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Abstract

In recent years, sensing and selectivity have been the subject of many types of research due to
their practical challenges. The main issue is the limited number of output data that confine the
degree of freedom to solve the unknown problem. The majority of multi-variable experiments seek
more assisting parameters and independent features for finalizing their solution.

Microwave resonators as detecting devices can help gather the required data from the material
under test in different experiments. Their resonance shift is one of the features that is mainly
utilized for sensing purposes. But, for the detection of multi-variable parameters like multi-
subcomponent volumes in a solvent or mixture, more than one independent feature is required. For
overcoming this bottleneck, a new material characteristic is required, generating and defining the
new independent features. Having more independent features out of the sensor response enables
unknown variables identification.

In this thesis, the term “harmonic” represents the resonance modes of the microwave resonator.
One of the simplest forms of microwave resonators is the split ring resonator (SRR) and ring
resonators. These kinds of structures are low-cost, non-invasive, and real-time devices making
them a proper candidate for sensing applications. Like any other resonator, their microwave profile
can be easily perturbed by introducing the external load and altering their Q-factor as a result.
Generally, the rings are resonating structures that generate multiple resonant modes in their
frequency response. These resonant mode frequencies are dependent features of the rings as they
iterate themselves and their operational band. To make these elements change uniquely and
independently, the variant permittivity profile of the materials under test can be considered as a

new parameter. Developing the frequency shift of the resonances as a function of real relative



permittivity variations defines the multiple independent features and authorizes the multi-variable
diagnosis along with material senses. This can be realized by forming the linear system of
equations for each independent resonant mode and solving them for volumetric unknowns or sub-

component concentrations.



Preface

This thesis includes the original work by Navid Hosseini submitted to accomplish the degree
of Doctor of Philosophy in electromagnetics and microwaves. The subject is mainly focused on
selective sensing of the multivariable sensors for volumetric analysis of the multi-variable
mixtures.

Throughout this thesis, Prof. Mojgan Daneshmand, Prof. Masum Hossain, and Dr. Masoud
Baghelani gave significant supervisory counsel and support during the work. Prof. Ashwin K. Iyer,
and Prof. Vien Van assisted with some of the tasks. The format of the thesis is paper-based with
the following details:

Chapter 1 and 2 present the introduction and the literature review on the different methods of
mixture sensing and characterization using the microwave sensors.

Chapter 3 is a compilation of two published papers. In the first paper, the model-based approach
for multivariable systems was published as N. Hosseini, M. Baghelani, and M. Daneshmand,
“Selective Volume Fraction Sensing Using Resonant- Based Microwave Sensor and its
Harmonics,” in IEEE Transactions on Microwave Theory and Techniques, vol. 68, no. 9, pp. 3958-
3968, Sept. 2020. The second one, which proposes the model-free approach, was published as M.
Baghelani, N. Hosseini and M. Daneshmand, "Artificial Intelligence Assisted Non-Contact
Microwave Sensor for Multivariable Biofuel Analysis," in IEEE Transactions on Industrial
Electronics, Oct. 2020.

Chapter 4 is a combination of published papers as N. Hosseini, S. S. Olokede, and M.
Daneshmand, “A Novel Miniaturized Asymmetric CPW Split Ring Resonator with Extended Field
Distribution Pattern for Sensing Applications,” in Sensors and Actuators A: Physical. 2020 Apr
1;304:111769, and M. Baghelani, N. Hosseini, and M. Daneshmand, ‘“Non-Contact Real-Time
Water and Brine Concentration Monitoring in Crude Oil Based on Multi-Variable Analysis of

Microwave Resonators,” in Measurement. 2021.



Chapter 5 is a published paper as N. Hosseini, M. Baghelani, “Selective Real-Time Non-
Contact Alcohol Concentration Measurement during Fermentation Process using Microwave
Split-Ring Resonator Based Sensor,” in Sensors and actuators A journal.

Chapter 6 will have a brief review of the achievements and limitations of the work, together

with potential future works.
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Chapter 1 Introduction

1.1 Motivation

The volumetric fraction measurement of mixtures is crucial in the diagnosis and chemical
analysis [1], [2]. Complicated and high-cost analytical chemistry procedures for mass spectroscopy
have been proposed, like FTIR for quantitative analysis of the mixture, Gas Chromatography-Mass
Spectroscopy (GC-MS) and Liquid Chromatography-Mass Spectroscopy (LC-MS) for gas and
liquid materials and mixtures [3]-[5].

Conventionally, microwave spectroscopy is utilized for identifying material dispersion. One of
the main classes of these methods is dielectric spectroscopy as an essential tool for extracting
information regarding the permittivity profile of the materials. Most dielectric spectroscopy
methods can be summarized and classified through curve fitting, circuit modelling and mapping
[6], [7]. The fitting techniques can also be applied in regression analysis using a capacitive sensor
[8] or a commercial dielectric probe [9]. For example, the transmission coefficient can be utilized
to extract the complex permittivity of the mixture using curve fitting techniques [10]. Another
research involved the fitting process for complex permittivity extraction based on the phase
variation method using an interferometry-based sensor [11]. However, all these techniques suffer
from a high degree of error, resulting in several types of research utilizing resonant-based sensors
for minute and sensitive measurements.

Microwave resonator-based sensors have achieved a great deal of interest during the last decade
with their applications expanded from biomedical to oil and gas, mainly due to their impressive
characteristics such as high sensitivity, low power consumption, low-cost, being non-invasive
inherently, and even distant sensing capability [12]-[16]. Much effort has been made to prosper
the microwave sensors' functionality [17], [18]. Still, unfortunately, these sensors suffer from the
lack of features addressing sensing capability in multi-variable environments. This problem has

challenged the commercialization and widespread use of these sensors. All the magnificent



features of microwave resonator-based sensors motivated us to work through a solution for

enabling multivariable sensing and ultimately selectivity of this kind of sensor.

1.2 Objectives

The main objectives of this thesis can be summarized as follows:

Proposing and developing a novel resonant mode-based sensing technique for the
multivariable mixture analysis by introducing the linearly independent parameters for the
microwave sensors.

Developing the artificial neural network process for analyzing the highly nonlinear
problems by the multiple variables during the sensing procedure.

Designing and fabricating a novel multi-resonant mode sensor with a uniform E-field
profile for selective sensing.

Developing the model-free multivariable selective algorithm for determining water
concentration together with its salinity in oil.

Designing and realizing the planar sensor with notch filter type response for non-contact
determination of alcohol concentration during fermentation process.

Performing the transient simulation and measurements for the realization of RF CMOS

sensors for the industrialization of the proposed technology.

1.3 Thesis Organization

For developing the detailed background information over the proposed method and thesis

materials, Chapter 2 presents a literature review on single and binary variable sensing methods,

the theory of microwave spectroscopy methods, nonlinearity, and multivariable sensing

parameters. Chapter 3 proposes a novel resonant mode-based nonlinear technique for solving the

multivariable problem for more than two unknowns. The algorithm takes the benefit of

nonlinearity to achieve multiple independent features for solving the final problem. The method is



going to be applied for measuring the volumetric fraction of multicomponent mixtures. For proof
of concept, an ordinary planar ring resonator is designed and fabricated to operate in the desired
frequency band that causes nonlinearity and yields independent resonant mode shifts. It is shown
that by sampling the shifts in the variant profile of dispersion spectrum, Af,, , as the shift of the n'"
resonant mode becomes an independent feature of the single ring. As there is no closed-form
formula for modelling the resonator behaviour, a compressive relation is developed and proposed
for modelling the sensor calibration curve. Different fitting parameters of the proposed equation
are then calculated through the intersection of dispersion and the sensor calibration curve. Then, a
model-free analysis for the same approach using a feed-forward neural network is utilized. The
proposed method avoids the curve fitting estimation errors that occur during the calculation of the
sensor calibration curve. Using resonant mode frequency shifts and resonance amplitude variations
of sample experiments as two independent parameters and quality factor as the partial dependent
feature, the artificial neural network is trained and utilized for the target experiments. This
capability is applied to detect biofuel impurities like several mixtures of gasoline, ethanol, and
water with different volume fractions.

The first section in Chapter 4 provides the design details of a novel CPW split ring resonator
for boosting sensing capabilities by enhancing the sensor's electrical field profile. The design is
implemented on the TL-based equivalent circuit of SRR to miniaturize the sensor layout and
achieve a uniform E-field pattern on the proposed prototype. The second part of the chapter
presents a wide dynamic range sensor designed in the same regime to analyze the water
concentration and its salinity in oil. The approach considers a model-free frequency-based method
using the linearly independent parameters. The sensor calibration matrix is formed based only on
resonance shift values instead of applying the complicated models and simplifying the problem.
Chapter 5 investigates a new type of design with a notch type frequency response and its
realization. The proposed sensor provides a multi-resonant mode response in the desired band. The
implemented device is applied for measuring the alcohol concentration during the fermentation
process using a model-free shift-based technique. Using transient impulse response of the multi-

resonant mode module, the same calculation is feasible while having the whole system on a single



chip using CMOS technology. The pulse source is a pulse generator for implementing the desired
signals. Chapter 6 includes both the conclusion part and future works and briefly discusses

transient analysis as a significant step for the industrialization of the technique.
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Chapter 2 Literature Review and Technical Background

This chapter reviews different aspects of selective multivariable analysis like resonance-based
sensing, independent feature definition, microwave spectroscopy, and mixture analysis. First,
various resonance-based techniques are reviewed and reported. Second, the multi-feature
microwave sensors and their capabilities in the multivariable analysis are presented. As will be
shown later, microwave spectroscopy is another crucial parameter for multivariable mixture
analysis. Here, various microwave spectroscopy techniques are investigated and reported. Finally,

single material and multicomponent mixture properties and their modelling is presented.

2.1 Microwave Sensors

The majority of microwave sensors are operating based on their single resonant frequency
perturbation. Working with a single feature or parameter during the experiment limits the

measurement scope to the maximum of one or two variables.

2.1.1 Single Variable Sensing for Determination of Glucose Concentrations

Microwave biosensors are essential candidates for measuring the sub-components
concentration in a mixture. A Circular tapped split ring resonator (CT-SRR) is one of the proposed
techniques for the characterization of aqueous glucose solution [1]. Various glucose concentrations
in deionized water were prepared and examined by measuring 20 uL. samples that covered the
gapping area of the sensor as the most sensitive region of the device. Fig. 2.1 refers to the design
layout and the realized prototype under the test. The glucose concentration range in the solutions
is between 0 to 0.2 g/mL. The only measuring parameter of the sensor is its resonant frequency
defined by coupled SRR, which offers the frequency range from 1.5 to 2.5 GHz for different

loading scenarios.
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Fig. 2.1. CT-SRR sensor configuration and fabricated prototype under the test [1].
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Fig. 2.2. The transmission coefficient of the sensor for different glucose concentrations in DI water [1].

The proposed technique has the maximum capability of binary mixture analysis due to its single
independent feature. So only a single variable can be monitored and processed like glucose

concertation in DI water. Fig. 2.2 shows the sensor response for various glucose concentrations.



2.1.2 A Planar Double-Sided Spiral Split-Ring Resonator for Mixture

Characterizations

Another approach is using a double-sided spiral split-ring resonator (DSS-SRR) for real-time
analysis of the fluid concertation [2]. The design specifications, together with its equivalent circuit,
are shown in Fig. 2.3. As the sensing area of the device, the interdigital capacitor is exposed with
different permittivities that perturb the resonator specifications and alter the resonant frequency.
Considering the device's equivalent circuit, the sensor's input impedance can be analyzed as

presented by Eq. 2.1.

w?M?
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]CDL—]R

Drive loop  DSS-SRR
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Fig. 2.3. Design geometry and equivalent circuit of the sensor [2].

The notch appears at the sensor's resonant frequency, shown in Si1 of the single port resonator.
This frequency is the measuring parameter for assessing the volume fraction of mixture
components. In this work, different water-ethanol mixtures are prepared and tested using the single

frequency values. Decreasing the ethanol concentration in the mixture shifts the resonance to lower
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frequencies. Increasing the relative permittivity decreases the coupling coefficient, M, and reduces
the notch depth correspondingly. The notch depth conveys the relationship between the complex
permittivity and the resonant frequency. Considering the circuit model of the loaded sensor,
increasing the ohmic loss reduces the notch depth.

The independent feature of the sensor is the notch changing for different loading cases. Here, a
single variable specification can be detected, which is ethanol volume fraction in water. Fig. 2.4
exhibits the relative permittivity of the ethanol-water mixture for different ethanol concentrations

together with sensor behaviour for various solution types.
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Fig. 2.4. (a) Mixture relative permittivity and (b) Si11 measurement results for different ethanol concentrations in water ranging
from 0% to 100% [2].

2.1.3 Binary Mixture Sensing using Complementary Circular Spiral Resonator

A small size-sensitive microwave sensor is designed and fabricated to measure different
mixtures [3]. The sensor type is a complementary circular spiral resonator (CCSR) with an
operational frequency at 2.4 GHz to measure the ethanol concentrations in water. The shifts of the
resonance are higher than the previous design due to the higher resonant frequency. The realized

sensor structure and its functionality for detecting various ethanol concentrations in water are
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reported in Fig. 2.5. The complementary ring is coupled to the transmission line at the resonant
frequency and yields a notch response in the transmission coefficient of the sensor.

The maximum shifting range of the resonance is about 490 MHz while changing the ethanol
concentration from 0% to 100% in water. The resonance variations are close to saturation while
increasing the mixture permittivity and decreasing the ethanol concentration in the solution. The
system exhibits the potential of a maximum of single variable detection as it utilizes a single
independent sensor parameter. Considering the complex permittivity, the loss effect can be
characterized by absorption curve values, which is a maximum of around 1 GHz for ethanol. This

can be observed through different amplitudes of the resonant modes in Fig. 2.4 and Fig. 2.5.

o

5 | —m—AIr

(B.“ 9 —a—10% ethanol

| —»—30% ethanol

42l 50% ethanol

—+—T70% ethanol
100% ethanol

1.0 1.5 2.0 2:5 3.0
Frequency(GHz)

Fig. 2.5. Fabricated CCSR sensor for measuring the liquids and mixtures [3].

2.1.4 Complex Permittivity Characterization of Mixture Solutions

A stopband resonator is designed and implemented on a CPW line for measuring the DI water-
ethanol solutions [4]. The sensor is matched to the 50 Q impedance and operates at 20 GHz
resonant frequency. A microfluidic channel is fabricated using a polydimethylsiloxane

(PDMYS) layer to convey the provided solution toward the sensor, as shown in Fig. 2.6. The
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micro-scale dimensions of the sensor enable it to measure the nanoliter range solutions, which is
appropriate for lab-on-chip applications. Since there is no closed-form formula for relating the
complex permittivity components to the frequency shifts and resonance peak variations, a
predictive model is derived using the simulation results as shown in Fig. 2.7. The defined relation
between the resonant frequency shifts, AF,, amplitude variations, AS,4, and complex permittivity

components are presented in (2-2) and (2-3).

oF, I} ﬁ " -
AF} = QAE + ae!! Ae (2 2)
ASyy =TS pet 4 L A (2-3)

1.3 mm

Fig. 2.6. Quarter wavelength resonator patterned on the CPW line and is integrated with PDMS type microfluidic on its top plane
(4].

As can be seen in Fig. 2.7 (a) and (b), although resonance peak remains mostly constant for
real relative permittivity changes and is more dependent on the imaginary part of the relative
permittivity, and the resonant frequency depicts the evident variation for real relative permittivity
values; still these formulas are not linearly independent from each other. Indeed, considering the
relations and the problem uniqueness, the system can monitor single parameter variation, as shown

in Fig. 2.7 (c¢). Increasing the ethanol concentration in DI water decreases the relative permittivity
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of the mixture and increases the resonant frequency values. This frequency and amplitude variation

can be used to map the ethanol volume fraction changes in the solution.
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Fig. 2.7. (a) Resonance frequency and (b) peak attenuation variations versus real and imaginary parts of the relative permittivity.
(c) S21 variations for different mixture types with various ethanol concentrations in DI water [4].

2.2 Multivariable Resonant Mode Based Analysis

2.2.1 Resonant mode Based Spectroscopy

Considering the resonant modes of the planar ring resonator, the variations in the permittivity
profile of the martial under the test can directly affect the order of the resonant modes, which later
will be used as one of the fundamental concepts in discrete spectroscopy [5]. Fig. 2.8 expresses
the Low-Temperature Co-fired Ceramic (LTCC) based SRR integrated with the low-loss polymer

as the container for measuring the spectrum of the resonant mode shifts.
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Fig. 2.8. The experimental setup for measuring the effect of permittivity variations [5].
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Fig. 2.9. (a) The device's frequency response together with the (b) corresponding resonant mode shifts [5].

The frequency response of the methanol, water, and propanol as permittivity variant materials,
are exhibited in Fig. 2.9 together with the corresponding shifts, which are not in order. This can
be interpreted through the dispersive spectrum of the permittivity, which will be used extensively

in the next chapter.
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2.2.2 Selective Measurement of Water Content in Multivariable Biofuel

The mixtures with more than binary components can only be measured and analyzed using
multiple independent features. Here, a sensor with linearly independent parameters is introduced
to detect multi-component changes like ethanol and gasoline in DI water [6]. Considering the Vx
as the volume percentage of the subcomponent, the following volumetric ranges are assigned for

the experiment. Since water is a lossy material, its concentration is limited to lower values

51 < VE < 85

15 < VG < 49

0<VW<6

VE 4+ VG + VW = 100 (2-4)

where VE, VG, and VW are the ethanol, gasoline, and DI water volume fractions in different
mixtures. The sum of all volumetric component percentages is 100, which can be used along two
other linearly independent equations shown in Eq. (2-5). These equations derived from each
subcomponent contribution in generating the final mixture impact the sensor behaviour. Each
equation exhibits the linearly independent resonant mode in the system. As can be shown in
Fig. 2.10(b), the sensor response presents four resonant modes, as independent parameters, in the
investigated frequency range. Still, only two of these resonances are required to analyze the triple

mixture considering what we have in relation (2-5).

Afte X VE+ Af16 X VG + Afiw X VW= Af1x 100
Af3e X VE + Af36X VG + Af3sw X VW =Af3x 100 (2-5)
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Fig. 2.11. The frequency repose of the sensor for different materials as the load [6].

Where Afijis the shift of the ith resonant mode for material j. In the first part of the experiment,

the sensor is calibrated for different subcomponents used in the solution, as presented in Fig. 2.11.

Then different types of the mixtures are loading the sensing area as shown in Fig. 2.10 (c), and
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their corresponding responses are processed using the relations in both Eq. 4 and 5. The

measurement results and actual values of the mixture components are reported in Table 2.1

Table 2.1. The experiment and measurement results of the mixture component concentrations using the multivariable analysis.

Ethanol content Gasoline content Water content
Aectual | Calculated | Actual Calculated | Actual Calculated
value value value
64 64.18 33 32.88 3 2.94
71 71.12 23 22.88 6 6.00
80 80.14 17 16.92 3 2.94
75 77.36 20 18.48 5 4,16
72 75.28 25 22.15 3 2.57
70 78.06 17 17.9 4 4.04
76 74.59 19 20.51 5 4.90
81 80.83 19 19.05 0 0.12

2.3 Microwave Spectroscopy

Microwave spectroscopy methods generally rely on the scattering parameter of the sensing
system for the material characterization. One of the main classes of these methods is dielectric
spectroscopy as an effective tool for extracting information regarding the permittivity profile of
the materials. Most dielectric spectroscopy methods can be summarized and classified through
curve fitting, circuit modelling and mapping [7], [8]. Dielectric spectroscopy also can be patterned
through the resonant mode-based data fitting [9]. For getting the complex permittivity spectrum,
the circuit can be as simple as an interdigital capacitor (IDC) embedded and modelled in the CPW
transmission line [10].

The real and imaginary parts of the permittivity can be interpreted with circuit parameters. Then
using the scattering parameters of the circuit, the permittivity spectrum can be traced. Fitting the
simulation data with the measurements is also an alternative for spectrum analysis [11]. The
complex permittivity components are deducted through mapping of the scattering parameters. The
fitting techniques can also be applied in regression analysis using a capacitive sensor [12] or a
commercial dielectric probe [13]. For example, the transmission coefficient can be utilized to

extract of complex permittivity of the mixture using curve fitting techniques [ 14]. Another research
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applied the fitting process for complex permittivity extraction based on the interferometry-based
sensor's phase variation method [15]. Depending on formulation types, all mapping approaches

may include approximation error.

2.3.1 Transmission Line-Based Dielectric Spectroscopy

For the broadband measurements, the characteristic impedance and propagation constant are
the transmission line parameters that can be affected by any external perturbation. This fact helps
to characterize the properties of the materials under the test while being integrated with the
transmission line or waveguide structure [16]. The preferred material can partially fill the coaxial
line structure, then measured scattering parameters can be post-processed to extract the dielectric

properties of the specimen shown in Fig. 2.12.
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Fig. 2.12. The proposed setup for measuring of the scattering properties of the two-port line [17].

The complex scattering parameters like transmission and reflection coefficient are measured
using VNA. The de-embedding process can assist in extracting the MUT properties of the material

like the layout shown in Fig. 2.13.
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Fig. 2.13. The material under the characterization can be located in the middle part for getting the scattering parameters [18].

In some cases, the equivalent circuit of the line is used for modelling the permittivity effect into
the line structure [19], [20]. Then, a fitting function can be utilized to extract the permittivity of
the material by converging the model and measurements. The MUT can be characterized through

the circuit parameters by de-embedding the air-filled sections as presented in Fig. 2.14.
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Fig. 2.14. Experimental setup and the equivalent circuit of the line under the test [10].

2.3.2 Radiation-Based Dielectric Spectroscopy

As shown in Fig. 2.15, the radiation or free-based method trusts on impedance mismatch
between the free space and the material. This difference between the impedances creates reflected
waves and different scattering parameters to extract the material properties. This method does not
demand any sample modification; large-size samples can also be probed through the procedure

and characterized for a wide range of frequencies.
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Fig. 2.15. Free space microwave measurement principle and setup [21].

2.3.3 Coaxial Probe System
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In this method, the cutoff section of the probe is immersed into the sample or pressed into the

specimen. In both scenarios, the fringing E-field has penetrated the material under the test.

Through the impact of the perturbed E-field, the reflection coefficient of the open-ended probe is

altered, and the dielectric constant is measurable [22]. Fig. 2.16 shows the coaxial probe prototype

and the experimental setup, which can be used for wideband 500 MHz-110 GHz permittivity

analysis. The following approach trusts high-quality contact between the open-ended probe and

the specimen to minimize the effect of air gaps and air impact in the measurements, so the samples

should be appropriately polished prior to the measurements.



22

Boskendddda

B B T

Fig. 2.16. The coaxial probe prototype and setup [23].

Considering a reference impedance for the line that lunches the TEM fields into the sample, the
load impedance can affect this known impedance while contacting the probe. The integration of
the sample with the probe and its equivalent circuit is shown in Fig. 2.17. The reference impedance

can be evaluated by calibrating the system with a known sample prior to the main experiment.
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Fig. 2.17. The schematic and equivalent circuit of the dielectric probe with open end [24].
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2.3.4 Resonance-Based Spectroscopy

The microwave resonators are considered low-cost, high convenience, and reliable devices for
measuring and sensing the permittivity-based changes in the material under the test. The
interaction of the electromagnetic fields around the sensor profile affects the microwave sensor's
frequency response, which defines the distinct features for liquid and chemical sensing [25]-[27].
The sensitivity enhancement, through applying the new microfluidic techniques, on the planar
resonator surface was performed, considering the most sensitive profile of the split ring resonator

[28],
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Fig. 2.18. Two configurations for the liquid sensing procedure on (a) above and (b) under the sensor [28].

The primary platform is based on embedding the microfluidic channel into the substrate area
to effectively perturb the electric field profile between the coupling gap and the ground, as shown
in Fig. 2.18. Fig. 2.19 presents the observed effect of different channel configurations on the

sensor’s performance,
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Fig. 2.19. The frequency response of the sensor for different scenarios; (a) above and (b) inside the substrate [28].
Sometimes, the host medium coated the sensing area, which absorbs the guest particles for the
sensing procedure. This technique provides a convenient environment for measuring the materials

or liquids with different concentrations [29].
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Fig. 2.20. A full-wave simulated model of the sensor and the equivalent circuit presenting the capacitance effect of the PDMS
layer on the resonance [29].

2.4 Dielectric Dispersion and Modelling

2.4.1 Debye and Cole-Cole Models

Under the impact of the electrical field, electric polarization can happen for the dielectric
material. This polarization can be altered for a different range of frequencies, modelled through
various types of formulations. One of the basic and primary types of the formula is the Debye
model. The initial Debye relaxation model was proposed in 1912 based on the relaxation time of
the dipoles in the material structure [30]. The primary empirical formula was provided to explain
the single relaxation materials covering alcohols, but not the more significant categories like
polymers. Fig. 2.21 presents the plots of the real and imaginary permittivity for both the Debye

and Cole-Cole diagrams.
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Fig. 2.21. Debye Relaxation for dispersion and absorption plots and corresponding Cole-Cole diagram [31].
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times [32].

The initial format of the Debye model does not satisfy the whole categories of the material like

large molecule polymers or biological tissues [33]-[37]. As shown in Fig. 2.22, the broadness and

asymmetry of dielectric profile demand to introduce the modified versions of the Debye model

like Cole-Cole relaxation models [38], [39].

Debye equation defines the relation between the complex permittivity with the high, zero

frequency and relaxation time as follow:
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where €., is high-frequency permittivity, 5 defines static permittivity and t is the relaxation time

of the dipoles. Considering the relation €, = ¢,' —je,.”' , &' and &, can be express as:

Es—Eo0
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Where

o=1/

For the big and log chain molecules like polymers, a broader dispersion curve is expected,
which can be formularized through the Cole-Cole model [38],

* € —E&x0

€ =&+ —— (2-9)

*® 7 (14jer)i-a
The new parameter, o, defines the relaxation time's symmetric distribution, which can get the
values between 0 and 1. The most general form of the Cole-Cole model, named Havriliak-Negami,
is given as below [40]:
£ —Ex

€ = &, + W (2-10)

Which the new parameter, B3, is defined. For the Cole-Cole model, B is considered one, and if a

is zero, the general formula gives the Debye relaxation model.
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2.5 Dielectric Mixture Analysis

2.5.1 Mixture Permittivity Approximation

Considering the background theory, various electromagnetic-based algorithms have developed
and built the mixing rules and formulas. The use of electromagnetic (EM) theory combines the
advantage of non-invasive and low-cost methods. Moreover, this theory has the main benefits of
supporting real-time measurements. The concept aims to find the relation between the different
inclusions as the mixture components and the effective properties of the final mixture. Maxwell-
Garnett is one of the approaches to predicting the final mixture permittivity using sub-components
volume fraction and relative permittivity [41]. The theory is based on macroscopic Maxwell’s
equations derived in many research areas [42]-[45]. The formulation can be extended into
multiphase mixtures by defining one of the components as the host medium and the others as
guests with distinct polarization effects [46]. One of the fundamental assumptions in Maxwell-
Garnett approximation is the host and guest volume fraction ratios, and the theory is not accurate
when the components volume fractions are comparable. This originates from the asymmetric

nature of equations for the host medium.
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Chapter 3 Selective Volume Fraction Sensing using Resonant

Modes of Planar Resonator

This research proposes a new technique for enabling multivariable volume fraction analysis by
microwave resonator-based sensors. We address this issue using material dispersion and its
nonlinear impact on the resonant mode frequency shift. The concept is utilized to determine the
volumetric fraction of multicomponent mixture selectively. Since the relaxation frequency of the
permittivity spectrum is different for various materials, the resultant response from different
material combinations can generate independent features. Debye model as a simplified
presentation of the Cole-Cole relation plays a significant role in distinguishing the components in
the mixture. For the proof of concept, a model-based technique for analyzing the mixtures of
methanol, ethanol, and propanol is proposed. Next, as complementary research, the artificial
intelligence-assisted (Al) method is applied to monitor the biofuel impurities. It is shown that the
volume fraction of the components can be selectively distinguished. The concept in theory and

experiment is verified, and the formulation is explained in detail.

3.1 Introduction

In diagnostic and chemical analysis, volumetric fraction measurement of mixtures is an
important parameter [1], [2]. For mass spectroscopy, sophisticated and expensive analytical
chemistry techniques such as FTIR for quantitative study of mixtures, Gas Chromatography-Mass
Spectroscopy (GC-MS), and Liquid Chromatography-Mass Spectroscopy (LC-MS) for gas and
liquid materials and mixes have been suggested [3]-[5].

Material dispersion is identified via microwave spectroscopy. Dielectric spectroscopy is an
important technique for collecting information on the permittivity profile of materials, and it is one
of the primary classes of these approaches. Curve fitting, circuit modelling, and mapping may be

used to summarise and classify most dielectric spectroscopic approaches [6], [7]. Using a
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capacitive sensor [8] or a commercial dielectric probe [9], the fitting approaches may also be used
for regression analysis. The transmission coefficient also may be used to determine the mixture's
relative complex permittivity [10]. Another study used an interferometry-based sensor and a fitting
methodology for relative complex permittivity extraction based on the phase variation method
[11]. All of these approaches have a significant error rate, which has led to numerous researchers
using resonant-based sensors for minute and sensitive readings. Microwave resonator-based
sensors have sparked a lot of interest in the last decade, with applications ranging from biomedical
to oil and gas, owing to their impressive features like high sensitivity, low power consumption,
low-cost, inherently non-invasiveness, and even distant sensing capabilities [12]-[16]. Developing
the microwave sensors functionality was the main goal of many researches [17], [18].

In this work, we propose utilizing the information provided by the frequency shift of the
resonant modes to obtain the information required for sensing in multivariable mixtures. The use
of electromagnetic (EM) theory combines the advantage of non-invasive and low-cost methods.
The concept aims to find the relation between the different inclusions as the mixture components
and the practical impact on the properties of the final mixture and resonant frequency shifts of the
sensors. The proposed technique enables selective sensing using resonant-based microwave
sensors in multivariable multicomponent mixtures with known materials and paves the way for
combining the sensitivity with selectivity.

The organization of the research is as follows: after an introduction in section 3.1, the
operational concept of the proposed method is described briefly in section 3.2.

Section 3.2.1 shows the capability of the Debye model for exhibiting the relative permittivity
spectrum of different materials. A discrete method of spectroscopy based on frequency shift
deviations is described to characterize and detect the varying profile of the components as the
primary step together with a comprehensive simulation response of the loaded sensor. In sections
3.2.2 and 3.2.3, the volumetric analysis framework and sensor performance are observed. Finally,

the performed experiments are explained in section 3.2.4.
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3.2 Model-Based Multi-Feature Technique

Resonant-based sensors have been chiefly utilized on binary solvents. For most of these
methods, resonant frequency shift and transmission coefficient are the main criteria for evaluating
the mixture contents and concentrations [19], [20].

Considering the transmission line theory, reflection-based analysis was also applied to
formulate characterizing the binary solvent features [21]. Dispersion and absorption parameters of
the pure material or binary mixtures were analyzed through resonance frequencies and amplitudes
[22]. However, to our knowledge, no paper has utilized resonant-based sensors for selective
volumetric mixture sensing.

The present work proposes a novel volumetric characterization method using microwave
resonator-based sensors by introducing new orthogonal features which enable the microwave
resonator sensors to determine the concentration of more than two materials in a known mixture.
These new features are originated from frequency-dependent relative permittivity characteristics
of materials, which provides a unique relative permittivity spectrum of each component. Fig. 3.1
summarizes the process flow of the proposed technique in a chart for selective sensing of a mixture

volume fraction analysis.

Mixture measurements and

Preliminary analysis and design Sensor calibration identifying the volumetric
fractions of subcomponents
5 T T
I I
| 1
: Frequency :
| Frequency Sensor design Frequency Emut,, measurements Volumetric ||
| range selection ,| basedon measurements || measurements for the fraction i
| using discrete selected using pure based on Eq. unknown calenlatian |
| spectroscopy frequency materials 10 mixture of fromEq. 16 :
i range materials !
I I

Fig. 3.1. The flowchart of the volumetric ratio extraction process [45].
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Fig. 3.2. The relative permittivity profile or dispersion plots of different materials with distinct relaxation time [45].

Generally, the proposed procedure requires sensor design, calibration, and measurement steps,
as in any sensor. Considering a function between the resonant modes and their corresponding
shifts, the variant permittivity profile of the subcomponents can define the nonlinearity into
system. This nonlinearity generates the independently changing resonant modes that can be
utilized as individual features of the sensor. So, the whole process starts by designing the sensors
with operating frequencies in the variant section of the permittivity profile. These frequencies
should be chosen so that the relative real permittivity of materials is not constant compared to each
other.

Sensor calibration is then accomplished by combining resonance frequency shifts of all the
resonant resonator modes due to the introduction of pure materials (methanol, ethanol, and
propanol) to the resonator. This information is then used to form the Sensor Calibration Matrix
(SCM) based on Eq. (3-9). The mixture matrix (MM) for the mixture of interest, which we would
like to determine the volumetric fraction of each component in, is then created by introducing that

mixture to the sensor using Eq. (3-9) with the calculated parameters given in Table 3.2. The
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volumetric fraction matrix (VFM) containing the volume of each material in the mixture could be

calculated using Eq. (3-15).

W

Fig. 3.3. The relative permittivity profile of the different types of alcohol at 23°C [45].
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These steps were discussed in detail in sections 3.3-3.6. For example, we can consider different

types of materials with discriminated molecular configurations that respond differently to the

single driving force or E-field, creating relative permittivity dispersion with various molecular

relaxations. Indeed, the different relaxation frequencies [23] yield the difference between the

falling patterns of the A, B, and C relative permittivity, as shown in Fig. 3.2.

By designing the dominant resonator frequency and resonant modes to operate in the varying

profile of the relative permittivity curves, the extracted frequency-based dataset forms resonant

modes, or their frequency shifts are not linearly dependent anymore. This independence can be

applied to generate the system of mixing equations on volumetric data of the mixture component.

This is because the different resonant modes of a single resonator are exposed to different relative
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permittivity values (in Fig. 3.2), so the related frequency shift to each of the resonant modes is
different and follows the dispersion of the material relative permittivity. A detailed review of the
phenomena is presented in the next section.

The next step is designing the sensor that can operate and perform the frequency-based
sampling in the candidate frequency band. The functionality of the sensor should be characterized
for different MUT loading scenarios. Then these achieved sensor responses are calibrated and
interpreted in terms of the related MUT permittivity. For each resonance response, measured at
sensor output, the corresponding MUT relative permittivity is demanded. For a mixture of known
materials, related literature or even a dielectric measuring probe could be used for determining the
required sample's relative permittivity.

During the experiment, each resonant mode or resonance is responsible for providing the
necessary information to complete of the related mixing equation. So, the dataset extracted from a
single resonance or resonant mode after different sensor loadings can be used to form the
corresponding resonant mode-based mix equation. Writing the final mixing equations in matrix
form, the sensor calibration matrix is obtained, which contains all the predicted relative
permittivity values to form the linear equations. As for analyzing the mixture with i number of
varying components, at least, i-/ number of resonant modes or resonances is demanded solving
the equations.

Through the chapter, this concept is formulized, and a set of equations based on the Debye
model and intensive electromagnetic simulations in HFSS are structured. Solutions of these
equations will provide the volumetric fraction of different components in the mixture. The
multicomponent analysis is feasible as microwave resonator-based sensors' most critical

operational problem based on the achieved results and approach.
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3.2.1 Relative Permittivity Profile and Sensor Design

3.2.1.1 Relative Permittivity Variation versus Frequency

Considering the Debye model of different subcomponents [24], the frequency dependencies of
dispersion and absorption curves for methanol, ethanol, and propanol at 23°C are presented in Fig.
3.3 [25], [26]. Different dielectric relaxation times for the methanol, ethanol, and propanol yield
different frequencies accompanying E-field attenuation in loss factor. Considering the mixture of
these liquids, other relaxation times are involved in variant yield curves.

The altering relative permittivity profile of the materials under the test at different frequency
ranges is detectable through the shift variations of a typical resonator assumed as the sensor. The
corresponding dispersion relations and Debye presentation of the materials are shown in the

appendix A.

3.2.1.2 Resonator Design

The microstrip ring structure shown in Fig. 3.4 is a ring resonator used to perform the
measurements in this chapter. The simplicity of the layout and supporting the multiple frequencies
introduce the ring resonator as a suitable candidate for the measures. The size of the sensor is the
main parameter that should be confirmed for controlling the resonance-based sampling resolution
and operational frequencies [27]. Technically, for each resonance, the standing wavelength follows

the relation in equation (3-1) as follows.

nlg =2mR, n = 1,23, (3-1)

where R is the mean radius of the ring and A can be interpreted as the guided wavelength for each

resonant mode as follows;

1 c

9~ Fodeerr G (3-2)
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This equation shows the relationship between the perturbed resonance frequency, f,,, and the
effective relative permittivity, £.¢¢(fy), of the device integrated with the material under the test
[28], [29]. The change in the relative permittivity profile of MUT can then be monitored using the
sensor's resonant frequency shift or frequency response. As the resonator's main design parameter,
the resonance frequency is selected because ratios of relative permittivity of the mixture's
components vary at the frequencies related to resonant modes of the resonator. This guarantees to
have orthogonal features, which increase the number of independent equations. This enables the
capability of distinguishing between more than two variables in the mixture and consequently their

volumetric calculations, as will be discussed in the succeeding sections.

3.2.1.3 Proposed Deviation-based Discrete Spectroscopy Concept

The permittivity-based spectroscopy is processed by observing the frequency shift of the
resonant mode frequencies of the resonator. For mixture analysis, the frequency shift
measurements are carried out as the main factor for accomplishing the mixing equations from
volumetric fractions as the unknowns. These shifts are linearly increasing across the resonant
modes when the effective relative permittivity remains constant during the corresponding range,
so for monitoring the potential changes in the relative permittivity profile of the materials, a
parameter named shift deviation is defined and derived based on effective relative permittivity
changes for simplifying the permittivity-based spectroscopy. Using equation (3-2) we can easily
relate the resonance frequency of each resonant mode to the overall effective relative permittivity

of MUT and substrate as follows;

nc

g (3-3)

Each resonant mode frequency-shift due to the introduction of MUT to the system can be

calculated by,
nc 1 1
Afn " amr (Jeeff,Air  Veers U e
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Fig. 3.4. The layout of the simple ring resonator was chosen as the multi-resonant mode sensor for performing the volumetric data
analysis [45].
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Fig. 3.6. The schematics of the (a) simulated and (b) fabricated ring resonator integrated with the cylinder polymer container on
top [45].
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If the relative permittivity were considered constant &.¢¢(f,) = €epr(f,), the expected

frequency shift of the resonant mode frequencies would be:

Af, = nAf; (3-5)

However, the actual frequency shift includes the relative permittivity dispersion. Therefore, one
can define a deviation term for analyzing the dispersion behaviour of the relative permittivity

profile pattern as follows;

Afn aev= nAf1 — Afy (3-6)

Considering a fairly constant relative permittivity for the air, the shift deviation term for the nu

resonant mode (A4fy qev) 1s described by:

nc \/Seff(fl) —Jseff(fn)

Afp ger=5—(
M2 S e () e ()

So the relative permittivity decrement in the testing material profile emanates in deviation term

(3-7)

through (3-8). For example, Fig. 3.5 shows the shift deviation caused by the difference between
the invariant relative permittivity profile of the model with &5 = €= &5 pethanor and methanol’s
Debye model on a set of resonant modes. The corresponding deviation values can be perceived
along the material spectrum by performing an arbitrary sampling distribution on the material’s
relative permittivity profile. Then, the samples with a high level of shift deviation are predicted as
suitable candidates for future design plans. Any changes along the relative permittivity spectrum
of the MUT can be mapped in terms of the shift deviation. By increasing the number of resonant
mode frequencies or sample points in the specified probing range, the resolution of the deviation
curves can be improved, and the interpolated curve becomes smoother. The deviation-based
spectroscopy is completed through this approach, and the acquired results can be used to determine

the convenient frequencies.
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3.2.1.4 Pre-Experimental Characterization

In practice, the sensor design and the test setup impact the effective relative permittivity
observed by the sensor, which needs to be considered in the pre-experimental characterization. We
designed a simple microstrip ring resonator on Rogers RO3003 (¢; =3 and tand = 0.0013) as shown
in Fig. 3.6. The values of the geometrical parameters are ri, - 20 mm and ring width of 1.9 mm on
the 760 um substrate coupled through a 0.5 mm gap to the 50Q microstrip line. The 3D schematic
of the sensor used for full-wave HFSS simulations together with the fabricated version of the
sensor is shown in (a) and (b), respectively.

The sensor in Fig. 3.6 is used, and a small polymer container with &~4.1 (assumed a constant
relative permittivity value at the utilized frequency range by this project) was attached and fixed
on the top of the resonator. The container dielectric property is calibrated, and its effect on sensor
response is included during the individual subcomponent’s measurements. The pre-defined
volume of the liquids under the test is set to 6.4 mL, adjusted by a dispenser with 1uL precision,
thoroughly covers the surface of the ring resonator.

A complete set of simulations is performed that correlates expected resonant mode frequencies
with the associated substrate and MUT permittivities. This helps to understand and distinguish the
impact of the effective relative permittivity resulting from the substrate and the MUT in the system
calibration. A full-wave HFSS simulation is performed for obtaining the analytic values of each
resonant mode, and the results are exhibited in a 3D plot of resonance frequency resonant modes
in Fig. 3.7. The designed unloaded ring resonator operates at its first resonant modes of i = 1.42
GHz, f; = 2.84 GHz and f; = 4.26 GHz. It could be seen from Fig. 3.7 that the device resonance
frequencies at all the resonant modes have a high dependency on the substrate permittivity. It also
presents the dependency of the results to the relative permittivity of MUT that is located on top of
the resonator. Here, we are modelling this pattern by utilizing exponential fitting with an averaged

relative error of 1.8% in MATLAB as follows;

fn =a+ be(_ﬁemutnpl_agsubnpz) (3_8)
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where €g,p,, and €,y are the relative permittivity of the substrate and material under the test

respectively at the associated resonant mode, and coefficients, a, b, a, 8, P1, and P2 can accept a
different range of values after being compared and calibrated with the valid model or

measurements. This equation can be written as follows:

fn—a

In +aggypt?
( ( b zﬂ )1/P1 (3_9)

Emut,, =

Equation (3-9) can be applied as a proposed formula in our discrete microwave spectroscopy to
correlate the relative permittivity to the resonant mode frequencies and used here as a powerful

tool for sensor analysis.
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Fig. 3.7. The plot of the (a) first, (b) second, and (c) third resonant mode of the full-wave simulation ring resonator model for
different substrate and MUTs relative permittivity values [45].
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3.2.2 Volumetric Fraction Analysis

After understanding the impact of the resonator substrate on the overall effective permittivity,
it is time to formulate the relative permittivity of the mixture to be able to correlate the sub resonant

mode frequency shifts with the mixture subcomponents.

3.2.2.1 Mixture Equations and Preferences

Any change in relative permittivity of the components can alter the mixture properties and its
relative permittivity profile. There are many types of equations addressing mixtures model such
as Maxwell-Garnett [30]-[34], Kraszewski [35], Lichtenecker [36] and/or other extended
formulations [37] that relates the impacts of volume fractions of the components to the final
mixture relative permittivity through the superposition effect. Amongst these, Maxwell-Garnett is
one of the approaches commonly used to predict the final mixture relative permittivity using sub-
components volume fraction and their relative permittivity [38]. However, it is more suitable for
binary mixtures rather than multivariable mixtures [39]. The permittivity and their molecular
interactions are responsible for determining the permittivity values [40], [41]. The Lichtenecker
and Kraszewski equations present the linear approximation and less complexity in the formulation
compared to the other analysis, which is preferred in computation. In comparison, Lichtenecker
has been even further simplified by the ternary solvent formulation presented in [42] and thus is
used in this chapter. Based on this analysis, the total relative permittivity can be related to the

subcomponents relative permittivity as follows:

In gnmix = ?I:l Viln (Sni) (3'10)

where V; is the volume fraction of the mixture components, &, . and &,; present the dielectric
constant of the mixture and its components at f,, (resonant mode frequencies) respectively. To
highlight again, # is referred to as the resonant mode numbers, and i corresponds with the mixture

component index. Using (3-10) in (3-11), one can get:
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1/P1

frmix—@ ni—a
n (ln(T)+aesubP2> _ 2?]:1 Vin <ln(f L )+aesubP2> G-11)

-B

Therefore, the matrix presentation of the equations can be written as:

ln glmix

In(&5) - In(eyy) V-1

(3-12)

In Enmix x1 [ln (en1) -+ In(gy) i Viliq
where In (&,,;) presents the relative permittivity of the subcomponent i at the n” resonant mode.
In addition, considering the total volume of the mixture as 1, we have,
Lavi=1 313
Here, to minimize the number of required resonant modes for the sampling, equation (3-13) can
be the complementary relation. So, in extended format, (3-12) and (3-13) can be integrated and

rewritten in the form of (3-14), which is a completed form of the system of equations for obtaining

the volumetric concentrations of the mixture components,

In glmix In (811) - In (Sli) Vl
’ =iy Ing x | (3-14)
In Enpmix In(er1) . In(ep) v
1 1 1l hlixa
ix2 - - el Volume Fraction
Mixture Sensor Calibration Matrix(VFM)
Matrix(MM) Matrix(SCM)

So, for the number of unknown volume fractions, (i), the linear system of equations will need
at least (i-/) resonant modes data for solving and getting the volume percentages of the
components. The final form of matrix equation can also be presented as the following generalized

format:

VFM = SCM~1 x MM (3-15)
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3.2.2.2 Volumetric Analysis of the Mixture

Here, the volume fraction matrix contains the volumetric information of the mixture
components. The sensor calibration matrix is achieved by testing the sensor for each mixture
component individually as MUT. The prepared dataset evaluates and records the sensor response
for each of the mixture components separately in each test as each material impacts the sensor
resonant modes differently. The final step is to examine the same resonant mode’s reaction while
perturbing the sensor by the resultant mixture. The achieved data from each frequency reflects
each component's contribution in the final mixture characteristics. For example, the components
with higher volume fractions create dominant influence comparing the materials with small
portions. The mixture matrix includes all the essential information for solving the equations based
on mixture properties.

For the best performance, the resonant modes should be chosen from the frequency range that
the mixture components have the most dispersion. This helps to avoid non-orthogonal equations.
Here, we chose the second, > = 2.84 GHz, and third, f3 = 4.26 GHz, resonant modes for the data
acquisition process, and the main resonance frequency at 1.42 GHz for the bare resonator. These

are the main criteria for designing the resonator.

3.2.3 Validation of Sensor Performance

S21 was measured and plotted for the first three resonant modes to validate the sensor's
performance and capability to monitor the relative permittivity profile properties. The measured
results and quality factor of 6.4 mL methanol, ethanol, and propanol loading microstrip ring
resonator are illustrated in Fig. 3.8 and Table 3.1, respectively. The dataset achieved from the
resonant modes is used for filling in the sensor calibration matrix (SCM) in (3-16) by assigning a
relative permittivity for each measured frequency. This process is described with further details in
section 3.2.1 through acquiring the relative permittivity values on the sensor calibration curve.
Considering the Debye model of the liquid components, distinct shift levels occur for resonant

modes while loading the resonator with different liquids. The accuracy of the measured results will
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be validated through analyzing and comparing the corresponding resonance shifts profile pattern
and the loss factor, respectively. All measurements were performed using the Copper-Mountain-
Technologies© C2420 4-Port 20 GHz vector network analyzer, with a calibration frequency range
from 500MHz to 5GHz with 8001 measurement points, under the temperature of 23°C in lab
condition. First, the loss based patterning and analysis is performed and compared with &,.” curve
pattern. To fulfill the expectations, the resonance amplitude variations should follow the same
trend as the loss factor amplitude Fig. 3.9 presents the measured insertion loss of the system while
loading the resonator with different scenarios and compares it with absorption curves in the Debye
model. The higher resonant modes can experience even increasing or decreasing loss profiles. For
the higher frequencies, methanol loss is higher than the loss of ethanol and propanol. In other
words, methanol exhibits the rising trend for higher resonant modes while the propanol loss

spectrum presents a descending pattern.
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Fig. 3.8. The spectrum of three measured resonant modes of the ring resonator while loading the sensor with different scenarios

[45].

Table 3.1. The measured quality factors for different resonant modes.

Qm Qe Qp QAir

1%t Resonant mode 44 32 30 60
2nd Resonant mode 37 33 40 82
3 Resonant mode 33 37 50 90
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Fig. 3.11. The experiment setup for measuring and characterizing the volumetric ratios of different mixture components [45].

For ethanol, the absorption curve is mostly uniform and invariant for selected ranges of
frequencies. These characteristics result in the same amplitude variations for all specified resonant
modes in the band. Second, the relative permittivity impact on the sensor functionality is
investigated.

Using equation (3-7), Fig. 3.10 presents and compares the shifting deviations of the
corresponding resonant modes for different measured loading scenarios.

This shifting deviation is a critical factor for getting a meaningful response out of our system
of equations. The information in Fig. 3.10 provides enough data for monitoring the variability of
the material's relative permittivity profile. Therefore, the resonant mode shift deviations represent

the level of nonlinearity and the permittivity variation at each frequency.
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3.2.4 Sensing Experiments and Discussion

The complete experiment setup for the sensor calibration process and mixture measurements
are shown in Fig. 3.11. The mixture samples were prepared before the experiment, including
different methanol, ethanol, and propanol volume percentages.
3.2.4.1 Sensor Calibration Matrix and Mixture Matrix Formation

Before any mixture measurements, the proposed microwave sensor should be loaded by the
pure materials chosen as mixture components to form the sensor calibration matrix (SCM).
Without loss of generality, the parameters in the proposed resonant mode-based equation (3-9) in
section 3.2.1 are characterized at the measured frequencies through intersecting with Debye
models. This process is for assigning the corresponded relative permittivity values for each
measured data. Then, the sensor calibration curves are formatted as depicted in Fig. 3.12.

Using intersecting points, labelling of each measured frequency with the corresponding relative
permittivity is completed, which forms the sensor calibration matrix. For the present sensor with
the proposed experiment setup, the calculated coefficients with MATLAB software after the

intersection process are shown in Table 3.2.

Table 3.2. Calculated coefficients of the Eq. 3-9 after the intersection.

a b a B P1 P2
15t Resonant mode 0.76 4.8 0.85 0.53 0.031 0.5
27 Resonant mode 1 4.66 0.4 0.241 0.06 0.5
3 Resonant mode 1.5 4.47 0.19 0.157 0.09 0.5

3.2.4.2 Multicomponent Matrix Measurement

The sensor calibration matrix is formed, and now the system of equations is ready for the
mixture characterization. The linear system of the equation is presented in equation (3-15).
Resonant mode-based data achieved from mixture subcomponents will be used to obtain the
percentage of the mixture subcomponents after the total mixture measurement.

Fig. 3.13 shows the mixture data achieved from 8 different mixtures utilized for this

experiment. The summarized experimental steps can be clarified as follows;
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e Measuring the S-parameters of the sensor loaded by each subcomponent
individually.

e Using the measured resonant modes and obtaining the corresponding relative
permittivity values through MATLAB-based intersection. (Calibrating the sensor
model curves and establishing the sensor calibration curves as Table 3.2)

e Generating the sensor calibration matrix using the relative permittivity values on
the intersection points of the sensor calibration curves.

e Measuring S-parameters for the favourite mixture as load, analyzing the related mix
relative permittivity by the achieved sensor calibration curves. (Mixture Matrix)

¢ Finalizing the system of equations and calculating the volumetric data of the

subcomponents.

Using the 2" and 3™ resonant mode-based measurements, the volumetric fraction data is
extracted and illustrated in Table 3.3. The expected falling and raising trend of amplitudes validate
the quality of measures while comparing the resonant mode-based measurement results in Fig.

3.13 with volumetric specifications in Table 3.3.
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Fig. 3.12. The sensor calibration curves intersection with the Debye model at measured frequencies for characterizing the
parameters in equation (3-9) and achieving the sensor calibration matrix in equation (3-15) [45].
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Fig. 3.14. The experimentally achieved spectrum of the relative permittivity for different mixtures at each resonant mode [45].

Using the proposed formula in (10), the relative permittivity spectrum of each mixture
calculated for different resonant modes is also exhibited in Fig. 3.14. As an example, for mixture
number 6 shown in Table 3.3, 80 % of the mixture volume is propanol, which follows a decreasing
loss pattern in Fig. 3.9.

The resonant mode spectrum of the ring is tracking the same decreasing insertion loss scheme
of propanol with minimum resonance shift as the dominant component of the mixture. In contrast,
mixture number 8 methanol is the dominant subcomponent of the mixture with a volume fraction
of 80 %. The resonant mode response of the mixture exhibits an increase of the loss factor and,
consequently, decreases the amplitude in the Sz; profile.

To verify the validity of the proposed measurement, Table 3.3 presents the initially mixed

subcomponents compared with its measurement results extracted for three repetitions of each
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experiment. The corresponding standard deviations (SD) for each set of tests are also calculated
and presented in the same table. It could be seen that the measured volume fractions match well
with the initially assigned subcomponents to the mixtures. The small error values of less than 6%
are achieved according to the proposed method, mainly attributed to the experimental errors such
as material preparation, and accuracy of the initial mixture models used. Moreover, the sensor's
sensitivity to the volume error of the mixture is also investigated. It is about 150 KHz for 5%
variation in the volume of the mixture, which is negligible and is only about 0.3% of error in the

calculation of ethanol.

Table 3.3. A comparison between the extracted and actual components of each experiment.

Experiment

Volume Fraction Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8
Methanol Assigned Vol. % 20 40 40 60 20 0 20 80
Ethanol Assigned Vol. % 40 20 40 20 60 20 0 20
Propanol Assigned Vol. % 40 40 20 20 20 80 80 0
Measured Methanol Vol. % 19.5 38.8 39.5 58.5 20.5 1.3 19.2 82
Measured Ethanol Vol. % 42.5 22.7 413 22 58.7 21.7 3.9 16.7
Measured Propanol Vol. % 38 385 19.2 19.5 20.8 77 76.9 1.3
Standard Deviation (SD) of 0.79 % 0.67 % 1.9% 5.6 % 3.59% 1.18 % 3.4% 3.5%
Measurements for 3 1.63 % 1.8% 0.48 % 3.1% 241 % 1.84 % 1.34 % 3.6 %

Repetitions of Experiment 1.06 % 1.1 % 0.43 % 2.57% 1.92 % 1.14 % 2.05% 0.16 %
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3.3 A Model-Free Approach for Multivariable Biofuel Analysis using

Artificial Intelligence Assisted Non-Contact Microwave Sensor

As mentioned before, one of the most complicated issues in the field of microwave resonator-
based sensors is multivariable component analysis. A new methodology for providing new
independent features for assessing the volumetric fraction of water, ethanol, and gasoline in E85
biofuel samples is developed as complementary work. For this part of the project, Dr. Masoud
Baghelani helped with conceptualization, methodology, and MATLAB analysis, while Navid
Hosseini contributed with sensor design, fabrication and HFSS analysis. The innovative features
are derived from a multi-resonant modes measurement of frequency and amplitude fluctuations of
the resonator transmission response due to dispersion and uniqueness of permittivity spectrum of
various materials. After 66% of the test samples have been trained, an artificial neural network is
created for model-free processing of the data from the test samples. The experimental results
demonstrate the sensor's ability to selectively monitor all components of a multivariable mixture
simultaneously. During this research, a big step forward is being made by increasing microwave
resonator-based sensors' selectivity by introducing additional independent features derived from
the sensors' higher mode responses to the new materials.

The theory underlying this technique, as before, is based on inherent dispersion in the
relative permittivity spectrum of materials, which is caused by the various relaxation times of
different materials in the same environment. This procedure extracts all of the resonator's available
properties in a broad-spectrum range for the first three resonant modes, such as frequency shifts,
resonance amplitude, and quality factor of each resonant mode of the resonator according to each
sample. The data is collected across many samples and used to train a feed-forward artificial neural
network for data processing. Following the artificial neural network's training, the network can
interpret unknown mixture samples using the features acquired from the resonator measurement.
Promising findings with meagre error rates back up our technique for a multivariable sensing

application.
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3.3.1 Sensor Designing Process

The sensor used in this study is a planar microstrip split-ring resonator that works at the
fundamental resonance frequency, permittivity of the materials of interest varies in the higher
resonant modes. This research introduces new characteristics such as frequency shifts for different
resonant modes of resonators and changes in transmission amplitude and quality aspects (Q).

The Debye model for ethanol, gasoline, and water is shown in Fig. 3.15. Because of the
differences in their relaxation times, their permittivity spectrums are altering at various

frequencies. [43], [44].
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Fig. 3.15. Debye models for ethanol, water and gasoline [52].
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In the case of biofuels, it can be shown in Fig. 3.15 that any resonance frequency between
500MHz and 1GHz provides the proper resonant modes, with varied permittivities in the spectrum
of the material. The sensor's fundamental frequency is 970 MHz, and three initial resonant modes
are selected for feature extraction to get a higher number of features for better neural network
training. In the data analysis phase of this project, these traits will be investigated further.

The resonator's transmission response, including the first three resonant modes, is shown in Fig.
3.16 (b), which was simulated using the High-Frequency Structure Simulator (HFSS). Due to the
constant permittivity of their ambient material, the resonator shows a roughly similar field
distribution profile. All frequency shifts due to loading the resonator with different permittivities

are measured using the following relations [45].

nC
Jfo=T——= (3-16)
L+ ge.ff,air(fn)
A, =1, R (3-17)
leﬁ’ geff,air(.fn)
Where [4]
Ersuptl | Ersup—1 1 (3-18)

& ir =
eff,air 2 2 1+@
\] w

Where 7 is the number of resonant modes, ;¢ muy¢ (f) 18 the effective permittivity of the whole
system after introduction of the material under the test (MUT) to the sensor, c is the speed of light
in the free space, &, o, 18 the relative permittivity of the substrate material, /oy is the effective length
of the resonator and / and W are the thickness of the substrate and the width of the copper trace of
the resonator, respectively. Furthermore, because the quality factor is an additional feature for data
analysis in this study, a straightforward definition would be beneficial. [44]:

averageenergystored _  f, (3-19)
energyloss / sec. BW s

0 =274,
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Where fy is the resonance frequency of interest, and BW_.34g is the 3dB bandwidth of the resonator
transmission response. Furthermore, attenuation, which may predict based on various loss
processes, can be given in microstrip resonators. [46]:

a=oa.+a,+o;+o, (3-20)
Where o is the overall attenuation and ac, op, og, and ar are attenuations due to metal loss,
dielectric loss tangent, dielectric conductivity loss, and radiation loss, respectively which could be

described as follows [5]:

o =8.686 x i (dB/ meter) (3-21)
27,

a,, = 8.686 x tan(é)% (dB/ meter ) (3-22)

a = 8.686 x G2, (dB/ meter ) (3-23)

Where R' is the RF resistance per unit length of the metal layer (here copper), Zo is the
characteristic impedance of the structure (~50Q2), tan(d) is the loss tangent of the dielectric
materials ambient to the resonator structure, C'is the capacitance of the transmission line, and G’
is the conductivity of the dielectric materials around the resonator. The radiation loss has been
considered to have only a minimal influence on the total attenuation of these devices. [48].
Because a precise closed-form formulation of the resonance frequency versus MUT
permittivity is not easily accessible and can only be retrieved through curve fitting by matching
the data with the Debye model, an artificial neural network (ANN) is used to handle the data as a

black box.
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Fig. 3.16. (a) The schematic of the designed resonator and (b) its multi-resonance transmission response, including its first three

resonant modes [52].



Fig. 3.17. The experimental setup for testing the samples [52].

3.3.2 Experimental results
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Table 3.4. A comparison between the simulation and experimental results for the case of an unloaded resonator. Numbers represent

the resonant modes.

Sensor Simulation Experiment
Specifications
Q at the 1% 105.4 160.95
resonant mode
Q at the 2™ 219.6 125.20
resonant mode
Q at the 3¢ 184.8 109.89
resonant mode
Af at the 1™ 973.5 997.9
resonant mode
(MHz)
Af at the 2™ 2899 3005

resonant mode
(MHz)
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Af at the 3™ 3882 4022
resonant mode
(MHz)
Amplitude -15.1 -8.5

variation at the 1%
resonant mode

(dB)

Amplitude -6.3 -8.0
variation at the 2™
resonant mode
(dB)

Amplitude -3.8 -4.7
variation at the 3™
resonant mode
(dB)

The setup shown in Fig. 3.17 is used for both network training and tests. As mentioned, the
sensor is a split ring resonator intended to resonate at around 970 MHz as the fundamental mode,
allowing higher modes to occur at the necessary frequencies if the materials of interest have
sufficient dispersion in their permittivity spectrums.

The low-loss double-sided EL-7876 silicone transfer adhesive tape secures the polymer
container to the substrate. A Copper Mountain Technologies S5085 2-Port VNA with a frequency
range of 5S00MHz to 4.5GHz and 8001 measurement points was employed for the measurements.
A 1ul precision dispenser is used to prepare samples. All samples have a capacity of 10 ml, which
covers the sensor's top plane based on the container's volume. The container is dried out using a
room temperature blower after each test. The resonator's resonance frequency with the empty

container is returned to the same place as before each experiment.
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Fig. 3.18. Transmission response of the unloaded resonator with the empty container and its responses in case of the container
filled with water, ethanol, and gasoline, respectively [52].

Table 3.4 compares the simulation findings in Fig. 3.16 (b) with the experimental results in
Fig. 3.18 for the bare resonator situation. The inconsistencies might be the consequence of the
container's dielectric characteristics being unknown, along with the soldering effect, which is all
calibrated and included in sensor response. The mismatch between simulation and experimental
data does not produce any errors because the data processing given in section 3.3.3 is purely based
on the experimental results. For the first three resonant modes of the sensor, the transmission
response (S21) for each of the materials of interest (ethanol, gasoline, and water) is shown in Fig.
3.18, which includes the container dielectric properties as well. The unloaded quality factors (Q)
at all of its resonant modes are shown in Fig. 3.18. Table 3.5 shows the Q of the resonator for all

of the materials.

3.3.3 Model-Free Analysis of Biofuel Sensor using Artificial Neural Network
A multi-layer perceptron (MLP) is a feed-forward neural network with one input layer, one

output layer, and single or multi hidden layers between them. We will not go through all of the

technical intricacies of this well-known artificial neural network for brevity, including the learning

process, which can be found in standard textbooks [49]. The retrieved features from the samples
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are linked to the input layer. The hidden layers activation function is commonly a sigmoid function,

which can be described as:

y(w) =

Where,

V=Yg w XX

1

1-e7?

(3-24)

(3-25)

where x; is the i feature and wyis a coefficient called weight calculated during the neural network’s

learning process (Fig. 3.19 contains more details). For pattern recognition applications, the neural

network's output layer is commonly a hard-limit function. Because this project aims to determine

the proportion of each subcomponent in an unknown combination, the rectified linear unit (ReLU)

may be a better option. [50].

Table 3.5. Different specifications of the data extracted from Fig. 3.18. All Af and amplitude changes are expressed in absolute
values and determined in comparison to unloaded resonator data.

Specification Bare Ethanol Gasoline Water
resonator
Q at the 1% resonant mode 160.95 29.18 153.95 147.72
Q at the 2™ resonant mode 125.20 21.31 123.88 13.17
Q at the 3" resonant mode 109.89 26.73 104.78 12.15
Af at the 1* resonant mode 0 58.1 12.6 82
(MHz)
Af at the 2™ resonant mode 0 106 34 319
(MHz)
Af at the 3" resonant mode 0 119 40 601
(MHz)
Amplitude variation at the 1% 0 14.88 0.37 5.25
resonant mode (dB)
Amplitude variation at the 2™ 0 12.15 0.44 21.43
resonant mode (dB)
Amplitude variation at the 3™ 0 14.94 0.56 14.16

resonant mode (dB)




67

Hidden
laver

Aampl

Aamp2

Adamp3
oI
Q2
03

Fig. 3.19. A multi-layer perceptron network was used, with 9 input neurons for each of the nine extracted characteristics, 42
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Fig. 3.20. Sample space for training and test the sensor system including the artificial neural network [52].
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Sixty samples with the following volumetric variation ranges for E85 biofuel are given to train and

test the neural network [51]:

51 < Vg < 85
15 <V, < 49
0<Vy <6

Ve + Vi + Vi = 100

(3-26)

VE, VG, and VW are the volume fractions of ethanol, gasoline, and water. As illustrated in Fig.
3.20. The samples are generated at random but picked so that they cover the problem volume with
a somewhat uniform distribution. 40 samples are chosen randomly for training the network, with
the remaining 20 being evaluated for testing. The transmission response of some of the samples is
shown in Fig. 3.21. Table 3.6 lists the samples as well as the concentrations of each component.
According to Fig. 3.21, the inclusion of each material resulted in the extraction of 9 characteristics
from the sensor's transmission response, including frequency shift, amplitude, and quality factor
at the resonance frequency for all three resonant modes. The values obtained from the resonator
with the empty container are used to normalize the above parameters. Normalization of features is
critical in the neural network learning process since high values, such as frequency changes of
several MHz, can overload the network and limit the influence of other information, such as quality

factor fluctuations that are millions of times smaller.
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Table 3.6. Achieved results from the processing of the sensor's data by the artificial neural network. It could be seen that the
maximum absolute error in determining water concentration is 1.4%, with the maximum relative error of as low as 0.36%.

Sample Actual ethanol Results of Actual gasoline Results of Actual water Results of water
number concentration ethanol concentration (%) gasoline concentration (%) concentration from
(%) concentration concentration the sensor (%)
from the sensor from the sensor
(%) (%)
1 81 80.60 18 18.30 1 1.1
2 82 82.62 18 17.23 0 0.05
3 78 77.90 17 17.13 5 497
4 81 80.01 19 20.06 0 0.02
5 72 72.73 27 26.64 1 0.64
6 78 77.90 17 17.13 5 4.97
7 74 75.72 24 22.49 2 1.73
8 77 76.64 19 19.14 4 423
9 70 68.46 24 24.94 6 6.27
10 78 78.65 16 14.96 6 5.89
11 75 74.02 22 22.52 3 349
12 70 69.08 28 29.19 2 1.72
13 79 80.09 19 17.82 2 2.09
14 83 84.31 16 14.81 1 0.87
15 84 83.69 16 16.26 0 0.05
16 80 79.44 20 20.65 0 0.00
17 74 71.98 23 24.55 3 3.46
18 76 79.81 19 18.61 5 6.4
19 82 83.59 17 15.43 1 0.97
20 71 71.08 26 25.89 3 3.04
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Fig. 3.21. Transmission response of some of the test samples as outlined in Table III and their zoomed versions around the three
first resonant modes [52].

Table 3.6 summarises the results of the data analysis utilizing the neural network. The hidden
layer's size is chosen to get the lowest error with a total of 42 neurons. In the computation of
volumetric concentration of all the materials, the total mean squared error (MSE) is roughly 0.13%.
It is also worth noting that when the artificial neural network has been trained, it becomes a
collection of basic computations with fixed coefficients. As a result, the network's reaction to new
characteristics indicating a new unknown sample will be rapidly available due to the fast
computation speed of current computers and processors. The artificial neural network also allows

for model-free data processing without the need for complex sensor environment modelling.

3.4 Conclusion

The extraction of new independent characteristics for real-time non-contact multivariable
selective sensing applications has been produced using a unique approach based on multi-resonant
modes analysis of the microwave split ring resonator. Because the permittivity spectrum of
different materials is dispersed and unique, and the resonator's different resonant modes fall within
the variation range of different components in the mixture, the shift in the resonance frequency

and amplitude of the resonator's transmission response become independent, allowing detection of
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multiple variations in the mixture. Then, an artificial neural network has been built for model-free
analysis of the generated information to avoid sophisticated modelling and inaccuracies from
curve-fitting predictions. The findings demonstrate the developed system's capacity to measure
multivariable volumetric percentages for biofuel analysis applications. The limitations of the

technique, its accuracy, and performed approximations were explained in Chapter 6.
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Chapter 4 Novel Miniaturized Asymmetric CPW Split Ring
Resonator Design for Monitoring Water and Brine

Concentration in Crude Oil

This chapter proposes a novel modified split-ring resonator (SRR) for expanded field
distribution and miniaturized dimensions. A resonant mode-based multivariable analysis is
performed using the same style SRR. The proposed design is based on an asymmetric coplanar
waveguide type SRR and demonstrates a smaller radius of 0.035%A with a resonance of 1.57 GHz
at its first resonant mode. The proposed structure has the potential of higher sensitivity, requires
smaller sample volume, and is miniaturized compared to the conventional ring resonators. The
long but narrow overlap gaps evident in the proposed miniaturized SRR create capacitive and
inductive contributions for a better sensing performance regime and optimized for superior
efficiency and miniaturization capability. For sensitivity evaluation, a coplanar SRR prototype
operating at the same resonance is compared with the proposed miniaturized coplanar SRR to

underscore its superior performance profile.

4.1 Introduction

Every material has an identifiable and unique set of electrical properties that directly dependent
on its dielectric characteristics. These dielectric properties affect the electromagnetic (EM) field
profile near the resonator. Every material has an identifiable and unique set of electrical properties
that directly dependent on its dielectric characteristics. These dielectric properties affect the
electromagnetic (EM) field profile near the resonator. In turn, the electrical characteristics
(namely: resonance location, signal power level and Q-factor (Q), etc.) of the resonator change
relative to the dielectric properties. Printed planar microwave sensors are recently becoming

promising alternatives for enhanced sensitivity and accurate material characterization. Different
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application-specific planar microwave resonators with enhanced performance profiles optimized
for accurate material characterization have been reported in the literature [1-7]. They have been
identified as attractive candidates due to contact-less capability, low-power consumption, cheap,
ease of integration with available monolithic microwave integrated circuits and CMOS. power
level and Q-factor (Q), etc.) of the resonator change relative to the dielectric properties. Printed
planar microwave sensors are recently becoming promising alternatives for enhanced sensitivity
and accurate material characterization. Different application-specific planar microwave resonators
with enhanced performance profiles optimized for accurate material characterization have been
reported in the literature [1-7] and have been identified as attractive candidates due to contact-less
capability, low-power consumption, low-cost, ease of integration with available monolithic
microwave integrated circuits and CMOS. They have numerously been deployed as displacement
and/or velocity sensors [8—12], rotational sensor [13], 2D displacement and alignment sensor [14-
15], differential sensor [16-18], concentration measurements [19-20], and dielectric constant
and/or loss tangent measurements [20, 21-26]. Nonetheless, some suffer from low resolution, low
range, poor sensitivity, etc., whereas nearly all do not bear direct overlaps with our focus. Despite
these shortcomings, split-ring resonator (SRR) has been very popular since 1999 when reported
by Pendry et al. due to its small form factor at resonance [27-28]. Indiscriminate positioning of the
samples at optimized positions so-called “hot-spots” as reported in [30] to optimize enough EM
interaction for high sensitivity would be arbitrary, inconsistent, and unreliable at best. The
passband resonators have been known to exhibit localized EM fields at gaps and coupling spaces
(hotspots), and thus demonstrate optimal detection capabilities at these locations. These scenarios
created a poor sensitivity regime when the sample is loaded elsewhere other than the gaps and
coupling spaces. The situation could worsen if the sample volume is overtly small such as
obtainable in microfluidic applications for biomedical specimens, cell growth and recognition, and
particle sensing. Unlike the passband resonator, traditional notch band resonators have their EM
distributions across their aperture. However, they are also bedevilled with poor coupling
coefficients, lower signal amplitude, a significant difference in EM properties due to poor coupling

with attendant low sensitivity regime [30 — 32] and limited field distribution patterns for sample
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characterization. This could create low-quality material characterization, unreliable obtained
results and misleading sensor profiling.

Instead, our proposed miniaturized SRR with extended overlap gaps across its surface could
extend considerable E-field across the aperture surface. It will undoubtedly increase the average
field intensity interacting with the sample, enhance sensing capability and thus be adaptable for
smaller sample volume. Such attainable sensitivity to a small sample size could benefit in the
biomedical application and often depends on sample size and sample location. Therefore, this
chapter presents a novel miniaturized coplanar waveguide SRR (MSRR) with three objectives.
The first is to increase the average field strength and expanded E-field distribution for better
sample interaction. The second is to create a larger field concentration area for smaller sample

volume and finally to miniaturize the resonator footprint for compact capability.

4.2 Operational Principles and Sensor Implementation

Like every other planar ring resonator, SRR defines a simple resonator that supports the odd
and even degenerate modes depending on its asymmetrical geometry relative to its input and output
excitations. For the odd modes, most of the E-field is concentrated at the gap area, and any higher
index medium in the gap vicinity will experience a substantial E-field interaction when
capacitively loaded. This, in turn, shifts the resultant resonance due to the medium. The order of
capacitance created by the amount of the charge enclosed relative to resonance within the gap areas
can be evaluated in terms of Ceq perturbation using the circuit-based formulation of Eq. (4-1).
Alternatively, the geometric-based representation of the resonance can be shown as Eq. (4-2),

where wn 1s the angular resonance of n-th resonant modes, R is the radius of the SRR, and 7 is the

number of resonant modes, also f;- and w,, present the resonant modes.

1
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Wy = —— n=1,3,5, ... (4-2)
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where Leq , C eq> and Eg¢ ¢ describe the effective inductance, capacitance, and permittivity of the

structure. Typically, a half-wavelength SRR with its equivalent circuit depicted in Fig. 4.1(a) will
exhibit optimal out-of-phase E-field concentration at the gap region with marginal E-field
concentration at the inductive side opposite to the gap as shown in Fig. 4.1(b). Therefore,
extending E-field distributions across the aperture surface requires the gap to be modified and
extended across the surface. The cross of this work is to leverage the field intensity within the gap
area by opening the gap and replicating it as much as possible across the cross-section of the SRR

to concentrate optimal E-field distributions and increase the electrical length miniaturization.

Min. out-of-phase E-field
concentration

Max. out-of-phase £-field
concentration

(2) (b)

Fig. 4.1. The asymmetric coplanar waveguide-based SRR. (a) Geometry and parameters, (b) First mode E-Field concentration
[72].

4.3 Proposed Structure

To create a wider field concentrated area than the conventional SRR, we propose the resonator
design shown in Fig. 4.2(a). The structure is based on a half wavelength conductor with an
extended capacitive coupling gap for the first resonance mode. The half-wavelength conductor is
turned in fractal shape to create a circular ring enclosing i.) an extended inductive segment and ii.)
an extended capacitive segment. The duo's effect concentrates on field distributions across the
resonator aperture to extend the E-field profile across the MSRR surface and create an expanded
field area. The inductive segment decreases the ring's physical length while maintaining the same

area in favour of miniaturization. Besides, the performance profile of the MSRR is enhanced owing
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to capacitive and inductive contributions arisen by the inductive and capacitive segments of the
structure, thus yielding a reasonable Q. The inductive segment is essentially for miniaturization
and consists of four non-concentric numbers of rings with radii Ri- Rs, as depicted in the inset of
Fig. 4.2, (a) and highlighted with a blue circle. The inductive segment has four distinct gaps and
forms associated parallel capacitances (C1 - Cs). Total capacitance Ct = > (C;) where i = 1,...,4
and C = €A4/g;, A is the cross-sectional area of the gap, with the size of gi. The equivalent circuit of
Ct and the component’s RL circuit are as shown in the inset of Fig. 4.2(b). The Cr is marginal and
can be ignored, as it affects the resonance less. The amount of coupled E-field contribution due to
Cr 1s meagre at notch area (area with minimum £ field concentration), making the inductor-like

segment highly inductive and confining the magnetic coupling between the inductor rings.

Extended Low E-coupling with lower

capacitor cegate B L
segment permittivity sensing

o (_'
Extended &1 { ‘g
induction i + 1 ’
segment f
4 )
/ = C
Cr=>C; *i
i=1
AC
‘ {
Lumped element L G c

model for ideal inductor

(a) (b)

Fig. 4.2. The MSRR. (a) Geometry and parameters, (b) Structure and the respective lumped element equivalent [72].

At the electrically blind spot (notch) area, the inductive segment effectively confined the
magnetic field within its vicinity. Since both £- and H-field is orthogonally polarized, the E-field
coupling is further extended across a larger area of the entire MSRR to yield more considerable E-
field strength. Higher field penetration for better sensitivity is achieved together with device
miniaturization, a significant parameter in many applications.

It could also provide a useful H-field for sensitivity measurement of magnetic samples based
on their relative permeabilities. The capacitive segment (extended capacitive edges) highlighted
with the green ring in Fig. 4.2(b) is folded over to create three layers of capacitive contributions

circumferentially parallel to the main ring to form a fractal-like loop shape. The insets of Fig.
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4.2(b) are the lumped element equivalent circuits of the capacitive structure. The effects of
capacitances are considerable than that of the inductance segment and thus becomes more
capacitive with effective capacitance Cg. The impact of C, on the resonance frequency is
remarkable when loaded with the sample. Hence, the resonance frequency of the MSSR is highly
influenced by the capacitive segment and reasonably by the inductive contribution of the RL circuit

of Fig. 4.2(b). This is supported by Eq. (4-2).

1
1
1
1
1
1
1
.
[
1
1
1
1
1
1
1
1

(a) (b)

Fig. 4.3. Basic design modelling. (a) SRR, (b) Extended, the modified equivalent circuit of SRR [72].

4.4 Coplanar Waveguide MSRR Design Techniques

The proposed resonator is the extended version of coplanar waveguide-based SRR. The
equivalent circuit model of SRR with f1 =2.16 GHz is designed as proper sized sensor to start the
analysis. The same equivalent circuit is modified to reflect the miniaturized MSRR layout
schematic shown in Fig. 4.3(b). The SRR, on its first mode can be considered as four cascaded
M8-TL segments to form the A/2 size cavity as shown in Fig. 4.3(a). The characteristic impedance
of each line segment [33] and their electrical length are calculated and plugged into Eq. (4-3). The
calculated capacitance, C, and inductance, L, were imported into Agilent ADS software to generate

the final circuit.
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C =2 tan (9) L=2tan (9) (4-3)

wZo 2 20 2

The L; and Ci, the equivalent capacitance and inductance values of feeding lines, were
evaluated based on the electrical length, 0, of the coupling feedline, whereas coupling capacitance
(Cc) between the feedline and MSSR is minimal and insignificant to affect the SRR resonance.
For our designs, the electrical length of the coplanar feed lines is set at 25 degrees with Wi =1.55
mm and |} = 7.36 mm. Using Eq. (4-3), we determine C; = 0.56 pF and L; = 0.47 nH for the feed
lines and C = 0.4 pF and L = 2.4 nH for A/8-TL segments at resonance frequency of 2.16 GHz. We
also chose Cg = 0.2 pF and Cc = 0.1 pF as the minimum capacitor values that are not contributing
to the resonance of the SRR. Because of the asymmetric property of the SRR, the expected
impedance of the line is slightly higher than the double-ground coplanar lines. For the resonator
of the same diameter, the same circuit topology is extended with the addition of AC; in both gap
areas (Cg = Cy + ACy) and C component of the lines together with inductance variation, AL that

can be modelled through the Ceq and Leq using Eq. (4-1) with the following relations;

Coq = F(CE',C +AC), Log = G(L+ AL), (4-4)

Where Ceq a function F of (Cg, C + AC) and Leq a function G of (L + AL) are the perturbed
parameters of the SRR. The equivalent circuit of Fig. 4.3 can be mapped and extended to the
updated MSRR model using the defined AC; and AL parameters in Eq. (4-4) as geometrical

modifications without losing the generality.



83

s gy

Mimatunzed

-80 -

|=—=HFsSs
-100 4| —«— Circuit Model

-120 . . . . . . .
1.4 1.6 1.8 2.0 2.2
Frequency (GHz)

Fig. 4.4.|S21| of MSRR model for both HFSS and the equivalent circuit analysis [72].
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The resulting equivalent circuit of the proposed MSRR is modelled using Agilent ADS, and the
corresponding Momentum simulation is further investigated using Ansys HFSS based on the
parameters of Table 4.1. Fig. 4.4 compares the two results where both responses agree well and
validate the correctness of the model. The AC and AL values were extracted to be 0.22 pF and 0.7
nH. Also, 0.1 pF is extracted for ACgas Cy augmentation at the miniaturized resonance frequency
of 1.57 GHz using the ADS model with the same feeding and coupling parameters. The Figure
also compares the HFSS response of the conventional SSR against the proposed MSRR. Instead
of 2.17 GHz, the MSRR now resonates at 1.57GHz.
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Fig. 4.6. The MSRR design. (a) The simulation, (b) The prototype [72].

Table 4.1. The design parameters of MSRR.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)
I 2.0 Ws 0.5 Ri 0.69
I 4.0 Ws 0.7 Rz 1.32
I3 1.0 W7 0.75 R; 3.27
l4 1.23 R4 2.28
Is 4.0 R 6.77
ls 1.23

Fig. 4.5(a) profile the E-field distribution over the surface of MSRR and shows vigorous field
intensity (red) over the capacitive segment, moderate value (greenish-yellow) at the inductive and
nominal weak field in-between (blue). This is more evident in Fig. 4.5(b) and more apparent that

the field distribution is more than 95% of the entire surface.

4.5 Sensor Design Characterization

The prototype is etched on a RO3003 microwave laminate with dielectric permittivity (&) of 3,

substrate thickness (%) of 0.76 mm, loss tangent of 0.0013 and metallization thickness (¢) of 35 pm
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as depicted in Fig. 4.6(b). The effect of the inductive and capacitive segments on the resonator
performance is parametrized by removing each in turn. In Fig. 4.7(b), the impact of eliminating
the capacitive component is depicted, whereas removing the inductive segment is shown in Fig.
4.7(a). It’s evident that the resonance shifted much higher (220 MHz) as the capacitive component
is removed and reasonable otherwise. The resonance without the inductive segment occurred at
1.69 GHz and otherwise at 1.57 GHz, constituting about a 6.51% reduction alone. This behaviour
is supported by the resonance Equation of Eq. (4-2), such that resonance shift is a function of the

variant of the inductive component or the capacitive or both.

,-ll' N | 20 220 MHz;
Il N 120 MHz !,I |
/ | 204 ;I' .. R

=20 -

=30+ Il

i =
| .II' \:ill_\-
40 ' .

-50 ™ 1
=
1 -p-P'P-!d-!F P‘P

L ——— ) = 1
04" ——MSRR -
Mo Ring (Inductive Segment) =*

e

1.0 1.2 1.4 1.6 1.8 2.0 10 12 14 16 18 20
Frequency (GHz)

-40 4 : LW,

50
.-_.!.-“'F--F__-".- _I

=60 =

—=— No Extended Gap (Capacitive)

Transmission Response (dB)
L,
i
A

Transmission Response (dB)

Frequency (GHz)

Fig. 4.7. The Simulated results for MSRR geometrical parameters. (a) Inductive perturbation effect, (b) Capacitive perturbation
influence [72].

4.6 Experiments and Measurements

The prototype is measured using Blue Copper Mountain 100 KHz — 20 GHz network analyzer
(VNA — EB362C), and the result is as shown in Fig. 4.8. The simulated and measured |S21]| agreed
substantially with resonance at about 1.57 GHz. The Q has been enhanced considerably, and the

size has been miniaturized to about 55% compared to SRR at the same resonance.
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Fig. 4.8. The S-parameter results of the resonator in comparison with full-wave simulation results [72].

Preliminary performance characterization of the proposed resonator as a sensor is done using
Ansys HFSS to determine the sensor’s capabilities in terms of available E-field coverage and
observe if the bottom plane can be leveraged for sensing applications. It is also done to identify
various locations that have optimum or extended field distributions. Fig. 4.9(a) demonstrates our
selected locations, whereas Fig. 4.9(b) demonstrated the simulated response due to the location-
based Teflon loading of the resonator. The percent resonance response (Afi/fr unloaded (%)) 1s 2% for
location (Y =0, X =7) and 3% for location (Y = 0, X = 2) and nothing substantial for (Y =0, X =
12).
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Fig. 4.9. Simulated location-based sensitivity analysis of the MSRR. (a) E-Field distribution for different sample relocating, (b)
|S21] vs. Freq [72].
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Fig. 4.10. Location-based sensitivity analysis of the MSRR. (a) Prototype, (b) [S21]| vs. Freq and (c) Afreq. vs. location [72].
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Subsequently, we repeated Fig. 4.9(a) experimentally as shows in Fig. 4.10(a) using Blue
Copper Mountain 100 KHz — 20 GHz network analyzer. Fig. 4.10(b) is the location-based
sensitivity metric and measure the |S21| of the resonator versus frequency upon interactions with
the sample placed in its vicinity. It identifies three locations with sensitivity levels of 3 MHz, 30
MHz and 56 MHz, corresponding respectively with areas (Y=0, X=12), (Y=0, X=7) and (Y=0,
X=2). Alternatively, Fig. 4.10(c) succinctly relates the sensitivity capability of the resonator with
the sample locations where sensitivity is substantial at locations (Y=0, X=2), (Y=0, X=7) and
almost non-existence at (Y=0, X=12). The response exactly duplicates the simulated result of Fig.
4.9(b) with better performance at the blind spot (Y = 0, X = 12) as depicted.

We further conducted a full-sensitivity analysis of the sensor to benchmark the sensor’s
performance metrics. We opined that doing so will provide a robust platform to correctly compare
its performance with asymmetric coplanar SRR at the same frequency. Five samples with
geometric progression in size are considered to examine the sensitivity level of the fabricated
sensor. The sample size is normalized to give standardized data points such that an arbitrary sample
size of 6.75 x 6.0 (S1) sq.mm of Teflon is cautiously taken experimentally. This sample size is
firstly to get a coverage ratio (sample size/resonator area) of 25% of the resonator aperture size
following the procedure shown in Fig. 4.11. This will be the first sample (S1). The same process
is then repeated for a 113% coverage ratio to realize the sensor's full coverage, as demonstrated in
the figure. Therefore, any term between these data points can be determined by multiply the
preceding sample (between first and final samples) with a relation S, = S1 x (1.44)"!, where n is
the n-th sample in the data points, and S is the n-th sample area with scale ratio of 1.44. The values

are as stated in Table 4.2 (column 1).

Fig. 4.11. Location-based sensitivity characterization of the proposed sensor [72].
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Table 4.2. The measured resonance shifts for different loading scenarios on both planes.

MSRR SRR
Size (mm?) Front Plane Back Plane Front Plane Back Plane
Freq. (GHz) Freq. (GHz)
6.8 6.0 1.53 1.543 1.556 1.564
8.1x72 1.497 1.527 1.548 1.561
9.7 x 8.6 1.479 1.510 1.541 1.559
11.7x10.4 1.469 1.505 1.533 1.557
140 x 124 1.465 1.495 1.530 1.555

Both SRR and the proposed resonator are subsequently loaded on both planes (sides) with these
sample sizes and the responses monitored. The resonance values are documented in Table 4.2
(columns 2 & 3). The response against frequency for both resonators are depicted in Fig. 4.12(a),
whereas our predictive model plot is shown in Fig. 4.12(b). The data were quantified using
computer-aided polynomial curve fittings to approximately predicts the resonance response with
respect to sample size in terms of its area when the sample is loaded in the vicinity of the resonator.
This is done to do a proper average-based calibration of the proposed coplanar-based MSRR for

expanded E-field distribution.

Table 4.3. Coefficients of the fitted curve.

Fitted Coefficinet Front Plane Back Plane
Po -0.6287 -0.1567
Pi 1.834 1.379
P2 -0.0088 -0.0077
P3 1.3 x 1073 1.622 x 1073

The predictive polynomial for front-plane loaded is as stated in Eq. (4-5), where the values of
po, p1, p2, and p3 are as indicated in Table 4.3. The same polynomial is valid for the backplane
loaded but with the reported values of po, p1, p2,and ps; as stated in column 2 of Table 4.3. The
data for both sides of the MSRR traces a curvilinear model and is substantially well fitted by Eq.
(4-5) with a confidence level of 95% and empirically quantifies approximately the resonance shift

for any sample size.
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A (4)=2 pA (4-3)

where A is the sample physical area, Af; is the resonance shift per sample, p is the coefficient of

the fitted curve based on our measurements.

The polynomial data-fitting program demonstrated considerable resonance shift when front-
plane loaded, followed by the moderate response when backplane loaded, as shown in Fig. 4.12(b).
Our observation is reported in Table 4.4. Our proposed resonator demonstrates enhanced
sensitivity of about 250% for the smallest sample size of 50 sq.mm compared to the conventional
SRR of the same sample size and a factor of 200% for the largest sample size when front-plane
loaded. Ours also demonstrated a superior sensitivity factor of more than 80% when backplane
loaded at any sample size. In addition, a smaller sample volume could be utilized and detected
with a high degree of sensitivity for a given sensitivity. The graphs for MSSR show significantly
enhanced sensitivity, and thus, the measurements verify the second and third objectives of the
proposed resonator design. Lastly, considering the sensor size reduction, the proposed resonator
has significant advantages compared to the conventional SRR. The effective area of the proposed
(153 sq.mm) is miniaturized by 55.6% compared to the conventional SRR of area 346 sq.mm at

the same resonance.
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Fig. 4.12. Measured size-based sensitivity comparison. (a) [S21| vs. Freq., (b) Freq. Shift vs. sample size [72].

200

Front Plane Back Plane
Sample Size MSRR SRR MSRR/SRR MSRR SRR MSRR/SRR
(mm?) Af (MHz) Af (MHz) Af (MHz) Af (MHz) Af (MHz) Af (MHz)
50 70 20 2.5 53 9 4.9
100 105 34 2 74 12 5.1
150 120 40 2 88 18 3.9

4.7 Design Validation

Regarding the nature of the experiment in this section, which is monitoring the humidity level,
Teflon is not a proper candidate. Therefore, the device's efficiency is validated by loading both
sides of the resonator with a 3M transparent water-soluble wave solder tape 5414 Poly-vinyl
alcohol (PVA) film having a thickness of 20 pm as shown in Fig. 4.13. Two samples 0.05\ x
0.05A sq.m and strip of 0.0451 x 0.015A sq.m moisture-responsive 3M samples are separately
loaded on the resonator (like Fig. 4.9(a)), and the frequency shift is observed for both planes as

shown in Fig. 4.14. The percent shift is 4% (62.5 MHz) for 0.045A % 0.015A sq.m sample and 8%
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(112.5 MHz) for 0.05A x 0.05A sq.m respectively. The achieved Q factor is also substantial Q (=
360). Thus, the backside is functional and can be leveraged for sensing and be adaptable for
detecting liquid ingress at the interface between the resonator substrate and the pipeline in some

specific pipeline integrity monitoring [34]-[36].

Fig. 4.13. Loading the resonator with PVA [72].
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Fig. 4.14. Sensitivity measurement using the proposed resonator [72].

Using the above 3M samples, we conducted two more measurements for liquid characterization.
In the first experiment, 0.051 x 0.05A sq.m moisture-responsive 3M sample is loaded on the
resonator and drops of water at 50 ml/hr. is dropped at the resonator's center for 2 minutes using a
benchtop pre-calibrated syringe pump from Cole Parmer. In the second experiment, 3M strip of
0.045A x 0.015A sq.m sample is used, and water is loaded the same way as the first experiment but
is moved along the strip (Y = 0, X = 2 to 12) as shown with the yellow arrow of inset of Fig.
4.15(b). Fig. 4.15 depicts the response of the proposed resonator as moisture sensors. In Fig.
4.15(a), the resonance frequency shifts down as drops of water increase (in the range 0.5 — 3 ml)
until the 3M is saturated and resonance becomes constant at about 600 MHz. In the second
experiment shown in Fig. 4.15(b), the frequency also shifts down as the water increases. However,

the rate (the slope of the curve) is much faster at the first couple of drops correlating with x=0 in

Fig. 4.10.
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Fig. 4.15. Moisture-responsive test using 3M sample. (a) 0.05A x 0.05X, (b) 0.0451 x 0.015A [72].
Table 4.5. Performance profile comparison with other planar resonators.
Ref. Resonatgor Fres (GHz) S21 (dB) Q Size (mm) Af /fo (%) | Field Pattern
[37] SRR 3 -70 - 0.16 Ax0.16 A 0.7 EL
[38.42] SSRR 222 -14.55,-8.92 267, 653 0.5 Ax0.74 A 5.4 EL
[29] SRR 5 -15.22 110 0.11 Ax0.1 A 0.4 EL
[39] Double SRR 1.85 -17.27 - 0.07 2x0.09 & 1.63 -
[40] SRR 4.5 - - 0.2 2x0.08 A 2.4 EL
[41] Meander MTM 2.15 -15.34 - 0.14 2x0.03 & 7 -
[43] N2 2.4 - - 0.5Ax0.2 A 1.04 GP
Propsed Work 1.57 -20 360 0.7 Ax0.7 A 7.2 Ex.
EL = Edge Localized GL= Gap Localized Ex. = Extended

Table 4.5 compares our proposed resonator sensor with other resonators reported in the

literature in terms of performance to underscore its core advantages. Apart from our resonators'

extended field pattern capability, the miniaturization potential is considerable at 1.57 GHz
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resonance. Compared to the other works, the O = 360 is also significant for its size, with superior

sensitivity of 7.2.

4.8 Monitoring of Water and Brine Concentrations in Crude Oil

using MSRR

The measurement results of water content in crude oil are critical for the oil industry. Water
content in crude oil might cause serious damage to production plants, refineries, transportation,
and even impact price, in addition to diminishing the efficiency of oil storage. [44]. It is also used
as a defining element for reservoir oil levels over time [45]. Although all oil research and
development facilities have off-line procedures with complex and costly gear, real-time techniques
are not being created as quickly as needed. [46], [47]. As a result, most oil firms collect samples
and process them in their laboratories, which takes time. Aside from the high cost of labs, the
timely nature of the process is the primary impediment to creating real-time feedback control
systems for optimizing associated operations for maximum efficiency. [48].

Another challenge with water-based enhanced oil recovery systems is salinity management.
Lowering the salinity of the water has also been demonstrated to increase the rate of oil recovery.
[49], [50]. Furthermore, greater salinity in crude oil may raise the expense of maintaining desalting
equipment in refineries, in addition to the associated environmental issues [51]. As a result, what's
needed is a low-cost sensor system that can monitor the water content and salt concentration of
crude oil in real-time.

The microwave cavity-based sensor wrapped around the pipe [52], [53], microwave probe
penetrated within the pipe [54], capacitance-based approaches [55], and even image processing
approaches [56] have all been introduced in the literature for real-time monitoring of the water
content in crude oil. Although these approaches have certain appealing advantages, they generally
only examine water and oil, and they are based on binary sensing or liquid separation. This is
especially true of practically all microwave cavity-based sensors. Different fields ranging from oil
and gas industries to biological and chemical sensing have been examined using diverse

technology designs [57]-[65].
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Most completed investigations for water content monitoring in crude oil based on microwave
sensors consider distilled water in crude oil for meeting a single variable sensing requirement,
owing to this ostensibly inherent difficulty [66], [67]. A large quantity of salt is dissolved in water
in real-world applications, and brackish water is extracted with crude oil instead of clean distilled
water.

This section applies the multivariable analysis technique for monitoring simultaneous changes
in water, brine, and crude oil concentrations in a combination in real-time where Dr. Masoud
Bghalni contributed with methodology, validation, and resources. At the same time Navid Hoseini
performed the sensor design, fabrication, HFSS and MATLAB analysis. The suggested approach
is based on the different actual dielectric permittivity and conductivity of various materials as a

function of frequency.

4.8.1 Design Principles and Technical Approaches

As shown in Fig. 4.16, the extended microstrip split-ring resonator is the basic design of the
suggested water-brine-crude oil sensor. The microstrip type sensor is used for this experiment to
have a sharper resonance response for the loaded resonator. The resonator's wideband transmission
response (S21) simulated using HFSS is shown in Fig. 4.16(c). The resonator's sensing operation
is based on a change in the resonance frequency due to a change in the effective permittivity of the
loaded resonator.

The field concentration inside the substrate and around the split area showing the fringing field
are shown in Fig. 4.17. The total effective real permittivity of the resonator changes as the real
permittivity of MUT changes with variations in its components' concentration, leading to a shift

in the resonance frequency.
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Fig. 4.16. (a) top view of the designed resonator alongside the dimensions, (b) isometric view of the resonator with the liquid

container attached to its top surface, (c) wideband transmission analysis of the resonator sensor, including the higher resonant mode
response [71].
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Fig. 4.17. Field concentration of the resonator inside the substrate as well as on top of the resonator constructing the fringing E-

field. (a) side-view at 2.3GHz, (b) perspective view at 2.3GHz, (¢) side-view at 3.37GHz, and (d) perspective view at 3.37GHz
[71].

Due to modern electronics readout circuitry, frequency shift measurement is more reliable at
high frequencies. That is why most microwave resonator-based sensors use the resonance
frequency change as the primary signal processing characteristic. The resonant frequency shift for
the provided sensor's fundamental resonance vs changes in the actual permittivity of MUT is
shown in Fig. 4.18. It can be observed that even for slight differences in the real permittivity of
MUT, the resulting shift in the resonance frequency is considerable.

Although the field concentration inside the substrate is more significant than in other areas for
both of the given modes, the close-to-surface field is still strong, implying a high sensitivity.
Furthermore, the resonator hotspot is extended over most of the resonator surface, boosting the
entire system's sensitivity compared to a basic traditional split ring resonator with only a tiny spot

at the sensitive area due to the resonator's unique design.
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Fig. 4.18. Resonance frequency variation of the structure versus the real permittivity of MUT [71].

Because crude oil may include a large amount of salinity in addition to water, the proposed
technology for this application should be able to sense three factors at once. Monitoring three
variables with a predetermined overall volume necessitates at least two characteristics while
considering the shift in the fundamental mode is insufficient to solve the problem.

When salt is added to a combination of water and crude oil, the conductivity of the mixture
increases dramatically, increasing the insertion loss in the sensor's transmission response at the
resonance frequency. However, due to a high percentage of salt in water, and the mixture's real
permittivity variations, the resonance frequency shifts. As a result, using the amplitude variation

to measure the brine concentration results in considerable response inaccuracies.
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Fig. 4.19. Impact of brine concentration in (a) frequency shift, and (b) amplitude variation of the first resonant mode. It could

be seen that in addition to the significant shift in the amplitude, a considerable shift in the resonance frequency is also
expectable [71].
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The frequency and amplitude shifts due to salt concentration variations in distilled water are
depicted in Fig. 4.19, demonstrating the major influence of the brine contribution to the frequency
shift. As a result, that is vital to provide novel sensing characteristics for accurate signal analysis

of the structure. Salinity can be defined in the following way:

Salinity (i) _ Salt Concentration (g)
Kg Weight of Water (Kg)

(4-6)

This study utilizes the proposed technique for getting the needed additional feature by
employing higher resonant modes of the resonator. The dispersion and uniqueness of the real
permittivity spectrum vs frequency of different materials are the concepts behind the nonlinear
frequency shifts and amplitude variations. The Debye model [68]—[70] depicts the real permittivity
of water, brine, and oil vs frequency.

According to the theory, the difference between the spectrums of the materials begins to change
at specified frequencies, resulting in various frequency shifts at different modes for the same
materials. Only the sensor's fundamental mode should be chosen so that its higher resonance modes
fall in the dispersive spectrum. As a result, the first resonance mode (at 2.3 GHz) and 4 (at 5.2
GHz) have been chosen for performing the sensing task. According to Fig. 4.20, a large
nonlinearity occurs at the shifts of these resonant modes, resulting in high-frequency separation
for better precision sensing. Fig. 4.21 shows the field distribution for the 4th mode. By comparing
Fig. 4.21 and Fig. 4.17, it can be observed that the field distributions for both modes are
comparable, which generate a similar field penetration into the samples, implying that the fourth

resonant mode has a similar sensitivity to the first one.
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Data analysis for determining the volumetric concentration of each of the components will

result from the solution of the following set of equations:

VW + VS + VO =1
Afwa XV + Afs1 X Vs +Afg 1 X Vo = Afy, (4-7)
Afwa X Vi + Afsa X Vs + Afo 4 X Vo = Af, 4

Where Vw, Vs, and Vo are volumetric concentrations of water, brine, and oil of the sample
under the test, respectively. Af, ; and Af, 4 are the frequency shift of the sensor as the result of the
introduction of the material x to the resonator (material x could be water, brine, oil, or the sample
under the test at first and fourth resonant modes, respectively). The first portion of equation (4-7)
is derived based on the unity of the overall volume. The permittivity’s contribution in each mode's
final shift is the second and third sections of equation (4-7). Because the materials' dielectric
permittivity changes over the frequency spectrum, their contribution correspondingly changes for

each resonant mode.

4.8.2 Results and Discussions

The experimental setup for assessing the performance of the proposed sensor is shown in Fig.
4.22. A Copper Mountain Technologies C2420 4-Port 20 GHz Vector Network Analyzer with a
measurement range of 1.5GHz — 10GHz, 10001 points, and IF bandwidth of 3KHz is used to assess
the sensor's transmission response as a consequence of the introduction of all the samples. To
improve the overall precision of the measurements, all of the samples are made with a 10pl
precision dispenser. The planar microwave resonator is built on a Rogers 5880 substrate with
&=2.2, tan 6=0.0009, and 0.787mm thickness. A double-sided low loss tape is used to secure a 10-
milt container with &~4.1 and a wall thickness of around 0.5mm on top of the resonator, which its
dielectric properties effect is included during the individual measurements. The sample volume is

set so that the samples cover all the container's bottom surfaces.
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Fig. 4.22. The fabricated resonator (a) and the experimental setup (b). For the illustrated setup in Fig.7(b) both setups for batch
and continuous experiments are presented for the sake of being concise. The syringe pump is only used for the continuous

experiment [71].
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The effect of placing the container on top of the sensor is seen in Fig. 4.23. It can be observed
that the inclusion of the container will cause some fluctuation in the spectrum of the microwave
sensor's transmission response, which was not taken into account in the simulations. A time-based
study is used to assess the stability of the measurement setup, in which the sensor's response is
evaluated over time with simply an empty container on top.

The response sampling system created in LabVIEW® will detect any variations in the
experimental setup as well as the lab environment, such as temperature changes, cable movements,
or even very slight detachments in the adhesive layers. The stability analysis tests, which included
both amplitude and frequency monitoring, are shown in Fig. 4.24. It can be observed that the
frequency is fully steady throughout the test time, implying that the setup and lab environment was
relatively steady during the experiments. However, there are some differences in the amplitude
response. As the total amplitude change is less than 0.04dB and the VNA's amplitude measurement
precision is in the range of 0.1dB, the amplitude variations might be regarded as VNA

measurement mistakes.
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Fig. 4.24. Stability analysis of the experimental setup. (a) amplitude, (b) frequency. These results imply that both amplitude and
frequency response of the setup are extremely stable [71].
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Fig. 4.25 (a-c) shows a set of experimental findings demonstrating the influence of salinity
fluctuation on the amplitude and frequency response of the microwave sensor. It can be shown
that, in addition to the change in amplitude response, a significant frequency shift of over 20 MHz
occurs with 35 (g/Kg) of salinity, which is more than double the predicted from models. This
disparity between simulation and experiment results might be due to differences in simulation and
experimental setups caused by unknown parameters such as the precision of the container real
permittivity, &~4.1 and its unknown dielectric loss, as well as other environmental variations, or

it might be due to an inaccurate calculation of the brine real permittivity in the simulation.
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Fig. 4.25. Impact of the water salinity on sensor. (a) Transmission response between DI water and water with various levels of
salinity. (b) Resonance amplitude versus the level of salinity. (c) Resonance frequency variation versus the level of salinity [71].
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Fig. 4.26. The response of the sensor to samples with oil, water, brine (with 35 (g/Kg) of salinity), and the empty container (air)
[71].

Fig. 4.26 shows the sensor's experimental transmission response with the three materials of
interest within the container. It can be noticed that the sensor's response is too muted for data
processing due to the substantial dielectric loss of the water and brine samples. Due to the
tremendous dielectric loss of water, the overall response of the water and brine samples is not
suitable for data processing, as shown. Therefore, the continued application of the sensing

mechanism necessitates the use of samples with superior response in terms of measurement clarity.
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Instead of pure water and brine samples, two samples from the generated mixes to test the
proposed approach listed in Table 4.6 are used to achieve this purpose. Samples 10 and 12 are
being evaluated for improved outcomes. These samples had 90% oil contents and 10% water and
10% salinity, respectively. Because the major purpose of this research is to evaluate the water
content of oil, all of the experiments must have a minimum oil concentration of 90%. Because all
of the samples are two-phase mixes, considering those two samples gives a more potent analogy
with the other samples. All brine samples in the studies are water with a 35 (g/Kg) salinity,
classified as a separate liquid from water. To better understand the pieces, sample number 12 has
35 g of salt, 1 millilitre of water, and 9 millilitres of oil in the 10-millilitre sample, which is said
to have 10% brine and 90% brine % oil. The sensor's response to oil and samples 10 and 12 are

shown in Fig. 4.27.
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Fig. 4.27. (a) The spectrum of the sensor's response to oil, sample number 10 and sample number 12 and (b) zoomed around the
1st resonant mode, and (c) zoomed around the 4th resonant mode [71].

According to these concerns, the updated version of equation (4-7) could be rewritten as
follows:

Vsamio + Vsamiz + Vo =1
Afsamion X Vsamio + Bfsamiza X Vsamiz + Bfo,1 X Vo = Afyq (4-8)
Afsamioa X Vsamio + Bfsamiza X Vsamiz + 8foa X Vo = Afy4

Where Afsmy,; 18 the resultant frequency shift of the i resonant mode due to the introduction of
the sample number x. One additional step is necessary for this scenario to get water, oil, and 35

(g/Kg) brine concentrations. Consider the instance when each material's total volumetric
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concentrations are Vsam10=0.5, Vsam12=0.2, and Voil=0.3. Because the water content of sample
#10 is 10%, only 10% of the 0.5 is water (i.e. VW=0.05). The brine concentration is computed as
VS=0.02, and the oil concentration is computed as VO=0.93 in the same way for Vsam12=0.2.
Table 4.6 shows the results of the computations based on the stated multi-mode observations.

The measurement results show that the suggested approach can achieve low Mean Square Error
(MSE) rates even in multi-phase settings. Water content has the maximum measured error of 0.87
percent, whereas 35 (g/Kg) brine has the most significant recorded error of 0.54 percent. In all the
samples, Table 4.7 shows the frequency changes in both frequencies of interest.

Another series of studies are being carried out to identify the addition of brine solution with a
salt content of 35 (g/Kg) in the oil samples. A syringe pump is used to inject the brine into the
container, pre-filled with 7ml of oil. The injection rate is 0.5 millilitres per minute, and the
experiment lasts 140 seconds. As shown in Fig. 4.28, the sensor response to permittivity change
demonstrates that the sensor could be applied to detect water pollution with great precision. The
fundamental drawback of this design is that it cannot operate at high water and brine
concentrations. Due to their substantial dielectric losses, these materials' resonance frequencies are
mostly subdued. This is not a severe concern for the current application because the approach is

designed to identify modest amounts of water and brine in oil samples.



Table 4.6. Summary of the samples used for multivariable analysis and verification of the proposed approach.
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Sample | Actual Oil | Measured Actual Measured Actual Measured | MSE
# content Oil content | Brine Brine content | Water Water (Overall)
(%) (%) content (%) content content
(%) (%) (%0)
1 99 98.53 0 0.07 1 1.39 1.26E-5
2 99 97.77 0.28 0.40 0.72 1.59 7.61E-5
3 99 98.60 1 1.40 0 0.00 1.06E-5
4 97 97.29 0 0.39 3 2.32 2.33E-5
5 97 97.71 0.85 0.74 2.15 1.55 2.92E-5
6 97 97.37 3 2.46 0 0.17 1.52E-5
7 95 95.33 0 0.10 5 4.57 1.01E-5
8 95 95.58 1.43 1.24 3.57 3.18 7.31E-5
9 95 94.63 5 4.94 0 0.43 1.08E-5
11 90 90.02 2.85 2.85 7.15 7.13 1.34E-6
10 920 --- 0 --- 10 --- Used as
12 920 - 10 - 0 -—- the data
analysis
samples

Table 4.7. Frequency shifts due to introducing the samples to the sensor.

Sample number

Frequency shift at the first

Frequency shift at the

resonant mode (MHz) fourth resonant mode
(MHz)
1 32 64
2 34 68
3 30 59
4 37 76
5 35 70
6 34 69
7 45 98
8 43 92
9 43 90
10 69 155
11 65 145
12 58 124
Qil 26 49




113

4.9 Conclusion

Miniaturized planar microwave resonator for extended average field distributions with a good
performance in reasonable Q and enhanced sensitivity is reported. The otherwise footprint size of
the conventional SRR of radius 0.084Ag is folded over several times to form long capacitive and
inductive contributions, increasing the field distributions to form E-field expanded across at least
90% of the entire resonator’s surface. This is done to improve the sensitivity (by increasing field
penetration to the sample), adaptable for smaller sample volume due to the extended average E-
field and reduce the physical (while sustaining the electrical) size to about 55%. The performance
of the sensor is analyzed based on sample location and sample size. It is also adapted for liquid
application and characterized for moisture sensors.

For multi-phase multivariable liquid mixture analysis, the same miniaturized split ring resonator
has been redesigned and tested. While the liquids are not emulsified and in a two-phase state, the
provided sensor can concurrently identify water concentration and its amount of saltiness in oil.
The fundamental idea behind this study was based on the change of real permittivity of different
materials over the frequency spectrum and real permittivity sampling by measuring the frequency
shift of the primary resonance and its higher modes. This method uses two resonant modes of a
split ring resonator for data processing, and high accuracy results are obtained. The findings open
the path for the commercialization of microwave resonator-based sensors, allowing them to

overcome their selectivity issue.
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Chapter S Selective Non-Contact Alcohol Concentration
Measurement during Fermentation Process using Microwave

Split-Ring Resonator Based Sensor

Real-time fermentation process monitoring is crucial in process control attaining high-quality
products in many food industries. Although microwave resonators offer non-contact, high
sensitivity, real-time sensing capabilities at meagre cost with reusable structures, the lack of
selectivity, even in controlled environments, limits their applications to single variable systems or
binary sensing. Since fermentation is a more complex process with at least three variables that
could change simultaneously, the traditional microwave sensing techniques fail to measure each
component's volumetric fraction. This chapter presents a novel approach enabling microwave
resonators to perform volumetric fraction analysis of complex dynamically varying liquids while
keeping all the aforementioned interesting characteristics for microwave resonator-based sensors.
Multiple simulation and experimental results verify the capabilities of the proposed technique in

real-time monitoring of ethanol, water, and sugar concentrations during the fermentation process.

5.1 Introduction

Alcoholic fermentation is an anaerobic process of converting different types of sugar into
ethanol. The fermentation process has many applications expanded from food and beverage
industries to biofuels [1], [2]. Due to the importance of the fermentation process monitoring the
quality of the final product and the speed of the process determining the overall cost, there is an
increasing demand for real-time fermentation monitoring methods [3], [4]. Primarily, it is crucial
if the monitoring system is capable of instantaneous real-time measurement without causing any
interruption in the fermentation process and setup. As the significant product of the fermentation
process, ethanol monitoring is the most critical parameter followed by the concentration of sugar

in the final product.
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According to the importance of monitoring the fermentation process, several methods have
been presented in literature based on various technologies. Those techniques are expanded from
measuring the CO2 production [5], density monitoring [6] to using advanced laboratory-based
techniques such as Fourier Transform-Infra Red spectroscopy (FTIR) [7] and gas chromatography
[8]. Although some of the mentioned methods, especially the laboratory-based techniques, could
be very accurate, they require a significant amount of time to analyze the samples and are not real-
time monitoring. Therefore, those methods fail to provide real-time data as sensing signal feedback
to the fermentation process control. Fiber optic-based techniques are also developed and presented
as real-time monitoring systems, but they are expensive and require a highly complex data analysis
process [9]. Researchers also focused on biosensors as alternative candidates for real-time
monitoring purposes, but they are suffering from fouling problems due to the prolonged process
of fermentation [10].

Due to their high sensitivity, moderate to high-quality factor, being inherently non-invasive and
non-intrusive, and their capability of real-time sensing, microwave planar resonators have been
used for various sensing applications expanded from oil and gas [11]-[14], to biomedical sensing
[11]-[20]. Their extremely low-cost, simple fabrication process, extremely high durability without
saturation make them exciting candidates for many more sensing applications [21]-[28]. Their
high sensitivity enables their utilization in high-precision applications with real-time demand. The
fundamental feature behind this technology is the variation of their resonance frequency due to
changes in the dielectric constant. Although having all the mentioned remarkable characteristics,
this technology suffers from the lack of enough features addressing the selectivity of the sensors
or the feasibility of their usage in multivariable environments. With the shift as their only
independent feature, microwave resonator-based sensors are only capable of operating in binary
sensing or as single variable sensors in highly controlled environments [17], [18], [29]-[31].

This chapter presents a method based on microwave resonator sensors for multivariable real-
time non-invasive measurement of ethanol, water, and sugar during the fermentation process by
introducing new features to these sensors. The presented method for alcohol, water, and sugar

analysis is based on the uniqueness of the dielectric constant of different materials and their
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nonlinear behaviour over the frequency spectrum. Therefore, a spectrum sampling using higher
resonant modes of a split-ring microwave resonator is accomplished, providing the new
independent features adequate for multivariable analysis of the mentioned materials during the
fermentation process.

The chapter is organized as follows; after an introduction in section 5.1, materials and methods,
including the sensor theory and design, fundamentals of multivariable analysis using the sensor
and modelling and simulation are given in section 5.2. Experimental setup and numerous
experiments verifying our approach and data analysis are given in section 5.3, followed by a

conclusion in section 5.4.

5.2 Materials and Methods

5.2.1 Microwave Resonator Design

A planar split-ring resonator (SRR) is designed and fabricated with high sensitivity to detect
the permittivity changes of the surrounding materials. The total size of the device is 6x10 cm?
fabricated on Rogers substrate. Using the laminator machine, the layout of the circuit is printed on
the substrate. The substrate is then immersed in ammonium persulfate from MG Chemicals Inc.
and water solution, acting as an etching bath, for about 45 minutes. As a copper etchant,
ammonium persulfate is a highly soluble salt in water, and its etching capability is boosted by
applying the heat and turbulence produced by a bubble maker simultaneously into the solution.
During the etching process, because of the high ratio of the line width (~1.9mm) to the copper
thickness (~35um), the masked area of the copper is not etched. As seen from the trapezoidal
schematic of the proposed resonator, the fabricated structure is matched to a 50-ohm microstrip
transmission line with a 1.91 mm width. It creates a bandstop filter through side coupling to the
high impedance section of the line. The notches on transmission coefficient are taking place for

different SRR resonant modes, feven and foad, which can be expressed as follows [32]:

n.c (2n-1). c
feven =7 5+ foad = 5r 5= (5-1)
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where L denotes the length of the SRR, and &,¢; presents the effective permittivity of the

resonator’s ambient. The U-shape complementary SRR is defined and coupled to the gaping area
of the trapezoidal SRR to enhance the E-field coupling for the higher resonant modes and better
Q-factor as a result. Sensor miniaturization, getting higher sensitivity through boosting electric
field profile on the sample, and better-quality factor are the main parameters of the design. The
miniaturization technique is realized by extending the SRR edges, which carry the maximum E-
field intensity, as were shown in Fig. 5.1b. Also, the complimentary small SRR shown in Fig.
5.1c provides higher effective capacitance between the larger SRR edges and more
miniaturization. The detailed response of the sensor for each step design was explained in Fig. 5.1.
We have started with a traditional SRR structure with a split part. The simulation is performed
through variation of the dielectric permittivity of the material inside the container from 1 (unloaded
response) to an arbitrary material with €,=10. It could be seen in Fig. 5.1 that (in a step-by-step
fashion), the additional lines and structures improved the overall sensitivity of the resonator by

100%.
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Fig. 5.1. The step-by-step design responses for the sample with &=10 covering the top plane of the device. It could be seen that
the impact of the complementary part improved the sensitivity of the structure by 100% [44].

The operating frequency can be changed and controlled by altering the length of the SRR. The
proposed structure is etched on a dielectric substrate Rogers RO3003 with a relative permittivity
of 3, loss tangent tand = 0.0013, and lamination thickness of 760 um which is designed for giving
the first operational frequency at 1GHz with following values of geometrical parameters: L = 41
mm, L, =174 mm, L3 =18 mm, LS; =84 mm, LS, =6.3 mm, W; =1.2 mm, W, =0.9 mm, and

g = 1.5 mm, as were shown in Fig. 5.2.

(a)



126

(b)

Fig. 5.2. (a) Photograph and (b) layout of the designed SRR coupled to the high impedance section of the transmission line [44].

To inspect the most sensitive regions on the sensor and select the optimized area for positioning
the sample, a full-wave microwave simulation is performed using Ansys HFSS software to map
and plot the electric-field pattern for each operating frequency. The odd and even modes generate
different electric-field distributions shown in Fig. 5.3. Although the electric-field plot exhibits
highly concentrated coupled fields at the gap area happening for the odd modes, the even mode,
2GHz, still accumulates a satisfactory electric field for sensing the materials around. Since the
higher concentration of electric field results in the more sensitive regions, the mentioned area of

the resonator is the best region for achieving the highest sensitivity.
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Fig. 5.3. HFSS simulation of the electric field distribution around the SRR shown for different resonant modes [44].

5.2.2 Basic Materials and Modeling

A class of materials presents the individual permittivity spectrum for a specific range of
frequencies. For the low-frequency ranges, the polar molecules can be aligned with the external
E-field yielding the static permittivity. In contrast, for the higher frequencies these molecules
cannot follow the subjected field alternations and the overall permittivity decreases. One of the
simplest models is the well-known Debye equation defining a single relaxation frequency
convenient for fast computational methods [33].

Fig. 5.4 refers to the Debye presentation of absorption and conductivity curves for distilled
water, saturated glucose solution, and ethanol for the wide range of frequencies. As can be seen,
the curves have distinct falling edges, resulting from diverse relaxation times for each spectrum.
For example, ethanol dielectric constant, with lower relaxation frequency, decreases at lower
frequencies compared with water and its glucose solution. Some Debye parameters such as static
and high-frequency permittivity values can be found within the academic literature [34]-[36],[33].

The diversity of the permittivity patterns introduces the nonlinearity into the frequency shift
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relation, which defines the new features utilized for multivariable sensing explained in the
following section.

As previously explained in section 5.2.1, SRRs are the resonators that generate multiple
resonant modes in their operational band, which can be easily perturbed through their integration
with external materials. These resonant mode frequencies are dependent features of the rings as
they iterate themselves and their operational frequencies. To convert these elements into unique
and independent features, the variant permittivity profile of the specimens can be used and
parameterized. The frequency-dependent permittivities can impact the linear behaviour of the
resonant modes considering the relation explained in Eq. (5-1). Here, the denominator of the Eq.
(5-1) is not a constant number anymore and varies from one resonant mode to another depending

on .55 values. This inherent feature can be applied to define new independent parameters from a

single sensor response.
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Fig. 5.4. Frequency dependence of the real relative permittivty, er' and o for water, saturated glucose-water mixture and ethanol at
23° C [44].

5.2.3 Multivariable Sensing

The main challenge for performing multivariable sensing is the limited number of output
parameters from the sensing system that restrict possible unknown characterizations. The majority

of the multivariable experiments seek more assisting parameters and independent features for
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finalizing their solution. In microwave sensing approaches using the resonance-based method, the
resonance frequency shift is a beneficial parameter for measurements. Developing the frequency
shift of the resonances as a function of real relative permittivity variations defines the multiple
independent features enabling the multivariable analysis. This can be realized by forming a system
of equations for each independent resonant mode and solving them for volumetric unknowns or
sub-component concentrations, as shown in previous chapters. During this chapter, we applied the
same analogy using a different kind of frequency response. We will evaluate the method using
notch-band frequency response for different types of sub-component characterizations.

As mentioned in section 5.2.2, the impact of the materials on the effective permittivity of the
sensor is more significant for sensitive areas on the SRR surface. For achieving the highest effect
on the resonator’s resonant modes, a container including the liquid samples is positioned on the
gap area of the sensor where boosted E-field concentration is located, as shown in Fig. 5.5. On
the other hand, the variant permittivity profile of various materials shown in Fig. 5.4 perturbs and
shapes the resultant mixture differently, enabling the multivariable sensing for the label-free
analysis of mixtures. For example, the water-ethanol mixture's relaxation frequency is decreasing
by adding ethanol, as the ethanol relaxation enforces the resultant solution relaxation frequency to
the lower values [36]. So different volumetric percentages or concentrations of components yield
the different permittivity patterns and specific resonant mode responses of the resonator, which is
the crucial parameter for selective sensing of the mixtures. The resonance frequencies of the sensor
should be designed to operate within the variant profile of the sub-component for sampling the

permittivity variations of the final mixture [21], [22].
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Sensitive section of the sensor

Fig. 5.5. Configuration of the resonator structure loaded with the container covered the gap areas of the sensor [44].

5.2.4 Theoretical Analysis

The individual samples of water, saturated glucose, and ethanol are tested with the same volume
inside the container presented in Fig. 5.5. Each sample creates different resonant mode shifts by
affecting the resonator capacitance by defining different effective permittivities illustrated in Eq.
(5-1). The corresponding shifts from the HFSS simulator are shown in Fig. 5.6 in which the
amount of the shifts follows the permittivity values reported in Fig. 5.4.

The relation between the resonant mode shifts and permittivity variations should be explored
for the sensor calibration process. For example, referring to Eq (5-1) for the even resonant modes,
the relation between the n'" resonant mode shifts and the effective permittivity can be calculated
using the following relation [37].

Considering the constant relative permittivity for the air, if the relative permittivity of the
samples is invariant over the operational frequencies, the n resonant mode shift would be n times
of the fundamental frequency shift, and all resonant mode-based features are dependent. Between
each resonant mode and its corresponding shift, the variant permittivity profile imposes the
nonlinearity on the frequency shift function, which yields the multiple independent features used
for multivariable sensing. As an example, defined AF as the shift of an arbitrary resonant mode,

and having AF (H;) = Af; correspondingly, the general relations can be written as:
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€erf(fa) # €epp(fi),  AF(nH,) = Afy, # nAfy (5-2)

where H;is the first resonant mode frequency for the unloaded sensor. So, using these independent

features, multiple equations can be written in a matrix form as follow [21], [22]:

Y1V =1 (3-3)

Afl,.mix Afiy Afli Vi
Afn,mix Afna Afni x V
1 lixa =11 1 Jixi —lix1 (5-4)

Mixture output  Calibration matrix Volumetric data

where V, is the volume fraction of k™ material. Thus, by knowing the n resonant mode shift as a
result of i material loading, Af,;, each component’s the volumetric fraction could be calculated
correspondingly. Considering what we have in Eq. (5-4), at least two independent features are
required to characterize the multivariable mixture of water, saturated glucose solution, and ethanol
as three sub-components of the solvent. For the present chapter, two linearly independent resonant
modes shifts in the resonance frequency are utilized to complete the analysis. Considering what

we have in Fig. 5.6, including pre-experimental analysis, Eq. (5-4) can be rewritten as follows.

VE + VG + VW - 1
Afymix = Af1p Ve + Af16Ve + Afiw Vv

Afymix = Af2e Ve + Af26Ve + Afaw Vi (5-5)

where Vg, Vi, and Vy, present the volume fraction of the ethanol, saturated glucose solution, and
water as subcomponents of the mixture. Af;, ;. refers to the n™ resonant mode shift caused by
mixture as load, while other Af,, in the right side of the Eq. (5-5) represent different sub-

components responses measured separately.
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Fig. 5.6. S21 results of the simulations for different loading scenarios presented for individual resonant mode shifts [44].

5.3 Results and Discussion

Fig. 5.7 shows the detailed photograph of the experimental setup, including the sensor loaded
by the ABS polymer container with &~4.1, 7 mm depth, and 5.7 cm diameter on its top plane. The
container is positioned so that it covers the most sensitive section of the sensor surface. The relative
permittivity of the container is around 4 which its effect is included in our measurements during
the sensor calibration process. To validate the sensor performance, the transmission coefficient is
measured and compared with full-wave simulation results completed by HFSS, as illustrated in
Fig. 5.8. Several combinations of water-saturated glucose solution and ethanol as mixture sub-
components are prepared for the experiments. The sub-components are highly soluble in each other,
and the resultant unsaturated mixtures are prepared by shaking and giving adequate time to rest.
All final mixture volume is assigned to be 10 ml for each sample. Measurements are performed
using a Copper Mountain S5065 2-port 6.5 GHz vector network analyzer. The difference in Sz
amplitude between the simulation and measurement results is the small dimensions and effective
permittivity uncertainties. Using equation (5-4) and considering three volumetric percentages as

unknown, at least two resonant mode data are required to complete the shift sampling process. For
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implementing the measurements, 1% and 2" resonant modes are chosen to be used in the data
acquisition process, including the permittivity variation impact on the frequencies of the resonant

modes.

=R

Sensor under the test

Fig. 5.7. Picture of the experiment setup for evaluating the sensor operation under the load [44].
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Fig. 5.8. Simulated and measurement the results of the transmission coefficient for the unloaded sensor in its operational band
[44].

All the frequency shifts are analyzed with respect to the unloaded sensor response. Before
starting the main phase of the experiments, the system's real-time behaviour is explored and
studied. Fig. 5.9 refers to the real-time observation of the sensor response while increasing the DI
water concentration in ethanol. For performing this, first, the empty container mounted the top
plane of the sensor is loaded with 10 ml ethanol. Ethanol occupies 56 % of the container volume,
then using the standard infuse pump II elite programmable syringe pump, DI water concentration
is rising from 0 to 30 % of the final solution volume.

It takes about 960 seconds for the pump to infuse the 4 ml DI water into the ethanol while the
infusion rate is set to 0.25 ml/min. A gradual increase in the amount of water in the solution raises
the whole effective permittivity of the sensor. It pushes the resonance location back, as can be seen
in Fig. 5.9. First, the sensor's responses are captured for individual components of the mixture,
including water, ethanol, and saturated glucose solution, as depicted in Fig. 5.10. The solid blue
line represents the performance of the sensor for the unloaded container. The interaction between
the electromagnetic fields and different liquids alters the sensor response and shifts the resonance

frequency of each resonant mode accordingly. Considering what we have for the Debye model
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of the liquids, water as a high permittivity load perturbs the resonance frequency shift more than
the other solvents. These shifts in the resonance frequency values for the 1st and 2nd resonant
modes are measured in all sub-components, reported in Table 5.1. Then, using equations (5-6) and
the data illustrated in Table 5.1, the amount of 1% and 2" resonant mode shifts are calculated and

compared with exact measured shifts achieved from each mixture. Table 5.2 contains a comparison
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between the calculated and measured values for different loading scenarios. There is a good
agreement between the formula-based calculations and the exact measurement data. The
information described in Table 5.1 and Table 5.2 is used to solve the equation system shown in
Eq. (5-4). The nonlinear shifts occurring from variant permittivity profiles of different materials
provide linearly independent equations (5-4). Once the calibration matrix is formed, the volumetric

analysis can be performed for different component combinations.

Table 5.1. The 1st and 2nd resonant mode shifts were measured for different loading scenarios.

Water  Ethanol Saturated Glucose Solution

Af; (MHz) 3456 23.62 32.81
Af, (MHz) 84.87  39.81 7437

Table 5.2. A comparison between the calculated and measured results of Af for individual experiments.

| Resonant mode Shifts (MHz)

Sampling Resonant mode Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8
Calculated Afi, mix (MHz) 32.7 33.05 32.59 32.13 31.32 31.67 30.86 31.21
Measured Afi, mix (MHz) 32.81 33.25 32.81 32.37 31.5 31.93 31.48 31.51
Calculated Af>, mix (MHz) 74.75 76.84 75.11 73.39 69.56 71.66 67.83 69.93
Measured Af2, mix (MHz) 74.37 77 75.25 73.5 69.56 72.62 69.12 70.87

Mix No8

S,,(dB)

1.03  1.032 1.034 1.036 .2.125 213  2.135 2.14 2.145
Frequency (GHz) Frequency (GHz)

Fig. 5.11. The first and second resonant mode measurement results shift for different combinations of water, glucose solution, and
ethanol as sub-components [44].
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Table 5.3 recapitulates the measured and pre-assigned volumetric values for each mixture type.
To monitor the efficiency of the method, sub-components with different volumetric percentages
are combined and mixed. As shown in Fig. 5.11, different mixtures, having various permittivity
values, impact the resonant mode frequencies in different manners. The dielectric profile behavior
of the mixtures can be associated with the Debye of the components. This phenomenon can be
witnessed in resonant mode shifts of the sensor loaded with Mix 7 and 8. On the other hand, each
resonant mode shift will increase accordingly for the mixtures with higher water concentrations.
Loading the sensor container with Mix 2, with the highest relative permittivity average, the greatest
shifts will appear for each resonant mode frequency. As the final step, the average error of all
measurements is calculated and presented in Table 5.3 using the pre-assigned values of sub-

components volumes for each experiment. The average error is calculated as follows:

3 [Expected _value—Calculated _ value]
=1

Average _error = : Expect;d _value (5-6)
Table 5.3. A comparison between the extracted and actual components of each experiment.
Volumetric Percentages (%)

Mixture Components Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8
Water Assigned Vol. % 20 40 40 40 20 40 20 40
Glucose Sol. Assigned Vol.% 75 55 50 45 60 40 55 35
Ethanol Assigned Vol. % 5 5 10 15 20 20 25 25
Measured Water Vol. % 19 44 429 43.5 20 394 22.3 345
Measured Glucose Sol.Vol.% 75.3 50.4 46.5 453 60.4 43.6 55.7 44
Measured Ethanol Vol. % 5.7 5.6 10.6 11.2 19.6 17 22 21.5

Average error 0.0647 0.1010 0.0675 0.1157 0.0088 0.0850 0.0825 0.1781
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Table 5.4. State of Art comparison for different mixture sensing and sensors

Operational

References ESIZI:;Z];%S Frequency Ml:tl:;i'rsl?sble Application
(GHz) y
double-
[38] ring 4.5 No glucose-acetate
resonator
Planar No NaCl, KCL, MgCl,
[39] SRR 05-22 CaCLa, NaxCO3
Planar water, methanol,
[40] Resonator 2:5,3.5, 45 No ethanol, chloroform
- water-methanol,
[41] IDE-SRR =1 No water-tetrahydrofuran
CPW- glucose-water, NaCl-
[42] SRR 194 No water
[43] SRR 2 No glucose-water
. Planar ethanol-water-glucose
This work SRR 1.1,2.2 Yes Sol

Different mixture sensing techniques and the corresponding microwave sensors are stated and
compared in Table 5.4. In most works, split-ring resonators were chosen as a proper candidate for
performing the measurements because of their efficiency and simplicity. Our work has the
advantage of using multi-resonant modes compared to the single resonant studies mentioned in

Table 5.4.

5.4 Conclusion

A split-ring resonator microwave sensor has been presented with an extended sensing region for
non-contact fermentation process monitoring. Contrary to the traditional microwave resonator-
based techniques considering a single resonance for measuring in binary (single variable)
environments, the presented sensing mechanism was based on utilizing multiple resonant mode
resonances, enabling multivariable analysis. The main idea behind the proposed technique is based
on the uniqueness and dispersion of dielectric permittivity of different materials. By wisely
selecting the resonant modes for analysis, volumetric fractions of each component in the mixture
could be achieved through a simple set of equations. An average error of 0.0878 has been achieved

in analyzing the fermentation process at various stages. This work could pave the way to



139

employing microwave sensors with sophisticated characteristics such as low-cost, and non-contact

sensing for complex applications such as food processing technologies.
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Chapter 6 Conclusion and Future Work

This chapter includes the conclusion, limitations of the proposed multivariable sensing

approach, and a brief review of the future directions and possible potentials.

6.1 Conclusion

A new multi-resonant mode data analysis technique has been developed to measure and extract
the volume fraction of the components in an arbitrary mixture. The multi-resonant mode of the
resonator can generate new independent features for performing multivariable sensing which is
based on the distinctive permittivity spectrum of different materials.

Since relative permittivity variation is reflected in the resonance frequency shift, the shift in
various modes of a single microwave ring resonator has been employed in developing a set of
mathematically independent equations. The volumetric fraction of each material could then be
extracted from the solution of these equations. In the model-based technique, A new analytic
microwave spectroscopy formula has been derived and offered to be used in the mixture equation
to generate a linear system of equations. The formula is based on analyzing patterns of the
operational frequency of the resonator simulated by full-wave EM simulator HFSS.

Several component combinations yielding orthogonal mixture types were tested and examined
through a simple ring resonator, and a series of agreeable results are obtained. Results for
measuring the volumetric fraction of methanol, ethanol, and propanol as proof of concept have
shown promising precision with maximum error as low as 6%, mainly originating from the
materials preparation and experimental errors for mixtures with three variables.

For simplifying the proposed approach, both Al-based process and frequency-based
methodology have been developed. Also, for more accurate measurements, new types of planar
resonators have been designed and presented. The overall achievements of this study can be

summarized as follows;
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* Developing the model-based and model-free analysis for selective volumetric sensing
using:
= Permittivity-based closed-form formula
= Al-assisted multivariable approach (model-free)
* Designing and developing the novel passive sensors for multivariable analysis mentioned
as:
= Miniaturized split ring resonator (MSRR)
= Split ring resonator (SRR) with notch-band response
* Applying and testing the method for different kinds of mixtures including:
= Ethanol-Methanol-Propanol
=  Water-Ethanol-Gasoline (Biofuel)
=  Water-Brine-Crude Oil (Crude oil impurities)

*  Glucose-Water-Ethanol (Fermentation)

Throughout the thesis, different kinds of resonators with various geometries and layouts have
been designed and proposed. For proof of concept, I started with the ring resonator in Chapter 3,
as one of the simplest forms of planar resonator, which includes multi-resonant modes in its
operational frequency band. Then, to have a better sensing profile, SRR has been suggested. For
the sake of device miniaturization and having a higher sensitivity level, novel types of planer

resonators have been designed and utilized during Chapters 4 and 5.

6.1.1 Considerations and Limitations

Besides the significant features of the model-based analysis, there are some concerns and
considerations that should be taken into account, such as accuracy of the permittivity spectrum
from a database, temperature effect and setup stability, approximation of the Litcheneker formula

, electric field profile, and the peak distortion of the resonances.
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Besides the considerations that have been mentioned, the ratios of different sub-component and
the maximum number of materials for characterization are limited to parameters such as minimum
detectable frequency shift, averaged relative error of the calculations, and the variant band of the
permittivity profile

It should be mentioned that the container’s relative permittivity spectrum, the air gap, and the
loss effect of the adhesive tape on sensor response are all calibrated during the individual
component loadings on the resonator. Considering the negligible deviations of the container
permittivity over the multi-modes of the resonator, one can relate the resonant frequency shifts to
the subcomponent permittivity variations. The complementary and alternative remedy for these
issues is to use the frequency-based formulation instead of the permittivity-based approach.
Chapters 4 and 5 of the thesis show how unsaturated resonator modes are considered to change
linearly with permittivity values. Then these resonant modes are directly plugged into the system

of equations for the final solution.

6.2 Future Directions

The potential research works that can be developed based on multi-feature analysis for
multivariable systems can be presented through developing the transient analysis for the
multivariable approach.

This can lead to the industrialization of the technique using CMOS technology which requires
designing and layout the demanded hardware tape-out (pulse generator, ADC). The pulse
generator was considered as one of the basic and potential sources used in the transient method

that will be clarified in the next section.

The other potential research topic can be wireless sensing. This can be initiated through designing
semi-active RFID tags for wireless selective sensing, which demands designing UHF antenna

modules for the tag accompanied and integrated with sensor interface (ADC).
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6.2.1 Transient Analysis

Since the vector network analyzers (VNA) are usually expensive and non-portable
instrumentation tools, so exciting the multi-mode structure with a tunable pulse generator can be
investigated for the industrialization purpose of the proposed technique. This results in applying
both low-cost and portable measuring devices and probes. The output transient signal can be
digitized using an 8-bit analog to digital converter (ADC) and stored for the fast Fourier transform
process. For proof of concept, the accuracy of the transient approach has been compared with the
frequency-based method. This comparison is performed through exciting the same multi-mode

system by both impulse and multi-frequency signals, as shown in Fig. 6.1.
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Fig. 6.2 shows the simulation setup for performing the analysis. First, using the frequency
response of the multi-mode resonator, the device under the test is excited by the pulse generator
(transient analysis). The multi-tone sine waves are considered input around the second and third
resonant modes as the next step (frequency-based analysis). The frequency components of both
cases are shown in Fig. 6.2(b) and (c). The preliminary results present a satisfactory correlation
between both of the methods. This can pave the way for using transient analysis as an efficient

alternative for multivariable sensing.
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Fig. 6.2. The ADS Simulation setup (a) compares the frequency components of the impulse response (b) and frequency sweep

response around the 2nd and 3rd resonant modes.
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Appendix A

The single Debye model at 23°C temperature for different kinds of alcohols can be presented

as below:

The methanol single Debye model

27.3
1+j2mf(55%x10712)

& =155

The ethanol single Debye model

19.2
1+j2mf(152x10~12)

& = 3.6+

And the propanol single Debye is

17.4
1+j2mf(275%x10712)

& = 3+

By combining Eq. (3-11) and Eq. (3-16) and substituting equations (3-17 to 19), the detailed

equation of the volume fraction analysis for the three mentioned materials could be given as

follows:
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