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ABSTRACT

DESIGN AND DEVELOPMENT OF SPLIT-RING RESONATOR-
BASED SENSORS FOR DIELECTRIC CONSTANT MEASUREMENT

Oh Zi Xin

Dielectric constant measurement is an important topic in electronic circuit
design. In this study, circular and square SRR-based sensors are proposed to
overcome the limitations of conventional measurement methods. Both SRR-
based sensors loaded a quarter wavelength coplanar waveguide (CPW)
transmission line with two ports and have a size of 35 mm x 35 mm x 1.27 mm.
The transmission coefficient is used as the measurement parameter. S21
resonance shifts when material under test (MUT) is put on top of SRR. The
proposed circular and square SRR sensors are fabricated at Rogers RO3210
substrate material with a relative permittivity of 10.2. The resonance frequency
of circular SRR is 3.31 GHz while square SRR resonates at 2.67 GHz. Linear
relationship is found between resonance shift and dielectric constant for both
proposed sensors. Good coefficient of determination is obtained and the linear
equation is used to predict the dielectric constant of Rogers RT6002, FR4 and
Rogers TMM10 for validation purpose. Experiment measurement proved that
the proposed circular and square SRR sensors have high accuracy in dielectric

constant measurement.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Dielectric materials have poor electrical conductivity but they are
polarizable (Martinez-Vega, 2013). The electrical properties of these substances
are explained by the dielectric constant, e,which is defined as the ratio of the
permittivity of the substance to the permittivity of the free space (Nelson, 2015).
This parameter is important as the refractive indices and the capacitance of
electronic devices are correlated to it (Luszczynska et al., 2019). Besides, it is
also related to the material characteristics like water content, bulk density,
biobased content, chemical absorption and the relationship between stress and
strain. The widespread usage of dielectric constant is presented in food,
medicine, electronic, construction, biology and agriculture industries
(Blyukozturk et al., 2006). Therefore, the measurement of dielectric constant

becomes significant (Wang et al., 2021).

One of the common methods used for dielectric constant measurement
is the transmission line measurement method (Li, 2017). The transmission line
method requires the test sample to fit firmly with the transmission line (Szostak
and Stobodzian, 2018; Sato et al, 2021). The next measurement method is the

open-ended coaxial probe measurement. This method measures the reflection



coefficient by pressing the sensor onto the solid sample or immersing the sensor
into the liquid sample (Lee et al., 2014). The coaxial probe measurement is
commonly used in dielectric constant measurement due to its simple practicality
and non-destructive properties (Fontana, Canicatti and Monorchio, 2019).
Besides, the free space measurement method is suitable for the millimeter-wave
range measurement (Liu et al., 2021) while the resonant cavity method has high

precision in dielectric constant measurements (Jha and Akhtar, 2014).

In recent years, split-ring resonator (SRR) and its complementary
(CSRR) gain high interest in microwave sensor design. The reason behind this
is due to the good electrical properties, low profile, low radiative losses and
high-quality factor of the resonance frequency band (Puentes et al., 2011;
Oliveiraet al., 2020). SRR topology consists of two concentric rings with a split
faced opposite each other (Naqui, 2011). The inductance and capacitance within

the SRR enable it to behave as an LC resonator.

Figure 1.1. Circular split-ring resonator

Inspired by previous works, circular and square SRR-based microwave

sensors are developed here for dielectric constant measurement. Both sensors



are capable of measuring dielectric constants &, from 1.5 to 10.2. The resonance
frequency of the SRR shifts when the material under test (MUT) is applied to
the SRR sensors. The relationship between the resonance frequency shift and
the dielectric constant can be used to predict the &, of unknown materials within

the testing range.

1.2 Problem Statement

The dielectric constant is important in defining a substance's ability to
store energy in an electric field (Nelson, 2015). However, the determination of
dielectric constant requires high expenses, complex design and difficult sample
preparation. The common methods used in dielectric measurement such as the
transmission line measurement method, open-ended coaxial probe measurement,
free space method and resonant cavity measurement have their strength and

weakness (Venkatesh and Raghavan, 2005).

The transmission line method and resonant method have high accuracy
in dielectric constant measurement but the sample preparation is quite difficult
(Fontana, Canicatti and Monorchio, 2019). Besides, the open-ended coaxial
probe method is suitable for high permittivity samples only (Lee et al., 2014)
while the free space method is applicable for medium and high loss materials

(Liu et al., 2021).

Hence, this study focuses on the microwave sensors design with the

advantages of low-cost, small footprint and high accuracy.



1.3 Objective

This research aims to develop SRR-based microwave sensors with low-
cost, simple measuring procedures, small in size and good performance
advantages for dielectric constant measurement. Circular and square SRR-based

sensors are designed in this research project.

The next objective is to analyze the relationship between the resonance
frequency shift Af and the dielectric constant &, of materials. The relationship

is used to determine the dielectric constant of unknown materials.

The third objective is to validate the performance of the sensors by
experimental measurement using a vector network analyzer (VNA). The
comparison of the simulation results, experiment results and the standard values

of the dielectric constant is the way to prove the sensor’s performance.

1.4 Overview of Thesis

This thesis is to develop SRR-based microwave sensors with low-cost,

small footprints and high accuracy for dielectric constant measurement. The

thesis organization is as below:



Chapter 2 presents the literature review on the dielectric constant,
measurement method and SRR implementation. Furthermore, the pros and cons

of the previously proposed methods are discussed in this chapter.

Chapter 3 explains the methodology used in this research project. The
design process, sensor simulation and experiment measurement for both circular

and square SRR-based sensors are recorded.

Chapter 4 shows the analysis of the results. The relationship between
the resonance frequency shift and dielectric constant is discussed and the

performance of sensors is validated in this chapter.

Chapter 5 concludes with the findings of previous chapters. Besides,

some of the future work is discussed in this chapter.



CHAPTER 2

LITERATURE REVIEW

This chapter gathers the literature and information regarding the
dielectric constant measurement and the SRR implementation. The outcome of
previous studies is significant for researchers to identify the existing problems

and to develop method for improvement.

2.1 Introduction

The dielectric constant, also known as the relative permittivity. It
explains the capability of a substance to store an electric field that is applied to
it (Evans et al., 2007). This parameter is significant in physical and biological
applications since it is related to the characteristics of the materials such as the
water content, bio-content, chemical concentration and bulk density

(Buyukozturk et al., 2006). The dielectric constant & can be defined as

where
&-= relative permittivity
€ = permittivity of substance

£o= permittivity of free space



The &, is important in circuit and antenna designs as it can be used to
correlate the dimension and performance of the antenna. According to
Geambasu et al. (2014), a compact antenna can be developed by a high-
dielectric material. The designed antenna has a compact size, low loss and good

thermal stability.

Moreover, a high dielectric constant material is required for high energy
density capacitor (Wang and Dang, 2018). This is because the capacitance of a
capacitor is related to the dielectric constant. Chang et al. (2010) synthesized a
high dielectric constant material for capacitor fabrication and explained the

method used to increase the material’s dielectric constant.

The dielectric constant &,. can be applied in moisture content
measurement. As the &, decreases along with the increase of moisture, the
measurement of dielectric properties has been proposed to determine the

moisture content in shelled peanuts by Trabelsi and Nelson (2008).

Besides, dielectric constant &, has also been widely used in the food
industry. In the investigation performed by Shin et al. (2018), dielectric
properties are important to maintain food quality and safety. Shin and his
colleagues have used the dielectric traces to distinguish different types of food

and insect samples.



The dielectric constant ¢, is correlated to blood glucose as well. The
correlation between the blood glucose and the dielectric constant &,- can be used
to predict the blood glucose level (Park et al., 2003). The dielectric constant
increases when the glucose level decreases. Besides, according to the recent
research conducted by Zeng et al. (2018), the relation between the ¢, and blood

glucose concentration made non-invasive blood glucose monitoring possible.

2.2 Dielectric Constant Measurement Methods

Various methods have been developed to measure dielectric constants.
A review in the literature shows that the transmission/reflection line
measurement, open-ended coaxial probe, free space method, and resonant
cavity methods are among some of the popular ones employed for dielectric
constant measurements. A brief illustration on these methods and their pros and

cons are summarized here.

2.2.1 Transmission/Reflection Line Method

Measurements using the transmission line method require a sample to
be placed inside a transmission line. This method measures both the reflection
and transmission coefficient. Liu et al. (2019) proposed a transmission line
method to measure 3D-printing materials. The material under test (MUT) is
placed into a rectangular waveguide and the two-port S parameter is measured.

However, the measurement results is susceptible to the air gap effects. This is



to say that the gap between the waveguide and the MUT has to be minimized in

order to obtain accurate results.

A new planar transmission line method is presented by Bulja et al. (2009)
for the dielectric measurement of liquid crystals. The liquid crystal cell is
sandwiched between the strips of two microstrip lines. The researchers showed
that the method was accurate in measuring MUTS operating from 57 GHz to 62
GHz. The method, however, suffers from difficulty in separating the sample

cells.

Szostak and  Stobodzian (2018) employed the two-port
transmission/reflection line measurement to measure dielectric constants. It
uses an adjustable width line to make self-calibration and improve impedance
mismatch. However, the step discontinuity of connectors of the transmission

line affects the accuracy of measurement.

2.2.2 Open-Ended Coaxial Probe Method

The open-ended coaxial probe method measures the dielectric constant
based on the reflection coefficient amplitude and phase. (Venkatesh and
Raghavan, 2005). The probe is pressed onto a solid sample or immersed in a

liquid sample during the measurement.

Lee et al. (2014) proposed a dual open-ended coaxial sensor system to

measure the dielectric constant. This method determines the dielectric constant



by using two magnitude measurements and has the advantages of low cost and
simple measuring devices. Nevertheless, the dual open-ended coaxial method is

suitable for samples with high permittivities only.

Dielectric constant measurement based on the coaxial probe method has
the potential for biological sensing applications (Nakamura et al., 2020). Two
layers of materials are measured using two coaxial probe sensors with different
penetration depths. This method is independent of the measuring sample
thickness but there is an inverse problem with the admittance model. The
measurement accuracy is affected by the fringing field which is not stated in the

proposed admittance model.

Moreover, Michiyama et al. (2006) proposed an obliquely cut open-
ended coaxial probe for dielectric measurement of lossy material. The results
prove that the proposed method is able to measure the deep point of a material.
However, this measurement is suitable for materials operating within the low-

frequency range only.

2.2.3 Free Space Method

The free space method usually includes two antennas that are opposite

to each other and connected to a vector network analyzer (VNA) (Yaw, 2012).

The free space method is suitable for millimeter-wave measurements.

Guo et al. (2020) have used the free space method to determine the dielectric

10



constant of liquid crystals in the millimeter-wave range. Calibration is required

for this proposed method to enhance the performance of the measurement.

Besides, the free space method requires a large sample size for
measurements. An improved free space technique was proposed by Pieraccini
et al. (2018) to measure the dielectric properties of sawdust. The size of the

material used in the measurement was 60 cm x 60 cm.

Yamaguchi and Sato (2017) used a monostatic horn antenna to improve
the free space measurement. The proposed method was able to improve the
complex dielectric constant measurements. In loss tangent measurements,

however, the developed method is limited to lossy materials only.

2.2.4 Resonant Method

The resonant method has high accuracy in permittivity and permeability
measurements. The resonance frequency and the quality factor of an empty
resonant cavity are measured and followed by the measurement of a filled cavity.
The dielectric constant is then computed using the frequency and quality factor

by a numerical model.

A generalized two-step resonant cavity method was proposed by Jha and
Akhtar (2014) to measure dielectric constants and loss tangents. The improved
method has higher measurement sensitivity. Similarly, a generalized substrate

integrated waveguide (SIW) cavity technique was proposed for permittivity

11



measurement by Tiwari et al. (2018). The proposed technique is, however,

restricted solely to medium-loss dielectric substrates.

It is to be noted that, the resonant cavity measurement requires the
sample to be filled inside the cavity. A modified cavity perturbation method was
used to reduce the measurement error of a partially filled sample by Li and Li
(2012). The improved formula reduces the error to 7% when the volume of the

sample is above 50%.

2.3 Split-Ring Resonator (SRR)

Metamaterial is an artificial material engineered to have specific
properties that are not usually found in nature (Chowdhury and Eroglu, 2020).
The split-ring resonator (SRR) structure is capable of exhibiting the
characteristics of metamaterials (Singh et al., 2021). As shown in Figure 2.1,
the SRR and its complementary counterpart CSRR have similar topology -- viz
they consist of two concentric rings with slits at opposite ends. The splits of the
SRR increase the electrical energy and the loops of the SRR store the magnetic
energy (Singh et al., 2021). The capacitance and inductance of the SRR

structures make it to operate as an LC resonance circuit.

12
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Figure 2.1. Topology of (a) SRR and (b) CSRR

The SRR and CSRR have been widely embedded into antenna designs
and microwave sensors because of the benefits of low cost, small footprint and

good electrical properties (Oliveira et al., 2020).

Choudhary et al. (2021) implemented CSRR and rectangular slots in
microstrip patch antenna to improve the antenna gain, size and directivity. The
CSRR is placed on the radiating patch for dual-band response and gain

enhancement.

Besides, the SRR is implemented to improve the antenna’s radiation
performance. Based the research performed by Kose and Kavas (2020), an SRR
based antenna has higher gain and bandwidth compared to a conventional

microstrip patch antenna.

Chatterjee and Kumar (2020) proposed a miniature elliptical waveguide

using a square SRR. The SRR increases the electrical and magnetic energy of

13



the proposed waveguide and therefore reduces the dimension of the proposed

waveguide. Besides, the SRR creates a passband in the cut-off region.

Furthermore, the application of SRRs can be found in filter designs. The
complementary triangular split ring resonators (CTSRRS) was integrated into a

patch antenna to develop a band-stop filter by Chandra (2021).

2.3.1 Dielectric Measurement by SRR-based Sensor

A dual-band SRR-based sensor was proposed for the dielectric
measurement of milk (Del Carpio-Concha et al., 2021). The proposed SRR
sensor has higher sensitivity and better resonance. The dielectric constant can
be determined by a numerical model based on the resonance frequency shift.
However, the proposed sensor was designed for liquid sample measurements

only.

Moreover, a microstrip ring resonator is presented for dielectric constant
extraction (Mahjabeen et al., 2020). The simulation and measurement results

have a good agreement up to 8.5 GHz.

Other than that, the CSRR also show good performance in dielectric
constant measurement. A dual split ring resonator-based sensor was proposed
to measure the dielectric constant of the testing sample (Shahzad et al., 2020).
The CSRR is integrated in the ground plane of the sensor and loaded with a

microstrip line. Dielectric constants can be calculated based on the resonance

14



frequency and magnitude of the CSRR sensor. It is to be noted that, there are

only three samples were used in the measurements.

In Chuma et al. (2018), the CSRR sensor was used as a sensor to
determine both the permittivity and the loss tangent of materials at 22 GHz. The
shift of the resonance frequency is correlated to the dielectric constant of the
MUT while the resonant magnitude is dependent on the loss tangent of the
materials. The proposed method is non-destructive, economical and has high
accuracy. It is proved by the close agreement between the measurement results
and the standard values stated in the datasheet. However, some materials may

not be suitable to be measured at this high-frequency range, which is 22 GHz.

By characterizing the interrelation between the resonance frequency
displacement and dielectric constant, the dielectric properties of materials can

be determined by an SRR-based microwave sensor.

In order to improve the performance of the dielectric measurement
sensors for dielectric constant measurement, a circular and a square SRR-based
sensor are proposed in this work. The designed sensors should have a wide
measuring range, which involves more testing samples in the measurement.
Besides, the measurement setup of the proposed sensors should be simple and

the operating frequency is appropriate for the material under test (MUT).

2.4 Summary

15



In summary, the dielectric constant plays an important role in diverse
areas. The methods proposed previously including the transmission line
measurement method, open-ended coaxial probe measurement, free space
measurement and resonant cavity method have their own advantages and
limitations. The transmission line and the resonant cavity method require the
testing sample to fit with the coaxial line or resonant cavity. The accuracy of the
open-ended coaxial probe method is dependent on the air gap effect while the
free space method requires a large sample size and has limited bandwidth.
Recently, the SRR technique has been widely used in microwave sensor design.
The good electrical properties of SRRs make them suitable for various

parameter measurements, including the dielectric constant.

16



CHAPTER 3

METHODOLOGY

This chapter presents the design configurations of the circular and
square SRR-based sensors, the simulation procedure and the experimental
measurements. The sensors’ designs are based on an SRR coupled with a
coplanar waveguide (CPW) transmission line. The theoretical formulations,

sensors’ simulations and measurement methods are explained here.

3.1 Introduction

Two types of SRR-based sensors are proposed for the dielectric constant
measurement, one is a circular SRR-based sensor while the other is a square
SRR-based sensor. The dimensions of the SRRs are calculated based on the
equations in Baena et al. (2005) and Naoui et al. (2016) and the designs are then
simulated by Ansys High-Frequency Structure Simulator (HFSS) to get the
preliminary results. The finalized designs are fabricated on a Rogers RO3210
substrate and the experimental measurements are carried out using a vector
network analyzer (VNA) for validation purposes. The transmission coefficient,
S21 parameter for the unloaded sensor and the sensor with different materials
under test (MUTSs) applied onto it are recorded. Besides, the measurement
results of this work are benchmarked with the open-ended coaxial probe method

proposed by Lee et al. (2014). The coaxial probe method has been chosen in

17



this case since it provides sufficiently good accuracy and the measurement setup

is comparatively simple.

3.2 Sensors Design

Both the circular and square SRR-based sensors consist of an SRR
printed on the top of the substrate and coupled with a CPW transmission line at
the bottom. The sensors’ resonance frequency depends on the substrate’s
relative permittivity, substrate thickness and the dimensions of the SRR ring.
Both sensors are printed on a Rogers RO3210 substrate, with a relative

permittivity of 10.2, loss tangent of 0.003 and thickness of 1.27 mm.

3.2.1 Circular SRR-based Microwave Sensor

Figure 3.1 shows the design configuration and geometrical parameters

of the circular SRR sensor.

35mm

35mm

(@)

18



35mm

35mm

(b)
Figure 3.1. The (a) top and (b) bottom configurations of the proposed circular

SRR-based sensor

The circular SRR has an LC equivalent circuit as presented in Figure 3.2

(Baena et al., 2005). The SRR behave like an LC circuit.

(1
Co/2 Co/2

Figure 3.2. Equivalent circuit of a circular SRR

The Lg in Figure 3.2 denotes the self-inductance of the SRR structure,
C, defines the total capacitance between the rings, Co = 211, Cpy;, Where 7 is

the average radius of the rings and C,,,; is the per-unit-length capacitance. Cs,

the resultant capacitance is given by C; = C,/4.
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The resonance frequency of a circular SRR is predicted from the formula

, the Ly and C, are obtained by the formula,

f _ 1

" 2m/LsCs

Ls = 0.002llog (= — ) uH (1)

Co =25+ (o — ) (B F )

where, [ is the length of the ring, &,is the absolute permittivity, c is the width of

the ring, t is the metal thickness and g is the gap between the split.

3.2.2 Square SRR-based Microwave Sensor

The structure design of the square SRR-based microwave sensor are

shown in Figure 3.3. Similarly, the resonance frequency of the square SRR

1 1

sensor is determined by the formula f,. = Py o o B fr = Py o

(Naoui et al., 2016).

35mm

35mm
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Figure 3.3. The (a) top and (b) bottom configurations of the proposed square

SRR-based sensor

Figure 3.4. Equivalent circuit of a square SRR

The Ly,, C4qp and G, can be determined by the equations,

S
Ly = % [lout + lin]

Soertc
C =
gap D

__ AgoerW(2loyt+21lin—D)
- 28

Cn

21
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where, u, is the permeability of vacuum, S is the space between rings, W is the

width of the ring and D is the gap of ring.

3.3 Simulation of Proposed Sensors

The proposed circular and square SRR-based sensors are simulated by
Ansys HFSS, a 3D electromagnetic simulation software used to design, develop
and simulate the high-frequency electronic components including antennas,

microwave components and sensors.

A Rogers RO3210 substrate with a size of 35 mm x 35 mm x 1.27 mm
is drawn on the HFSS 3D modeler window. The SRR is drawn on the top of the
substrate while the CPW transmission line is at the substrate’s bottom. For the
circular SRR sensor, the two concentric circular rings have a mean radius of 5.5
mm. The square SRR, on the other hand, has an outer length of 16 mm and an

inner length of 10 mm.

Both ends of the proposed SRR-based sensors are connected to a pair of
wave ports. The wave ports are used to excite the electromagnetic waves into
the transmission line. The radiation boundary is set in the simulation to create
an open model. The next step is to add an analysis setup and to run the

simulation. Figure 3.5 shows the Ansys HFSS design layout for both sensors.
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Figure 3.5. HFSS design (a) circular SRR-based sensor and (b) square SRR-

based sensor

13 sets of materials with dielectric constant &, from 1.5 to 10.2 are
selected to correlate the dielectric constant &, with the resonance frequency shift
Af. As shown in Figure 3.6, the sample is drawn on the top of SRR. The

permittivities of the samples are set according to their standard dielectric
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constant values which are stated in Table 3.1. The resonance frequency shift for

each sample is recorded and discussed in the next chapter.
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Figure 3.6. MUT applied to the proposed sensor

Table 3.1. Materials used in measurement

Hide 0 Messages |[~ Hide Progress

Material

Standard Dielectric Constant

Resin
Sugar
Rogers RT5880
Clay
Rubber
Rice
Oakwood
Quartz
Porcelain

Mica

1.5

2

2.2

2.3

2.9

3

3.3

4.3

5.7
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Neoprene 7.5
Glass 9.15

Rogers RO3210 10.2

3.4 Experiment Measurement

The design layout of both sensors is exported from the HFSS software
and fabricated on a Rogers RO3210 substrate. The both ends of the CPW
transmission line are connected to a pair of SMA connectors. The SMA
connectors are then connected to a vector network analyzer (VNA) for

measurement.

As shown in Figure 3.7, the SRR-based sensor is connected to the VNA
and the two port S-parameter measurement is carried out. The transmission
coefficient, S21 resonance frequency of the unloaded sensor is measured and
recorded as the reference frequency. Figure 3.8 illustrates the experimental
setup for the sample measurement. Each sample is loaded onto the SRR
structure and its resonance frequency shift is observed. The relationship
between the resonance frequency shift and dielectric constant is correlated
graphically. By formulating an equation to describe the graph, the dielectric

constant of an unknown material can therefore be easily determined.
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Figure 3.8. Resonance shift measurement when MUT is applied

In order to validate the accuracy of the equation, three substrate
materials, i.e., Rogers RT6002, FR4 and Rogers TMM10 with relative
permittivities of 2.94, 4.4 and 9.2 respectively are used. The measurement

results are compared to the standard values stated in the datasheet.

The results obtained from the experimental measurement are also
benchmarked with the values obtained by the open-ended coaxial probe method
proposed by Lee et al. (2014). In the coaxial probe method, a modified SMA
connector as shown in Figure 3.9 is used as the probe sensor. The SMA stub is

pressed against the sample to measure the reflection coefficient in the form of
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magnitude and phase. Figure 3.10 shows the experiment measurement setup of
the open-ended coaxial probe method. The reflection coefficient is measured by

a VNA and the dielectric constant is determined by a numerical model.

Figure 3.9. SMA stub used as the open-ended coaxial probe sensor

Figure 3.10. Measurement setup of coaxial probe method

3.5 Summary

In this chapter, the simulation and experiment procedures are discussed.
The proposed microwave sensors are first simulated using Ansys HFSS and they
are then fabricated for validation. The sensor’s resonance frequency is measured
using a vector network analyzer (VNA). There are 13 samples with the standard
dielectric constant &, ranging from 1.5 to 10.2 used in the dielectric

measurement. The resonance frequency shift is correlated with the dielectric
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constant and the defined equation is able to predict the ¢, of the material under
test (MUT). The measurement result is compared with the coaxial probe method

proposed by Lee et al. (2014).
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the results of the simulation and the measurement are
analyzed and discussed. The relationship between the resonance frequency shift
Af and the dielectric constant ¢, is correlated graphically. By applying an
equation to explain the graph, the dielectric constant of an unknown material
can be determined easily. The results analysis and discussion are presented in

the following section.

4.1 Introduction

There are 13 sets of materials with the ¢, ranging from 1.5 to 10.2 used
in this work to correlate the resonance shift to the dielectric constant. The
resonance frequency is found to red shift towards a lower value when the
dielectric constant of materials increases. The measurement results agree
closely with the simulation results and the standard dielectric constant indicated

in the datasheet.

4.2 Circular SRR-based Sensor Results

In the measurement, the MUT is deposited at the center of the sensor.

The unloaded circular SRR sensor has a resonance frequency of 3.31 GHz. As
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presented in Figure 4.1, the resonance frequency of the transmission coefficient
shifts towards a lower value when MUT is applied. This is because the
capacitance of the SRR structure is affected by the increasing permittivity of its

surroundings.

S21 parameter of 13 samples (circular SRR)

0
22— = 3.1 3.3 3.5 3.7 3.9
_5 ‘
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€r2.3 €r2.9 —cr 3 —tr 3.3
er4.3 €r5.7 — 6 —tr 7.5
€r 9.15 €r 10.2

Figure 4.1. Resonance shifts for different dielectric constant (circular

SRR)

Figure 4.2 presents the correlation between the resonance frequency
shift Af and the dielectric constant &, of material. The resonance frequency of
the unloaded sensor is known as f;, the resonance frequency at each dielectric

constant &, is recorded as f;., and the resonance shift Af is calculated by Af =

fr = fo-
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Figure 4.2. Resonance shift vs dielectric constant (circular SRR)

Both simulation results and experiment results show a linear relationship
between the Af and the ¢,. It can be seen that, the simulation and the
measurement results agree strongly with each other. The linear equations
obtained from the simulation and measurement results are expressed as Af =
0.0456¢, — 0.0351 and Af = 0.0445¢, — 0.0448 respectively. The equations

allow the determination of dielectric constant within the range of 1.5 to 10.2.

The coefficient of determination R? is above 0.99 for both simulation
and experiment measurement. R? is also known as the square of the correlation
between the resonance shift Af and the dielectric constant &,.. It explains the
proportion of variance in the resonance shift that is predictable by the material’s
dielectric constant (Turney, 2022). The high R? indicates that the simulation
and measurement data fit the linear regression model well. The coefficient of

determination R? is calculated by the equation,
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R2 — [n(Ze,Af)—(Ze) (ZAF)]? ©6)
T [nze2-(Zep)2l[nE(Af)2-(ZAf)?]

4.3 Square SRR-based Sensor Results

Figure 4.3 shows the resonance shift at the transmission coefficient of
the square SRR sensor. The resonance frequency of the unloaded square SRR
is 2.67 GHz and the resonance shifts to 2.37 GHz when the dielectric constant

is increased to 10.2.

S21 parameter of 13 samples (square SRR)
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Figure 4.3. Resonance shifts for different dielectric constant (square SRR)

The resonance frequency is found to red shift towards a lower value

when the dielectric constant increases. This is because the resonance frequency

is inversely correlated to the capacitance.
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The linear correlation between the resonance frequency shift Af and the

dielectric constant ¢, is described in Figure 4.4.
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Figure 4.4. Resonance shift vs dielectric constant (square SRR)

As can be seen from the results, the simulation and experiment data fit
the linear regression model well as the coefficient of determination R? is above
0.99. The slight differences found between the simulation and experiment data

may due to the fabrication tolerance.

4.4 VValidation of Sensors Performance

Three substrate materials, namely Rogers RT6002, FR4, and Rogers
TMM10, are used to validate the performance of the sensors. The standard
dielectric constant of the three substrate materials are 2.94, 4.4 and 9.2
respectively. By applying the inverse linear regression, the dielectric constant

of the materials can be predicted by the equations,
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& = 22.47Af + 1.007

for circular SRR sensor and

& = 31.25Af + 1.275

for square SRR sensor.

()

(8)

The measurement result from this work is then compared with the

coaxial probe method proposed by Lee et al. (2014). The comparisons of both

measurement results with the standard dielectric constant values are presented

in Table 4.1.

Table 4.1. Comparison between the standard and measured dielectric constant

MUT | Standard Circular SRR Square SRR Coaxial Probe Method
Dielectric | Dielectric | Difference | Dielectric | Difference | Dielectric | Difference
Constant | Constant with Constant with Constant with
Standard Standard Standard
Value (%) Value (%) Value (%)
RT6002 2.94 2.80 4.76 2.84 3.40 2.61 11.22
FR4 4.40 4.38 0.45 4.40 0.00 4.28 2.73
TMM10 9.20 8.87 3.59 9.09 1.20 9.88 7.39

The results show that the inverse linear regression model can be used to

predict the dielectric constant of an unknown material, as long as it lies within
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the testing range 1.5 to 10.2. The proposed SRR sensors exhibit close agreement
with the standard value given by datasheet, with discrepancy less than 4.76%,
compared to the coaxial probe method, with discrepancy vary from 2.73% to

11.22%.

4.5 Comparison of Circular and Square SRR Sensors

Both sensors have a compact size of 35 mm x 35 mm x 1.27 mm and
they are portable enough to be used with a nano-VNA. The circular and square
SRR have different resonance frequencies although the SRR dimensions are
similar. Based on the results, circular SRR has a higher resonance frequency
(3.31 GHz) compared to square SRR (2.67 GHz). This result is in line with the

previous research conducted by Saha and Siddiqui (2011).

The comparison between circular and square SRR sensors shows that
the circular SRR has higher value of resonance shift compared to square SRR.
The Af of circular SRR is up to 420 MHz when the dielectric constant is
increased to 10.2 while the highest Af of square SRR is 300 MHz. The higher
resonance shift indicates that the circular SRR-based sensor has better

sensitivity compared to the square SRR-based sensor.

As explained in the previous section, both SRR sensors have the similar
properties in dielectric constant measurement. The shift of the resonance
frequency is related to the variation of the relative permittivity of MUT. Both

circular and square SRR results obtained a high R? value for the linear
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regression model and high accuracy in dielectric constant measurement, with

error less than 4.76%.

4.6 Summary

The simulation result and the measurement result of the proposed SRR-
based sensors show close agreement with each other. A linear relationship is
obtained between the resonance frequency shift and the material’s dielectric
constant. In order to validate the sensors’ performance and accuracy, three
substrate materials with known relative permittivity are used as the test sample
in the measurement. The comparison results proved that the proposed circular
SRR-based sensor and square SRR-based sensor have high accuracy in
determine dielectric constant within the testing range &, from 1.5 to 10.2, with

error less than 4.76%.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the conclusions drawn from the findings of the
development of split ring resonator-based sensors are presented. The
conclusions are based on the research objectives, problem statement and the
outcomes of the study. Besides, the recommendations are also described in the

following section.

5.1 Research Overview

This research is carried out to design and develop split-ring resonator-
based microwave sensors for dielectric constant measurement. Split-ring
resonator (SRR) with good electrical properties and good sensitivity towards

the surrounding permittivity is implemented in the proposed sensors.

There are two types of SRR sensors proposed in this work, which are
circular and square SRR-based sensors. Both SRRs have a similar footprint and
loaded a CPW transmission line. The proposed sensors are fabricated on the
Rogers RO3210 substrate with a relative permittivity of 10.2 and a size of 35
mm x 35 mm x 1.27 mm. The material under test (MUT) is put on the SRR

structure to determine the shift of the transmission coefficient resonance.
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The correlation between the resonance frequency shift and dielectric
constant can be explained by a linear regression model. The simulation and
measurement results proved that the circular and square SRR sensors have high
accuracy in dielectric constant measurements. The SRR-based sensors have the

advantages of small footprint, high accuracy and non-destructive.

5.2 Summary of Results

The circular and square SRR designs are simulated by Ansys HFSS and
they are then fabricated for validation. As shown by the results, the experimental
measurements agree well with the simulation results. Both results exhibit a
linear relationship between the resonance frequency shift and the dielectric
constant, with R? above 0.99. The linear equation obtained from the
measurement is applied to predict the dielectric constant &, of Rogers RT6002,

FR4 and Rogers TMM10, with standard values of 2.94, 4.4 and 9.2 respectively.

For circular SRR measurements, the differences found between the
measurement results and the standard dielectric constant for the three substrate
materials are 4.76%, 0.45% and 3.59% respectively while the percentage error
between the square SRR measurement and the referenced values are 3.40%,

0.00% and 1.20%.

In conclusion, the proposed SRR-based microwave sensors show high

accuracy in measuring MUTs with dielectric constants from 1.5 to 10.2. This
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research presents an alternative measurement method with the strength of small

size, high sensitivity and simple measuring setup.

5.3 Recommendations

In this work, circular and square SRR-based microwave sensors are
proposed to measure the dielectric constant of an unknown material. The
working of the proposed sensors is based on the change of resonance frequency
with respect to the variation of the dielectric constant ¢, of materials. After a

thorough study, the recommendations for the future work are propose here.

Future studies should emphasize the impedance matching of the
transmission line. The problem of the impedance mismatch may affect the
performance of sensors. The efficiency of the SRR-based microwave sensors
can be improved by a good return loss as more power can be delivered from the

source to the load.

Besides, the measuring range of the proposed sensors can be increased
to a higher value, which allows the sensors to measure MUTSs with a higher

dielectric constant.

The orientations of the SRR rings could be adjusted to optimize the
performance of the SRR. Moreover, the different shapes of SRR structure can
be implemented into the proposed microwave sensors. The comparison and

analysis of the results of different type of SRRs may help to enhance the
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measurement accuracy, sensitivity and the overall performance of the proposed

Sensors.
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