147

20% 1.7813 3.75 2.105 1.871 2.5 1.335 4.067 2.5 6.146

30% 1.7818 3.75 2.104 1.873 2.5 1.334 4.069 2.5 6.143

40% 1.7819 2.5 1.403 1.874 2.5 1.333 4.070 2.5 6.141

50% 1.7816 2.5 1.403 1.875 2.5 1.332 4.071 2.5 6.140

and 80 respectively. The frequency response of each sensor changes with methanol concentration;

however, these changes are normalized to each sensor’s resonance frequency and sample material

volume in each case. This is done to only investigate each sensor response to methanol

concentration variations.
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Fig. 4-12 shows that for methanol concentration increasing from 10% to 50% the proposed
design, Carved-SRR, has the highest sensitivity and responsivity. This agrees with proposed
statements in previous sections. Based on this figure, the modified sensitivities for CSRR, EG-
SRR, and Carved-SRR are measured to be on average 0.126uL"!, 1.056pL"!, and 3.701pL!
respectively. This suggests that Carved-SRR is a great candidate for sensing methanol, and its
performance is not degraded at higher concentrations despite increase in methanol concentration.

These observations are aligned with the simulation results discussed and shown in Fig. 4-6 (¢).

4.5.2 Measurements Using Microfluidic Channel

In previous sections the sensitivity of three types of microwave resonators has been
discussed and put into comparison. In section 4.5.1 and Fig. 4-9 the embedded method using tubes
has been analyzed and discussed. This concept has been also examined using simulation in
Fig. 4-6, hence it is concluded that embedded technique indeed boosts the performance of the
sensor. Then, the MUT configuration on top versus embedded into the substrate of the most
responsive resonator of all three has been investigated, and it has been proposed that embedding

sample indeed boost the performance of the sensor.

Therefore, the novelty of this work represents itself as an effective solution for industrially
accepted structures that carry low volume fluid, such as microfluidic channels. It is shown that
embedding the sample under test in to the substrate of the sensor is in fact a superior measurement.
Therefore, this integration would be an ideal candidate for microfluidic sensing where the sample
size is very small. This idea is used to integrate the microstrip split ting resonator with microfluidic
channel embedded into its substrate to show the method’s capability of sensing low percentages

of methanol in water.
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Resonator

Channel

(cross section: 0.6 mm?)

Fig. 4-13 (a) 3D schematic of the design (mm), and fabricated model of sensing structure for microfluidic
measurements: w=1,s=0.5,d=2,g=0.5,L; =18, L, = 10.5 (b) top view of the sensor (c) fabricated
sensor’s top view

An experimental procedure is shown using a microfluidic channel that is embedded within
the substrate of an SRR microwave sensor. The schematic of this experiment and the fabricated
resonator is shown in Fig. 4-13. In this fabrication a Roger 5880 substrate has been used with
thickness of 0.5mm for the ground plane and 0.125mm for which the resonator is printed on. The
structure illustrated in Error! Reference source not found. represents a geometrically modified
Circular-SRR on top layer with the advantage of the analyte being embedded in the sensor to
increase the sensitivity with less volume needed. This design supports the proposed idea in
previous section which is improving the performance by embedding the sample versus other

configurations.

The goal of this experiment is to show that using this method, it is feasible to engage minute
samples as low as 15 uL which is illustrated in Fig. 4-14. The shift of frequency from 0% to 100%

methanol is measured to be 1 MHz and the amplitude variation in this range of methanol
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Fig. 4-14 Transmission profile for concentrations (%) of 0 (only water), 10, 20, 30, 40, 50, 100 (only
methanol), and bare sensor

concentration is measured to be 0.611 dB. Also, Fig. 4-14 shows that the sensor cannot distinguish
for methanol concentrations less than 10%. Table 4-7 shows the normalized frequency error for
this experiment. This figure exhibits that the proposed method is responsive to changes in small
volume of sample materials, hence it is a superior method of enhancing the sensitivity for
microfluidic applications. This technique may be used in micron-scale sensing application, and it

can also be used for studying bodily fluids using microfluidic channels.

Table 4-7 Normalized Frequency Error for Microfluidic Channel

Methanol of
Concentration 7
10% 0.756E-4
20% 1.260E-4
30% 1.306E-4
40% 1.512E-4
50% 1.764E-4

4.6 Summary
In this study, three microwave resonant-based sensors are compared in terms of their

sensitivity and performance for methanol-in-water sensing. Conventional CSRR, SRR with
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extended gap, and Circular-SRR are the sensors of interest with simulated resonance frequencies
of 1.7, 1.9, and 3.6 GHz, respectively. This paper proposes a modified definition of sensitivity
that enables comparisons between different sensor configurations. Electric field distribution and
hot-spot discussion is studied by numerical simulations in HFSS, and sensitivity analysis is
performed along with dielectric constant studies using Maxwell-Garnett’s approximation.
Exploiting the capacitance within the substrate, material under test is placed inside between the
resonator and ground. As a result, a significant enhancement in the sensitivity and performance of
the conventional SRR is observed. Simulation and measurement results align together in
presenting the Carved-SRR (normal SRR with carved substrate to include material under test)
provides better sensitivity and accuracy for lossy liquids with verification on methanol-in-water
concentration sensing within range of 0-50%. Furthermore, this method is integrated with
microfluidic channel to prove the feasibility of using the embedding technique in small-scale

sensing applications in biomedical and biological research.
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5 Design of a Compact and Cost-effective Microwave Sensors

Readout Circuitry

There is a gap in connecting microwave resonance-based sensors and their use in industry;
the limitation is the absence of a measuring instrument that can provide the characteristics of the
DUT and its response in the field. VNA is the most common equipment used for that purpose, but

due to its large size and high purchase cost, it is not possible to employ this equipment in the field.

RF network analyzers are vastly used to measure the performance and properties of RF and
microwave devices. Using this type of equipment, the functionality and reliability of a microwave
device or an RF system is verified. One of the most popular equipment that is used to monitor and
measure the frequency response of microwave resonators is Vector Network Analyzer (VNA).
This powerful and popular network analyzer not only measures the amplitude of the device under

test (DUT), but also it is capable of providing the phase information.

In practice, when using microwave resonance-based sensors in the field, there is an
inevitable need of a portable, compact and accurate network analyzer, or a read-out system to
measure and capture the data acquired by the DUT. Unfortunately, current VNAs are bulky,
immobile, and also very expensive to be handled by amateur users. Therefore, there is a gap in
industry where microwave and RF devices are used as sensors and yet there is no monitoring and
data acquisition instrument. In this chapter, a simple, novel, cost-effective, and compact readout
circuitry is proposed that can be used to measure the amplitude of transmission profile (S,;), and
also can be used during sensing measurements in the field. In addition, this system is compatible

with the microwave resonance-based sensors discussed in the previous chapters.
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This novel and simple design is made of cheap off-the-shelf components, such VCO, PD,
microcontroller unit (MCU), and a power board. A low-pass filter (LPF) and attenuator are used
to improve the system performance which will be explained in this chapter in full details. The
result obtained with this readout circuitry is compared with a high-end Cobalt VNA from Copper
Mountain. Also, please note, since this system only measures the amplitude value of transmission
profile and does not consider the phase, hereafter where S,;is mentioned, it intends to the

amplitude value [dB] only.

5.1.1 Objective

This chapter talks about a novel readout circuitry that is specifically designed for microwave
resonators and their sensing applications in various fields. Although VNA is a powerful equipment
that is capable of measuring various properties and responses of a DUT, the proposed system is
focused to measure the transmission response, i.e. S21, of the sensor placed in the loop as DUT.
This network analyzer not only provides the transmission profile of the sensor itself, but also
allows for sensing measurements using the DUT and some samples for material characterization
applications. For instance, the glucose concentration sensing measurement is repeated using this

system to verify the functionality of the proposed readout circuitry.

In addition to hardware design, this system provides a trivial and easy-to-use GUI software
where user can enter some input parameters such as frequency range of operation and number of
points to tune the resolution of result; it also offers an option for averaging for noise and fluctuation
reduction. This software gives the user the option to import the S21 response of the sensor captured
from a standard VNA. This allows the user to compare the results of the proposed network analyzer

with a VNA to verify the accuracy. The proposed system has many building blocks that includes
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RF modules, power board and connections, and digital configurations and programing. These

building blocks will be explained in details in the following sections.

5.2 Building Blocks of the System

This chapter focuses on the readout circuitry that uses a microwave resonator SRR as a DUT
and measures its transmission response. The hardware of this system is made of various sections:
power connections, RF modules, and digital boards. Power board is simply a PCB board with some
voltage regulators to convert the power plug-in to a clean and low noise DC 5V to power up the

RF and digital components.

RF modules are readily-available off-the-shelf components and consist of VCO, attenuators
(Att.), low pass filter (LPF), and a PD. The purpose of VCO is to generate frequency span of the
system, and PD is responsible for capturing the power level and amplitude of the DUT response.
A DAC (digital to analog convertor) is also used to feed the tuning input voltage of VCO to
generate frequency span. These are the key components of the system and provide frequency and
amplitude information required to plot S21 of the resonator. LPF and attenuator are utilized to
improve the performance of the system. Further discussion on the latter components will be done

later in the chapter. Fig. 5-1 illustrates the block diagram for power and RF configurations, where

—» VCO VCO | Att. ¥ LPF [”] DUT
Power Board (6dB)
(+5V, 500mA) L

PD

PD

A

MC DAC DAC MCU

(a) (b) GUI

Fig. 5-1 Block diagram of power connections (a) and RF modules in the system (b)
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the blue boxes indicate the modules that are added to improve the system after primary results has

been captured.

In addition to hardware design aspect of the project, the majority of the work in this chapter
is done on the digital configuration and programing of MCU. In this process, many peripherals of
MCU are used to develop the desired digital system that can produce the tuning voltages that feed
the VCO for frequency generation, and also to capture the power levels from PD to quantify the
amplitude of S21. These peripherals include ADC (analog to digital convertor), UART (universal
asynchronous receiver transceiver), DMA (direct memory access), and SSC (synchronous serial
controller). The functionality of these peripherals within MCU will be discussed later in this

chapter. Fig. 5-2 shows the digital configuration of the system inside the microcontroller.

5.3 Hardware Design
In this section, each component will be discussed in full details. Explaining the functionality

and performance of the building blocks of the system allow for insightful understanding of the

Microcontroller

DAC -+-4 SSC ADC |«---- PD

1 A

1

1

1

1 CPU

v
VCO ‘

DMA DMA
\ !
Memory UART 4=~ 7 Computer
-~ (GUI)

Fig. 5-2 Digital configuration of microcontroller and its peripherals (dashed lines are external connections)
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whole system and proves the simplicity of the design. Each RF module will be described in the

next sections.

5.3.1 Power Board

Originally the system has been powered by a 3-channel switching bench DC power supply
that provides the system with a +5V. However, to minimize the effect of noise and increase the
stability on VCO, it has been decided to use a power board that uses a dual, low noise and low
dropout voltage linear regulator. This board is a Linear Technology development board that has
two output channels with maximum output DC voltage of 5V and 500mA maximum current.
Fig. 5-3 shows a snapshot of the power board. The output noise of this power supply is 20uVgpys

in a 10Hz to 100KHz bandwidth [84], which makes it a great candidate for this system.

To analog
components |

Fig. 5-3 Low noise power board supplying digital and analog circuits

Also, powering up digital and analog components with separate channels isolates the
interference of digital noise into analog signals. The primary result of this chapter has been
obtained using the bench DC power supply, and then for better performance a second set of
measurement is done using this power board. The original and improved results will be compared

in the result section of this chapter.
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5.3.2 Voltage Control Oscillator (VCO)

As mentioned before, to measure the transmission response of the microwave resonator or
any other S-parameters, a source of RF signal generator is required to excite the microwave device.
In this project, VCO is responsible for generating the frequency span and more importantly the RF
signal at the output which is crucial for DUT excitation. This RF signal will be the input of the
DUT whose S21 profile is the target. This RF module has one input, one output, and a V. DC
power supply that is connected to +5V. The input of the VCO is called V;,,, which stands for
tuning voltage. The tuning voltage can be swept from 0 to 25V. For each input voltage point there
is a corresponding frequency point that generates a RF signal in that frequency. According to the
datasheet [85], the tuning voltage and frequency hold a linear relation. For the max range of input
voltage, a frequency span of 1.216 — 2.902 GHz is generated. In addition, the dynamic range of

the output power of the VCO is 2.45 dBm [85].

5.3.3 Attenuator

The SMA attenuator is added after VCO for the second round of measurements to improve
the performance of the system, more specifically the VCO. This simple module has a 6dB
attenuation over a wide band of frequency, 0-6GHz [86]. The reason that this attenuator is added
is because, once VCO is attached to the rest of the system, the impedance seen by the output is
changed. Hence due to loading effect the output power of the VCO is not stable which implies
error in generating output frequency, and this leads to unreliable results. To compensate for the
loading effect of VCO and increase the stability of RF signal feeding the DUT, the attenuator is
placed after VCO. The 6dB attenuation in transmission is negligible while it has a 12dB attenuation
in reflection of the signal. Therefore, placing the attenuator promises for better performance and

stability of the system, as well as isolating the VCO from the rest of the system.
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Fig. 5-4 VCO frequency response generating a tone at 1.219GHz and unwanted harmonics

5.3.4 Low Pass Filter (LPF)

In addition to the attenuator, a SMA low pass filter is added to the second round of
measurements to enhance the performance of the readout circuitry. This LPF has a cut off
frequency of 2.4GHz [87] and, it is used to attenuate the second and third harmonics that get carried
on from VCO into PD. To understand this better, VCO frequency response is measured using a
DC power supply and a spectrum analyzer (NI PXIe-5601 10MHz-6.6GHz). This experiment
generates a single tone RF signal at 1.219GHz. Fig. 5-4 shows the frequency response of the VCO
and its main fundamental harmonic at desired frequency, as well as the unwanted peaks. These
harmonics introduce error in the amplitude of S21 and make the system inaccurate and unreliable.
Therefore, the LPF is added to attenuate the second and third harmonics generated by VCO, and

consequently increase the accuracy of the system.

5.3.5 Device under Test (DUT)
For measurement purposes, the microwave resonator that was discussed in both Chapter 3
and 4, extended-gap SRR, is used as the device under test. This microwave sensor is used as the
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DUT to capture the transmission profile as well as sensing measurements using high concentration
glucose solutions. Basically, the goal is to observe the performance of the resonator using the
proposed system and verify the S21 with the transmission profile of the same device measured by
VNA. In addition, the sensing measurement results are investigated in terms of the trend and
pattern of the frequency shift of the S21. The resonance frequency of this microwave sensor is

1.978GHz.

5.3.6 Power Detector (PD)

PD is one of the other important RF modules in this project that is responsible to capture
the output power of the DUT. This specific module has one RF input coming from the DUT and
gives the output power as DC voltage levels. Aside from the input and output, a +5V is required
to power up the PD. This voltage is fed through the power board that was discussed before. This
power detector has a wide bandwidth which operate from 10MHz to 8 GHz, its output voltage
ranges from 0.5 to 2.1V, and the rang of output power in frequency band of 1 — 5SGHz is -40 to
15dBm [88]. The wideband nature of the PD can be problematic, as this module picks up the higher
and unwanted harmonics of VCO in the RF signal. This is the reason that a LPF is suggested to

eliminate the higher harmonics and reduce the error in the results.

5.3.7 Digital-to-Analog Convertor (DAC)

To generate the tuning voltages feeding into VCO, a very low noise and high voltage digital-
to-analog convertor is used to pass the voltages at the output. This DAC produces a very clean
analog signal which is crucial for RF components such as VCO. This board has a 2.2uV output

noise which comes from the Vi voltage regulator chip on the board [89].

Microcontroller is in fact programmed in a way that according to the frequency ranges

entered by user in GUI it controls the DAC’s output voltages. It is worth to mention that, to
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increase the efficiency and accuracy of the DAC, the evaluation board is used rather than the stand-
alone chip. The evaluation board (EVAL-AD5791SDZ, 20-bit) has all the required voltage
regulators, bypass capacitors, voltage division resistors, amplifiers, and buffers. Otherwise, the
board deriving DAC chip had to be designed, fabricated, and verified in the lab before using it in
the readout circuitry [89]. In addition, in this work the output voltage range of DAC is assumed to
be 10V, from the output range of 2-15V, hence the dynamic range of frequency generated by VCO

is 1.216 — 2.06 GHz [85], [89].

5.4 Digital Design
In addition to the hardware design, the most important aspect of this project is the digital
configuration and programming of the digital component, mainly microcontroller. Microcontroller

is the brain of the system that controls and brings separate pieces together and closes the loop.

This device communicates with GUI software through UART communication protocol. The
input parameters entered by user in the software will then be used by microcontroller to set DAC
output voltages feeding into VCO which ultimately generates the frequency vector, as well as
reading ADC levels from the amplitude of PD which indicate the amplitude power of DUT. The
firmware development of the microcontroller, deriving its peripherals, and the debugging

procedure is explained in the following sections.

5.4.1 Microcontroller Unit (MCU)

Microcontroller unit (MCU) is a small computer in form of a chip that contains one or more
CPUs (central processing unit), memory, and configurable input/output peripherals each with
different functionality. The MCU used in this work is an ATSAM3X8E manufactured by Arduino
and contains a microchip ARM Cortex-M. This is a powerful microcontroller that can be used for

various projects. The peripherals that are used in this work include: a 12-bit ADC, UART and SSC
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protocols, timer counter (TC), and DMA. Configuring these peripherals enables the
microcontroller to communicate with RF modules of the network analyzer such as PD, and DAC
evaluation board. The MCU is the core of the proposed system and the majority of the workload

has been contributed to firmware development of the controller.

5.4.2 Analog-to-Digital Convertor (ADC)

Analog-to-digital convertor is one of the peripherals that is configured within the
microcontroller unit. The purpose of using an ADC in this system is to convert the output voltage
of the PD into digital values, i.e. ADC code levels, so microcontroller can communicate these
values to GUI software where the voltages are translated into power quantities; this provides the
software with the amplitude data required to measure S,;. In addition, microcontroller reduces the
noise presented and carried over in the analog signal coming from RF modules and PD by

averaging and digitizing the voltages using ADC.

The MCU contains a 12-bit ADC with IMHz as maximum sampling frequency; this
peripheral is managed by ADC controller register. However, this register is not continuously
clocked. There is a power management controller (PMC) that controls the clock system of the
peripherals. Therefore, ADC controller master clock (MCK) must be enable in PMC prior to
programing the ADC, and the ADC clock frequency is set to its maximum value, 22MHz [90].
When configuring this peripheral, the ADC offset has been assumed to be 0. In addition, ADC is
triggered using Timer Counters. When this module is enabled, a waveform is generated to trigger

the corresponding peripheral, for example ADC.

In order to save the processing power and time of CPU, PDC (peripheral DMA controller)
is used throughout the system design. This module transfers data between the peripherals and the

memory, whether on or off the microcontroller. Using PDC reduces the number of clock cycles
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required for data transfer, hence improves the performance of microcontroller [90]. ADC, as well
as other peripherals used in this design, are using this method for data transfer and communication

with memory unit.

5.4.3 Direct Memory Access (DMA)

The SAM3X/A series of the microcontroller has a powerful architecture which is designed
to maintain a high-speed data transfer. This is done by a multi-layer bus matrix as well as SRAM
(static random access memory) banks, PDC and DMA channels that allow for parallel processing
and efficient data transfer [90]. DMA has one master interface and one channel, and it acts as a
bridge in data transferring between peripherals and destination. This module reads the data from
the source and writes it to the destination. A DMA controller handles the transfer between
peripherals and memory, and hence it receives triggers from the certain peripherals that are used
for the data communications such as SPI, PWM, UART, and SSC. The last two are used in this

work for data transfer between peripherals.

5.4.4 Universal Asynchronous Receiver Transceiver (UART)

UART is used for communication and in-situ programming solutions [90]. One of the main
characteristics of this module used in this work, is independent receiver and transmitter with a
common programmable baud rate generator. The purpose of UART communication in this thesis
is to connect the PC laptop to microcontroller in order to transfer data from and to the software ran

on the computer.

The developed GUI software is where the input parameters defined by user is transferred
to microcontroller, and where the data captured by the system is received and post processed by
the software. This is done using a USB-to-TTL serial cable, where the TTL serial end connects to

the receiver (Rx) and transmitter (Tx) serial pins on the microcontroller board. The baud rate
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generator provides the bit period clock named baud rate clock to both Rx and Tx [90]. In the serial
communication, the standard baud rate used is 9600, which means the serial port is able to transmit

a maximum of 9600 bits per second.

5.4.5 Synchronous Serial Controller (SSC)

As mentioned before, the output voltage of DAC evaluation board is controlled by the
microcontroller. Synchronous serial controller is used to transfer the data and commands from
MCU to DAC. SSC is a communication link with external devices, and it has independent Rx and
Tx and a common clock divider. Each of the Rx and Tx interface with three signals, TD/RD for
data, TK/RK for the clock, and TF/RF signal for the Frame Sync [90]. These signals each
correspond to a pin on DAC board that enable the board, communicate the data and activate the

clock on the board.

Since in this work, the data transfer happens in one direction, from microcontroller to DAC,
the main focus is on transmitter signals. According to DAC datasheet [89], the TD corresponds to
SDIN, TK to SCLK, and TF to SYNC. These are the serial pin configuration from microcontroller
to DAC evaluation board. TD carries the encoded commands and data that determines the
performance of DAC, whether it’s a read or write command, or if it is the DAC register value, D

which defines the output voltage by the following equation [91]

__ (VRerP—VREFN)XD
Vo

ut = T + Vrern (5-1)

Where Vigpyis the negative input voltage on DAC board, which is —10V , and Viggpis the positive
input voltage on the board, +10V, and D is the 20-bit code programmed from microcontroller to
DAC. SYNC, the active low digital interface synchronous input pin, is the frame synchronization

signal for the input data. When this signal is low, it enables the input shift register, and data is
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transferred on the falling edge of the following clocks. The input shift register is updated on the

rising edge of the SYNC [91].

5.5 Software Design

Aside from the hardware design aspect of the project, the software development, data
acquisition, and processing the data play crucial roles in providing a reliable and functioning
system. To employ a user-friendly system that is ideal for in-situ measurements, a trivial and easy-
to-use interface is required to allow for input parameters determination, data acquisition, and post-
processing to measure and display the desired output. For this purpose, a graphical user interface
is developed to yield an accessible environment for user to employ the proposed network analyzer

system in the field and capture the S,; profile of the DUT for sensing applications.

The software development of this work is done by a powerful multi-paradigm numerical
computing environment, known as MATLAB. This program has a feature called App Designer
which provides a platform to implement the code and customize the visual aspect of the GUI. To
obtain a well-maintained and manageable software, several MATLAB functions have been
scripted separately and called back within the GUI code design. Aside from measuring and plotting
S»1, the GUI provides other features such calibrating the system and importing S,;data captured
by the Copper Mountain VNA to compare and verify the measured results versus the accurate data
from the VNA. This software is also capable of sending error, warning, and notifying messages to

the user in different situations.
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5.5.1 Graphical User Interface (GUI)
When designing a user interface there are two main factors to think of: the visual design,
and programming implementation. The former must be designed in such a way that it is easy to

understand, provides necessary features for the application, and has a coherent graphical design.

Customizing the visual aspect of the user interface in MATLAB is very simple and
straightforward. Once a new project is created in App Designer, under Design View, there is a
platform to build the face of the GUI. This section also provides a library of various interactive
components that can easily be dragged and dropped in the platform to create the features of the
GUI. Some of these components are axes, buttons, check boxes, drop down menus, edit fields
(numerical and text), tables and etc. Fig. 5-5 illustrates the visual features of the GUI developed in
this work. As shown in this figure, there is a section for input parameters which are determined by
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Fig. 5-5 Visual features and building blocks of the GUI for the proposed network analyzer
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the user. These are the frequency range, number of points to be sampled, Avg points to average
the voltages captured by ADC, and MoveMean determines the number of average points that is
used in the built-in move-mean function of MATLAB to average the input power to the DUT from

VCO.

The buttons are used to perform the S,;measurements, importing the same profile from
VNA, and calibration of the system. The check box is chosen when the calibration process is
completed. There are two output sections that calculate the resonance frequency and amplitude
captured by the proposed system as well as VNA. The main visual feature of this GUI is the axes,
where the transmission profile of the DUT is plotted and shown with its amplitude [dB] on y-axis

and frequency [GHz] on the x-axis.

Each of the components in GUI design can be accessed under Code View tab in the App
Designer platform. In the Code View, each button can be programed to perform a desired function
once the button is pushed in the GUI. All the edit fields (in this case numerical) can be read and/or
written the values by programming them in Code View. One easy way to implement the codes to
perform the desired functionality is to write separate MATLAB functions and call back these

functions in the Code View.

5.5.2 MATLAB Functions

To maximize the quality and clarity of the program, one principle function is written to
control all the functions used in this design (Control function); this function is applied when user
push the button to scan for S,4. In this code, the input parameters are checked in case user enters
any invalid values. First step is to convert the range of frequency to voltage. This voltage range is

in fact the required output voltages that DAC needs to pass to VCO to generate the corresponding
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frequencies. This is done by interpolating the frequency range entered by user with the voltage and

frequency information given in VCO’s datasheet [85].

Then Control calls and passes the converted voltage values to a function (matlabComm) in
which MATLAB communicates with microcontroller board through USB-to-TTL serial cable.
This function enables the USB port that is connected to microcontroller board, which is
programmed to set the output voltage of the DAC to the designated values by user. This will start
the process as VCO will generate the desired frequency range determined by user. The generated
RF signal is the input to DUT, the microstrip resonating at 1.98GHz. The output power of the
resonator is captured by PD which converts them to a range of DC voltages. These voltages are

captured by ADC on microcontroller board and then transmitted to MATLAB for post processing.

Using the captured information from the system, another function (Estimate S21) is called
within Control. This function estimates the amplitude of S,;of the resonator in the loop. In this
system, the amplitude of S,;0f the DUT is determined by its output and input power (P,,;, Piy,) as
shown in (5-2). In this system P,,,is determined by power of PD, and P;,is found by power of

VCO. PD is assumed to have zero reflection in this estimation

521[dB] = Pout — P; (5-2)

To find these powers, first the voltages from ADC must be converted to power quantities; this is
done by interpolating the output voltage and input power of PD indicated in its datasheet [88]. In
addition, P;,is obtained by measuring the power of VCO using spectrum analyzer. Therefore (5-

2) becomes

521[dB] = Ppp — Pyco (5-3)
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Once the amplitude of S,;is calculated, the Control function plots the values from (5-3)
versus the frequency vector that user determines before running the program, and calculates the

peak frequency and amplitude to verify the resonance parameters of the DUT.

5.6 Experiments and Measurements

After implementing the hardware features and developing the software interfaces of the
system, next step is to examine the designed readout circuitry and verify the results using VNA.
As mentioned before, the operating range of frequency is determined by the dynamic range of
DAC output voltage (0-10V) which leads to an operating range of 1.22 — 2 GHz. The frequency
resolution of the system is determined by translating the AV,,,,;pac (5-1) into Afyuvco- Since DAC
maps 1-bit to a certain output voltage, then using (5-1), the difference between two consecutive

output voltages, AV,,:pac 1S calculated as

AVoutpac = w (5-4)

where as mentioned before, Vygrp = 10V, and Viygpy = —10V, this leads to AV, 1pac = 19.1uV.
Using the performance data of VCO given in [85] and the fact that voltage and frequency present
a linear relationship from 0 to 10V, the frequency resolution of VCO, and ultimately the proposed

network analyzer, is calculated as

AV, XA
Afsstom = outpAcXAfvco ~ 2kHz (5-5)
Y AVtuneVCO

where AV,,tpac = 19.1uV, and for two points chosen from the table provided in [85], Afyco =

80MHZ, and AVtuneVCO =1V.

In addition, the processing time of the measurement is defined as the time that takes the

system to process, calculate, and plot the S21 response of the DUT in GUI. This time is determined
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by sampling frequency of the ADC, and frequency clock of SSC, the serial communication.
According to section 5.4.2, the sampling frequency of ADC is set to its maximum value. However,
the SSC clock is set to be 10 kHz. Using these parameters, the processing time is 1 minute and 28
second. This time can be reduced by increasing the clock frequency of SSC for a faster processing

time but at the cost of more calculation load on MCU.

To verify the performance and functionality of the proposed system, a few sets of
experiments have been considered. First, a group of planar microstrip resonators with different
resonance frequencies are used as DUT to display their S,;and compare with VNA results. This
experiment shows the accuracy of the proposed readout circuitry throughout its frequency span
(1.2-1.98GHz). These resonators have peak frequencies at 1.72GHz, 1.95GHz, and 1.979GHz. It
is worth mentioning that, these microwave resonators are same structures introduced in Chapter 3

and Chapter 4.

The second set of experiments are focused on glucose sensing. The purpose of this
experiment is to investigate the capability of the system in capturing the frequency shift of the
resonator due to the change in glucose concentration in sample solutions. Naturally, by changing
the concentration of glucose, the permittivity of the resulting solution changes. Since microstrip
resonators’ performance change according to permittivity of the MUT, a shift in the peak
frequency is observed. Now, to compare the performance of the system with VNA, the glucose
sensing measurements are done using both the proposed readout circuitry and VNA. In these
experiments, the modified SRR with extended gap introduced in this thesis (Ch. 3) is used for

glucose sensing. This SRR has a resonance frequency at 1.96GHz.
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Fig. 5-6 Original experiment setup with power splitter, spectrum analyzer, and the syringe to inject
glucose solutions for sensing measurements

These experiments are done using two set-ups, the original setup and the improved one that
has the power board, attenuator, and the low pass filter. In the first setup shown in Fig. 5-6, the
output power of DUT is going through a power splitter where one port goes to spectrum analyzer
(NI PXIe-5601, 10MHz-6.6GHz) for monitoring purposes and the other port is connected to the

power detector.

5.6.1 Initial Glucose Sensing Measurements

To verify the application of the proposed readout circuitry in sensing measurements using
microwave resonators, it is necessary to perform similar tests on this system. Since glucose sensing
measurements have been done in Ch. 3 using the extended gap SRR, this experiment is repeated
using the same microwave resonator and glucose solutions with concentration range of 1 gr/dL to
42 gr/dL. The concentration range is chosen to be wide so that low, medium, and high

concentrations of glucose in water can be determined using the sensor.
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The lower concentration solutions are made by mixing glucose powder in 100mL of water
to obtain gr/dL concentrations. For instance, to get a concentration of 5.5gr/dL, 5.5gr of glucose
powder is mixed in 100mL of deionized (DI) water. However, for high concentrations of glucose,
due to saturation of the mixture, the volume of solvent is increased to 200mL, and ounce is used
as the measuring scale for glucose powder. For example, mixing 20z of glucose in 200mL DI water

leads to a 28.35gr/dL solution. In this calculation one ounce is assumed to be 28.35 gram.

After preparing the sample solutions at different concentrations, a PTFE tube is placed on
the sensitive region of the sensor (as shown in Fig. 5-64 (b) in Ch. 4), and the sample materials are
injected into the tube one at a time when the amplitude of S,; of the sensor is measured. This
experiment is done using both the VNA and the designed system for comparison purposes. Before
adding any enhancive components, such as the attenuator and the LPF, and calibration algorithm
to improve the system, an initial set of measurements are done to acquire a primary knowledge of

the system functionality. The experiment setup is shown in Fig. 5-6.

Fig. 5-7 presents the initial glucose sensing measurements done by the system (solid lines)
versus the VNA (dashed lines). This experiment is done for 4 cases, where the tube is empty, and

tube is filled with concentrations of 1.4, 5.5, and 15.1 gr/dL. From the data captured with VNA
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Fig. 5-7 Initial glucose sensing measurements with no enhancive components and calibration

(reference point), it is understood that with increasing the glucose concentration in MUT, an
upshift of frequency is expected. On the other hand, even though the system is capable of
measuring the transmission profile of the DUT poorly, it fails to determine the frequency shift of
the resonator at different concentrations. This is due to instability and inaccuracy of the VCO in

generating the frequency span, as well as the unwanted harmonics carried over to PD.

As it is observed from Fig. 5-7, these issues lead to error in both frequency and amplitude
of the measured S,;. Even though the sensor can distinguish whether the tube is empty or filled
with liquid, it cannot separate different concentrations of the sample solutions. This is called
switching sensing, which means the sensor is only capable of sensing the existence of material,
but fails to provide a spectrum of the MUT’s property of interest. The results presented in this
figure emphasize on the necessity of enhancing the stability of the VCO and eliminating the
unwanted harmonics to generate an accurate frequency spectrum as well as amplitude values.
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5.6.2 Effect of Low Pass Filter and Attenuator

As mentioned before, the VCO generates unwanted harmonics which are captured by PD
and led to undesired response of the system. In addition, when VCO is directly connected to the
DUT the loading effect causes instability in VCO performance and RF signal generation. This

leads to inaccurate frequency generation which cause error in the results.

To resolve these issues, the 6dB attenuator is placed after VCO. This humble RF module
is a great isolator for VCO to reduce the loading effect, increase the stability in output generation,
and enhance the accuracy and performance of the whole system. In addition, the LPF with 3dB
attenuation at cut-off frequency of 2.4GHz is added after the attenuator to attenuate the amplitude
of the unwanted harmonics and reduce their impact on amplitude of S21 of the DUT. The filter

provides 20dB and 40dB attenuation at 1.35X feyrorf and 1.75X feyi0r 5, Tespectively [87]. This
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Fig. 5-8 Effect of LPF and Attenuator on the system in 4 possible scenarios
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allows for sharp rejection of unwanted higher frequencies. To investigate the effect of Att. and

LPF, all 4 possible cases are tested and compared in Fig. 5-8.

The blue curve with markers represents the S21 of the resonator captured by VNA, which
is the reference and baseline of this investigation. The case where neither Att, nor the LPF is
attached, both amplitude and frequency error is observed in the S21 response. This figure also
shows that the result is inaccurate even if one of the components is placed. Therefore, the
advantage of adding both attenuator and the LPF (green curve) is the high accuracy S21
measurement that agrees with the reference captured by VNA both in frequency and amplitude

values.

However, Fig. 5-8 also shows the downside of the attenuator, and that is reducing the
dynamic range of power. When Att brings down the output power of the DUT by 6dB, the
measured S21 approaches the limits of power detector which has a power range of -44dB to 15dB.
Looking at the VNA curve, the S21 goes below -40dB without any attenuation, therefore when the
6dB attenuator is added to the designed system the lower amplitudes reach even smaller power

values, hence hitting the limits. This explains the spikes generated in the curves where Att exists.

Having said that, these values are below -30dB, and more importantly, the sensitive region
is around the resonance peak of the DUT. This is the area of interest and where the frequency and
amplitude parameters are used for sensing purposes. The enlarged plot shows this area, and once
again, it is shown that placing both components (green curve) improve the results and accuracy of
the system. Whereas, in the other scenarios, the curves are shifted from the reference (VNA). It is
also worth mentioning that, the designed system provides 25-30dB dynamic range for amplitude

within the area of interest.
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5.6.3 Manual Calibration Procedure

Any system is only as effective as its accuracy in measurements, and this is done by
calibrating the system. Calibration process compares the measured data provided by a DUT with
those of a standard device with known accuracy. It is common to even calibrate the VNA for a

given frequency range and number of points before each measurement.

A full 2-port calibration process in the VNA is done with so many built-in algorithms. The
most common one is SOLT (short-open-load-thru) which uses well-defined standards that connect
to the ports of interest to measure all the reflections and eliminate any possible errors in matching,
directivity, and frequency response. The designed readout circuitry is considered to be a SNA
(scalar network analyzer), because it only measures the amplitude of the transmission profile of

the DUT (S,,). In this system, however, the calibration process is very simple and trivial.

To enhance the accuracy of the system a manual calibration algorithm is implemented to
eliminate the errors in calculations which cause offset in the results. In this procedure, before

Attenuator

SMA Cable

Fig. 5-9 Calibration setup using a female-to-female connector as thru
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measuring the DUT, a female-to-female SMA connector is used as thru standard as the device
under test. The thru connector is placed between the coaxial SMA cable coming from LPF and PD
as shown in Fig. 5-9. Using this setup, first the S,;of the thru connector is measured within the
frequency range of interest with desired number of points specified by the user, then the S,; data
are saved in a file to be used for calibration. Then, when the DUT is placed, the saved data is
subtracted from the output power of the DUT to compensate for the loss in the cable and other
sources. The assumption is that female-to-female connector has an ideal S,;0f 0dB, meaning all
the power is transmitted and there is no attenuation. Then the following calculations are done based

on (5-3):
S21[Thru] = Preceivea,pp,thru — Pincident,cabte » assuming Sp1[Thru] = 0dB, then

Pincident,cable = Freceived,PD,thru = Preceived,PD [Calib]

Then when connecting the DUT, S,; calculation is changed to

SZl[D UT] = Preceived,PD,DUT - Preceived,PD [Calib]

Using the above calculation, the system is calibrated and provides higher accuracy in amplitude of
the S,4. To present the efficiency and reliability of the system along with its calibration algorithm,
three split ring resonators with different resonance behaviour are measured using the designed

network analyzer, as well as the VNA.

5.6.4 Resonators Profiles with Improved Setup
After improving the system, a few split ring resonators are measured using the designed
network analyzer, and their S21 profile is compared with VNA. The first two of these SRRs

represents a peak at resonance frequency, and the third one illustrates a wider band notch. The
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latter is chosen to show the capability of this system to measure microwave resonators with various

type of profiles while providing accurate result in all cases. Fig. 5-10 illustrates the measured

transmission profile of these DUTs using proposed system as well as VNA. Also, summarizes the

information from the resonance comparison using VNA versus the designed system. These results

prove that adding the attenuator and LPF, as well as incorporating the calibration algorithm have

improved the system’s performance to a comparable level with a VNA.

Table 5-1 Comparison of resonance parameters of the three SRRs using VNA and the readout system

Resonance Parameters SRR, SRR, SRR
Frequency [GHz] VNA: 1.979 1.953 1.727
System: 1.980 1.952 1.726

S,1 Amplitude [dB] VNA: -9.452 -9.283 -31.99
System: -9.625 -9.217 -33.45
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Fig. 5-10 Transmission profile of three resonators (SRR 4), SRR (), SRR )) measured with the system and VNA
5.6.5 Improved Glucose Sensing Measurements
As mentioned earlier, to increase the stability and accuracy of the network analyzer, the
attenuator and LPF are added to the hardware (shown in Fig. 5-11), and the calibration algorithm

is developed and applied on the calculation of S,;. The same glucose sensing measurement
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!, —
; A = " DC power

Fig. 5-11 Improved setup that includes the power board, attenuator and the low pass filter

explained in previous section is repeated with the enhanced system. In addition, higher
concentration of glucose (28.35 gr/dL) is also tested in this experiment to show the dynamic range
of sensitivity of this system. As it is illustrated in Fig. 5-12, the results have been substantially
improved as opposed to the initial data. This figure shows a close agreement between the designed
system and the VNA. This is due to eliminating the errors generating from the VCO, and also

calibrating the system to compensate for any loss in the cables.

This figure shows that frequency and amplitude spectrum of the system is generated with
minimum error. The offset in the peak can be explained due to poor holding of the PTFE tube on
the sensor. It is very well possible that the tube is slightly moved after VNA tests are done and
before the system measurements start. It is important to note that, this system is not only capable

of sensing the presence of material, but also is accurate to distinguish between various
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Fig. 5-12 Glucose sensing measurements using the enhanced system as compared to the VNA

concentrations. This leads to a full sensitivity spectrum where the system can provide information
on low, medium, and high concentrations of glucose in MUT. The designed system shows the
upshift in frequency when increasing the glucose concentration in sample solutions; this agrees
with the behaviour of VNA. For more accurate glucose sensing measurements, it is recommended
to use a more sensitive sensor which shows bigger shifts in frequency. This does not imply the
system is incapable and low-precision, but rather shows the limitations of the DUT used in the

experiment.
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5.7 Summary

In this study, a simple, novel, compact, and high-precision readout circuitry is developed
that can be used as a measuring and/or monitoring instrument for microwave resonance based
sensors in the field. The motivation of this study is the fact that conventional VNAs are too large
and expensive to be used for reading microwave resonators in the field. In addition, VNAs provide
a wide range of applications and features that may not be used when only amplitude of transmission

response is of an interest.

The proposed system is capable of measuring the amplitude of S,;0f any microwave
resonators in the range of its operation. This system operates from 1.2 — 1.98GHz, and has a
frequency resolution of 2 kHz. In addition, its dynamic range of amplitude is from -44dB to +15dB.
Developing this system requires a knowledge of handling RF components, configuring embedded
systems such as microcontrollers, and implementing a user-friendly software that is available for

users.

There are several factors that impact the accuracy of the system, such as supplying a clean
and low-noise DC power to digital and analog components separately, stabilizing the VCO output
for an accurate frequency span generation, and eliminating the unwanted harmonics of VCO using
a LPF. It is also important to develop a calibration algorithm to compensate for any power loss in
the cables and other components. This work shows that without considering these factors, the
measured S, contains error in both frequency and amplitude values, and provides inaccurate and

unreliable performance.

Using the 6dB attenuator to eliminate the loading effects on VCO and the LPF at 2.4GHz to

remove the unwanted harmonics, the performance of the system is considerably enhanced and the
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final results align with the data captured by the VNA. This proves that the designed system is a
great candidate to be paired with any microwave resonance based sensor for sensing applications
in the field. Compared to the VNA, the designed readout circuitry is extensively cheaper, smaller
in size, and mobile which comes with a user-friendly interface. So far, the limitations of microwave
sensors have been the lack of in-situ measuring instrument. Now, this successful work allows for

a wide range of applications and commercialization of both the system and microwave sensors.
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6 Conclusion and Future Work

This chapter summarizes the achievements and accomplishments of this thesis, and it also

provides suggestions for future works.

6.1 Thesis Conclusions and Accomplishments
This thesis started with investigating the novel sensitivity enhancement techniques for
passive planar microstrip ring resonators for material characterization, specifically liquid sensing

applications in biomedical and food/beverage industries.

In Ch. 3, three different configurations with the conventional split ring resonator were
analyzed in the resonant frequency of 2 GHz. The best configuration was chosen to be used in
sensing for biomedical applications of glucose concentration sensing. Then, it was found that
geometrically modifying the gap of the resonator with an inward extension results in sensitivity
enhancement. After performing the glucose sensing measurements on the newly developed sensor,

a 20% sensitivity improvement has been achieved.

In Ch. 4, three microwave resonant-based sensors were compared in terms of their sensitivity
and performance for methanol-in-water sensing. These microwave resonators were conventional
CSRR, SRR with extended gap from Ch. 3, and Circular-SRR with resonance frequencies of 1.7,
1.9, and 3.6 GHz, respectively. This work defined sensitivity from the volume of MUT’s
perspective. The electric field distribution and hot-spot of each resonator were simulated and
analyzed, and sensitivity analysis were performed along with dielectric constant studies using
Maxwell-Garnett’s approximation. The most sensitive resonator was chosen to be examined
further in terms of MUT placement either on top of the hot-spot or inside the substrate directly

below the sensitive region.
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It was concluded that, placing the MUT inside the substrate and between the resonator and
ground leads to a significant enhancement in the sensitivity and performance of the conventional
SRR. This results provided better sensitivity and accuracy for lossy mediums, such as liquids with
verification on methanol-in-water concentration sensing within range of 0-50%. Another
accomplishment of this study was integrating the MUT-in-substrate technique with microfluidic
channel to prove the feasibility of using the embedding technique in small-scale sensing

applications in biomedical and biological research.

In Ch. 5, the objective was to design and develop a RF sensor readout system to use as a
measuring instrument for microwave resonance-based sensors in practice. This work successfully
delivered an accurate, cheap, and mobile product that measures the amplitude of the transmission
profile of any DUT in the range of 1.2 - 1.98GHz. This system had the frequency resolution of
2kHz and dynamic range of amplitude from -44dB to +15dB, which is ideal for resonance-based
sensing applications. A simple and trivial GUI was made for the user to easily operate the system
with their desired DUT and application. A calibration procedure was also implemented within the

GUI software to increase the accuracy and enhance the performance of the system.

6.2 Suggestions for Future Work

The suggestions for improving this research are as follow:

e In Ch. 3, the sensitivity of the passive resonator can be increased by introducing an active
feed-back loop. This method considerably increases the quality factor of the resonator, and
hence the resolution of the passive sensor. Higher resolution in sensing is under exploration

for next generations of the proposed sensor in future work.
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In Ch. 4, embedding the MUT inside the substrate and manufacturing such sensor that has
this capability is a big challenge. However, sophisticated micro/nano fabrication
procedures can make it possible. In addition, with the rising popularity of 3D printers in
research, design and building this type of sensor with the ability to engulf the MUT within
its substrate can be simply done by prevailing innovative 3D-printing technologies.

In Ch. 5, separate modules and components are used to build the hardware of the system.
This work can improve by employing all the analog and digital components in one compact
PCB using high-end IC chips and integrative components. In terms of software
development, more features can be added to the GUI depending on the application, such as
measuring the quality factor of the device under test. The frequency span of the system can
also be improved by increasing the reference voltage of DAC which is directly dependent
of the voltage supplied to DAC.

In Ch. 5, the scanning time of the system can also be improved by modifying the firmware
of the microcontroller to provide higher clock frequency to SSC module for faster

communication with the hardware.
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Appendix A

Manual Instructions to Use RF Sensor Readout System

A. 1 Calibration Procedure
After turning on the system and before connecting and measuring the resonator, the user needs
to calibrate the system according to their desired range of frequency and number of points. The

calibration procedure is as follows:
Step 1) Connect the SMA Female-Female connector as a thru connector.

Step 2) Open the GUI of the system and enter the desired narrow band start and stop
frequencies (any range within 1.22 — 1.98GHz is acceptable), number of points for sampling, as
well as, points for averaging and move mean for signal processing purposes. To better calculate
the resonance parameters, check the box for either notch or peak resonance. Please note, for better
resolution in the results, the optimized values for number of points, averaging and move mean are
found to be 300, 100, and 5 (Fig. A- 1). However, these values are optional and one can increase
or decrease the values for their specific optimum results. Increasing these values will lead to a

longer scanning time.
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Frequency Response

Inputs
| Start 1.3 GHz [
0.8 |
l Stop 19 GHz I
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Resonance Amplitude 0 dB Resonance Amplitude 0 dB

Fig. A- 1 Screenshot of the user interface with sample frequency range and optimum processing number of
points are entered

Step 3) Once the desired range of frequency and processing parameters are entered, click on

calibrate ' \which then prompts a message to ensure thru is connected and instructs the user to

Calibration completed

check the calibration box after the process is done. This ensures that the

program will use this calibration data to measure S, of the resonator.

A. 2 Narrow Band S,; Amplitude Measurement
Step 1) Remove the thru connector and connect the resonator of the interest. Ensure the

calibration box is checked before scanning.
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Step 2) Without changing any of the input parameters, click on Sean S2i

. A progress
dialog box pops up to show how much of the process is done. With the current design, scanning
time for 300 sampling points and 100 averaging points take about Iminute and 28 seconds.
Reducing the number of points will also reduce the measuring time, as well as the resolution. Once
the scanning is done, the plot of the S,;amplitude [dB] is displayed on the axes. This plot shows

the resonance peak or notch of the device under test. In addition the resonance frequency and

amplitude are shown under Measured Outputs.

Step 3) After scanning is done, user can save the data in the format of .mat (MATLAB data

file) by clicking on S

Step 4) Optional: This GUI provides an option to import the resonator’s S,;data (.s2p file)
captured by a VNA for comparison purposes. User can plot the S,;from VNA on top of the

measured profile plotted by the system. The resonance frequency and amplitude of the VNA can

Frequency Response

)
— .3
b}
©
=
= .10
E
<
12
14
16 T
$21 Measured calibrated
S21 VNA
-18
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Frequency [GHz]
Measured Qutputs VNA Qutputs
Peak Frequency 1.919 GHz Peak Frequency 1.922 GHz
Peak Amplitude -0.8916 dB Peak Amplitude | -0.943 dB

Fig. A- 2 Screenshot of S, measurements of a resonator with the system and imported from VNA
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also be seen under VNA Outputs. This allow the user to compare the transmission profile of the
DUT measured by the system with VNA. Fig. A- 2 shows an example of a resonator measurement

with VNA data imported and plotted in the GUI.
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